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ACTIVITY COEFFICIENTS IN HYDROMETALLURGY 

Aqueous systems dealt with in hydrometallurgy usually involve solutions 

of strong electrolytes. Equilibrium calculations in such systems require 

information on the thermodynamic activity coefficients of the dissolved 

species. Unfortunately, relatively little experimental information, on these 

activity coefficients has been available, especially in the more concentrated 

multi-ion solutions commonly encountered in hydrometallurgy. Within recent 

years, however, empirical methods for prediction of these activity coefficients 

have appeared. The object here is to review these methods, with particular 

reference to typical hydrometallurgical sy.otems. -

Activity Coefficients Versus Concentration. The generalized formula -

for a strong electrolyte is A B . A solution of this electrolyte is called -

^1 ^2 
"pure" when alone, and "mixed" when other ions are present. Dissociation is 

as follows: 

A B = V, A + v^ B (1) 
v^ v^ 1 2 

where z and "^-t are respectively the absolute value of the charges on the 

cations and anions present, v, and v_ are the stoichiometric coefficients, 

with the subscripts identify the ions involved. 

The mean ionic activity of an electrolyte in a pure solution is ŷ -

indicated by a superscript o,while the mean ionic activity coefficient of this 

same ion pair in a mixed solution is Ŷ -, • The corresponding "reduced" activity 

coefficients r° and F are defined as follows: 

1/z z 

^12 = ^^l2^ . ^̂ ^̂  

l/z^z^ 

^12= ^^12^ (2b) 
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Concentrations of electrolytes and of indivudual ions are often expressed 

in molalities, namely gram moles per 1,000 grams water or ionic strength I 

(see nomenclature). 

It has been found (9.) that at 25°C in pure aqueous solutions of most 

strorig electrolytes, the reduced activity coefficient T° varies with the 

ionic strength in accordance with some one of the isotherms of Figure 1. To • 

illustrate, experimental points for a selected number of salts of interest 

in hydrometallurgy are plotted on this figure. Inspection shows reasonable 

agreement of these data points with one or another of these isotherms. Thus, 

each isotherm on Figure 1 may be viewed as representing an electrolyte, and 

is identified by a numerical value of the parameter "q" as further discussed 

below. Values of q for a number of metal sulfates, chlorides, and other 

electrolytes of interest are listed in Table 1. Inspection of these isotherms 

shows that they all start at a r° value of unity at low concentrations, and 

then diverge markedly as concentrations increase. This behavior is independent 

of the fact that some of these electrolytes may be hydrated (5 ) like CiiSO, • 

5H„0, may be double salts ( 6_) like KMgCL- * 6H_0, or may be acid salts ( 8 ) 

like NH.HSO, . 
4 4 

Further inspection of Figure 1 shows little or no cross-over of the iso

thermal data points and curves. Location of a single known point of the 

reduced activity coefficient r° at some (higher) value of I makes it possible 

to locate the entire isotherm over its whole concentration range. Interpola

tion between experimental points, or extrapolation to concentrations often far' 

beyond saturation for a pure solution, can thus be made directly. 
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FIGURE 1 ACTIVITY COEFFICIENTS FOR SELECTED METALLIC ELECTROLYTES 
COMPARED WITH CURVES DERIVED FROM EQUATION 3 
A c t i v i t y C o e f f i c i e n t s f r o m (2^, 10) 
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V. 

Analytical Expression. For convenience in computer calculations, the 

following analytical expression has been developed to fit all the isothirms 

of Figure 1: 

r° = [1 + B(l + 0.1 I)^ - B]r* (3) 

where 

B = 0.75 - 0.065q (3a) 

1 r* -0.5107/1 . . . . 

3 
C = 1 + 0.055q exp (-0.0231 ) (3c) 

Inspection shows that this equation, relating the reduced activity coefficient 

r° to ionic strength I, involves a single pararaeter q, and that fixing q 

determines an entire isotherm.- A simple program suitable for a calculator 

such as an H.P. 25 or equivalent for calculating T° from Equation 3 when 

given I and q, or for calculating q when given I" and I, is presented in the 

Appendix. . Equation 3 is also the source of the q values for various 

electrolytes presented in Table 1. That is, each q value here is an average 

of individual q's calculated from selected experimental data points found 

in the literature. The estimated standard deviations listed in Table 1 are 

usually at four different I values obtained by determining the error in r 

between experimental and calculated values as found from Equation 3. 

.Effect of Temperature. So far, Figure 1 and Equation 3 have been 

presented as applying only at 25°C. Further study shows, however, that isotherms 

at all temperatures from -20°C to 150°C and beyond fall into this curve.family (7) 

and therefore also follow Equation 3. The values of q for any given electrolyte 

vary systematically with temperature in accordance with the following equation: 

-5-
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'^"'25 . 3 q + b * C4) 
25 

where the constants a and b* are as follows: for sulfates (except H-SO,), a 

is -0.0079 and b is -0.0029; for all other electrolytes, a is -0.005 and b* 

is 0.0085. Thus, for HCI, when I is 8, r° is reported by Akerlof and Teare 

(1) to be 5.9 at 25°C, hence q is 6.23 as determined from Figure 1, 

Equation 3 or the computer program of the Appendix. Substituting into Equation 3 

and solving at 50°C, q is found to be 5.66, making r° equal to 4.7 by Equation 1 

(or Figure 1) versus Akerlof and Teare's experimental value of 4.5. 

Vapor Pressures 

Having determined the appropriate q value in Equation 3 for a pure electrolyte 

solution of interest, the corresponding vapor pressure of water at the same 

temperature as a function' of•I and log F° can be determined from-the Gibbs-

Duhem equation (3) as follows: 

^ 2 r 12 
log (a ) =-[0.0156 I,„/(Z_Z )]- (0.036)/ Id ..logF 

w z^z^ 12 1 2 J 12 ^ ' ^ 
0 

Knowing the value of q for the electrolyte under consideration, and assuming. 

Equation 3 to apply, then the last terra on the right side of Equation 5 can be 

integrated directly.' Obviously, (a°) can be evaluated from Equation 5 at 
w z^z^ 

any temperature for-any electrolyte whose q value is known. A Fortran program 

is presented in the .Appendix for evaluating (a°) from Equation 5, knowing I 
w z^z2 

and q for the electrolyte in question. 

It is often convenient to have a graphical representation of Equation 5. 

to supplement the calculational procedures of the Appendix. For this purpose, 

water activities of pure solutions of 1:1 electrolytes are designated as (a°)'. 

w 
Values of ( a ° ) ' c a l c u l a t e d from Equa t ion 5 a r e p l o t t e d as d o t t e d l i n e s on w 

-6-
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Figure 2. To illustrate, the activity coefficient, T°, is known to be 7.41 for 

a 10 molal HCI solution at 50°C. From Figure 2 or from the Fortran pro.gram of 

Appendix B, (a")' for this solution is 0.44, which compares well with the w 

experimental value of 0.43. 

To obtain the activity of water over pure solutions of higher electrolytes 

from Figure 2, the following relation (obtained directly from Equation 5, 

(3) is used: 

log (a°) = (0.0156) (I) (1 - . 7 ^ ) + log (a°)' (6) 
w Z^/ w 

To illustrate at 25°C, NiClj is a 2:1 electrolyte for which r° is 1.72 when 

the ionic strength I is 12 (a 4.0 molal solution). At these values of I and ~-

V , (a°)' is 0.52 from Figure 3. Substituting into Equation 6 log (a°) for 
W " 

NiCl„ is -0.190 or a" = 0.645 which is in fair agreement with 0.635 calculated 
2 w 

from the reported osmotic coefficient 1̂  of 2,10 (see nomenclature). A further 

comparison of experimental water activities and values obtained from Figure 2 

with Equation 6 used for higher electrolytes, is shown in Table 2. Agreement 

is generally seen to be within a few percent. Clearly the computer program 

shown in the Appendix could have been used here equally well. 

Activity Coefficients in Mixtures 

At any given ionic strength, the reduced activity coefficient of electrolyte 

12 in a multicomponent (mixed) aqueous solution, namely F-.̂ , is usually different 

from its pure solution value. In mixed solutions, T can be estimated 

from pure solution values of V for the various cation-anion pairs that 

can be formed, with all F" values determined at the temperature and total ionic 

strength of the mixture. Upon identifying the cations "i" with the odd subscripts 

1, 3, 5, etc., and anions " j " with even subscripts 2, 4, 6, etc., calculating 

1 , 1 . and v.. values as defined in the nomenclature, log T „ is obtained by the 

foilowing equation, applicable to solutions of two, three, four and by extension 

of any number of ions. ~ 

_. . Arthur D Little Inc -
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l.l' 
100 
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FIGURE 3 ISOTHERMS OF l ' - ' VERSUS I SHOWING LINES OF 
CONSTANT WATER ACTIVITIES FOR 1:1 ELECTROLYTES 
For higher electrolytes, (a ^ 1 ' vatues read from thij fioure are used in 
Equation G to determine waler activities. 
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TABLE 

CALCULATED VERSUS 

Electrolyte 

AgNO^ 

NH^N03 

NaOH 

HCI 

CaCl2 

Pb(ClO^) 
II 

NH^N03 

MgCl2 

LiCl 

EXPERIMENTAL 

Ionic 
Strength 
I 

12 

20 

20 
27.5 

16 

30 

30 

36 

27.5 

17.4 

19.6 

VALUES OF WATER ACTIVITIES 

a° 
w A 

(experimental.) 

0.855 
0.678 

0.136 
0.07 

0.174 

0.180 

0.178 

0.113 

0.62 

0.33 

0.11 

a° 
and 

AT 25°C 

Erom Figure 3 
Eq. 6 

0.86 

0.67 

0.15 
0.06 

0.17 

0.17 

0.17 

0.13 

0.60 

0.38 

0.10 

* Largely calculated from the osmotic coefficient 4) (see nomenclature) 
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•"•"̂  ̂ 12 " Z^+Zj (Vizlzlogrh + Vi,,l4logrJ.,+ ...)/l^ + j^j:Y-(V2iIilogi:°2l 

+ V23l3logr|3 +...)/l^ 

or in general for any specific electrolyte identified by cation numbered 

(7) 

T 

logf ^i Z 
ii " ̂ ^"^ (V..I,logr?^+V. I, logr° +...)/! + — J — fv I lnpr° 

•^^13V°^^]3-^---.)/IT 

(8) 

If only ions I, 2, and 3 are present, then the second term on the right side 

of Equation 1- disappears, since I, is now zero. Similarly if ions 5 and 6 

are added to the system, then the term V ,I,logf", is added in the first 

parenthesis of Equation 7, V„,.I^logr° is added in the second parenthesis. 

Equation 7 is an extended version of that originally presented (M , and is 

applicable to all mixtures, regardless of the magnitude of Z , Z„, etc. As 

• expected when all cations carry the same charge and all anions the same charge 

(e.g. NiCl2, C"do> FeCl„), Equation 7 simplifies to that previously published: 

log ri2= 0.5- (Y2iogr^2 + Y4iogr|2+ Xiiogrf^ + x3iogr|2) (9) 

where the ionic strength fractions X and Y are defined in the nomenclature. 

In practice, simplified Equation 9 predicts activity coefficients in three-

ion solutions of singly and doubly charged ions with apparently no greater 

error, and in some cases less error than the more complex Equations 7-8. 
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However, Equations 7-8 appear superior in predicting activity coefficients 

for solutions containing either more than three ions or having ions carrying 

more than a double charge. To illustrate the applicability of Equation 7 to 

a three-ion system, consider a mixed solution, saturated at 25''C with NaNO_ 

which is 5.30 molal in Na+, 15.84 molal in N0~ and 5.27 molal in Ca++. It 

follows by definition that the total ionic strength, I , for this solution is 

0.5(5.30)(l^)+0.5(15.84)(l^)+0.5(5.27)(2^)=21.1. Designating Na"*", NO" and Ca"^ 

as ions 1, 2, and 3, then V „ and V__ are respectively 2.0 and 2.25, while log 

r ° and log r° are respectively -0.60 (̂ ) and -0.081 (£). Substituting into 

Equation 7, r,„ for NaNO_ in this mixed solution is 0.45 versus a value calculated 

from the solubility product of 0.38 (4). 

Three ion systems such as just illustrated are often encountered, and a 

program which can be used with an HP 25 or equivalent is presented in the 

Appendix. 

Vapor Pressures Over Multicomponent Solutions 

Corresponding to the above activity coefficient equations, the water 

activity for the mixed solution just discussed can be calculated from the 

"pure" solution activities of water, (a"),^, (a°) ,, (a°)_„, etc., at the 
W X2 W XH W JZ î . 

total ionic strength and temperature of the mixed solution. For a 4-ion system, 

log (a ) . becomes: 
^ ^ w'mix 

log (a ) . = W,- log (a°),„ + W., . log (a")., + 
° w mix 12 w 12 14 w 14 . 

^32 1°^ K h l -̂  ̂ 34 ^°S ^^:^34 ^ ' 

(10) 

wh.'.re the weighting factors W.., and residue, r, are defined in the nomenclature. 

For similarly charged electrolytes such as MgCl^ in CaBr- the residue term is 

T i l -
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zero and W = X.Y. which yields the following previously published equation (,5) 

for a four-ion system. -

l°g ̂ Vmix = V 2 ̂ °S <<^2 -̂  V 4 ^°^ ^̂ :̂ 14 
(11) 

+X3Y2 log (a;)32+X3Y^ log (a;)3^ 

Calculation of Salt Solubility 

Solubilities of an electrolyte in its pure and mixed solutions are 

related by the so-called thermodynamic solubility product, (K ) which is. 

constant for a specific electrolyte at a given temperature in all its saturated 

solutions, whether pure or "mixed." Thus, for mixed and pure saturated solutions 

of an electrolyte containing n water of crystallization per mole, the solubility 

products are related as follows' (8): 

( m / ' i m / ' (YK..)"̂ 2 (â .̂ .)"o=(n,°)̂ l (m°)"2 ( y l J ' ^ (3^"° (12) 

In addition, the relevant solubility product equation for systems in which the 

number of waters of hydration n is not the same in pure and mixed solutions 

is given by: 

(m^)"' (m^)^' (Y12)'^^ (a^./= i ^ ^ ^ ' (ni^^^ (^oJi2 (.ô n̂̂  ^ ^^^^ 

The free energy change between crystals with n and n waters of hydration 

is accounted for by the term k (as defined in the nomenclature) with 

examples -of the use of the above equation given in reference (5). 

The above solubility product equations have been further extended (6.) 

to double salts containing three or more ions such as glaserite (K Na(SO ) ) 

-12-
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Precision 

Errors in estimating activity coefficients for various mixed electrolytes 

in aqueous solutions have been found to be generally within 20Z. Further 

errors can be introduced when r° values are predicted from vapor pressure 

lowering, extrapolated over large ranges of ionic strength in Figure 2, 

or large temperature ranges by Equations 4 or 5. In addition, significant 

deviations from these curves can be found ( " ) for some electrolytes 

such as zinc and cadmium chlorides, bromides, and iodides, sulfuric acid, 

and thorium nitrate. Thus the relations shown here should be used only 

when direct experimental evidence is not available. 

-13- Arthur D Little Inc 
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APPENDIX 

For ease in calculations, several programs are presented below for 

determining the exponent q in Equation 3 and calculating F" r . , and a . 

Finding Exponent q 

Given the ionic strength I and the reduced activity coefficient F", a 

simple program is presented in Table A-1 for use with the Hewlet Packard HP-25 

prograimnable calculator to find the exponent q in Equation 3. Before running 

the program, the following values are placed in the registers R: ionic 

strength I in R , first trial value of exponent q in R , reduced activity 

coefficient r° in R„, -0.023 in R., +0.055 in R, , +0.065 in R^, -0.5107 in R,, 
z J t̂ J o 

enter into R̂  one-half of the fractional error.limif in calculating F, 

say 0.001 if a value within 0.2% is desired, as used in the calculation 

below. Upon running the program, the final value D in the display is 

given by 

D = 
r°(nth trial) 
r° in Register 2 -value stored in Register 7. Eq. A 

The value of q for use in Equation 3 is then obtained from Register 1. 

For example, suppose that the value of q is desired for HClknowing that 

r" = 5.9 (entered in Register 2) at an ionic strength = 9 (entered into 

Register 0). Upon entering the first trial value of q, say 7.0 in Register 1 

and then running the program (which takes normally less than two minutes) 

-5 
the value in the display is found to be -8.77 x 10 in accordance with 

Equation A. By recalling the value q from Register 1 q is ̂ found to be 

6.23 (+0.2%). 

-14-
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TABL)' A-1 

DETERMINING EXPONENT "q" GIVEN I & F' 

LINE 

00 
01 
02 
03 
04 
05 
06 
07 
08 
09 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42-
43 
44 
45 
46 
47 
48 
49 

CODE 

2401 
2405 
61 
04 

1522 
51 
31 
31' 
01 
41 

2400 
73 
01 
61 
01 
51 

2401 
1403 
61 
41 

2406 
2400 
03 

1403 
2403 
61 

1507 
2404 
61 

2401 
61 
01 
51 

2400 
1402 
1522 
51 
71 

1508 
61 

2402 
71 

1407 
234101 
1503 
2407 
41 
1551 
1301 

KEY 
ENTRY 

RCL 1 
RCL 5 
X 
4 

g 1/x 
+ 

Enter 
Enter 
1 
-

RCL 0 
• 

1 
X 
1 
+ 

RCL 1 
f yX 
X 
-

RCL 6 
RCL 0 

3 
f y'̂  
RCL 3 
X 

g e'' 
RCL 4 
X 

RCL 1 
X 
1 
+• 

RCL 0 
f »^ 
g 1/x 
+ 
T 

g 10^ 
X 

RCL 2 
4-. 

f In 
STO - 1 
g ABS 
RCL 7 

-

g 2 0 
GTO 01 
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Calculating F" 

To calculate a value of F given the ionic strength and 

the exponent q, the program shown in Table A-1 is modified by replacing 

Step 41 with the statement GTO 00. Registers 2 and 7 are not used 

whereas the other registers have the same values as discussed in the 

program in Table A-1. For example, upon running the program with 1=8 and 

q = 6.23 entered in Registers 0: and 1 respectively, the final value in the 

display is F° = 5.91, which is within 0.2% of the value used in the 

example above. 

Fortran Program for F° and a 
-. w 

For calculating 1° and the activity of water, given a value of q, r° 

and the water activity can be obtained from a computer program developed 

in Fortran language and shown in Table A-2. Data entry is achieved on a 

standard 80-column data card containing the following data., 

• Col 1- 5 Temperature of solution °C; 

« Col 6-10 Z^; 

9 Col 11-15 Z^; 

s Col 16-20 ionic strength (lowest value if more than 1 value of F°, 

a" desired) ; 
w 

• Col 21-25 - highest value of ionic strength (if more than one value 

of r° and a° desired*); 
w 

* 

o Col 26-30 increment in ionic strength ; 

« Col 31-35 value of exponent q in Equation 3; 

o Col 36-40 largest value of q if more than one value to be calculated; 

* 
If only one value of F and a are desired for a given I, set these equal 

to zero. 

Arthur D Little Inc 
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• Col 41-45 increment in q if F and a desired for more than 1 value 
w 

of q; 

9 Col 46-50 stoichiometric coefficient, v. 

Upon entering these values into the program by reading them off the 

data card, values of the activity of water are calculated. 

Calculating r 

To facilitate calculating the activity coefficient in a mixture of three 

ions a program for use with the HP-25 is shown in Table A-3. Values to 

be entered into the registers R are as follows: F,„ in R , r°, in Register 1, 
12 o 14 

I in Register 2, I„ in Register 3, I_ in Register 4, Z in Register 5, 

Z„ in Register 6, Z_ in Register 7. Upon running the program the value 

shown in the display is F in the mixed solution. Based on the example 

following Equation 9, values into the registers are R = 0.25, R = 0.083, 

R2 = 2.65, R = 7.92, R^ = 10.54, R = 1, R = 1, R = 2. Program execution 

then yields a value in the display of F = 0.45 in accordance with Equation 7. 
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TABLE A-2: FORTRAN PROGRAM FOR CALCULATING AND a^ GIVEN q 
w 

0 , 4 X , 2 H M , 7 X , 2 H | , 3 X , 4 H L A 1 1 , 4 X , 4 H U A i f Z , 
, 8 H L G A M R t D , 2 X , , 7 H H H I , 2 X , 2 H A » . ) 

K £ * L 1 , I f ^ A X f H O L . N U i L ' O l W L G Z Z . L G R i L O O A V r . Q M A X 
Mh 1 5 

MHiB 

I 4 F O h M A T ( I M i , 2 x , i H T . b X , 3 H 

l 2 X , 4 h Z P Z M , l X , 9 h G A M 3 M A L L 
L M A X » b / 

H F . A D ( M « , 2 5 n C , A , a , x I , I . i A X , 0 E L l » C , 0 M A X , U E L O , N U 
25 F O H H A K 1 0 F b , 2 ) 
19 IiXI 

L I N F « 0 
- R I T E f M H , 1 4 ) 

16 C O N T I N U E 

C A L L A H C A M ( A , 8 , C , I / T C » 0 , E , M 0 L , L r . l l , L & Z Z ) 

Z 7 Z i A » b 
M 0 L « 2 . « I / ( N U . Z / Z ) 
G«U«.«ZZZ 
L G K i A L U G I 0 ( O ) 
1 F ( I ) 3 1 , 3 0 , 3 1 

30 P M I « I , 

GO TO 32 • 
31 C O N T I N U E 

H H l i - f t 3 , 9 0 3 « < : Z Z « L U Z Z / I 
32 *«RlTE(Mw,lb)rC/C,HOL,I,LGIl,LGZZ,A,H,G,LGH,PMI,E 
15 FOHHAT(F5,l,2F7,3,3F8,3,lX,2f2,0,1X,IPt9,3,0fK7,3,F8,4,F7 , 4 ) 

LlNEmLINt*! 
IFCLlNt!.LMAX)41 ,41 ,40 

4̂ 1 ««H1 Tt (Mw, 1 4) 
LI'»F»0 

41 I.l*DfLI 
I K I - I M A X ) 1 6 , 1 6 , 1 7 • , 

17 C » C * O E L ( ) 
IF(C-l)MA«) 19, 19, Ifl 

18 CALL EXIT 
END . 1 

OoRl 
0002 
0003 
001^4 
00 0 5 
0UV16 
0007 
0Hv)8 
0009 
Otf 10 
00 1 1 
0ul2 
oul 3 
•Ool 4 

Oolb 
Oul 6 
Hol 7 
UOl 8 
OOlQ 
0020 
002 I 
0022 
Ou2 3 
0024 
Ou2b 
0U26 
0027 
002 8 
On29 
0030 
O M 3 1 
0032 
0k)33 
0034 
0035 
V)n3h 
0U37 

SlIHHOUIlNfc A»GAM( Zl ,/2,N2b 
H F A L N2b,NT, MUTrLGl1ILCZZ 

OIMFNSIQN CONST (510) 
MWl5 

2b,MUT,T,Y,*t>fNT,LGll,LCZZ) 

O , 0 6 5 « N T 

MWl5 

N T » N 2 5 

12 AT»0,25 • 
BT«1 ,-AT 
XMAX»MUT 
INT »XMAX/a, 4 
fcVt'l»2*lNT 
0£LX»XM4X/EVtN 
DO I 1«1 I ll̂ T 

II=2«I Tl 
C 0 N S T ( 1 I ) I 4 , 

II»2*I 
I CONST(I I)i2, 

IMAX«2«INT 
CONST(IMAX)•!, 
SUMLG"0 

• 1 

X ' U t L X 

UO 2 I » 1 . 1 f̂  A X 
C U M i . o , 0 2 3 « X « « 3 
£ X X i l , * ( N T « O , 0 5 b ) « t X P ( C U M ) 
QN^ i i 1 , * i . X t * SO><T ( X ) 

& 3 T A K » l o , « » ( - e ( o , 5 l O 7 « S U « T ( X ) / 0 N K ) ) 

G • ( R T « ( 1 , 4 0 , 1 • X ) • • N T * A T ) • G S T i R 

V L G ' C O N S T t I ) » A L O G I O ( G ) 
SUMLG»SUMLG • YLC 
X « X * U t L X X « X * U t L X 

Y ' G 
L G 1 1 « 0 , 0 1 2 « O E L X • S U M L G 
LG l \ » L G l l » M U T « C O , ( " l 5 6 • 0 , 0 3 6 « A L Q G 1 0 ( G ) ) 
Z U > Z \ * Z 2 

L G Z / « L G l l 
AW • 1 0 , • * L G Z Z 
Ht T U R N 
E N D 

S U M L G 

0 , ' 0 1 5 6 « M U 1 « C Z Z Z ' l . ) / Z Z Z 



TABLE A-3 

DETERMINING F FROM EQUATION 7 

Line 

00 
01 
02 
03 
04 
05 
06 
07 
08 
09 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 

Code 

2403 
2406 • 
71 

2402 
2405 
71 
51 

2405 
2406 
51 

1502 
61 

2400 
1408 
61 

2406 
2407 
51 

1502 
2407 
71 

2402 
61 

2401 
1408 
61 
51 
02 
71 

2405 
2406 
51 
71 

2402 
2403 
51 

2404 
51 

1474 
71 

1508 
-1300 

Key 
Entry 

RCL 3 
RCL 6 

•r 

RCL 2 
RCL 5 

V 

+ 
RCL 5 
RCL 6 
+ 
9x2 
X 

RCL 0 
f log 
X 

RCL 6 
RCL 7 
+ 

g x2 
RCL 7 

f 

RCL 4 
X 

RCL 1 
f log 
X 
+ 
2 
T 

RCL 5 
RCL 6 
+ 
T 

RCL 2 
RCL 3 
+ 

RCL 4 
+ 

f Pause 
f 

10^ 
GTO 00 
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NOMENCLATURE 

a = activity of water, (a°)i„ being for a pure solution of an 
w w 12 

electrolyte identified by subscript, (a ) . being for 
^ • ' i n mix 

mixed solution. (a°)'is derived from the Gibbs-Duhem expres-
w 

exp(x) 

sion and is equal to the activity of water for 1:1 electrolytes. 

X 

F = molal free energy of formation from the elements, F , referring 
"o 

to crystals carrying n moles water of hydration per mole 

electrolyte, F , referring to crystals carrying n moles water 

of hydration per mole electrolyte, and F' being the free 

energy of liquid water, namely -56.69 Kcal/g-mol at 25°C. 

I = ionic strengths indicated by the subscript. The ionic 
2 

strengths I,, I„. . . , of the individual ions are 0.5 ra.^ Z , 
0.5 m~Z„'̂ , and so forth. The total ionic strength I equals 

2 2 2 
0.5 (m-iZ, + ra„Z„ + ra.Z + . . . ) . For a pure system, I 

equals 0.5 m,„v,„Z.,Z„. The cationic strength I of a solution 
12 12 1 2 ° c 

is (I, + I3 + . . . ) , the anionic strength I is (I« + I, + . . . ) . 

k = exp (-AF /RT) 

log, In = logarithm to base 10 and base e respectively 

m = molality, in g-mol/1000 g water. The ions or electrolyte 

referred to are indicated by subscript. 

n = moles.of water of crystcillization per mole of anhydrous electrolyte 

in a solid, n and n being used to distinguish between solids 

in equilibrium with saturated pure and mixed solutions, respectively. 

r = residue term = 0.01561^ "̂i2̂ l'̂ 2''̂ 1̂ 2"̂ 2̂3̂ 3̂ 2''̂ 2̂ 3"̂ ' " '^ 

- .0156 [Iĵ /zJ + 12/^2 ^ •̂ 3̂ 3̂ •'' •'•4̂ 4̂ ^ ' " "̂ ^ 

R = 1.987 cal/<g mole -"K) 

2 ~ 
v.. = weighting factor 0.5(Z. + Z.) /(Z.Z.). 
ij o t> 1 J 1 J 

W.. = X..Y. [(Z..+Z.. )2/z..Z.Kl /I„)(I /I„). 
ij i j ' i j i j - ' c T a T 

X = cationic fraction, as indicated by subscript i, e.g., I-,/I or I„/I . 

Y = anionic fraction, as indicated by subscript j, e.g., I9/I,, or I,_/I, 

- 2 0 -
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Nomenclature (Continued) 

Z = absolute number of unit charges on the ion, indicated by 

the subscript. Thus Z is unity for Na , also for N0_, but . 
3 + 3 -

is 3 for Al , also for PO, . Similarly charged electrolytes 

are those with similar charges on cations and anions such as 

MgCl„ in CaBr^ or NaCl in KCl. Dissimilarly charged electrolytes 

are those where either a) all cations do not have the same 

charge or b) all anions do not have the same charge; examples 

include a mixture of Na„S0, in MgCl- or NaCl in MgCl„. 

Y = raean ionic activity coefficient for the electrolyte indicated 

by the subscript, Y-io" being for the pure solution and Y-I-J 

for the mixed solution. 

. 1/Z Z 
F = reduced activity coefficient, namely Y-,-, 1 "2 for the electrolyte 

indicated by the subscript. The term F ", refers to pure 

solutions, F-̂  to mixed solutions. 

AF = free energy change of crystal hydration = F -F (n -n)F . c O J o J -> n n o w 
o 

V = moles of ions formed upon complete dissociation of 1 mol of 

electrolyte. Thus, v.. is for the indicatied cation, v„ is for 

the indicated anion, while v „ is the total number of ions 

namely (v + v„). To illustrate, v..„ is 2 for NaCl and 5 for 

AI2(50^)3. 

= osmotic coefficient (6,, 1^) = -(63.9Z^Z2 log a^)/I 

= odd numbers refer to cations 
=. even numbers refer to anions 
= water 
= values for a multicomponent solution. 

0 = "pure" electrolyte solution (i.e., binary solution) 
' = for 1:1 electrolyte - see a 

'̂  w 
Other Symbols 
1:1 = electrolytes with singly charged ions where Z = 1 and Z„ = 1 

M:N = electrolytes having ion charges given by Z = M, Z = N 

<!> 

Subscr 

1,3, 
2,4^ 
w 
mix 

.5. 
,6. 

Supers 

ipts 

^ , 

> • • 

cripf 
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ibslract. Activity coefficients (y) for grossular in pyrope-grossnJar garnet have been deterrained 
fiperimentaUy using the divariant assemblage gamet-anorthite-siliimanite (kyanite)—quartz. 
VAIUCS of Y for garnets with 10-12 mole % grossular have been obtained at 1000°, 1100°, 1200° 
md 1300° C at pressures between 15 and 21 Kb. Tho data are consistent with a symmetrical 
.fgular solid niodel for grossular-pjrrope solid solutions. The interaction parameter (W) 
increases linearly with decreasing temperature and is given by If'= 7 460 — 4.3 T cals (T in 
•K). A solvus in the pyrope-grossular solid solution is predicted with a temperature of critical 
!ijiiingofe29°C±90°C. 

Introduction 

The mixing properties of garnet solid solutions have been discussed by various 
luthors (e.g. Saxena [1], Ganguly [2], Wood [3] but no quanti ta t ive experimental 
data have been available to date. In view of the potential of garnet bearing assemb
lages as indicators of pressure-temperature ( P T ) conditions of metamorphism, 
I better understanding of the composition-activity relationships in garnets is of 
toajor interest. 

In the present paper we report an experimental study of the activity of grossular 
tomponent in pyrope-grossular garnet a t high pressure and temperature. 

Using the end member reaction 

3 CaAljSigOg ^ CagAlaSigOjg + 2 AlgSiOj -f SiOg 

anorthite grossular kyani te quartz 
(1) 

lhe activities of CaaAljSiaOjj component in Ca—Mg garnets in the assemblages 
?ametj3—anorthite—kyanite—quartz and garnetjg—anorthite—sillimanite— 
quartz can be calculated a t a range of pressures and temperatures from the 
fslationship 

(Po - P l ) AV, = R T In aS^.Ai.si.o„ (2) 

'here P^ is the equilibrium pressure for reaction (1) a t the temperature of interest 
(fin °K), AVf, is the volume change of reaction (1) a t room temperature, P^ is the 
pressure of interest, aca.Ai.Si.o,, ' s the activity of grossular component in the pyr-
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ope-grossular solid solution and R is the gas constant*. By determining garnfi 
compositions at various temperatures and pressures the activity coefficient fn, 
grossular component can be obtained from tho relation for 3-site Mg—Ca mixing-

'"Ca.AI.SI.Ou = (•^Ca.AI.Si.Ou yCa.Al.SI.O,,)^ 

where .X ĉa,Ai,si.o„ î  *̂ ® mole fraction of grossular component in the garnet soliii 
solution and yca,Ai,si,o„ î  ^^^ activity coefficient of grossular in the garnet solid 
solution. 

Assuming the garnet to be a symmetrical regular solution (Thompson, [4] th^ 
interaction (or Margules) parameter (W) can be calculated by 

^ _ R T J j a . yca,A1.3I.O.. 

(1—•^C8,A1,SI,0„)^ 

and the critical temperature of mixing is given by 

B.'J. Hensen ei aj jctivity-Composition Rcl.« 

' 2R 

j ruble 1. Bun data and g, 
3 -uirtz 

(3) 

(4) 

The anorthite breakdown reaction (1) is well known from the work of Hays [oj. 
Hariya and Kennedy [6] and Newton [7]. Because the accuracy of the activitv 
data depends critically on the position of the anorthite reaction boundary a check 
on this boundary has been carried to ensure internal consistency of the data used 
to calculate the activity coefficients. 

Experimental Technique 

The experiments were carried out in conventional, V2 inch, Boyd and England [8] type piston 
cylinder apparatus, using talc and boron-nitride as pressure media. 

Temperatures were controlled to within 5° C of the quoted values using Pt/Pt— 13% Rl 
thermocouples. 

The 'hot piston out' procedure was used throughout; the run is taken to a pressure 5 kb i-
excess of the desired value and taken to temperature before the pressure is brought back to 
the final value. Pressures reported are uncorrected values. The apparatus has been calibratî i 
•with respect to other laboratories at 1200° and 1300° C and 15-20 Kb and very good agreemen'. 
with previously published data has been found (Hensen and Barton [9]). 

Starting materials were run in unwelded PJ-capsulcs. Samples were moistened by breathin? 
for runs at 1000° and 1100° C. Run times were around 1 hr at 1300° C, 5 hrs at 1200° C aii>i 
varied from 17-25 hrs at 1000° and 1100° C. 

Tho material used in the experiments consisted of 55% of a glass of composition anorthitf.j 
ensatitCso (molar) plus 27% sillimanite (Brandewyno Springs, Del. by courtesy of Dr. P.-̂ 1 
Bell) and 18% excess purified quartz. This mixture was seeded with 4-8% garnet bcarii::' 
high pressure assemblage to provide tho starting material for most runs. A reversal usinj 
crystalline starting raaterials only has also been can'icd out. 

In view of tho fact that consistent, reproducible and, as demonstrated in one instaniv. 
reversable data could bo obtained it is believed that equilibrium was closely approached in l'̂ ' 
experimental runs. 

All runs were checked optically and by powder X-ray photography to ensure they contaiiif • 
tho full mineral assemblage of interest. This is of major importance as it is not unusual •>• 
temperatures of 1200° C and abovo for quartz or anorthite to disappear owing to parti'' 
melting. In such cases tho garnet composition is no longer fixed and cannot be used for i'" 
determination of activity coefficients. 

1 Standard states for all components are taken to be tho pure phases at the pressure A "̂ 
temperature of interest. 

Kun 
No. 

94 
73 
67 
Si 
SS 
101 
65 
77 
83 
SO 
S5» 

Temp. 
(°C) 

1300 
1300 
1200 
1200 
1200 
1200 
IIOO 
1100 
1100 
1000 
1000 

Press. 
(Kb) 

1 

1 
16 
21 
15 
16.5 
18.5 
19 
15 
17.3 
18.5 
17 
17 

' See introduction for defii. 
- Accuracy in a„ weasurein 
' In thia run kyanito occuri 
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'iV(col:) 
IOOO 

IOO 

1273 
1 

IOOO 
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1 
j 
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Tiblel> Î '̂B data and garnet composition in the'assemblage gamet-anbrthite-BillimaiiJte-

pin 
Vo. 

« 
T* 
(!7 
U 
^ 
m 
te 
n 
S3 
SO 
.^ ' 

Temp. 

CC) 

1300 
13(» 
1200 
1200 
1200 
1200 

aoo 
1100 
1100 
1000 
ITOO 

Press. 
(Kb) 

» 

16 
21 
15 
16.5 
18.5 
19 
16 
17.3 
18.5 
17 
17 

Cell edgeb 
a. (A) 

11-502 
11.644 
11.497 
11.607 
11.630 
11.534 
11.603 
11.523 
11.541 
11.537 
11.647 

Garnet composition 
(mole fraction of 
grossnlar 

X-ray 

0.-11 
0.22 
0.10 
0.12 
0.18 
0.19 
0.11 
0il6 
0.21 
0.20 
0.22 

component) 

microprobe 

0.U 

0.11 

-
0.19 
0.11 
o.i'e 

0.20 

y" 

1.154 
1.153 
1.363 
1408 
1.260 
1;287 
1.554 
1.527 
1.418 
1.656 
1.674 

W (ca.\a) 

666 
731 

1092 
1293 
1006 
1126 
1581 
1637 
1527 
1994 
1886 

' See introduction for definition of symbols. 
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Experimental Data 

^le experinaontal results are given in Table 1 and Fig. 1 shows a plot of the cal-
*^'ated interaction parametor W against temperature. The grossular content of 
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the garnet in the assemblage garnet-anorthite-sillimanite-quartz has been dctr-
mined from cell edge measurements obtained from X-ray powder photograph, 
In addition electron microprobe analyses of a number of runs have been carri..' 
using the TPD probe with non-dispersive detection system. (Reed and Ware [in 
The results of these analyses agree well with the X-ray data (Table 1). Howcv.f 
the microprobe revealed that compositions approximating the seed composjti, .-
(X(jio33s»0.21) sometimes persist in cores in garnets of the composition indicat..; 
by the X-ray data. This shows that although garnet of a certain compositii.; 
grows from the fine grained low pressure assemblage (that forms from the gl.-i.t, 
on heating) the rate of diffusion within garnet is too low to allow complete equilil. 
ration between cores and rims. 

The reason that no data are reported above 17 Kb at 1000° C and 21 Kb a: 
1300° C is that above these pressures the assemblage garnet—anorthite—kya;; 
i te^quartz is no longer stable o\ving to the univariant reaction 

gametss + anorthite 4- quartz ^ diopsidCj, + kyanite (Hensen [11]) 

At low pressure the assemblage of interest is limited by the reaction 

enstatitCgg + anorthite -\- silhmanite (kyanite) v=i garnetsj -|- quartz 

Experimental data on these reactions will be published shortly (Hensen [12]) 
Several experimental runs in Table 1 have the assemblage garnet—anorthite-

sillimanite—quartz though they crystallised in the kyanite stability field. Ti-.' 
fact that these experimental assemblages are metastable does not affect tlui: 
usefullness for the activity calculations. This is well illustrated by two runs A: 
1000° C —17 Kb (Table 1) one of which was seeded with kyanite^. The calculate: 
interaction parameter (W) is the same, within experimental error, for the latfc 
run (assemblage garnet—anorthite—kyanite—quartz) as for the former (assci;:-
Wage garnet—anorthite—sillimanite—quartz). This also is good evidence tli:i! 
the results represent equilibrium data. 

The garnet compositions obtained experimentally were compared with t!'.•.• 
activities, calculated using expression (2), and the resulting activity coefficiciu--
are shown in Table 1. The following data were used to calculate the activities o: 
grossular component in pjTope grossular solid solution. 

a) The anorthite breakdown curve (1) according to Hariya and Kennedy [0; 
JFo = 66cc. The reaction is given by P = — 1200 + 23.3T (P in bars, T in T) 

b) The equivalent metastable reaction 

3 anorthite ?^grossular + 2 sillimanite + quartz. (*' 

JFo = 54.4 cc; P = -460-|-24.2T (P in bars, T in °C). 
The expression for this reaction was calculated using the following data for tli' 
kyanite-sillimanite phase boundary 

JF'o = 5.8cc; P = - 6 5 0 0 - } - 2 1 2 ' ( P in bars, T in °C). 

These data for the kyanite-sillimanite boundary are consistent with the pist''" 
out data of O'Hara and Richardson [13] and the hydrostatic data of Richard^ '̂:• 
et al. [14]. A reversal on this boundary in our apparatus at 1300° C gave a vai'.:' 
of 20.5 db 0.5 Kb in excellent agreement with O'Hara and Richardson [13] (Henfi" 
and Barton [9]). 

2 The starting material for this run consisted of garnet—clinopyroxene—kyanite—silliinani''"' 
anorthite—quartz. 
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\ r«?treî al ofthe anorthite breakdo'vvn curve (I) at 1300° 0 gave-a value bejfcween 
•Iand 29.5 Kb agreeing well with the.vatue of 29,1 given by Hariya^and Kennedy 

fhti interaction (or Margules) parameters are also given in Table,!. The valuea 
v.,lined at each teniperature show minor random variation, which can be attrib-
i^ to experimental error, and are consistent with a sjinmetrical regular solution 

-••del, c,/. Thoropspn [4], In view of the.'fact that only a relatively small range 
f t'ariiet comppsjtipns-.could be, studied (reasoiia given above) the possibility oif a-
,-.-nirnetry in the pyrppe-grossulat solvus cannot be excluded. A significant near 
.„eiir temperature dependence of If is evident from the data. A least Squares fit 
;/the data gives Jf = 7460—4.3 Teals (T in °K). Aa-shown ia figure 1 the data 
• p [his linear equation reinarkably well. 

Dtifiission ol Errors 

Ihe internal consistency of. the data is very good. Uiicertainty in the z) P valuea 
r, Eq. (2) is the main possible source of error for the W values. At 1000° C a 
r.rt.̂ aure uncertainty in A P of 0.25 KB hasa corresponding error in If of'arouud 
!ij%. The checks^carried oiit on the anorthite breakdown curye (1) and thekyah-
ii'-siliimahite' phase boundary, mentioned above, give confidence tha,t the error 
llie to the uncertainty in -A P is small,-perhaps in, the order of 5-10%. 

Errors due to uncertainties iri garnet composition are relatively sinall. The, 
itirertainty of j t 0.01 in the mole fraction of the grossular componeht resulting 
.'rdit an error of ±0-005 A in the cell edge measiirements produces an error in 
Sv' of about 4%. Compounded error in W is believed to be better than 10%. 

Conclusions 

The experimental data demonstrate that pyrppe-grpssular soHd solutiona exhibit 
i significant positive deviation from ideality that increases with decreasing tem-
rcratiire. Assuming a symmetrica] regular solution the interaction parameter is 
dven by Tf = 7460—4.3 Teals (T in °K). The temperature.of critical mixing 
i r-), marking.the top of the pyrope-grossular solvus, equals 629 ±90° C (assuming 
»iO% error in If), 

A critical temperatuire of 629° C is consistent with recent experimental data 
on uriivariant reactions in the system GaO-MgO-AJ^Oa-—SiDa (Hensen [12]) that 
indicate a solVus.temperature above 600° C. 

The present data are consisterit with those presented by Ganguly and Kennedy 
'Or a temperature close to" 600°'C. They give an approximate value of If J=W3.8± 

'-*5 K cals that is independent of temperature, Ganguly and Kennedy [2] predict a 
critical temperature of 694 ±55° G which overlaps with the, present estimate of 
i-9 ± 90° C. The reason that coexisting garnets are unknown from natural 6'ccur-
'T̂ nces (or experiments fpr that matter) lies ih the.fact that other, mainly hydrousj 
|>hase assemblages replace Ga-Mg garnet at temperatures below 750-800° G. 

More infprmation on the mixing properties of alihandine-grossular and alnian-
•'irio-pyrope will be required before the preserit data can be quantitatively applied 
'a natural rocks. 

Preliminary results by Cressey (personal comraunicatipn) indicate hear ideality 
•<>falmandihCrg'r6ssiiIar -solid solution in agreement with tlio estiraate,of Ganguly 
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and Kennedy [2], In contrast with Ganguly and Kennedy we believe pjTiitir, 
almandine garnets are not likely to depart greatly from ideality (Wodd" [3]) g.,̂ ^ 
that the pyrope-grossular interaction parameter may be the only signifin,if. 
factor to be considered when dealing with ,3; component Ga-Pe-Mg garnets. 
. In natiiral rocks- the coexisting plagibclase commonly contains an apprecihl.'.. 
amount of' albite solid solution. The mixing properties of albite-anorthitev'so!: i 
solutions are incompletely kno^oi as yet but-the date of Orville [15] can be tci;. 
tatively used,.;*;,/. Schmid and Wood [16], 

I t is hoped that in the near future the mixing properties of.gamets, pyrd.\en« 
feldspars etc, will-receive extra attention and that this paper will stimulate such 
reseafch. 
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The quantity r i 2 here colled the reduced activity coefficient is relaled to 712 the mean 
activity coefficient of a strong electrolyte 12 as follows: 

r i2 = 712"^ ' ' ' 

where i i ond zo are the chorge numbers on fhe ions. The value of I ' i ; lor electrolyte 12 In 
on aqueous solution containing the three ions I , 2, and 3, such as Na'* ' , C l ~ , and Bo'*'' ' ', 
is to be calculated as follows: 

log ri2 = log r°i2 -f- 'AiXa) log (r 'as/r- is) . 

Here r°32 and r ° i 2 ore for the indicated electrolytes, namely NaCl and BaCl2 in this cxomple, 
at the total ionic strength of the mixture. The term X3 represents the fraction m.iz.iV(miZi2 -|-
rn;.ia-) ' " which m represents the molality of the indicotcd ion. Fair success is usuolly oUained 
with this equotlon in predicting 7, even at high electrolyte conccntrotions. 

Similar equotions are proposed for aqueous solutions containing four or morc ions. 

UEiaî Ê ss?̂ " m m m 

EARTH SSSSe^OE L M , 

\ 'alues of y, the mean activity coefBcient of an indi
vidual strong electrolyte in an aqueous solution of two 
or more strong elcctroKtes, are required in calculating the 
ionic reaction equilibria in aqueous solulions. Of particu
lar interest are 7 vahies in relatively concentrated solu-
tiuns (brines, wasle streams, etc.) such as are encountered 
in industrial cheniistr\-, in hydrometallurgy, in electro-
chemistr)', in biochemical systems and the like. E.vperi-
mental data on 7 in mixed systems are difficult to ob
tain and relatively few direct measuiemcnts have been 
published. The object here is to consider a niethod for 
appro.ximating the values of such acti\'ity coefficients, 
applicable in all concentratioris of mixed aqueous solu
tions at 25' 'C. 

In the systems under discussions, the cations are 
designated by the subscripts 1, 3. 5, 7, etc., while the 
anions are 2, 4, 6, 8, etc., with conesponding ion molali
ties being in,, w-,, 1113, etc., and ion charges being ;.,, z-i, 
Z3, etc. The mean activity coefficient of any single electro
lyte 12 in solution is designated at 7°i2, while its mean 
activity coefficient in a "mixed' solulion containing more 
than one ain'on and one cation is -y,-,. The total ionic 
strength iir of solutions, regardless of the nurnber of dis
solved electrolvtes, is then ^A(iiii~i- -f iih.Zo- -\- "i:)~;r -f 

. . ) . Similarly, in ionic strength unils, the cationic | | 
strength /ic is ^A(tiii:r •+• '113:3^ + -f . . . ) , while 
the anionic strength fn "S /̂2(m2Z-2- -\- m^Zt̂  -)- iur,zii^ -f 
. . . ) . Obviously, /i^ and Pa are equal only when all ion 
charges are of equal magnitude. n\- definition, the total 
ionic strength is IHT, where ^7 = ^1 + /'o-

In ionic strength units, the fraction of the cations present 
represented by cation 1 is Xi, where 

Pcqc 2 9 4 

X, = l/2(ni,2,V/«c) 

Morrh 1972 

Similarly, the fraction of the anions present represented by 
anion 2 is I's, where 

Y2 = l/2(m2;2VAta) 
In any solution containing a single electrolyte, Xj and Y2 
are unity. 

For mixed .systems, these definitions are conveniently 
illiislraled wilh a solution containing 1 g.-mole NaoS04 
and 1 g.-moIe AiClj in 1000 g. water. The ions Na'^, S04~, 
Ai'*'''^''' and Ci~ are arbitrarily designated as 1, 2, 3, and 
4 respectively; consequently, the molalities W|, ni2, "'3 
and nu are respectively 2, 1, 1, and 3, while the cor
responding z values arc 1, 2, 3, and 1. In ionic strength 
unils, lie is 1/2(2-12 + 1-32) or 5.5, /i„ is 1/2(1-22 + 
3 - P ) or 3.5, hence /ir is (5.5 4- 3.5) or 9. In these units, 
the ion fractions are as follows: Xi is l / 2 ( 2 - l 2 ) / 5 . 5 or 
0.18; X:, is l /2(l-3- ') / .5.5 or 0.82; Y, is l / 2 ( l - 2 2 ) / 3 . 5 or 
0.57; and Ŷ  is l /2 (3-12) /3 .5 or 0.43. It is clear that the 
mixed .solution just discussed could ha\'c been prepared in 
many other ways, as by dissolving 2 g.-moles of NaCl, 
1/3 g.-mole of AlCl.-, and 1/3 g.-mole of AlaCSOJj in 1000 
g. of water, or by dissol\ing 1 g.-mole NaCl, 1/6 g.-mole 
of Al2(S04);i, 2 /3 g.-moles of AlCl, and 1/2 .-g.-mole of 
\a.>SO., in 1000 g. of water, etcr-Tlie values of m, /i, X and 
)' for tlic individual ions are of course independent of how 
this solulion is prepared. 

Eleclrolyles are oflen char:id-terizcd by their ion charges, 
ill that a salt like NaCl or KBr is a 1:1 electrolyte, CaCl2 
is a 2:1 electlolyte, CuSOj is a 2:2 electrolyte, etc. For any 
electrolyte, it has been found useful (5) to designate the 
"icduccd" acli\ily coefficient, namely (7i2'''' ' '0> »s r°]2 
ill a "pure" solution and ri2 in a "mixed" solution. For a 
1:1 electrolyte, 7 is identical with r , and 7° with r ° , but 
these etjualitics obviously do not hold for electrolytes con
taining ions having charges greater than unity. 
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r ' I N PURE SYSTEMS 

In this development it will become evident lhat lo 
predict y for a strong electrolyte in a mixed solution of 
any given ionic strength, it is necessaiy to know the value 
of r ° or of 7° for this same electrolyte in a pure solution 
of the same total ionic strength and the same temperature. 
Sometimes the only experimental r ° or 7° vaiucs availabic 
are at ionic strengths other than that of interest, in which 
case extrapolation is undertaken with the aid of Figure 1. 
This extrapolation is based on the finding (5) lhat curves 
of r ° versus n ior most strong electrolytes fall fairly well 
into the curve family of Figures 1 and 2, wilh only one 
known point required to locate a curve. Tims experiniental 
values of r ° for Pb(N03)2 are 0.50 and 0.31 at ionic 
strengths of 1.0 and 6.0 respectively (6 ) . Locating the 
point where /i is unity and r" is 0.5 on Figure 1 and 
following the curve thus identified to where n is 6, r ° is 
found to be 0.29, or within 10% of the e.xperimental value. 
To establish a value for r " in the supersaturated region, 
it is merely necessary to follow this same curve out to the 
desired ionic strength. In general, errors in extrapolation 
become greater as extrapolation from low /i values to values 
in excess of 10 is undertaken. To minimize such errors, the 
range of /t involved in an extrapolation' should be kept as 
small as possible. 

Often, no known values for r ° or 7° are available at 
any concentration for the strong electrolyte under sludy. 
In this event, methods of prediction for r ° outlined else
where ( 5 ) , or in later paragraphs of this paper may be 
useful. 

r IN MIXTURES 

The limited direct experimental measurements available 
in the literature on activity coefficients in mixed solutions 
are reviewed and methods of correlations are discussed by 
Hala et al. (2) as well as hy Harned and Robinson (4 ) . 
Most of these studies involve solutions of two electrolytes 
ha\-ing a common ion, such as HCI and NaCl. These solu
tions are usually made by adding /112 ionic strength unils 
of electrolyte 12 and /i.12 ionic strength units of electrolyte 
32 to 1000 g. of water, in such proportions that the lotal 
ionic strength /tr, namely (/ii2 4- 1132), is conslant .at some 
value. In such systems, Harned showed that as a first aji
proximation at a conslant total ionic strength, e.xperimen
tal data on 7 can be correlated.as follows: 

(1) 

(2) 

l o g 7 l 2 = l o g y " 12 + af/i32//iT 

log732 = l o g 7 ° 3 2 — a t H z / l i T 

Here a is constant at any fixed value of /ir, but can vary 
with fiT, while 7° 12 and 7°32 are the activity coefficients 
for the pure electrolytes at fir-

A second possible source of activity coefficient values in 
mixed solutions is from solubility product calculations in 
saturated solutions. That is, the solubility product of any 
1:1 electrolyte 12 in its pure saturated solution is 
(•y"i2Tn°,i)^, where nii2 is the molality and 7°i2 is its cor
responding activity coefficient dclermincd experimentally 
or by estimation (5) . The solubility product of 12 in a 
mixed system saturated with 12 is 7̂ 12 (miV^), where 
ni, and »i2 are the ion molalities. Equating these hvo solu
bility product expressions and rearranging 

.712 = 
7 i 2 ' » 12 

(m,m^)"2 
(3) 

KNO3 and NaNOj the respective molalilies of these two 
salts are 4.65 and 11.8, hence wilh ions K + , N O s " and 
Na+ designated as 1, 2, and 3,-mi is 4.65 and »H2 is 
(4.65 + 11.8) or 16.45. Substituting inlo Equation (3 ) , 
the value of 7K.vn3 based upon solubility products is 
(3.79 X 0.24) / (4 .65 X 16.45)"" or 0.122. Since this 
solution happens also to be saturated with NaN03, its ac
tivity coefficient can be determined in an analogous way. 

A similar calculation using .solubility data usually cannot 
be carried out lo test the success in predicting 7 for elec
trolytes containing ions with z values greater than unity. 
That is, the solubilily product relation of Equation (3) 
applies only when the electiolyte involved exists as a pure 
.solid, containing no waler of crystallization. Unfortunately, 
solid salts whose ions cany more than a single charge are 
almost invariably hydrated when in contact wilh their 
saturated solutions. Thus Equation (3) applies primarily 

16.0 20 .0 

M 
Fig. 1. Generalized plot of the reduced activity coefficient F versus 

ionic strength 11 over the ionic strength range of 1.0 to 20. 
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Thus a pure saturated solution of KNO3 is 3.79 molal, for 
which 7° is 0.24 (6) . In a solution saturated v.'ith both 

Fig. 2. Generalized plot of P versus tt over tbe ionic strength range 
of 0.1 to 2.0. This graph supplements the information on Figure J. 
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to 1:1 salts, since most of these as solids tio nol contain 
water of hvdration. Similarly, Erpialion (3) cannot be used 
for testing when the solid clccti'dlytc exists in solid .solu
tion or as a double salt. 

PROPOSED RELATIONS 

Br0nsted ( J ) proposed that the value of the mean activ
ity coefficient for electrolyte 12 in a mixed solution de
pends primarily upon fhe interaction between cation 1 
and each anion present, namely ions 2, 4, 6, etc., and on 
the inter.iction between anion 2 and each cation present, 
namely cations 1, 3, 5, etc. As a first approximation the 
interaction of ions with like cliaige is small and can be 
neglected. To extend this reasoning, assume: 

1. The energy of interaction between cation 1 and lhe 
anions present is measured by Fi, where Fj is defined as 

F, = M-(Y2 logr°,2 -î  Y4 logr'u + Ve logr°,6 -f . . . ) 
I (4) 

All r ° are at the lota! ionic strengths of the mixture. 
2. The energy of interaction between anion 2 and lhe 

cations present is F2, where 

F2= Vi (X, logr"',2 + X3 logr°32 + X5 logr°52 + • • . ) 
( 5 ) . 

where the r ° values are again taken at the total ionic 
strengths of the mixture. 

3. The mean activity coefficients of 12 in the mixture is 
then related to Fj and F2 as follows: 

(6) log r,2 = F , -)- F2 

Thus substitution of Equalions (4) and (5) into E<iiialioii 
(6) leads directly to values of the reduced aciivily co
efficient ri2 in mixed solutions. 

Similar relations are presented below for calculating 
activity coefficients of electrolytes formed by other possi
ble combinations of ions. Thus in a syslcm containing ions 
3, 4, 5 and 6 in addition to ions 1 and 2: 

F3 = % (Y2 log r°32 + Y4 log r°34 + Vs log r'sG + 

F4 = % (X, log r°,4 + X3 log r''34 + X5 log r°54 + 

Fs = V4 (Y2 log r%2 + Y4 log r''54 + YB log r ' s e 4-

Fs = % (X, log r ^ e + X3 log r°36 + Xs log r%6 + 

. . . ) 
(7) 

. . . ) 
(8) 

. . . ) 
(9) 

• • • ) 
(10) 

Using the convention of numbering the cation first, the re
duced activity coefficients for various ion combinations 
then are of the form: 

log r32 = F3 -f F2 

log r34 = F3 -I- F4 

log Fu = Fl -f F4 

log r52 = Fs'-f F2, elc. 

(11) 

(12) 

(13) 

(1-1) 

The extensions of these equations to .systems containing 
more than six ions is obvious. The equations proposed 
above are presumed to apply to salunitcd .-is well as un
saturated solutions. For saturated solutions, unlike Equa
tion ( 3 ) , they apply regardless of what forms may be 
taken by the solid phases. That is, these solid phases may 
be unhydrated or hydrated salts, double salts, solid solu
tions, etc. 

Errors fo be expected in using these equations arc indi

ealed by comparing calculated vaiucs of the activity coeffi-
eieiil wilh coriespoiuling experimental values for various 
s\'stcins. In the typical cases now discussed, solubilily data 
on pure and mixed solutions arc from Seidell-Linke (7 ) , 
while experimental values for aciivily coefficients are from 
llie appendices of Harned and Owen (3) and from Hobinson 
and Stokes ( 6 ) . ll is oflen necessary to estinwte 7° and 
y" vaiucs for pure supcrsaluratcd solutions, which is done 
by extrapolating known values of r ° using Figure I. All 
ex:imples presented here involve aqueous solutions at 25°C, 

THREE ION SYSTEMS 

7'it;r) calinm antl one. anion. Only the three ions, 1, 2, and 
3 arc present when dis.solving electrolytes 12 and 32 in 
wilier. Obviously, Equalions (6) and (11) apply here, 
wilh all terms olher than those involving Xi, Yo, and X3 
ill Equations (4 ) , (5) , and (7) being zero. Substituting 
Eriuations (4 ) , ( 5 ) , and (7) into Equalions (6) and (11 ) : 

log r,2'= '/2(X, log r°,2 -I- V2 log v ' n + X3 log r°.T..) 
(15) 

log 1-32 = V2 (X, log r°,2 + Y2 log r°32 + X3 log r°.32) 
(16) 

111 this S)stcm, Yj is unity and X] equals (1 — Xs), hence 
the above equalions become 

log r,2 = log r°,2 + 0.5X3 log(r°32/r°,2) (17) 

log r32 = log r°.,2 - 0.5X, log(r°32/r°,2) (18) 

These equations, in which log ri2 is linear in Xs and 
log r.ij is linear in X|, have the following characteristics: 

1. The slopes of these cfjuations arc both numerically 
crjiial to logr°32/l"°i2. ' ' " ' nrc of opposite sign. 

2. The obvious requirement that r must become equal 
to r° in pure solution is satisfied, in that log Vi-̂  equals 
log r°i2 when .\'i is uiiily and X3 is zero, and log r32 equals 
log r''32 wlicii ,\'i is zero and X3, is unity. 

3. W'hen a solulion of electrolyte 32 contains only a 
trace of 12 for a given value of /ir, that is, Xj is zero 
while Yn and Y3 are both unity. Equation (15) becomes: 

r , 2 ' ^ = ( r ' ' ,2T°32) ' ' ' ' (19) 

Similarly, for a trace of 32 in 12, from Equation (16) 

r32'^= (r°,2T°32)" '^ (20) 

Thus, for a given /IT, ri2"' and r32"' are equal hence 

( y , 2 < r ) l / . , z , = (^3j,.r) , / . . - , ( g l ) 

It is interesting to nole that Equation (21) is in agree
ment with the equation developed by Harned and Robin
son (4) using a different line of reasoning. Calculated 
vaiucs of 712''' and 732" from Equations (19) and (20) 
are compared wilh experimental values in the upper part 
of Table 1. Inspection indicates that in general errors of 
not over 10% are encountered in predicting 7nci''^ and 
7,\'.ici"^ in various three-ion sysiems with chloride as the 
common anion, Agieement, however, is poor for AICI3 and 
LaCls in their trace solutions'in aqueous HCI. 

4. For mixtures of two 1:1 salts, X3 obviously equals 
A'32/(/ii2 + F32); consequently, Equation (17) becomes 
similar to Equalion (1) and Equation (18) becomes simi
lar lo Equation (2 ) . It follows tliat the slope a in the 
Harned equation equals Vilog(7°32/7''i2)- In a mixture 
of two eleclrolyles having unlike charges, such as when 
bolh a 1:1 and a 2:1 salt are present, X3 is obviously no 
longer identical wilh /i23/(/ii2 + ^23)- For such systems. 
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success in correlating experiniental data using Equation 
(17) is nevertheless reasonable, as indicated by the fol
lowing few paragraphs. 

Equalions (15) through (21) deal with lliice-ion .sys
tems having a common anion. An analogous .set of ctpia-
tions can be written for three ion sysiems involving ions 
1, 2 and 4, with ion 1 as the common cation. Examples 
here are mixtures of NaCl wilh NaClOs, with Na2S04, elc. 
The errors to be expected can again be judged from the 
data presented in the bottom half of Table 1. 

A further test of these relations involves comparing 
values for 7 in saturated solutions calculated by Erjualion 
(-3) from solubility products, with values of 7 calculated 
by Equation (17 ) : 

^ 1. Dv Equation (17): A solulion 5.27 molal in Ca(NO.i)2 
[ and 5.3 molal in .NaXOa is saturated wilh NaNO:i but not 

Ca(NO;))2. The ionic, strength of the anions in this solu
tion is >^i5.3 X P -\- 2 X 5.27 X 1-) or 7.9, The ionic 
strength of the cations is i^(5.3 X P -}- 5.27 X 2-) or 
13.2; the total ionic strength is (7.92 -|- 13.2) or 21.1. 
Ionic strengths at which experimental activily coefficient 
data are available are 18 for Ca(N03)2 where r ° is 0.77, 
and 6 for NaNOs, where r ° is 0.37. Using Figure 1 to 
extrapolate to a /ir of 21.1', r ° is 0.85 for Ca(N03)2 and 
0.25 for NaNOs. The value of XCT-* -̂̂  in this solution is 
(5.27 X 2=) / (2 X 13.2) or 0.8. Substituting into Equalion 
(17) , r and 7 for NaNOs are found lo be 0.40. 

2. The ionic strength of a pure saturated solution of 
NaNOa at 25°C. is 10.8, \\here 7° by Figure 1 for NaNOs 
is found lo be 0.32. Substituting inlo Equalion ( 3 ) , 7 
for NaNOa in the mixed solution described above is 
(0.32 X 10 .8) / [ (5 .3 ) (.5.3 -f 2 X 5.27) l'-^ or 0.38. This 
is within 10% of the value calculated above from Equation 
(17) . 

Using the procedure just illustrated, solubility dala liave 
been used to test the extent to which the equalions pro
posed here can be used to predict 7 values of 1:1 elec
trolytes in saturated mixed solutions of high as well as 
lower ionic strength. In most ca.ses, at ionic strcnglhs from 
perhaps 10 to 30, agreenient belween predicted values and 

those based upon solubility product calculations lies within 
2-5'',', wilh an average error of aboul 15%. Errors are gen-
crallv smaller at lower total ionic strengths. When the 
proper solubility data are available, it is suggested cal
culated vahies from Ecpialion (17) , etc., on a given sys
tem be tested by comparing results with those calculated 
from Equation (3) . '^ 

ESTIMATING r ° IN PURE SYSTEMS 

In tiie absence of direct measurements, vaiucs of y° and 
V" for an electrolyte 32 can be estimated by Equalions (3) 
and (17) , given suitable solubility data for a 1:1 electro-
1\ tc like NaCl or KNO3 in mixed solution with electrolyte 
.32. To illustrate, the value of r°32 will be estimated for 
(:;i(N0;()2 i" a solution known to be saturated with NaNOs 
(6.1 niolal) and 3.40 molai in Ca(N0.i)2- Since in a pure 
salinaled .solution, NaNOs is 10.8 molal, wilh y° and r ° • 
vaiucs of 0.32, then in the mixed solulion by Equation ( 3 ) : 

y.vMN-o:, = io.8 X 0.32/[(6 .1) (6.1 -|- 2 X 3.40)]' '^ = 0.39 

The lolal ionic strength of this mixed solution is 16.3, at 
which r°,2 for NaNOg is 0.29 while X for Ca+'^ is 0.69. 
Substituting these vahies inlo Equation (17) , r ° for 
eicclrolyte 32 is found to be about 0.69, versus an experi
mental value (3) of 0.735. 

FOUR ION SYSTEMS 

Two types of four-ion systems exist: those containing 
two cations and two anions, and those containing three 
cations and one anion, or one cation and ihree anions. 

Two cittums ami ttco anions. These solutions are made 
bv dissolving clectrolyies 12 and 34 in water after whicli 
32 or 3-1 ma\' or may not be added. In all cases, four dif
ferent ion pairs arc identifiable, namely 12, 32, 34, and 14, 
respectivelv involving E(|uations (6 ) , (11) , (12) , and 
(13) . Remembering thai bolh (X, -I- X3) and (Y., -I- Y4) 
equal unity, then by combining Equations (4 ) , ( 5 ) , and 

Cl as Common Anion 

T A U L E 1. ExPEKIMli.VTAL V E H S U S PnEDlCTED VALUES OK y'"' 

• • ] . 

12 32 

Na''- as Common Cation 

fT 712 732 cxpll." 
712" 

calc." e.\ptl.° 
7 3 2 " 

calc' 

HCI 
HCI 
HCI 
HCI 
HCI 
NaCl 
NaCl 
NaCl 
HCI 
HCI 
HCI 
HCI 

LiCl 
NaCl 
KCl 
CsCl 
CaClj 

. MgCla 
CaCl2 
SrCl2 
AICI3 
AICI3 
LaCls 
ThCL, 

2 • 

2 
2 
2 
(1.3 
3 

• 6 

3 
3 

12 
1 
3 

1.009 
1.009 
1.009 
1.009 
0..5S8 
0.714 
0.96.5 
0.714 
1.318 . 
7.25 
0.809 
1.318 

0.921 
0.668 
0.573 
0.496 
0.326 
0..569 
0.79 
0.465 
0.33 
3.37 
0.282 
0.14 

0.986 
0.878 
0.781 
0.641 
0..578 
0.77 
0.933 
0.705 
0.85 
3.96 
0.655 
0.895 

0.96 
0.82 
0.76 
0.71 
0.58 
0.73 
0.93 
0.70 
0'.95 
3.30 
0.73 
0.90 

0.334 
0.636 

0..536 
0.45 

0.256 ^ 
— 

0.96 
0.82 
0.76 
0.71 
0.34 
0.54 
0.86 
0.49 
0.87 

0.38 
0.65 

12 14 /T 712 

• Primarily frum (3) .ind (6). 
• • Calculated from Equations (19) and (20). 

71-1 e.\pU. 
712" 

calc." 

NaCl 
NaCl 
NaCl 
NaCl 
NaCl 

Na2S04 
Na2S04 
NaAcetate 
NaNOs 
NaClOs 

6 
1 
3 
6 
6 

0.985 
0.655 
0.714 
0.985 
0.985 

0.154 
0.31 
0.99 
0.37 
0.675 

0.62 
0.60 
0.833 
0.61 
0.815 

0.62 
0.60 
0.84 
0.60 
0.82 

e.vptl." 
7 1 4 ' 

calc."' 

0.39 
0.36 
0.84 
0.60 
0.82 
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(6) and rearranging 

logFi; = logr" , , -I- '/i X.,(logr''32 - logr ' ,2) 

-I- % V4(logr'=,4 - logr",,) (22) 

As,an illustration, consider the solulinn conliiining the ions-
No "'•,. C l " , N H . / , and S04 = , respectively designalcd as 
1, 2, 3 . and 4, vvith molalities of 5,04, 7.76,' 5.18, aiid 1.23. 
Under ihese condilions, the solution is known to be satii
rated with NiiCl, NHjCl and Na2SO.,-10 I-IiQ. As discii.sscd 
earlier, Equation (3) m a y b e applied without modification 
to NaCl and NH4CI but not .to>'a2SO.i • 10 H2O. A pui=e 
saturated solution of N.iCi is 6.14 mdlhr, with values for 
7° and r ° of unitv, consequfently iii the rtiixed splution 
by Equation ( 3 ) ; 

yNaci = 6.14 X 1/(5.04 x 7.76) ' i = 0,98 

Alternatively, y,̂ ;,cl niay beiealculalcd from Equalion (*22), 
At the total ionic strength of this solution of 11..5, r " vahies 
are found to be 1.75 for NaCl; by exlrapolation using 
Figure 1, 0.56 for NH.iCI, and 0,36 for NajSpj . By Eriu:!-
tion (22) , r and y for NaCl in this mixture are 0,97, which 
is in good agreement with the results of'Eqtiation {3)-. 

Since this solution is also saturated with NH.|G1, calcu
lations similar to those ju.st pi-esenied far (lie activiiy co
efficient of NaGl can be repeated for NH.,Ci. T'i? values 
of y for NH4CI are found to, be 0.67 by Equatioii (3) and 
6.64 by-Equation (22), which again represents fair agree
ment. 

Three cafion.iiatul one anion. Siich'a solution is prepared 
by adding electrolytes 12, 32 ,and„_52 .such as. KCl, CaClj 
and M(;Cl2 fo vvater. Vahies of r for these ion pairs can he 
Cli leal a ted from Equations (6) , (11) and (14) , For elec
trolyte 12, by oombiriin'g Equations (4) , (,5), and (6) 

logrj2 

= >4 (Xl Iogr*i2 + X3 )ogr°32 + Xs lpgr%2 + V2 logr",.) 
(23) 

where Yj is, of course, uiiity. Analogous equations for r 
can of course be written for electrolytes 32 and 52. An 
example here is a solution containing CaClo; which is in 
equihbrium with both solid KCl and solid Garn.lllite, 
namely' RMgClg-eHjO. This soliition is 0.67• molal in 
KCl, 2,54 molal in CaCla and 1.97 molal in MgCls cor
responding to a total ionic strength of 14.2. A pure satu
rated solution of KC! is 4.9 molal, where r " is 0.59, con
sequently by Equation (3 ) : 

yKci ~ 0:59 X 4.9/[0.67(0:67 

+ 2 -I- 1,97 + -2 X 2.54) ] '-'= = 1.13 

Alternatively, at this total ionic strength, r " for. KCl (by 
extrapolation using Figure 1) is 0:65, for GaGls is 1.9 rind 
for MgCIa is 3.3. Similariy, X values for K^ ,̂ Ca+'^, and 
Mg+'^ are respectively 0.036, O.o44 and 0.42, while Y 
for CI~ is ,iinity. Substituting into Equalicin (23) , 7 for 
KCl is found to be 1.22, which again compares reasonably 
with the value, fourid by Equation {3J— 

FIVE ION SYSTEMS 

Only limited,solubilily dat.i are available on solutioii.s 
containing fiv-e or more ions. The following relation, de
veloped by combining Equations (4) , (5 ) , and (6) ap
plies tb 'a 'f iye-ion system involving the cations 1 and 3, 
and the anions 2, 4, and 6; 

logr^ = ^ (X, ldgr°i2 -1- X3 !ogr%2 + V2 logrSa 

•h Y4 logr-H + l'e logr'is) 

\ii example here is a solution vvhich is 5.4 mblal in NaCl, 
11.22 mnlal in KGIO4 and 2.4 molal in NaNQs (these salts 
being respectively designated as 12, 34, and 16). This 
.snhilion is saturated, with both NaCl and KC!04. At this 
solu I ion's total ionic strength of 8.0, r ° v.ilnes are as fol-
Itfws: 1.2(1 for salt 12, 0,03 for salt 32, 0,34 fpr salt 16 
and 0,74 fur salt 14. Sulislilntiiig into Equalion (54) and 
using the appropriate X and V values the activity coefficient 
712 is found to be 0.96, which compares with 0,95 found 
bv' solubility product calcuhitioiis based on Equation (3 ) , 

PRECISION 

The. errors tq lie expeelcd in predicting y values by the 
equations piopgsed here become larger at higher values 
of //•;•, Ftirtiier errors are introdueccl when T" values are 
piedictcd as di.seu.ssed earlier and when cxlrapolating 1"° 
over large ranges of IIT by nse of Figure 1. Tlie relations 
prpposccl licrc fpr est ima ling aciivily coefficients for strong 
electrolytes .should therefore not be used when direct 
experiinental dala arc available. 

NOTATION 

F 
t i l l 

.Xi 
Yi 

r 
V 
F a . 

:= iiitcracljoii Icrrh in Equations (4) , ( 5 ) , ( 7 ) , etc, 
•= mu lal ity, g.-molcs/1,000 g. water 
=; for eiition'l, Xi = tjii^iV/'q 
= for anion 2; Y2 = m-iZ^/jia 
- ion charge- 1 for N a + , 2 for SO4—, 3 for A]•^ "̂  •̂ , 

etc. 
— constant, Equations (1) and (2) 
= mean activity coeflicient of an electrolyte in a 

iniillicomponeiit solution 
= ril can iictivity'coefficient of an electrolyte in a pure 

sululion 
•= activity coefficient of an electrolyte present in 

trace communications in a multicomponent .solu-
tidii 

= ionic strength of anions, namely V̂  {irii^^ + 
m.,=:,2 + . . . ) 

= ionic strength of cations, namely ' / i(mi~|^ 4-
"1^53^ + m i z ^ + . . . ) 

= total ionic strength, namely ( ^ + /tc) 

(24) 

FT-

Subscriptt 
Cations are .indicated by 1, 3', 5 , etc., anions are, indi

cated by 2, .4, 6, etc. Electrolytes ar& identified by sub
scripts such as 34, indicating cation 3 and anion 4. 
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The reduced activity coefficient r for an individual 
strong electrolyte in aqueous solution is defined as 
y * " ' - ' - where y~ is the mean ionic activity coefiicient and 
z+ and z - are the charges on the cations and anions re
spectively. A generalized relation at 25°C belween r and 
M, lhe ionic strength, is shown graphically in Figure 1 
(Meissner and Tester, 1972). Since there is usually only 
minor curve cross over in this family of curves, the entire 
curve for any strong electrolyte can be located on Figure 1 
from a single value of r at 25°C available at a /i of 2 or 
higher: 

Given the necessarv dala, a family of curves similar to 
that, of Figure 1 could presumably be constructed at any 
temperature resulting, however, in a multiplicity of charts. 
The object here is to propose a general meihod whereby 
Figure 1-alone can be used for predicting values of y± for 
any strong electrolyte in aqueous solution over tempera
tures ranging from 0° to 150°C and higher. 

TEMPERATURE VERSUS r 

Values of y~ at other than 25''C are reported in the 
literature for few electrolyte solutions. The change of y^ 
with temperature can, of course, be calculated from par
tial molal enthalpies of solution using the familiar thermo
dynamic relations (for example, Robiiison and Stokes, 
1955), but few such enthalpy measurements are reported. 
Fortunately, abundant data exist on the vapor pressures 
of water over solutions of many electrolytes at various 
concentrations and temperatures (International Critical 
Tables, 1926; Smithsonian Physical Tables, 1954). The 
quantity y^ can be determined from these vapor pressures 
by use of the familiar Gibbs-Duhem equation, written as 
follows for aqueous electrolytes of molality m (Pitzer and 
Brewer, 1961; Harned and Owen, 1958). 

d Iny* = -T d bl ni 
55.5 

v m 
ti In Ou (1) 

Here .flu,-is the activity of water, namely the ratio of water's 
vapor pressure over the solution divided by the vapor pres
sure of pure water at the temperature in question. Simi
larly, V is the number of moles of ions formed upon com
plete dissociation of one mole of the electrolyte in question. 

Equation (1) is relatively simple to integrate for any 
given temperaiure over the concentration range from 0.01 
molal (in. the Debye-Huckel region where y^: can be 
directly calculated) to any higher concentration. Examina

tion of the isothermal curves of f versus /i so calculated 
for solutions, of various electrolytes leads to the following 
observations: 

1. As a first, jipproximation, for temperatures from 0°C 
lo over 100°C,' i.soihermal curves of log T versus /z for 40 
typical strong eleclrolyles were found to remain members 
of the curve family of Figure 1, Therefore, to locate a 
curve for, say CaBr2 on Figure 1 at a temperaiure such as 
80°G, it is merely necessary to have'available a known 
value of log r at 80°C for some value of /i above 2. Locat
ing this point on Figure 1, the entire curve can be drawn 
in immediately. 

2. A change in temperature has no effect upon y= val
ues at any given ionic strength for solutions of those elec
trolytes represented by the dotted curve of Figure 1. Thus, 
this doited curve applies to ail temperatures, from the 
freezing poinl to the boiling point. 

3. For a .system whose curve at 25°C of log f versus /i 
lies either above or below the dotted curve on Figure 1, 
a change in temperature at constant /i in the range of from 

20.0 

Fig. I . Ge'nerolizcd isolhermol lines of (he reduced octivlty cocffi- • 
cient r versus the ionic strength p.. The dotted line, which passes 
through Ihe point where log 1' is 0 when it is )0, separates the 

regions o( positive ond negative temperature dependence. 
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0 C to ISO'C wij! cause .a shift in r . For systems whose 
curves lie above the dotted curve on Figure 1, an increase 
in temperature always results in a diminution in T. For 
sysiems with curves belovv this dotted curve, an increase 
in lemperature causes an increase in.r . 

For a solulion of any given strong electrolyte at. a given 
H, the quantity log r^ is found to be a unique f une tion of 
log r^B-C' At a constant ii of 10, this function becomes 
linear, in that at a fixed temperature T,, a plot of log TT 

• versus logr25«c for various electrolytes forms a straight 
line. This is illustrated by Figure 2, on which points of log 
Tioo^c [calculaied from Equation ( 1 ) ] are-plotted against 
log r2S?c for. selected electrolytes.. It was also found that at 
any fixed ft, the quantity Jog r^ generally varies in a linear 
fashion with temperature. Thus for HCI in a solution ih 

• which ft (arid also molality) equals 10, Akerlof.and Teare 
(ISS*/) shovved experirrientally'that log r diminishes by 
(0.059 ± 0,001) for each increase of 10°G in tempera
tures between C C and 50°C. 

The following empirical equation, which applies only at 
' a fl, value .of 10 and temperatures.in the range of 0° to 

150"C, expresses the foregoing analytically: 

log ( F T ) ^=10 = {1 - 0.0050 (T - 25)} log (r2s.c)M=io 
(2) 

Note that'log r25-c is zero when ;i equals 10 for the dotted 
curve of Figure 1, and so as expected from Equatioii (2) 
any change in temperature leaves. IV eqiial to T^i'd n;ifnely 
unity. Similarly, for poinls above the dotted line of Figure 
1, by Equation ( 2 ) , an increase in lemperatuie causes 
Tr to diminish relative to Tas-c- Again for points lying be
low the dotted line by Equation (2)', 1> increases relative 
to F25.C as tiimp era ture increases. It is therefore obvious 
that, knowing' the curve on Figure 1 vvdiich applies to the 
electrolyte, in question at 25' 'C, the curve for any other 
temperature can be immediately located by use of Ecjua
tion (2 ) , To illustrate: log F at 25°C for HGl is reported 
to be 1.6179 at a/ i value of 16' (Akerlof and Teare, 1937). 
Loeating this point on Figure .1 and moving down the 
curve: thus identified, log r at 25°C and a /i of 10 is 
found to be 0,96. Substituting into Equation (2) log r at 
50 °G and a ji of 10 is 0.84 compared to an experimental 
value of 0.8699. Following up the corresponding curve on 
Figure 1 (log r = 0.84; fi = I.O,)- to where ji equals 16, 
log r is here shown, lo be 1.42, versus aa experimental 

- value of 1.373. ' ' 

DISCUSSION 

Only limited experimental dala are available on activity 
coefRcients of electrolytes in aqueous solutions at higher 
ionic strengths and temperatures other than 25°G, F êw 
direct tests, of these metiiods for relating y*' of an elec-
trdlyte to temperature can therefore be made^ and .other 
test procedures must be adopted. Thus, the values of log 
Tioo'c at an ionic strength of' 10 calculated by Equation 
(1) from isotliei'mal vapor pres sure data, at iOCi^C for 
selected electrolytes, plotted as points on Figure 2, fall 
reasonably close to the line on this figure for Equation (2 ) . 
Agreement between the points and the line is usually 
within 20% of-the value calculated by Equation (1 ) , al
though in some cases as with BeSO^ the error is as great 
as. 4 5 % . Such errors encpuntered wilh Equation (2) fend 
to diminish at T values below 100°C. This behavior is 
observed despite the finding that when (L is 10, log F j 
is often only approximately linear in-T, and for some male-
rials, such as NaOH, Jog r shows "ashallow maximum be
tween" 0° and 10,0°C. In these latter, cases, however, the 
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curves of log r versus fi lie relatively close to the dotted 
curve of Figure 1, E,O that log of FT/Fas.c' is small at 
worst. Other .sources -of error- are discussed elsewhere * 
(Meissner and Tester, 1972; Meissner and Kusik, 1972). 
This method is therefore to be. used only when experi
mental data are not available. 

As temperatures increase, isotherms for all electroSytes 
mov^e towards tlie. dotted line of Figure 1, vvith some in- • 
dication that they may all fail together on lhis dotted line 
at all tempeiatures over about 250°C. Equation (2) , how
ever, lias been tested only up to 1,50°C and obviously 
cannotbe used much above this temperature. 

Mixture-rules have been presented (Meissner and Kusik, 
1972) for estimating y± values at 25°C of an electrolyte 
in an aqueous solution containing several other electro
lytes. To apply these rules at -2.5°C, information is re
quired on r values of individual electrolytes in "pure", 
solution at 25°G. These same rules are applicable without • 
modification to any other temperature, given information^ 
on F for the individual electrolytes in pure solution at this 
new temperature. Thus, by use of Figure 1 and Equation 
(2) , the mixture rules formulated for 2S''C can be ex-• 
tended to other temperatures. , . - ' .̂.'.. 

-,'' .'̂ :, 
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Annealing History Limits for Inhomogeneous, Native 
Gold Grains as Determined from Au-Ag 

DijBFusion Rates * 

GERALD K . CZAMANSKE, GEORGE A. DESBOROUGH, AND FRASER E . GOFF 

Abstract 

Quantitative study of intrinsic inhomogeneities in native gold grains from three 
deposits in the western United States has revealed concentration profiles that represent 
the integrated sum of natural diffusion plus original chemical heterogeneity. By 
assuining that measured natural concentration gradients result solely from diiifusion, 
upper limits may be placed on the temperature-time annealing history of the gold nug
gets. This assumption focuses on the end mernlier case in which an initial step-dis
continuity is assumed between measured extremes of concentration. 

Concentration changes of up to 30 weight percent Ag indicate probable deposi
tion teraperatures of less than 300°C for electrurn frora Copper Basin, Arizona, 
and Alder Gulch, Montana. The gold in the Homestake, South Dakota, deposit prob
ably was formed at temperatures well under 400°C. 

In support of this study, new data for interdiffusion in the Au-Ag system were ob
tained from a series of annealing experiments followed by electron microprobe analysis. 
The interdilTusion coefiicient, D, in the range 10"̂ ° to 10-̂ ^ cm- see"' was determined 
from measured profiles across synthetic alloy pairs held at eight fixed temperatures 
frora 297" to 799° C, for periods ranging from 32 hours to 730 days. 

Introduction 

W H I L E using the electron microprobe to analyze 
native gold grains and nuggets from many districts 
in the western TJnited States, Desborough and his 
co-workers (1972) discovered abrupt variations in 
composition within many specimens. These varia
tions are not related to specimen surfaces and clearly 
have not resulted from postdepositional processes 
such as those postulated by Desborough (1970) for 
certain placer deposits. Rather, such compositional 
variations are interpreted to reflect changes in the 
composition of the fluids from which the grains 
originally grew, causing gold-silver alloys of dif
ferent compositions to form contiguous growth zones 
with time. Initial variations in alloy composition 
could have been either abrupt or gradual and may 
have been more or less modified by diffusion. The 
persistence of compositional heterogeneity in natural 
gold grains suggests that, for many deposits, limita
tions can be placed on the thermal history of gold 
deposition and annealing, based on diffusion rates for 
the Au-Ag system. Such an approach vvould not only 
be specific for the econoraic mineral, gold, but, being 
intrinsic to the nuggets, niight also allow limits to be 
placed upon the subsequent thermal history of nug
gets in ancient placer deposits. 

* Publication authorized by the Director, U. S. Geological 
Survey. 

A search of the metallurgical literature for dif
fusion data on the Au-Ag systera showed that dif
fusion coefFicients were well established at tempera
tures above 650°C. At such elevated temperatures, 
one may employ "classical techniques," because the 
substantial diffusion rates permit mechanical milling 
of the diffusion couple for bulk chemical or radio
isotope analysis (e.g., Johnson, 1942; iVIallard et al., 
1963). The only lower teinperature data known to us 
are at 394°C from application of a high-teraperature 
electrochemical method by Raleigh and Crowe (1969) 
and in the range 200° to 260°C from an elegant study 
of Cook and Hilliard (1969) based on rate of decay 
of coniposition modulations in vapor-deposited films. 

Although the low-temperature data of Cook and 
1-Iilliard agree well with extrapolations of the higher 
temperature diffusion coefficients of Johnson (1942) 
(see Fig. 5), we elected to proceed with a systematic 
electron microprobe study of Au-Ag diffusion. 'We 
hoped to establish unequivocally that electron micro
probe analyses of gradients in natural gold specimens 
are reliable and may be used for our intended 
purposes. This experimental study of interdiffusion 
in the Au-Ag systera is outlined in the Appendix. 

The work of Goldstein and co-workers (e.g., 
Goldstein et al., 1965; Goldstein and Ogilvie, 1965), 
vvho studied interdiffusion of Ni-Fe in meteorites, 
has many parallels to ours in terms of goals, experi
mental techniques, and methods of attack. 

1275 
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D I S T A N C E S , I N MICRONS 

FIG. 1. Measured natural concentration gradients in electrum from Alder Gulch, Montana 
(compare with experimental profile at 297°C). 

> 
I-

Compositional Gradients in Natural 
Gold Specimens 

Concentration gradients were measured in coarse 
gold specimens from three localities: (1) Alder 
Gulch, Virginia City district, Madison County, 
Montana; (2) Copper Basin, Yavapai County, Ari
zona; and (3) Homestake mine, Lawrence County, 
South Dakota. (For discussion of the geology of 
these localities and the compositions of the gold 
therefrom, see Desborough et al., 1972.) High Ag 
content and associated sulfides indicate that gold 
from these deposits is hydrotherraal in origin. 
Several specimens from each locality were analyzed 
and usually more than one traverse was made on 
each grain. Analyses were made using standards 
and operating conditions identical to those outlined 
in the Appendix for the experunental diffusion 
couples. 

Typical concentration profiles for natural speci
mens from Alder Gulch and Copper Basin are 
shown in Figures 1 and 2. "We interpret profiles 
such as these to be related to conditions of initial 
gold deposition and/or subsequent annealing. Ulti
mately, the existence of a concentration profile must 
indicate that the chemistry of the solution depositing 
the electrum changed in such a way as to cause 
electrum of different compositions to be deposited 

contiguously. From the experunental Au-Ag dif
fusion data, it is clear that moderate temperatures 
(150° to 500°C), whether related to the primary 
environment of deposition or to the thermal regime 
associated with a later geologic event, will promote 
significant diffusion and tend to homogenize initial 
compositional differences. In some cases, it may be 
possible to make interpretations involving not only 
the primary site of gold deposition, but also the 
history of a secondary environment, e.g., that of an 
ancient placer deposit. 

Individual profdes, such as those for Alder Gulch 
and Copper Basin (Figs. 1 and 2), may represent 
single crystals (in a crystallographic sense) 'which 
had primary compositional gradients or polycrystal
line grains in which gradients mark the site of 
original crystal boundaries. Inasmuch as sharp con
centration gradients without crystallographic dis
continuity are possible in Au-Ag alloys, the profiles 
need not represent polycrystalline grains. Differ
ences in composition within studied specimens pro
duce marked color contrasts, and etching such hetero
geneous grains is not enlightening. In fact one may 
postulate that it is of litde consequence whether the 
grains are single crystals or polycrystalline aggre
gates, so long as one may assume that the process 
of diffusion has not been retarded, for example, by 
crystal boundary impurities. The results of our 
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FIG. 2. Measured natural concentration gradients in electrum from Copper Basin, Arizona, showing elements of anneal
ing history analysis and sketch of travese path. See text for explanation of symbols. 

experimental work support this conclusion (see 
Appendix). 

A related consideration, therefore, is whether dif
fusion rates in natural samples might be so affected 
by intragranular impurities as to preclude valid com
parison with experimental data, e.g., Shewmon, 
1963, p. 111-113. The most direct way to check 
this is to anneal representative specimens in order 
to establish actual interdiffusion rates. Accordingly, 
profiles for several samples from Alder Gulch and 
Copper Basin were raeasured, after which the grains 
were removed from mounting media, annealed at 
700°C, and the profiles remeasured. In this way, 
application of data for the pure Au-Ag system to 
our natural samples has been justified. 

The analysis which we propose here establishes 
only an upper lunit to the annealing or thermal 
history of a gi-ven speciraen because tj'pically one 
cannot differentiate composition gradients reflecting 
primary deposition from gradients produced by later 
diffusion. The relevant parameters for diffusion are 
temperature and time. The method of analysis 

which we have chosen forces us to assume an initial 
discontinuity in composition, and we may only con
clude that a gradient could not represent more than 
X years of annealing at Y degrees Celsius (see 
Table 1). A s a corollary, the steepest concentration 
gradients measured for specimens judged to repre
sent uniform conditions provide the closest estimate 
of the actual annealing time (at a given tempera
ture) for that occurrence, A series of gradients 
measured on a single suite of specimens raay differ 
for several reasons, the raost obvious being that the 
ideal situation, in which vertically oriented composi
tional heterogeneities are traversed at right angles, 
will not always be realized. Profiles will then ap
pear flatter than they should, and annealing times 
calculated from them will be too long. Differences 
in growth rate on different crystal surfaces are 
another source of variation and will be reflected 
through any subsequent annealing history. An 
example from Copper Basin (Fig. 2) is discussed 
below. 

Steep concentration gradients typical of specimens 
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TABLE 1. Maximum Annealing Periods Permitted by Measured Concentration 
Gradients in Natural Electrum 

Locality 

Copper Basin 

Copper Basin 

Copper Basin 

Copper Basin 

Alder Gulch 

Alder Gulch 

Alder Gulch 

Homestake 

Grain 
(Profile) 

22' (XY) 

22' (AB) 

8 Oeft limb)= 

8 (right limb) 

7' (left limb) 

6' (left limb) 

6* (right limb) 

HB-5 

Composition Change 
(wt % Ag) 

3 S - > 2 1 

2 1 - ^ 4 9 

3 1 - » 1 9 

2 2 - » 4 0 

2 5 - » 4 S 

3 8 - » 1 3 

1 3 - » 3 8 

15.2 -» 18.7 

Temperature 
(°C) 

396 
297-300 

200 

396 
297-300 

200 

396 
297-300 

200 

396 
297-300 

200 

396 
297-300 

200 

396 
297-300 

200 

396 
297-300 

200 

396 
297-300 

200 

Time 
(years) 

0.3 
30-160 
280,000 

8 
700-4,000 
7,000,000 

2.5 
220-1,200 
2,200,000 

2 
190-1,100 
1,900,000 

0.1 
8-50 
83,000 

0.08 
7-40 
67,000 

0.4 
35-190 
340,000 

0.8 
70-400 
690,000 

' The traverse of grain 22 is shovvn as Figure 2. 
^ The terms left limb and right limb refer to the two sides of a concentration disturbance as plotted, e.g., seo Figures 1A and B. 
' The traverse of grain 7 is shown as Figure IA. 
* The traverse of grain 6 is shown as Figure IB. 

from Alder Gulch (Fig. 1), show that within 4 
microns the Ag content of the electrum typically 
changes by 14 to 19 weight percent. Both of these 
profiles were taken across portions of specimens 
showing obvious heterogeneity and both terminate 
within speciraen boundaries. From these and other 
profiles in electrum from Alder Gulch, it is clear that 
changes in electrum composition were extreme and 
irregular, with extensive development of electrum 
with 12-14, 24-25, 32-40, and 45-46 weight percent 
Ag, These four plateaus are interpreted to repre
sent four distinct and relatively enduring environ
ments of deposition, and perhaps of ore solution 
composition. The effects of diffusion have been 
slight if there was initially a step discontinuity be
tween the composition of adjacent areas, nil if the 
measured profiles reflect the gradient as initially 
deposited. 

Samples from Copper Basin typically show less 
steep compositional gradients, which would suggest 
a longer and/or higher temperature annealing history 
(Table 1). However, the compositional profile 
shown as Figure 2 reveals that, in fact, changing 
conditions of primary deposition are in large mea
sure responsible for measured gradients. This par
ticular traverse took a path shown by the inset 

sketch; that is, it crossed an area in which two 
grains grew asymraetrically, perhaps because they 
impinged on one another, or because ore-forming 
solutions had poorer access to the area between 
grains. Other specimens from Copper Basin show 
that the concentration gradient measured in the 
interval A-B (Fig. 2) is typical. 

Asymmetrical growth caused compression of the 
compositional gradient, as contoured in the plan 
sketch of Figure 2; that is, during each increment of 
time At, the growth increment Ax-y associated with 
profile X-Y was distinctly less than growth incre
ment AA_O associated with the development of A-C 
(the compositionally equivalent portion of profile 
A-B). In consequence, profile X-Y is steeper than 
A-C, although it is interpreted to have developed 
over a similar time interval. As noted earlier, con
centration profile X-Y allovvs the more precise limits 
to be placed on the thermal history of the Copper 
Basin electrum. Furthermore, the indication that 
much of the broad compositional profile A-B is a 
primary rather than a thermal feature comes solely 
from the existence of the steeper profile X-Y. The 
fact that profile A-B continues to the margin of the 
grain cannot be construed as evidence that this 
gradient is a growth phenomenon; this gradient 
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would develop under the conditions set forth in 
Table 1 from the situation in vvhich there was a 
step discontinuity, 21 —> 49 weight percent Ag, at 
the approxunate position of the Matano interface 
(Fig.2) . 

Establishment of Time-Temperature Limits 

Diffusion coefficients in two-component, alloy.sys
tems that exhibit concentration-dependent diffu.sion 
are readily calculated using the Boltzmann-Matano 
method (cf. Shewmon, 1963). Application of this 
method in our study is unusual because initial and 
boundary conditions are not rigorously established. 
Regardless of the means of analysis employed, how
ever, uncertainty as to the sharpness of the primary, 
chemical discontinuities is inescapable. Thus, the 
assumption of an initial step discontinuity scans ac
ceptable within the stated limitations. The condi
tion of a constant composition plateau at either 
end of the profile is often realized or is readily ap
proximated for natural specimens. Clearly, the re
quirement that the Boltzmann-Matano solution be 
applied only to systems in vvhich there is no volume 
change on mixing is fulfilled for electrum. In fact, 
the molar volumes of Au and Ag differ by less than 
0.6 percent (Robie et al., 1966). If there was volume 
change on raixing, the treatment of Wagner (1969) 
is required to obtain correct results (e.g., Gresko
vich and Stubican, 1970). 

The equation relevant to the Boltzmann-Matano 
solution is 

where D(c') = diffusion coefficient in cmVsec at 
concentration c' 

c = concentration in any consistent 
units 

t = time in sec 
x = distance in cm 

/" = integral sign. 

This equation is usually solved by graphic methods, 
by determining the Matano interface (Fig. 3) which 
provides a reference point for calculation of the 
integral term. This is the plane that niakes equal 
the two graphic areas bounded by itself and the 
diffusion profile, i.e., the two horizontal lined areas 
of Figure 3. 

Recent deterrainations of DA^ and DAH in Ag-Au 
alloys (e.g.. Mallard et al., 1963) have generally 
been done with radioactive tracers and thin-film 
techniques. Use of the electron microprobe, how
ever, gives compositions at points in the diffusion 
profile and tells nothing of relative diffusion rates of 
Ag and Au to attain that profile; in this case, one 

is restricted to the determination of an interdiffusion 
coefficient, D. For the practical purpose of evaluat
ing the time dependence of concentration profiles, 
the single coefficient is as useful as more detailed 
information on intrinsic diffusiviiies. 

The process of settuig tune limits to the thermal 
history of compositionally heteorgeneous gold speci
mens such as those from Alder Gulch (Fig. 1) and 
Copper Basin ('Fig. 2) may be visualized by con
sideration of the right-hand portion of the concen
tration profile for Copper Basin (Fig. 2). By 
algebraic rearrangement of equation (1), one may 
obtain 

(factor) , ,,, , ,, 
t = „ • ,-/, where factor 

D ( c ) 
_ - / : 

X d c 

< ! ) . . 

(2) 

In this study, this equation was solved by hand to 
give approximate annealing tiraes for a set of rea
sonable geologic temperatures (see Table 1), for a 
representative number of measured natural profiles 
such as A-B and X-Y of Figure 2. 

Consider the portion of the traverse A-B that may 
be con.sidered to represent the diffusion profile that 
could result in time if there were initially a steplike 
change in composition from 21 to 49 weight percent 
silver at approximately the plane labeled Matano 
interface. Because the point c' (eq. 2) at which the 
diffusion coefficient is to be evaluated may be chosen 
at will along the profile, it was generally taken at 0, 
the intersection of the profile and the Matano inter
face. With this designation, the integral term (eq. 
2) is equivalent to the horizontally lined area of 
Figure 2 and has units of microns X weight percent. 
Sirailarly, the derivative term (dc/dx) in equation 
(2) can be approximated as the slope of the profile 
at 0, as evaluated by the coordinates of the two points 
D and E ; the slope has units of weight percent/ 
microns. Specifically, for profile A-B (Fig. 2) , the 
area (integral) involved is 193 microns X weight 
percent and the slope (derivative) is 0.54 weight 
percent/micron. Hence 

"Factor" = ^ i l ^ = L S X 1 0 -
2 (0.54) 

, , 1.8 X 10-s , , , 
and t = • = (3) 

D 

where 10"* is a conversion factor for square microns 
to square centimeters, t is the time in seconds, and D 
is the interdiffusion coefiicient. Because values of 
the interdiffusion coefficient are temperature depend
ent (Table 2), one merely selects those values cor
responding to possible temperatures of gold deposi-
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3: 

30 
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10 
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interface 3, .47 pts, 
489 °C, 382 days 

-Matano interface 

X 
16.8 33.6 50.4 672 84,0 100.8 

D I S T A N C E , IN 

117.6 134.4 151.2 

MICRONS 

168.0 184.8 201.6 

FIG. 3. Example of measured experimental diffusion profile showing elements of Boltzmann-
Matano analysis. See text for explanation of symbols. 

tion in order to generate corresponding values for t 
through equation (3). 'Values so derived for repre
sentative grains from each district are presented in 
Table 1. 

Because our experimental data differ somewhat 

from interpolation of available published data 
(Fig. 5), some choice of values for the interdif
fusion coefficient D is required. We have at
tempted, in Table 1, to give an indication of the 
effect of uncertainty in D on estiraates of annealing 

TABLE 2. Summary of 'Values Obtained for the Interdiffusion Coefficient, D, at a 
Concentration of 35 Atomic Percent Ag 

Temperature, °C Annealing Time In D D, cm' sec ' 

297 
297 
396 
396 
489 
489 
595 
595 
701 
799 

382 davs 
730 days 
382 days 
730 days 
193 davs 
382 days 
33 days 
67 days 
142 hours 
32 hours 

-37.1 ± 0.2 
-37.1 ± 0.4 
-32.6 ± 0.4 
-.32.8 ± 0.3 
-28.3 ± 0.4 
-28.7 ± 0.3 
-25.7 ± 0.3 
-26.0 ± 0.4 
-23.7 ± 0.3 
-21.8 ± . 0.2 

8.0 ± 1.7 X 10- ' " 
7.4 ± 3.0 X 1 0 - " 
7.0 ± 2.8 X 10-"3 
5.7 ± 1.7 X 1 0 - " 
5.1 ± 2 . 1 X 10-" 
3.4 db 1.1 X 10-" 
6.9 ± 2.1 X 10-" 
5.1 ± 2.2 X 10-" 
5.1 ± 1.5 X 10-" 
3.4 db 0.7 X 10-'» 

' Error estimates for 297''C data are the average absolute error. 
' Error estimates for computer reduced data represent approximately 2a from third iteration (e.g.. Fig. 4). 
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time by rather arbitrarily using our raeasured values 
for calculations at 396° and 297°C and values cor
responding to the drawn data curve of Figure 5 for 
calculations at 300° and 200° C. Our values for the 
interdiffusion coefficient being somewhat larger, the 
calculated maxiraura annealing times are shorter, as 
is reflected in Table 1, for the temperature 297-
300°C. The disparity between our 396°C value 
and an interpolated 400°C value would not be as 
great (see Fig. 5). 

Several points can be made frora consideration of 
Table 1. The first set of Copper Basin data, cor
responding to profile X-Y on grain 22, sets the lirait 
to the thermal history there, as discussed earlier. 
Other data from Copper Basin, of vvhich grain 22 
A-B and particularly grain 8 are typical, indicate 
that much of the apparent "diffusion" record at 
Copper Basin is really a record of relatively slow 
change in the composition of gold as deposited. If 
it is reasonable to assurae that it takes tens to 
hundreds of years to form and cool an ore deposit, 
as suggested for example by Clark (1959) and 
Silberman et al. (1972), one raay conclude that 
grain 22 must have formed at less than 300°C. A 
similar conclusion applies to the deposit at Alder 
Gulch and, perhaps surprisingly, to that at the 
Homestake mine. 

Desborough et al. (1972) have discussed varia
tion of the Ag content of Horaestake gold within 
and among numerous analyzed crystals. Our anal
ysis, as reported in Table 1, supports their con
clusion that Slaughter (1968) is correct in viewing 
the gold mineralization at Homestake as epithermal. 
If the gold at Homestake were early and high-tem
perature or had passed through the raetaraorphic 
history of the Homestake Forraation, intragranular 
heterogeneity would not be expected. 

In general agreement with our temperature esti
mates, Nash (1972) presents convincing evidence, 
from fluid inclusion studies of gangue minerals as
sociated with epithermal gold in Nevada, that epi
thermal gold deposition typically takes place in the 
temperature range 250° ± 50°C. 

For a specific application of our way of thinking, 
one may consider two recent papers on the composi
tion of Witwatersrand gold. Schidlowski (1968) 
and Saager (1969) have published reports that em
phasize, among other things, the limited range in Ag 
content represented by Witwatersrand gold and the 
fact that they found no evidence of intergranular 
heterogeneity in gold composition. Saager's pro-
po.sals regarding initial homogenization of the gold 
during transportation and sedimentation are difficult 
to accept. Both Saager and Schidlowski consider 
the homogenization effects of "pseudohydrothermal" 
transport and reconstitution, which is a part of the 

modified placer theory they accept for the evolution 
of the Witwatersrand deposits. We believe that 
uniformity of gold composition is permissive of 
virtually any history: the gold could have been de
posited at any temperature from solutions so con
stant in composition that no detectable inter- or in
tragranular variation ever existed, or the postulated 
thermal metamorphism of the placer deposits may 
have obliterated original heterogeneity. 

Limitations and Applications 

The salient aspects of our diffusion studies in the 
synthetic and natural Au-Ag system can be sum
marized as follows: 

(1) Preserved Au-Ag gradients in native gold 
are not necessarily products of diffusion, as we have 
no method of distinguishing diffusion frora deposi
tional gradients. 

(2) Preserved gradients, regardless of origin, pro
vide maximum time-temperature limits on the an
nealing history of gold nuggets. When temperatures 
can be independently fixed, analysis in terms of 
diffusion provides a limit for the duration of elevated 
temperature. 

(3) Chemical inhomogeneity in native gold re
flects changes in the chemistry of ore fluids and raay 
be useful in evaluation of processes of ore deposition. 

(4) Gold grains subjected to raetamorphi.sm 
should show no chemical inhomogeneity. Relative 
age relations of gold-quartz veins in metamorphic 
rocks should be determinable. 

(5) Low-silver rims on placer grains have such 
steep gradients that their formation within the hj'-
drothernial regirae is unlikely (e.g., Desborough, 
1970). 

Many of the problems encountered in geother
moraetry of ore deposits relate to the difficulties of 
establishing paragenetic and/or equilibrium rela
tionships among ore and gangue raineral phases. 
The search for measurable chemical or physical 
parameters intrinsic to individual ore mineral species 
is just beginning, but seems of great potential. Re
cently, Stanton and Gorman (1968) and Stanton 
and Willey (1972) have established useful physical 
bases for geotherraometry that relate directly to ore 
minerals. With refined analytical technology now 
available, mea.surement of minor and trace elements 
and isotopic variation raay be expected to provide 
data on chemical heterogeneity that can be inter
preted according to the diffusion-initial variation 
raodel described here for an ideal and simple sys
tem. Eventually, knowledge of diffusiviiies of ele
ments and isotopes within individual mineral species 
may permit refined time-temperature estimates 
based on: (1) consideration of several components 
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within an individual ore-mineral phase and/or (2) 
coraparison of data from each of several cbexisting 
ore-mineral phases. Because constituents of mineral 
phases are known to have widely different diffusivi-
ties (e.g., Barton and Skinner, 1967, fig. 7.1), this 
technique raay be broadly applicable. 

The existence of isotopic variations within ore-
mineral crystals is well established (e.g., Ault, 1959; 
Austin and Slawson, 1961; Cannon et al., 1963; Rye 
and Czamanske, 1969; and Pinckney and Rafter, 
1972). The potential for monitoring changes in 
isotopic ratio with the ion probe is an exciting corol
lary of our study. 
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Appendix 

Experimental Methods 

Synthesi.'i 

Au-Ag alloys for this study were prepared frora 
Johnson and Matthey Spectrographic Grade Ag 
bar and Au sheet from the Stieff Company. Spectra-
graphic analy.sis of the gold indicates only 100 ppm 
Ag, 200 ppm Cu, and 3 ppra Pd as impurities. Ap
propriate proportions of the metals to produce allovs 
at 10 weight percent intervals from pure Au to 50 
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weight percent Ag were weighed into clean 8 mm 
I.D. and 12 mm O.D. quartz tubes. Each tube was 
attached to a vacuum system and passed through a 
furnace port and the contents were melted. After 
several minutes of agitation under dynamic evacua
tion, the tubes were sealed off with an oxy-hydrogen 
flame. Alloy melts were held at approximately 
1,100°C for two weeks and agitated vigorously once 
each day to promote homogeneity. After quenching 
in ice water, the large ingots (average weight, 5-6 
gm) were divided by using a jeweler's saw nippers. 
Resulting chunks of alloy were pressed between the 
hardened dies of a hydraulic press to produce flat 
wafers 6 mm in diameter by 0.3 to 0.5 ram thick. 
The wafers were trimmed if necessary, carefully 
washed in dilute HCI, resealed in the original silica 
tubes, and placed ina furnace at approximately 800° C 
for annealing. They were held at this teraperature for 
four months to coarsen grain sizes and thereby ap
proach ideal, single-crystal diffusion models. Crystal 
or grain sizes of the annealed, starting alloys and a 
sample reacted at 396°C were deterrained by etching 
polished surfaces with dilute KCN solutions and 
raeasuring crystal boundary intercept distances using 
a micrometer ocular at a magnification of X 250 in 
reflected light. The average grain size for the an
nealed alloys is greater than 200 niju. The average 
grain size for a typical 396°C diffusion join after 
382 days annealing time was about 260 m/x with 
grains ranging from 25 to 900 ni/* over a distance 
of about 6 mm. 

In comparison to conventional methods of pre
paring alloy couples, in which single cry.stals are 
grown and surfaces are carefully lapped, our prepa
ration procedures were crude. This approach was 
taken partly from want of ready access to crystal 
grovvth apparatus and partly from an over-riding 
desire perhaps to simulate more closely nonideal 
geological conditions, rather than ideal laboratory 
conditions. When coupled with analysis of a large 
number of profiles, this procedure is shown below to 
give data with considerable scatter, but adequate to 
support our study and on the average in reasonable 
agreenient with data available in the litei'ature. 

/t.t.tembl-y 

At the suggestion of Prof. D. A. Stevenson, Stan
ford University, contact between alloy wafers was 
maintained at temperature by confining wafer sand
wiches in machined, sintered molybdenum jigs. Mo 
was chosen for this purpose because it has an ex
tremely low thermal expansion coefficient (4.9 X 
10"*). The Mo jig acts as a vise in that the higher 
thermal expansion coefficients of the alloys (13-17 
X 10"") provide a force to promote and maintain 
intimate contact between alloy wafers. Briefly 

described, the jig resembles a threaded vial 13 rara 
in diameter by 35 mm long, vvith an internal well 7 
mm in diaraeter and 16 mm deep. The vial is in
ternally threaded to take a screw top that is ma
chined such that a flat face projects into the well. 
Typically, three to five alloy wafers formed a "sand
wich" and three such sandwiches were placed in a 
single jig, individual sandwiches being separated by 
flat Mo wafers 1 and 2 mm thick. After some trial 
and error to observe wafer deformation, all vials were 
snugly tightened by hand. Each jig was then placed 
in a clean silica tube, evacuated, sealed, and held at 
teraperature for times indicated in Table 2. The 
wafer assemblages for runs at 297°, 396°, and 
489°C, the principal focus of this study, were Au-
Ag, o-AgM-Ag4o-Ag.,o, Au-Agao-Agso-Agso, and Au-
Ag,io-Ag,o-Ag5o-Ag2o, where subscripts denote 
weight percent Ag in the alloy. No case of wafer 
sandwich parting occurred and few instances of im
perfect wafer contact were detected. Pairs of jigs 
(silica tubes) for the 297°, 396°, and 489°C runs 
lay side-by-side in furnaces controlled by solid state 
controllers. Drift of these furnaces over a two year 
period was less than 5°C; their short-period varia
tion is nil. 

Anah'sis 

Au-Ag alloy sandwiches were prepared for anal
ysis by mounting them in epoxy, sawing the epoxy 
button in half norraal to the wafer surfaces with a 
jeweler's saw, grinding to a flat surface with silicon 
carbide, and polishing with diamond pastes (6, 3, 
and 1 mil) on a lap wheel. Final buffing was done 
with 0.3 and 0.05 nift aluraina suspended in dilute 
solutions of chromic acid. This final polishing pro
vides a surface that is essentially free of alloy smear
ing developed during grinding and polishing. Refer
ence standards and samples were prepared by the 
same method. 

Analyses were performed on an Applied Re
search Laboratories model EMX-SM electron 
microprobe operated at 15 l-r\r, with a sample cur
rent of 3 X 10'* amperes referenced to pure gold. 
This relatively low accelerating voltage was used to 
minimize effective beam diameter, as well as matrix 
effects. Counting intervals of about 20 seconds were 
determined by integrated beam current terraination. 
Silver and gold vvere analyzed with ADP crystals, 
using the silver L« and gold M„ lines. Silver was 
determined independently on two channels using 
sealed proportional detectors while gold was ana
lyzed simultaneously on a flow, proportional detector. 

Typically, three sets of profiles were mea.sured 
across sandwiches, perpendicular to the diffusion 
interfaces, using an automatic step-scanning motor 
which provides for sequential point analyses with a 
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nominal fixed distance between each point, e.g., 2, 
4, 6, and 10 ra/n. The accuracy of these intervals 
was checked by traversing a raeasured distance of 
400 m/x; corrected step intervals used in the follow
ing analysis are 2.0, 4.2, 6.1, and 11.7 m/x, the choice 
depending on steepness of gradient. Electron beam 
diameter was smaller than the smallest step interval 
and probably of the order of 1 m/x. Focus of the 
specimen (and therefore the electron beam) was 
monitored visually during all analyses. 

Reference standards were the identical alloys-
prepared for the experimental diffusion study. Use 
of these alloys as standards has shown that com
positional inhomogeneities within and between 
wafers are within the liraits of measureraent with the 
microprobe. 

Calculation of Interdiffusion Coefficients 

To calculate D at concentration c', one obtains the 
reciprocal of the tangent to the diffusion profile 
at c' and calculates the area associated with c', as 
represented by the cros.s-hatched pattern of Figure 3. 
For each, of our profiles, D(c') was calculated for 
each c' (i.e., each point in the profile) except those 
near the ends of the profile, where the integral ap
proaches zero. Because of the great quantity of 
data, approximately 3,000 determinations repre
senting 114 separate diffusion profiles, the calcula
tions were made by computer. 

The consistency of the raw data plus the generous 
nuraber of points in each profile justified calculation 
of areas (and subsequent positioning of the Matano 
interface) by using straight-line segraents between 
points to represent the profile. Because area calcu
lations are sensitive to minor shifting of the inter
face, our program equalized areas to within two 
percent by succes.sive iterations. Clearly, however, 
the reciprocal of the slope at various points on the 
profile cannot be readily obtained from such a curve, 
as the derivative should be calculated for a smoothly 
curving function. As a practical approximation to 
this, we elected to use the Lagrange Interpolation 
Forraula over consecutive 5-point arrays (e.g., 
Mathews and Walker, 1965), with evaluation of the 
tangent at the midpoint. 

Given five points \vith Cartesian coordinates 
(Xl, YO, (X2, Y2), (X3, Y,), (X4, Y4), and (X5, Y5), 
we have 

Y(X) 
( X - X , ) ( X - X 3 ) ( X - X 4 ) ( X - X , ) 

^ • ( X , - X 2 ) ( X i - X 3 ) ( X . - X . , ) ( X i - X . , ) + " • 

( X - X , ) ( X - X 2 ) ( X - X 3 ) ( X - X 4 ) 

dY ^ d [ ( X - X . ) , . . . , ( X - X s ) ] 
dX ^ M X ( X i - X 2 ) , , . . , (Xx-Xs)"^ ••• 

d [ ( X - X i ) , • , . , ( X - X 4 ) ] 
•*• ' ^ ' d X ( X 5 - X i ) , , , . , (Xs-X^)- ^̂ ^ 

The derivatives in the first, second, fourth, and 
fifth terms on the right side of equation (2) at 
X = X3 can be evaluated by the following process, 
as shown for the first term: 

^ [ ( X - X . ) , . . . , ( X - X . ) ] x - x , 

= ( X - X 2 ) ( X - X 4 ) ( X - X 5 ) ^ ( X - X 3 ) . 

- h ( X - X 3 ) ^ [ ( X - X 2 ) ( X - X 4 ) ( X - X 5 ) ] x = x , . 

(3) 
Therefore 

^ [ ( X - X O , . . . , (X-Xa)x=x. 

= ( X - X 2 ) ( X - X 4 ) ( X - X 5 ) l - h 0 . (4) 

Because data are obtained by the microprobe at 
regular intervals (11.7 m/i, 6.1 m/i, etc.) through one 
traverse the derivative of the third term in equa
tion (2) is zero. Thus the final equation is: 

dY(X) 
d X x=Xa 

Yl (X, - Xo) (X3 - X4) (X3 - X5) 

( X i - X , ) ( X i - X 3 ) ( X i - X 4 ) ( X i - X 6 ) 

Y2 (X3 - Xl) (X3 - X4) (X3 - X5) 

• (X2-Xl) (X2-X3)(X2-X4)(X2-X5) 

1 4(X3 — Xi)(X3 — Xo) (X3 — Xs) +04 (X4-Xl ) (X4-X2) (X4-X3) (X4-X5) 

Yo (X.3 - Xl) (X3 - X,) (X3 - X4) 
" (X5-Xi)(X5-X2)(X5-X3)(X5-X4)" (5) 

+Y; (X5-X1) (X5-X2) ( X s - X , ) (X5-X4)-

(1) 

The greatest errors occur near the ends of the 
individual profiles where the integral is small and 
the reciprocals large. These aberrant values show 
up on plots such as Figure 4 as "tails" of points ex
tending above and below the major belt of points at 
compositions corresponding to those of the starting 
alloys (i.e., the ends of each diffusion profile as in
dicated on Fig. 4). 

Data handling 

Microprobe data for samples annealed at tem
peratures from 396° to 799°C were converted from 
tape to cards and processed by computer to return 
values in weight percent by direct comparison with 
count data for the series of standard Au-Ag alloys. 

file:///vith
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A modified^ version 'of U. S, Geological Survey 
Compiiter Program B-890, Curve Calibratign 
(Linear) and Analysis of U^nknowns, was used to, 
produce both card and printed output: of weight 
pei^ceht silver for the tvi'o channels used on the 
micfoprbbe. This second set of cards was edited 
to eliriiiriate data .of constant value Gorrespdnding to 
areas betvveen 'ihterfaces. Data for individual pro
files were fun through oiir Diffusion Program, 
which first averaged composiBons from the two 
channels and then calculated values for D .as out
lined, in the preceding sectidn, lit additioii to re-

turliiiig a- listing of diffusion coefficients caieuiated 
for each, point in a profile, the program punched a 
thifd set of cards- associating each calculated v.alue 
of D with measured, atomic percent Ag. 

The least.:squares fit of In D versus atomic percenf 
Ag and final plots such as Figure 4 were obtairied 
by processing the third-Card set thrdugh. suppleinent-
ary programs 'allowing the fixing of appropriate 
limits of lil D. In order to exclude clearly spurious 
data> associated with the "tails" of diffusion profiles, 
vve calculated a fit to all data pbints, rejected poirits 
de'viatiog more. than. 2o from this line, repeated the 
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fitting and 2a rej ection, and found the final fit by a 
third iterafcidii. This ifefative fitting resulted in 
rejedtion of aii average* of 35 percent of calculated 
data points. Approximate limits, to accepted data 
ate shovvn in Figure 4. 

For. the 297°C, profiles,,wbich contained six points 
at best in the., diffusion profile, diffusion coefficients 
were .calcujaled by. hand cakulator rather than by 
Goinputer Because the sparsity of data produced 
large errors in deriva'tives and areas. For the 382-
day experira'enfs, data fdr seven iriterfates yield an 
av,erage value of D = 8.0 ± 1.7 xlO'^^.; for the 730-
day experiinents, :data; fdr nine.interfaces give I) = 
7.4 ± 3.0 X. 10-1^. It must be emphasized that 'dif-
ftî sion prdfires for the 297°C experiiiierjts are steep 
(note Fig. ,1) and that sonie artificial broadening of 
the profile;, may be caused by electron beam spread-
iiig-despite theflow accelerating, voltage used. This 
should cause calculated D -yalues td be too high, 
and they are, dthough they ar̂ e not anomalously 
high ill comparison to onr 395° and 489°C data 
ppints (note Fig. 5) where beam spreading should 
notbe a factor. The-use of decohvolutioh techfiiques 
in an attempt to improve our 297 "C data is not> 
warraiited .in teritis of our deperideiice bpdn those 
data; 

Our results are summarized in Table 2 arid 
plotted on Figure 5, With the exception df the 
297°G data, the reported values of D are -for 3S 
atomic percent- silv.er. "We: chose to report D for a 
composition of '35 'atomic percent, silver fpr three 
reasons: (1) it is 'about midway in the range we 
investigated experimentally (Fig. .4); (2) it- is 
vi'ithin the. range of iiiatiy df the natural profiles we 
studied (Table ,1); 'ai-id (3) it is not far from 5.0 
atptnic percent Ag, tlie, iiidst Au-rich composition 
[or vvhich high and low temperature values of D are 
available-. Precise studies of Au-Ag diffusidri (eig.. 
Mallard et, al„ 1-963, and Raleigh and Crowef, 1969) 
slio,w a variatidn in DAU and DAS with cdrnpdsitidti, 
sucli that measurably Idwer diffusivity valiies are-
typical in ,50-^5 atomic, percent Ag relative: to pure 
All .or pure Ag, A similar relation should .hold' for 
D, because D ^ X2D1+rXiD2 for ah ideal solid 
.sdiut'ion. For.,396° and 489°C where data are most 
plentiful and extend over the fiill cdrnpositipn range, 
our least sqiiares; fit shows Gomparable Yariation in D 
vvith composition (e.g., Fig. 4) . At higher tempera
tures; vvhefe data are less plentiful and pertain to a 
restricted raiige of Gdmposifions, lower diffusivifies 
at 50-65 ato mic ..percent Ag are not eiearly indicated. 
Because of the resultant uncertainty ,in the slope of 
the,least squares fit, we therefore feel that pur rnost 
accurate interdiffusion values are at 35. atomic, per

cent Ag, in the middle of the compqsitipnal range 
studied. 

In order to^ make a more .rigprous, analysis of our 
data fpr the :cpmpGsitional dependence pf the inter-
;difiusion co.efifiGient and to check our overall method 
of analysis 'we chose another inethod fnodeled after 
simple treatments fdr a pair of irifiriite solids (Shew.-
iTJdn, 1963; Johnsdn, 1942). Essentially^ this, 
method involves the use of a probability or error 
function td derive a. single interdiffysion coefficient; 
for each prdfile by reducing' the diffusien prpfile to 
a- straight line and fitting, it. This m.ethpd is strictly 
'applicable only when dii|usion coefficients are not 
cpneentration dependent. In order to make an esti
mate of the overall composition deperiderit variation 
of the interdiffusion coefficient, vvre have- h'ad td' usci 
our couples df Inost closely spaced initial cdrhposi-
tioh, i.e., 0-10, 10-20, etc., with the assumption that 
interdiffusion is iidt concentratidii dependent. Be-
'cause of the\ relative paucity of data at other tem
peratures this analysis was restricted to the '396° 
and 489"°C data. 

The proper solution of the diffusion equation 

5e 
-r = D 

^?G 
— v- ^ 5 (cpnstant composition) 

IS 

;L-CO 2 I ' T\2(Dt)V_ 
c^ — 
C l 

m 

xn 
where D = the interdiffusion coefficient in cm^/sec 

-L = -time of experiment in seconds, 
tp = the grobability integral (error function) 
Pb = minim urn concentration of Ag in 

prdfile 
Gl =• iiiaximum'concentration of Ag-'in 

prdfile, 
c .̂— cdncentration df Ag'after a time t at a 

distance X along the prdfile. 

For simplicity,,let us set 

Z = 

and 

Then 

e^ 

G l 

— 

X 

GD 

Cq 

.2(Dt)i 

(.8) 

(9) 

(10.) .^(y) = l - 2 Z , 

A sraboth fit.to diffusion prdfiles sudh â s Figure 3 
'caii be caieuiated by varying the value, assigned to 
D1n equation: (7), but tliis process.for finding D is 
not Gohvehient, BeGau'se y-is prdpdrfcional td x, one 
can obtain D more easily by solving the, erroi^'func-
tion ^(y). for y 'at each Xj plotting the resulting 
pairs, and finding the slpp'e of the fine which best 
fits these points (e.g., Johnson, 1942, p. 335). The 



ANNEALING HISTORY LIMITS 1287 

- I 4 | - T 

- 3 0 

- 3 4 

- 4 2 

- 4 6 

- 5 0 

B Johnson (1942), for 50 at.% Ag 

A Cook and Hillord (1969), for 
V 50.0 at. % Ag 

O This report, for 35 at. % Ag 

900 800 7 0 0 6 0 0 
I I I L 

0.8 
1 " 
1.0 

"T— 
1.2 

Temperature, "C 
500 400 300 

J I L_ 
1.4 

1 
1.6 1.8 

1000/T, °K 

200 
I 

2.0 2.2 
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process is similar to plotting Z versus x on proba- evaluated at zero. We have 
bility paper. 

Solving the error function for x is somewhat 
difficult because 

= 1 "̂  + T - ^ 

0(y) = M' 

r i 

e-'"Mu (11) 
[* (y ) ]?= /^'e-'du 

- / ; ( — i ' - T > 

_ y_' r _ r 
^' 3 "^ 10 42 • 

(12) 

cannot be integrated by any direct means. For
tunately, a close approximation of </)(y) can be de
rived by calculating the Taylor Series expansion of 
the derivative ancl then integrating the result, 
term by term. Because the limits of (ft(-y) in our 
probleni are —1 < < (̂y) < 1, the series is best We can now revert the series of equation (13) to 

(13) 
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simplify the calculation of y, for if 

Tr' v ' V^ V^ 

then 

y = A[|%(y)]-Fc[y^(y)J 

+ E[ y «(y)J + G[y o(y)]'. (15) 

The coefficients solved b3' appropriate equations 
(see Abramowitz and Stegun, 1964) are 

A = 1,0 
C = 0.333333 
E = 0.233333 
G = 0.153968. 

A computer program vvas devised to find y at 
each X using equation (15). These values were then 
analyzed by a least squares fit to determine tlie 
slope of the line from which 

D = 
t(2-slope)2' 

(16) 

The results of this analysis suggest that, over the 
composition range 10 to 50 atomic percent Ag, 
values of -D decrease from 4.8 X 10"" to 2.6 X 10"" 
cm= sec-i at 489°C and from 7.3 X 10"" to 2.4 X 
10-" cm- sec-^ at 396°C. Values of In D obtained 
by this method at 35 atomic percent Ag agree well 
with those obtained by our initial procedure: 489°C, 
-28.75 ± 0 . 2 ; at 396°C, -33.25 ± 0.34 (compare 
Table 2). 

Figure 5 relates data for 35 atomic percent Ag 
from our study to available data for 50 atomic per
cent Ag; coraparison of the two is not straight

forward. The data of Mallard et al. and Raleigh 
and Crowe are interpreted to indicate an increase 
in the disparity betvveen values for D at 35 and 50 
atomic percent Ag (for convenience D35 and D50) 
as a function of decreasing teraperature. We esti
mate from Mallard et al. that, at 700°C, D35 is 10 
to 15 percent larger than D50. Frora our own data, 
as well as that of Raleigh and Crowe, D35 raay be 
25 to 50 percent larger than D50. Referring to 
Figure 5, it therefore seeras that our highest tem
perature data may in fact indicate diffusiviiies 5 to 
15 percent lovver than expected, whereas our lower 
temperature data indicate diffusiviiies somewhat 
higher than would be expected. For example, even 
point to at 396°C represents an interdiffusion co
efficient 65 percent larger than that obtained frora 
the drawn curve. (Recall that we presumed the 
297 "C data points to plot anomalously high be
cause of analytical difficulties.) Values of the activa
tion energy, Q, calculated frora the Arrhenius Equa
tion, D = D„e'-Q''"'r (where - Q / R would be the 
slope of.the best fit through our data in Fig. 5), are 
10 to 15 percent smaller than literature values be
cause of the systematic differences betvveen our 
values for Dsg and those predicted frora the work 
of Mallard et al. and Cook and Hilliard (1969). 
These differences most probably relate to the strain 
caused by specimen loading or confinement tech
niques, or to the relative importance of intergranular 
versus intracrystalline diffusion. 

In sunimary, it appears that our techniques of 
specimen preparation have provided values for inter
diffusion in the Au-Ag system which agree fairly 
well with those from earlier investigations and would 
be adequate to establish a basis for interpretation of 
natural gradients. The data do not compare as well 
with previous studies as we had expected, but we are 
not sure why. 
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A Model of the Dump Leaching Process that Incorporates 

both Physics and Chemistry 

Abstract 

Air convection is essential to the successful dump leaching of sulfide 

waste. In this paper the validity of this statement is first demonstrated. 

Then a simple one dimensional model is developed that includes air con

vection as -well as the chemistry of sulfide dissolution. The model is 

calibrated by comparing model predictions to the observed leaching history 

of a test dump. Parameters in the model are varied to show how the dump 

might have leached if it had been thicker, if more leach fluid had been 

passed through the dump, if the waste had contained m.ore pyrite, etc. 



Definition of Synibols Used 

a Coefficient of t h e r m a l expansion of a i r including effects 
of changing water vapor sa tu ra t ion , 

P Coefficient descr ib ing the change in a i r densi ty due to 
oxygen depletion. (See equation (14)). 

C Heat capacity of gas phase in dumu including effects of 
^ var iab le water sa tura t ion , g m / c m . 

C^ Heat capacity of mobile liquid phase in dump, c a l / g m - C. 

Crp Heat capacity of dump as a whole, c a l / g m - C. 

E* „, E* „ Activation energ ies descr ib ing , through equation (11), the 
t e m p e r a t u r e dependence of T q, T ^^g. k c a l / m o l e . 

E4,g, E^ j , g Activation energ ies descr ib ing , through equation (11), the 
t e m p e r a t u r e dependence of T , T g. k c a l / m o l e . 

F P Y Moles of pyri te leached per mole of sulfide copper leached. 

Gg Initial sulfide grade of dump, wt % Cu. 

Gj^g Initial non-sulfide g rade of dump, -wt % Cu. 

g Gravitat ional acce le ra t ion , c m / s e c . (Usually ~ 980 c m / s e c ). 

H Height of dump, c m . 

H. Thickness pf ith l aye r of dump, c m . 

H. Dimensionless th ickness of ith l aye r of dump. "H. = H. /H 

Krj, T h e r m a l conductivity of dump as a whole (total dump), 
c a l / c m - ° C - s e c . 

2 —8 ? 
k . „ „ Average permeabi l i ty o f t h e dump, cm . (1 Darcy ~ 10 cm ) . 
N Nvunber of l a y e r s into which dump has been a r b i t r a r i l y 

broken for sake of computation (usually 20). 

M. Viscosi ty o f the gas phase i n t h e dump, p o i s e . 

[Oglgrpp Concentrat ion of oxygen in a i r undea' s t anda rd conditions of 
t e m p e r a t u r e and p r e s s u r e , g m / c m . 



Definition of symbols used, cont. 

[0„ ]^ Concentrat ion of oxygen in gas phase of dump, g m / c m ^ . 

[Dr,]^ Normal ized oxygen concentra t ion in gas phase of dump. 

2 
A P P r e s s u r e drop a c r o s s (bottom to top) the dump, d y n e s / c m . 

(10^ d y n e s / c m 2 ~ 1 a tmosphe re ) . 

$ Interblock porosi ty of dump (usually ~25%). 
q 

R; Rate of heat generat ion, k c a l / c m - d u m p - s e c . 
q 

RQ Rate of oxygen consumption, g m O g / c m - d u m p - s e c . 
Rp Rate of copper leaching, g m C u / c m - d u m p - s e c . 

q 

Pp. Density of waste p a r t i c l e s , g m / c m . 

p,̂  Density o f t he dump as a whole ("Total" dump), g m / c m . 
^ (fij, = P p (1 - #) ) . 

3 
p . Density of liquid phase of dump (water) , g m / c m . 

" ( p Density of gas phase in dump including effect of var iab le 
^ water vapor sa tu ra t ion , g m / c m ^ . 

q 

p Density of a i r at s t anda rd t e m p e r a t u r e and p r e s s u r e , g m / c m . 

T T e m p e r a t u r e of dump at any pa r t i cu la r locat ion. T e m p e r a t u r e 
of wa te r , rock , and gas phases a s s u m e d ident ical . ° C . 

T g, T T,̂ g Tim.e to leach typical waste pa r t i c l e completely of ^ulfide o r 
N^on-^ulfide copper a s suming r a t e of leaching is l imi ted by 
Diffusion of oxidant o r acid into the pa r t i c l e . 

T g, Tp-,g Time to leach typica l waste pa r t i c l e completely of ^ulfide 
or N_on-Sulfide copper a s suming the r a t e of leaching is 
controlled by the shr inking sur face a r e a of the sulfide or 
non-sulfide copper ("C^hemical" control ) . 

3 2 
V Darcy gas velocity through dump, cm g a s / c m d u m p - s e c . 

o 

V^ Darcy velocity of wa te r pass ing through the dump. Average 
r a t e over applicat ion per iods and r e s t cycles is used. 
cm3-water/cm2 d u m p - s e c . 

X^o • Frac t ion of init ial non-sulfide copper remain ing in dump o r 
given l aye r of dump. 



Definition of symbols used, cont. 

Xg Frac t ion of initial sulfide copper r emain ing in the dump or a 
given l aye r of the dump. 

X. Distance of center of ith l ayer of dump from base of 
dump, cm. 



INTRODUCTION 

Sulfides must be oxidized before their metal values may be put into 

solution. The conceptual basis of the model of dump leaching presented 

here is simply that the exothermic sulfide oxidation reactions generate 

heat and consume oxygen from the air, and by so doing drive air convection 

through the dump. This air convection is the only significant source of 

oxidant to the dump. 

A counter current flow system is envisioned: 

FLOW OF WATER DOWN THROUGH 
THE DUMP (Gravity Flow) 

CONVECTIVE FLOW OF AIR 
UP THROUGH THE DUMP 

Figure 1; There is a counter-current interlocking flow of air and water 
through a leach dump. The flow of water is usually' intermittent. 



In detail, the oxygen leaves the gas phase within the dump by dissolving 

in the liquid phase where it oxidizes ferrous to ferric iron. The ferric iron 

diffuses into the ore fragments and oxidizes the sulfide minerals^'': 

:' ' SULFIDE BLEBS 

02 GAS 

«s L IQUID PHASE 

CROSS SECTION OF WASTE PARTICLE 

Figure 2 ; Idealization of the leaching of a single waste particle. 

Acid, Fe , and heat are produced along with Cu . As the leached rim 

grows, the rate of leaching drops. 

* At 1/5 atmosphere P Q and the temperatures involved in dump leaching, 
oxygen is not very soluble in water (< 8. 6 x 10~ gm/l i ter) . Typical ferric 

iron concentrations in leach dumps r u n ~ l gm/l i ter . These relative con-
^ ++-1-

centrations ensure Fe -will be the oxidizing agent in the diffusion controlled 
processes envisioned above. 
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If pyr i t e and chalcopyri te a r e the only sulfide m i n e r a l s , then 

from the chemica l r eac t ions 

(1) O2 + § CuFeSg + I (2H'^ + SO"̂ ") ^ § (Cu^^ + So" '̂) + | (Fe"^ + SO"̂ ") + 

| " 2 0 + | S 

(2) O2 + Y FeSg + ^ HgO ^ I (Fe"^ + SO'̂ ') + | (2H^ + So" '̂) 

it can be seen that for every mole (64 gm) of sulfide copper leached, 5/2 

mole (5/2 -32 gm) of oxygen will be consumed. If F P Y moles of pyri te 

a r e leached pe r mole of sulfide copper , an additional 7/2 F P Y moles 

(7/2 • 32 • F P Y gm) of O^ will be consumed. Thus for eve ry g r a m of sulfide 

copper leached, the following number of g r a m s of O- will be consumed. 

(3) gmOg consumed = (1.25 + 1.75 FPY) gm sulfide Cu leached 

Actually the amount of oxygen consumed per g r a m of sulfide copper leached 

is somewhat g r e a t e r than t h i s , if account is taken of the oxidant r equ i red 

to p rec ip i t a t e , as j a r o s i t e , the iron exchanged for copper during cementat ion 

(2. 5 l b . F e / l b . Cu) and the i ron produced in leaching the chalcopyri te and 

py r i t e . F u r t h e r , if the excess acid produced by the oxidation of pyr i te is 

neut ra l ized by r eac t i on with gangue of biotite compos i t ion* a bit m o r e i ron 

is genera ted , oxidized, and prec ip i ta ted . With these addit ions (3) becomes: 

(4) gmO„ consumed = (1 .75 + 1. 91 FPY) gm sulfide Cu leached 

* Biotite has been found to be m o r e react ive by a factor of ~ 100 than other 
gangue m i n e r a l s in a porphyry copper in t rus ive . 
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! Waste material typically contains 10 to 100 moles of pyrite for every mole 

of sulfide copper. Thus pyrite is by far the most important oxidant consumer. 

A. liter of air contains 0.28 gm O^. Figure 3 shows that (4) requires far 

more air than water to flow through a waste dump if the effluent solutions are 

. to contain the copper concentrations typically observed*. For the particular 

dump we shall consider, at least 80 times more air passed through the dump 

than water. That i s , for each liter of leaching solution leaving the dump with 

a net gain of . 25 gm/l (2 lb. Cu/lOOO gal.) copper, 80 l i ters of air are required 

to supply the oxidant necessary for the chemical reactions involved. 

Equations (1) and (2) not only tell us the amount of oxidant consumed 

per gram of copper leached, but also the heat generated per gram of copper 

leached. (The enthalpy of reaction, AH_, of equation (1) is -108. 8 kcal; the 
t i 

AHpi for equation (2) is -94.9 kcal). If we again take into account the heat 

/ 1 consumed in the precipitation of jarosite, require acid and iron balance, and 

assume 2. 5 lb. Fe are exchanged per pound of Cu at the precipitation plant: 

(5) Kilocalories produced = (2.89 + 5.41 FPY) gm sulfide Cu leached 

Again it can be seen pyrite oxidation will in all probability be the most 

significant source of heat. The rate at which a waste dump heats up is quite 

a direct measure of FPY. 

Equations (4) and (5) contain the fundamentals of a model of the dump 

leaching process. Sulfide oxidation reactions consume oxygen from the air 

in a dump. Since 0„ is a heavy component in air , the oxygen depleted air is 

light. The same is true of increases in water saturation. Buoyant forces 

* Leach solutions cannot carry significant oxidant with them as they move 
through the dump. . 
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Figure 3: Equation (4) requires that far more air flow through a dump than 
water if sulfide copper is to be effectively leached. 
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tend to produce air convection. Furthermore the oxidation reactions are 

exothermic. The heating also promotes air convection. 

In the next section we generalize (4) and (5) slightly to take into account 

copper sulfides other than chalcopyrite and non-sulfide copper. We briefly 

discuss processes that control the rate of leaching, and develop a simple one 

dimensional flow model. The section after next compares the model of 

leaching behavior of a small test dump. The last section speculates on the 

answers to several "what if" questions, using the model. 

A MODEL OF THE DUMP LEACHING PROCESS 

Because sulfide leaching is dominated by the leaching of pyrite (4) and 

(5) are quite easy to generalize. Pro-vided FPY is taken as the nnoles of pyrite 

oxidized per mole of sulfide copper oxidized, and provided FPY is greater than 

~ 4 , (4) and (5) will hold to good approximation even if sulfide minerals other 

than chalcopyrite are present. 

We assume sulfide oxidation takes place in a dump only where the air 

filled pores of the dump contain oxygen and that the oxidation proceeds at a 

ra te independent of the actual oxygen concentration. Experiments show the 

rate of bacterial conversion of Fe to Fe in the presence of air is nearly 

independent of oxygen concentration until the oxygen in the air is nearly 
I I I 

depleted. Sulfide leaching tends to be less than first order in Fe 

concentration. 
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By contras t non-sulf ide copper is leached with acid a lone. Acid 

generated by pyr i te oxidation anywhere in the dump is r ec i r cu l a t ed through 

the dump in n o r m a l opera t ion . There fo re , non-sulf ide copper leaching 

should take place eve rywhere in the dump at a r a t e independent of the 

p re sence or absence of nearby oxygen. 

Suppose the fract ion of sulfide copper r emain ing in the dump 

after some leaching i s X^, and the fraction of non-sulf ide copper in the 

dump is Xj^g. Let the or ig ina l sulfide copper grade be Gg gm Cu /gm was te 

and the original non-sulf ide copper grade be G^g . Then the r a t e at which 
q 

copper is leached from the dump, R p [ g m C u / c m dump-sec ] , may be 

expressed: 

d X g '^^isiq 
(6) R c ^ = pĵ  ( i - , ) ( G s ^ ^ -h G^g ^ S ) 

q 
Similarly the r a t e of oxygen consumption, R^ (gmO„/cm dump-sec ) , and 

3 2 
the r a t e of heat genera t ion , R.[kcal /cm dump-sec] , may be exp re s sed , from 

(4) and (5): 

dXg 
(7) RQ = pj^ (1 - § ) Gg - g ^ ( 1 . 7 5 + 1.91 FPY) 

dX„ 
(8) R^ = Pj^ ( 1 - $ ) Gg - g ^ ( 2 . 8 9 + 5.41 FPY) 

3 
p„ is the density o f t h e rock waste (commonly about 2 .7 g m / c m ), $ is the 

interblock porosi ty o f t h e dump (commonly ~ 25%). p^ (1 - $) is the bulk 
3 

density of the dump a s a whole, which for p„ = 2 .7 g m / c m and $ = . 2 5 , 
q 

equals 1.7 tons /yd . 
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dXg ^^NS 

The r a t e of leaching --TT— and —-rr— may be conveniently descr ibed by 

a "shr inking c o r e " mode l . If we a s s u m e a mixed chemica l and diffusion 

controlled mode l , and if T is the t ime r equ i r ed to leach a waste par t ic le 

completely when the p r o c e s s is solely diffusion control led, and T ^ the t ime 

to leach a waste pa r t i c l e completely when the p r o c e s s is control led by the 

decreas ing sur face a r e a of the shr inking unleached core , then: 

2/3 

(9) 
^ S -^Xg 

^ ' 6 ^ D S X S ^ ' ( 1 - V ^ ' ) - ^ C S 

(10) ^ ^ S , "^^NS 
dt 7 ~ •y-H'ii (-. _ ^ l / 3 v . 

° DNS ^NS ^ • ^NS ' CNS 

Given values for T "^pq* """nNS* V N S ' ^^^ ^"^ ^^^^ de te rmine the r a t e 

of leaching at any point in the dump at any s tage of leaching. Xj^g and Xg 

can be updated af ter each increment model of leaching. Model t ime 

inc rements may be taken as short as d e s i r e d . 

Both Tp and T _ can be given physica l meaning and the i r values computed 

" theore t ica l ly" . When this is done T = 903 mo , and T = 1590 mo . 
«̂ b 2QOC ^ ^ 20°C 

In addition Tp and T may be given a t e m p e r a t u r e dependence: 

(11) T (T) = T (T = 0°C) EXP ( 1 2 ^ 1 ^ (215) (2^15+T) > 

This in t roduces act ivat ion energies E * „ g , E * p g , E*j-.j^g, E*pj^g. F r o m the 

l i t e r a tu re r ea sonab le guesses for E*j-^g and E*p^p,g would be 5.0 kca l /mo le . 

E*pg and E * p ^ g might range from 14.0 k c a l / m o l e to 20 .0 k c a l / m o l e , the 

activation e n e r g i e s r epor t ed by var ious au thors for the leaching of pyr i te 

(Mathews, C . , Robins , 1972; Smith and Shimiate, 1970). 
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The most s e r i o u s approximation in (9) and (10) is probably the 

assumption that the dump is composed of waste pa r t i c l e s of only one s i ze . 

This may not be a s s e r i o u s an approximat ion as it might at f i rs t s e e m , given 

the tendency of s m a l l o r e pa r t i c l e s to clum.p together and leach as if they 

were a l a r g e r agg rega te , and the tendency for l a rge o r e pa r t i c l e s to have 

l a r g e enough c r a c k s that they leach like somewhat s m a l l e r pa r t i c l e s (Auck 

and Wadsworth 1973). 

Given (6) - (11), the heat balance in a waste dump may be descr ibed by: 

<12a) P T C - T W - - ^ h ^ l y-z + Pg ^ g V • ^ ^ -̂  ^A -̂  K^ ^ ' ^ 

•Where p and C a r e the density and heat capacity of the total dump 

(subscript T) and the liquid ( subscr ip t A) and gas (subscr ipt g) phase of the 

3 2 
dump. V. is the darcy liquid velocity ( i . e . cm w a t e r / c m dump su r f ace - sec 

passed through the dump). V is the darcy a i r velocity through the dump 

3 2 

( i . e . cm a i r / c m dump a r e a - s ec ) . K p̂ i s the t h e r m a l conducti-vity o f the 

dump, taken to be 5 x 10 c a l / c m - C - s e c . For calculat ions PrpC™ = . 6 , 

p , C ,= 1.0, and p C = 1. 3 x lO"^ (. 126 + . 0283 T) , where T i s the 

t empera tu re of the dump. This las t express ion t akes into account the t h e r m a l 

effects of evapora t ion . It was a s sumed the a i r in the dump was always 

sa tura ted with water ; account was taken of the inc rease in wa te r sa tura t ion 

values with i nc r ea s ing a i r t e m p e r a t u r e , T, and the effect, through the latent 

heat of boiling, th i s would have on the heat capacity or heat c a r ry ing ability 

of a i r . 



For a one dimensional dump (i. e. air and water flow restr icted to be 

vertical only), (12a) simplifies to: 

(12b) 
0 z 

One dimensional convective air flow through a dump may be described: 

(13) 

-4 H is the height of the dump, p. is the viscosity of a i r - 1 . 9 x 1 0 poise. 
2 

AP is the pressure drop across the dump in dynes/cm . AP may be 

expressed: 

(14) AP = Poo^o ^ 1 ^ i ^̂  (^i ) Ti + P d - [Hg]^)) 

H. 
Here p is the density of air at STP, g^ is the gravitational constant, H. = -^i , 

is the normalized thickness of the ith incremental level of the dump. 

a (T.) is the temperature dependent coefficient of thermal expansion which, 

like the heat capacity, includes the effects of changing water vapor saturation. 

P is a coefficient which describes the decrease in air density due to oxygen 

depletion (P = 2. 83 x 10"^). [O^f = [0^f/[0^]^r 

ability of the dump, may be expressed: 

(15) k 

^2''sTP' ^A VE *^^ '̂''̂ ^•''̂ 26 P^-'^'^^" 

AVE 
? «i/l 

Any distance x. from the base of the dump, where fresh air is 

assumed to enter, the oxygen concentration in the dump will be: 
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(16) 

Equations (12b), (13) and (16) represent a model ofthe dump leaching 

process that includes both physics (air convection) and chemistry. The 

equations can be solved using an implicit finite difference scheme. The 

method used was to start the dump leaching at some starting temperature 

and loop between (13) and (16) until a steady state 0„ profile and air velocity 

was attained. Then (12) was used to determine the temperature ofthe dump 

at t + At. At was generally taken to be one month. The average rate of 

fluid application was used, an approximation that is probably valid so long 

as the leach cycle is less than three months. The ambient temperature was 

varied seasonally in a manner appropriate to the location of the dump 

(temperature measurements were available from a mine station). The 

surface temperature of the dump was also varied seasonally but at a higher 

average temperature and over a more restricted range. A i r convection 

kept the dump surface warmer than the surroundings. Snow was observed to 

melt more quickly on the dump than in the surrounding a reas . 

Given a set of parameters and operating procedures (rate of application 

of water), the finite difference model computes the leach history of the 

model dump. The per cent copper leached per month (or the effluent copper 

heads can be computed easily)*: 

* The dump is considered to be broken into N layers . V^ is measured in 
3 2 

cm water/cm -dump-sec which equals the average application rate in gal/ ft^-hr times 1. 13 x 10"^. 
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(!''> i S ^ - ^ ( 2 . 6 8 x l 0 6 | ^ ) = 2 . 6 8 x l 0 6 

Z (G^g ^^NS + Gq '^^S ) 
dump ^ ^ ~ 3 r ~ • ^ " a r 

N (Gg + Gj,g) 

(18) HEADS [gplCu] =Pj^(l-#)H ^ (G^g ^ 4 s + Gg ^ 4 ) 

^"^P I ^ H . " ^ . 1000 
N V , 

The cumulative p e r cent leached, 1-XrpQrp is just: 

(19) % Cu Leached = 1 - (Gj^g Xj^g + Gg Xg) 

Ss ^ % 

The next sect ion c o m p a r e s the r a t e of leaching and the cumulative 

leaching of a t e s t dump to the r a t e of leaching and cumulat ive leaching 

computed by the model through equations (17) and (19). 
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CALIBRATION OF THE MODEL 

Figure 4 shows a cross section of the Midas test dump, built by the Utah 

Copper Division of Kennecott Copper Corporation at Bingham Canyon, Utah. 

The dump was about 400 feet long, 200 feet wide. The average depth was 

20 feet with a maximum depth of 40 feet. Fifty-eight leach ponds covered the 

top of the dump. The waste tonnage beneath the ponds was about 93, 000 tons 
3 

(assuming 1.7 tons/yd ), The waste itself was 60% quartzite material and 40% 

intrusive. The average grade ofthe waste was . 145% copper. 80% of the 

copper was sulfide, dominantly chalcopyrite, the rest was non sulfide copper. 

Leaching of the dump began on April 9, 1969. Prior to this there had 

been some runoff through the dump but very low copper extraction. Figure 5 

shows the leaching after water application was slow at first, increased 

rapidly to a maximum about 5 months after the start of leaching, and then 

fell steadily, with some fluctuations that appear correlated with the season 

(maximum in summer) . Figure 4 shows that by August 1969 the internal 

dump temperature had r isen to 130 F (54 C). There was substantial oxygen 

depletion as the air convected through the dump. It can also be seen that the 

air convected in along the high permeability base of the dump and then up 

through the dump - the one dimensional model is not inappropriate for this case. 

As time went on the location of maximum dump temperature shifted from 

the far end of the dump (as shown in Figure 4) to about the same distance 

from the near end. 
The parameters used in the model are listed in Table I. 
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TABLE I : P a r a m e t e r s used for the model shown in F igure 6 

H Height of dump 22ft 

F P Y Moles pyri te l eached /mole cu leached 47 

k' Dump permeabi l i ty k . .^^ 1000 darcys 

Vjj Rate of water application .02 gal/ft -hr 

G Dump sulfide copper grade .116 wt % 

G^^iQ Dump non-sulfide copper g rade . 029 wt % 
'NS 

•"DS 
Diffusional sulfide leach t ime (20°C) 1700 months 

T Leach t ime for sulfide copper under surface a r e a 200 months 
^ ^ • r a t e control (20 C) 

T j^g Diffusional non-sulfide leach t i m e (20°C) 500 . months 

Tp- _ Leach t ime for non-sulfide copper under sur face 

*-^^ a r e a r a t e control (20 C) 300 months 

Es^g, E^jyig Activat ion energ ies for diffusion 5. 0 kca l /mo le 

E ^ g , E5i,.|o,g Activat ion energies for chemica l leaching reac t ions 18.0 kca l /mo le 

F igure 6 corapares the ca l ibra ted model leach h i s to ry to the leach 

h i s to ry of the Midas tes t dump shown in F igure 5 . The match in general is 

quite good. In addition to the leach h i s to ry s imi l a r i t y , the model dump 

r eached 51 C in te rna l t empe ra tu r e by August 1969 and then decreased in 

t e m p e r a t u r e to about 14 C, as did the far end of the Midas tes t dump. In 

August 1969 the effluent oxygen concentra t ion was 9% in good agreement with 

observa t ion (see F igure 4 ). The values of T and T a r e quite c lose to the 

va lues ant ic ipated (compare Table I and las t sectiori). 
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The initial r ise in extraction rate is due to the heating up of the dump. 

This feature is not peculiar to the Midas test dump, and can be observed in 

the leach history of many dumps. The fall in leaching rate after the first 

seven months of leaching is due to the fact the more accessible copper has been 
I I I 

leached and Fe must diffuse through already leached areas to reach the 

remaining copper. The fall in dump temperature also contributes to the 

decline in leaching ra te . 

Thermal boundary conditions were chosen: The base of the dump was 

fixed at 20 C. The top surface temperature was allowed to vary: 

T(mo) = 10°C - 10-Cos ((mo-1) n/6) 

where mo runs from 1 to 12 and is the number of the calendar month. Thus the 

top surface of the dump was assumed to vary seasonably between 32 F and 68 F, 

a slightly more restr icted and hotter range than the ambient temperature 

variation of 19°F to 63°F. The temperature at the base of the dump also 

fluctuated somewhat. 

The assumption of a constant 20 C basal temperature is a matter of 

convenience and is probably subject to some e r ro r . Both boundary conditions 

a re plausible and probably not too far wrong, however. 

The starting temperature ofthe model dump was 10 C. The Midas Test 

Dump was built in winter so the dump was initially at least this cold. 

VARIATIONS FROM THE BASE MODEL 

It is of interest to vary the model parameters to see what effect they may 

have on the rate of copper extraction. Table II l ists the parameters of Table I 

and shows the per cent increase in copper extraction after 24 months of 

leaching that results from a given per cent alteration in the listed parameter . 
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P A R A M E T E R 

y 
y 

y 

y 

H 

F P Y 

^DS 

^s 

Efes 

•^cs 

^X 

""DNS 

E * 
CS 

Ss 
"^CNS 

EfeNS 
s t a r t i n g T e m p 

^CNS 

k" 

VARIATION 

+ 10% 

+ 10% 

-10% 

+ 10% 

+ 10% 

-10% 

- 1 0 % 

- 1 0 % 

+ 10% 

+ 10% 

-10% 

+ 10% 

+ 10% 

+io% 

+ 10% 

-10% 

I N C R E A S E IN 
C O P P E R R E C O V E R E D 
IN 24 MONTHS 

8 . 9 % 

6 . 2 % 

6 . 2 % 

4 . 8 % 

2 . 7 % 

1.8% 

1 .3% 

1 .3% 

. 9 % 

. 9 % 

. 4 % 

. 4 % 

• - 4 % 

. 0 % 

. 0 % 

- . 4 % 

TABLE II ; The parameters in the first column are varied as shown in the 
second (see Table I for definitions of symbols). The effect on the total amount 
of copper extracted in 24 months is shown in the last column. The parameters 
that are checked effect the rate of leaching primarily by allowing the dump to 
attain higher temperatures . 

The reader is cautioned that the variations in leach rate shown in Table II 

are based only on what is in the model. Much may go on in a waste dump that 

has not been included, as yet, in the model. Secondly not all the parameters 

listed in Table II a re mutually independent. For example increasing FPY at a 

constant sulfide copper grade will cause x g to increase substantially. Lastly 

the combination of parameters that models, successfully, the Midas test dump 
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Figure 5: The rate of extraction (% per month) and cumulative extraction of 
copper from the Midas test dump. Leaching began on April 9, 1969. 
The data is averaged using a five month running average. 
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r^igure 6: Comparison of observed and calculated dump behavior . 
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v.. 

is not necessarily a unique set or the correct set. Data from more than one 

test dump is needed to resolve theise uncertainties. 

The lack of dependence of leach rate on permea:bility simply iridicates 

the dump was shallow and permeable enough not to be oxygen starved anywhere. 

Had the dump been thicker (~100'), a significant dependence of leach rate on 

permeability would be noted. 
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Tlie Application of Oxygen ancl Hydrogen Isotope Studies 
to Problems of Hydrotliemial Alteration and 
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Abs t r ac t 

isQ^iCQ j^i^j D/H analyses of hydrothermal minerals and fluid inclusions can provide 
data on temperatures and attainment of equilibrium, hut they arc principally useful 
as isotopic tracers in determining the origiii of the II2O involved in oic deposition. 
This results from the fact that difTerent sources of II2P in the earth's crust, namely 
primary niagmatic, metamorphic, oceanic, connate, and meteoric, all exhibit charac
teristic 5D and/or 5^*0 values. Recent studios have provided f|uantitati\-c dat.a em
phasizing the importance of meteoric H;0 in many hydrothermal (luids. Epizonal 
igneous intrusions emplaeed into permeable country rocks (e.g., highly fractured 
volcanic areas) act as gigantic "heat engines" that set up long-lived hydrothermal 
convection systems that persist throughout the crystallization and cooling of the 
intrusion. The amounts of magmatic water in such .systems arc negligible compared 
with the very large amounts of heated meteoric ground water. Certain epithermal 
ore deposits and their associated propylitic alteration zones in volcanic terranes 
(western Cascades, Tonopah, Comstock, ("loldficld, lhe San Jnans) were formed In-
such low-^'O meteoric fluids; the very high water/rock ratios imply that such ore-
bearing fluids are relatively dilute water. If the country rocks are less permeable, 
as in many porphyry copper environments, less outside water is availabic and domi
nantly magmatic-hydrothermal fluids arc isotopically identilicd as the source of the 
biotite-K feldspar alteration in the core zones of the por|ihyry stocks. A less pro
nounced meteoric-hydrothcrmal circulation, iicrhaps involving Na-Ca-CI brines in 
the country rocks, is set up outside the stock. Such solutions arc responsible'for the 
pyrite-sericite and hypogene clay alteration zones in the outer portions of the stock. 
These zones tend to collapse and encroach on the central zone with time and the Cu 
ore bodies conimonly occur near this boundary. At a much later stage, after erosion, 
supergene clay forination may occur and this can al.'Jo lie distinguished from the 
hypogene clay alteration l.iy means of 6'^0 and 8\') analyses. 
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Introduction 

TiJE purpose of this review paper is to cxiiiiiinc 
the basic principles of liycirogen and oxygen 
isotope geocheniistry tha t bear on the problems 
of hydro thenna l al terat ion and ore deposition. 
Although isotopic analyses can, in principle, 
provide de terminat ions of the temperatures of 
formation of hydro thermal mineral assemblages, 
the prevalence of isotopic disequilibrium in such 
assemblages severely restr icts this application. 
At present the most useful application lies in 
using D / H and " 0 / " ' 0 analyses as indicators of 
the origin and iiistory of the J-KO in hj 'drothcrmal 
fluids. 

Inasmuch as I-I2O is the dominan t const i tuent 
of ore-forming fluids, a knowledge of its origin is 
fundamental to any (hcory of ore formation. 

* Contribution No. 24.'?6 of tin: Division of Ccologicil and 
Planetary .Sciences, California Institute of Tcchnolngy, Pa
sadena, California 91103. 

T h e other materials in solution al.so |')rovide im
por tan t evidence, bu t variat ions in dissolved sails 
and gases tell us principally something abou t the 
P-T history of the solution and about the types 
of rocks with which the fluid came into contact . 
T h e ul t imate source of the 11 oO can only be 
deciphered by s tudying some geochemical pa
rameter based on tlie water molecules ihcnisclves. 
Stable isotope analyses provide jus t such a jia-
rameter , becatise natural waters of various origins 
exhibit systematic differences in their deuter ium 
and oxygen-18 contents . T o apply these tccii-
nicjues to ore deposits wc first need to unders tand 
the natura! isotopic var ia t ions in the various 
waters tha t conceival)ly could be involvcfi in ore 
dejiosition; Ihen we must find a way of deler-
mim'ng the isotopic comiiosition of the fluid (hat 
formei.l a given mineral deposil. 

'J'herc are two ways of determining '-''0/"''0 and 
D / l l ratios of natural hydrothermal fluids: (I) by 

M?i 
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direct measurement of the lluid itself in a geo
thermal area or of fluid inclusions in the minerals 
of an ore deposit , and (2) by isotopic analysis of 
mineral assemblages, calculation of tempera tures 
of formation utilizing various geothermometers , 
and finally, calculation of D / H and '"O/'^O ratios 
of waters in etiuilibrium with (he a.s.scinbinges a t 
their temperatures of formation. 

Although both approaches have l)een utilized, 
there are problems involved in the actual applica
tion of either of the above techniques, part icularly 
with respect to whether or not the isotopic ratios 
are preserved dur ing subsequent cooling of the 
ore deposit. The water tha t is present in fluid 
inclusions of o.xygen-bearing minerals, for example, 
undergoes exchange with the host mineral dur ing 
cooling, thus changing the '"O/'^O ratio of the 
fluid (Sugisaki and Epstein, 1968, unpub . d a t a ; 
Rye and O'Neil, 1968). Kven nonoxygen-bearing 
minerals may contain secondary fluid inclusions 
tha t are not representat ive of the original fluid 
from which the mineral formed, especially if the 
mineral is highly fractured or full of imperfections. 

The following discussions are not meant to be 
an exhaust ive review of all the l i terature on this 
subject. Instead, the basic principles will be 
emphasized and the examples to be used will 
largely be drawn from previous work by the 
writer, his s tudents , and his colleagues. The 
general approach is to illustrate the overwhelming 
amoun t of i.sotopic evidence gathered in recent 
years showing the importance of w-'aters other than 
pr imary magmat ic water in natural hydrothermal 
fluids. In particular, heated meteoric ground 
waters will be shown to be a very impor ian t 
const i tuent of many ore-forming fluids. T h e sug
gestion tha t meleoric waters might be impor tant 
in hypogene ore deposition is a very old one and 
was, in fact, much in vogue until j . F . Kem|:), 
VV. Lindgren, and other geologists made such an 
apparent ly convincing case for (he magmatic-
hydrothermal tiieory abou t 1910. Early workers 
such as Van Hise (1902), Ransome (1909), and 
I.awson (1914) strongly supported the idea of 
deep circulation and heat ing of such surface 
waters, bu t it is only with the development of 
s table isotope geochemistry in recent years that 
it has become possible to supply proof for such 
ideas and to contradic t much of the dogma (hat 
has arisen coiK-.erning magniatic-hydro(hernial 
solutions. 

Equilibrium Isotope Fractionations 

AJthough wc shall not dwell on isotope geo
thermomet ry in this paper, if we are to be able 
to calculate isOtojie ratios of hj 'drothermal fluids 

it is necessary to di-scus.-? the s ta te of our iircsciil 
knowledge concerning D / H and ' 'O/ '^O fractiona-. 
tion factors for mineral-gas-water systems. Cas-
H-iO fractionations as a function of temperatt irc 
can be accurately calculated by the methods of 
statistical mechanics, but in general, inineral-l l-;( > 
fractionations a t high temperatures must be ex
perimentally determined in the laborator\ ' . The 
lat(:cr approach is usually extremely difTu'uK: and 
time-consuming and a great deal of further work 
is necessary; sticcessful experiments have so far 
been made in very few laboratories throughout 
the world. 

First , some basic definitions: the isotope data 
are reported as 5D or ^"'O, where : 

0 = . ^^ '̂•"'""'•' - M l ,000 
Kst i i n i l n r . l 

and Rsnmpio 'S \ i / \ - \ or "O/"' 'O in the sample and 
Rstondnrii IS the correspoudiug rat io for the stan
dard. VVe are not concerned with absolute ratios, 
only with relative deviat ions from a staiuiard 
material , and the most convenient s tandard for 
l.ioth oxygen and hydrogen is ocean water . .A par
ticular set of ocean water values, designated ' 
S tandard Mean Ocean Water (S.MOVV) by Craig 
(1961) is the most common s tandard in prcsciit-da\ ' 
use. Thus, a o-value = - |-I0 would mean (h.ii 
the sample is 10 per mil (10 par ts per tliousaiul) 
or 1 percent richer in deuteriuni or '"O than 
.SMOW. Negative numliers signify relative de|)h;-
tions in the heavy isoiopes. 

The accuracy of de(erminaiioii of 51) is about 
an order of magni tude worse (han for 5'''0 ( ± 1 per 
mil versus rbO.I per mil), l iowever, lhe naliir.'il 
variat ions in l.)/H are much greaier (han for 
iHQyioQ. bei-ice, a 10 per mil variation represents 
a very lar.nc 5 " 0 change but only a sni;ill iSl) 
change. 

.'\notlier term in common use is a, (lu; frac
tionation factor or isotopic partit ion coeificient for 
two minerals or two chemical compounds (species 
A and species Ji) : / /j 

a.l II = R, i /K/ ( . 

iNote that from (he definiiion of ti. il follows lli.-ii : 

In a,III bl 1 -h 
< 5 . . 

"(uio 
- In I -f - -

.000 

Inasmuch as ln(l -j- t) = t, if e « 1, we obiaiii 
(he approximate relaiioiislii|>: 

1,000 hi ty.in ~ 6.1 - 6,;. 

For 5-valuefi < | l O j , this approximate relation
ship holds up very well aud wc can t reat i.so(opic 
disir ibulion coefficienls by simply siiblracliiig 

file://'/notlier
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fi-values, wliich is very convenient. Hdwever, for 
larger fract.i6nai;ions,.'as typically occiir in'the case 
df D /H ratios, this can lead to errors.; in sucli 
cases the fr'ac tiona tion; fac tors shou Id be divided 
;but to insure accuracy. 

If an isotopic exchange reaction is written such 
thai; only one of a set of excliangeatjle atoms' in 
each' compound takes part,, using as aii examplt; 
the quartz-HiO system: 

W^O H- iSi'-^Qj = Hz^»0 + §Si"»€!2, 

then it can be shown (Urey, 1947) tliat cv = K, 
the»equilibrium constant for the reaction as writ-
teii. Urey (1?.47) and Bigeteisen and S'layer 
(Jr94:7) showed that hrK for .an isolopic e.vGhange 
reaction involving perfect gases closely ^follows 
1/T' dependence over a w i d e temperature range' 
and must approach zero at some very high teni
perature. Many iin'neral-HiG fractionations also 
aibproxiniatcly fbllbw l/T' ' dlipendence, 'and this 
is tli'e reasb'n for presenting tlie da ta , in Figures-!, 
2; 3, and 4 in the for/n df plots of 1,000 In « 
versus 10 VT^. 

Some Gaiculated '*0/'K) fractionation curves of 
geological interest are given in Figure 1, together 
with an experimental de(:erni ina tibn of the lic|iiid 
water-vapor water equilibrium. Three classes of 
curves are shown 'iil Figtire 2 : (1) a sunimary of 
the available informatibn on mineral-H-jO experi
mental ealibration curves; (2) some recent esti
mates by Bottinga and javGy (1973). of the 
pbsitions of these curves, based partly on theo
retical and partly on eiiipirical considerations'; and 
(3) some empirical estiinates froni data obtained 
on natural niineral assemblages. Also shown fbr 
comparison is a single Galcii'latcd curve for cal
ci te-HaO, based on some of the calculated curves 
shown in Figure 1. 

The estimates by Bottinga, and Jayqy (1973) 
agree quite, well with most of the calibration 
curves in Figure .2, except for the quartz-HiO 
curve of Clayton etaJ. (1972). The hitter airthors, 
however, have pointed out the experimental dif
ficulties en'CGti li tered in the quartz-FrsO system 
and better .agreement, is obtained witli a set of 
their data that invqlvos partial cq tti libra tion ajid 
cxtrapblationrto complete equiiibrimn. 'i'liis latter 
calibration curve, 1,00.6 In a = 3.57(l'OVl'') - '2.73, 
is tlie one that has been used in most isotope 
geothermonietry involving quartz (e.g., "Faylor, 
1967; Shieh and Taylor, 1969a and b'; Taylor arid 
Coleman, 1968). Use of the quartz-HaQ ca!ibration 
equations of Clayton et al. (1972) typicaliy gives 
gcologieally unreasonable temperatures of ibrmn-
tioii of hiineral asseiublages. Therefore, cither 
tlieir equations are in error, the-.plher inineral-f-IiG 

TemperalufE {°C) 
o o o o- o-
o o o .o 'o-

O. 
o 
o 

H I - | - r 1 •• • 1 
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/ ...'--'''''̂ ^ / 
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#>x ^ 
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FICL 1. Calculated. i;c;i,iiUb'riuvii oxyggn isotojx: fractionu-
tioii factors as a function 'of tciiip'craturft for GO'J-l'l-jf) and 
COhcalcite (BoCtiiiKrt, 1968), SOirHjO ;aritl CO.-QD C '̂rcy, 
1'94:7),, •together with the cxperinieiitally dt'ti.'riiiiiii.'d oirv.e 
(or iiquid water-vapor -water .(Horibe and Gra.ig, _iii CriUB-! 
196'3, soliiJ lincy; Bottinga and Craig, ISfi'S, diislifd Iliii,'.). 

curves are wrong, or isotopic "(eniperatures'- db 
not tel! us much of anything abbvit the original 
temperatures of fbrmatibii of natural niineral as
semblages. At present, it is not -readily- obvious 
which bf the above possibilities we sliquld choose. 
However, note that a t any tenipefature, tlie scai:-
ter in the varipus qiiartz-1-1 ;0 curves shb\vn in 
Figure'2 -would lead t'o on'ly :abbut ,a I 'per niil^ 
variation in the calculated 5"0 vahies, of a liydro-
(iiermal fluid in equilibi-itun with quartz. 

There is at least on.e way to partially reconcile 
tlie quartz-HsO xuryc 'of Clayton et a!. (1972) 
with the other curves; on Figure 2. 'The waters 
utili-zed in the experinienjs of Clayton et al. (19.72) 
were not -analyKcc! .dircclfy; tliey w-'cre don'c by 
the standard teclrniqiic involving CO. eqiiiliiira-
tion at 2.^°C, assuniing a C02-l'lsO(/) fract iona-
tion factor of 1.0407. There are som'e iiidicstions 
now l'h,it a better value' for thi,? frarllon.'rtion 
lactor inight bii iibotit 1,.0412-br higher, basi'tl on 
severa! recent! sttidiCB, Tliis; would cjiiise an up-
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OG:O .O O 
, 0 0 0 o o 

lO^/T^CKl'^ 

.E.^pcriiiientally detcnriined ajuilibr-iuiu oxygen'isotoii.e fractidn'ati; 111 
varioii.s iiiihc.ral-,.H:0. systems: calcite,^HsO; (O-'Ncil ct :il.-, ..l9(iV),;, 

FJG. 2. 
citrvcs for varioii,'; iiiincral-l-liU. sys 
i:iuar"tii-l-liO {H = '-'partial"'cxcliriiigc cxpcrin'icn'ts, .A = '"complete" CNcluiEige 
ex-ptrimcnts', Clayton ct al., 1972')'; allcili fticbpar tKI')-H..O nnd- anorihive-
(AW).i-l,0 '(O'Neil anci. Taylor, iy67);,and. inuscovitie-lliO (0',Mcil and Taylor, 
1,969). Also shown arc some cnipiricaily,derived curyes: inagnetitc-H iO (liii^h-
T portion = Anderson et oT, 1971, ]ow-l~ portion = VVenncT and 'I'aylor, 1971); 
.scrpcntine-H'iiO and chloritc-HiO (VVeiiner and 'I'aylor, 1971);' kaolinite-l I jO 
(S;wiiv aud Epstein, 19-70a); and sjlbbs'it^-.H.iO (I;;v\vreivcc :u,iul T'aylor, 1971)'. 
Ill addition, some calciilated ciirviis'tjl liotoinga and J;ivby (y^t}) and H<ii;t:iii!;'.a 
'(19.08, caicite-ltiO) are indicattd, toK'otlior "with two_ readj'lis't.cd- experimental 
curves baiitd on changing tife'GQi-MaOy) fr'actiona'tion-factor "at 25°C. from 
1.0407 (6 1.0412 (sec text). 

ward shift of the qiiartZrl 1̂ 0 curve of Clayton for calciie-MiO, (lie odicr IMU'VCS on Figure 2 arc 
-et al., in Figur.e 2, brin'giilg'it into cl'oscr ngr-ec- not affected, either because the l\-iJ 'was analy'/.etl 
ment with theother quartK-HjO ttirvcis. Excepli directly (O'Neil and Taylor, 19R7; 1969), or bc-

fti 
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cause the curves are based on empirical considera
tions of " '0 /" '0 data on natural mineral 
assemblages. 

In summary, in spite of the difficulties, the ex
perimentally determined calibration curves on 
Figure 2 represent the most reliable means of 
calculating the 5'*0 values of H2O in equilibritim 
with a mineral assemblage at a given temperature. 
The other curves shown on Figure 2 are not in
dependent; they are basically determined by these 
experimental ctirves in conjtinction with data on 
natural mineral assemblages. Pressure is not a 
factor, because the equilibrium isotopic fractiona
tions are solely temperature dependent. The com
position of the aqueous fluid may, however, be 
important. This problem is discussed by Taylor 
(1967, p-. 131) and recent work by Truesdell (1971) 
has shown that salinity variations may require 
adjustments to be made in calculated 5'^0 values 
of hydrothermal waters. However, in view of the 
other variables involved, these difficulties are of 
second order and will be ignored in further 
discussions. 

Some calculated D/H fractionation curves of 
geological interest are given in Figure 3. Note 
the enormously larger values of 1,000 In ot in these 
systems compared to the '^O/'"© systenis. 'The 
curves show, for example, that at equilibrium at 
about 400°C, HoO will be about 400 per mil richer 
in deuterium than coexisting Hj gas. This means 
that if equilibrium is maintained and a hydro-
thermal fluid encounters a strongly redticing en
vironment, some of the H2O will be reduced to H-j 
and the latter will liave a very low 5D valtie. 
By material balance the remaining H2O will have 
to beconie riclier in deuterium. Therefore, reac
tions of this type represent possible means of 
changing the 8D values of the H2O in a natural 
hydrothermal fluid and, for the above example, 
the equations governing this change are given by: 

5D{,,o - 5D{., « 400 
x5D^,^ -f- y^Dn, = constant = 5D{,,o 

where x and y are, respectively, the mole fractions 
of HoO and Ho in the final (/) mixture, and the 
initial (i) material is assumed to be 100 percent 
H2O. If 5D|,JO is —70, and as little as 5 percent 
of the H2O is reduced to Ho, the aD of the HoO 
in the final hydrothermal fluid will be increased 
by 20 per mil to 5D{,,o = - 5 0 . Any OH-bearing 
minerals in equilibrium with this hydrothermal 
fluid will therefore also be enriclietl in deuterium 
h-y 20 per mil (providing (hey cons(i(u(e only ;i 
tiny part of the total hydrogen reservoir; if an 
appreciable fraction of the total hydrogen in the 

0 0 0 o o 0 0 0 o o 
r - i Q i i t f Tfi 

Temperature (°C) 
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Tic. .3. Calculated c(iiulibriuni hydrogen isotope frac
tionation factors as a function of temperature for MoQ-llo, 
CIU-H-., and H-iO-CH, (Bottinga, 1969), to.i;cthcr with the 
cxiicriincnlal lirpiid wator-vapor w;itcr c<iiilliliriiini curve 
(Mcrlivat and Nief, inipuli. clata, 1965, solid line; Mcrlivat 
ct al., 196.?, dashed line). 

system is tied up iu such minerals, the above 
equations liecome slightly more complicated). 

The reverse of the aliove situation occurs if an 
Ho-l'earing hydrothermal fluid encounters an oxi
dizing environment. Then the H-jO will become 
depleted in detiterium. Generally, all of the above 
eflects will be sniall in natural hydrothermal sys
tems because the amounts of Tl-jO involved are so 
huge and the btiffering capacities of the rocks are 
limited. Also, at the normal oxyg;en fugacities 
encounlered in natural ore-forming solutions (e.g., 
Meyer and Hemley, 1967; Barnes and Czamanske, 
1967), only minuscule amounts of II2 w-ill be 
formed (l.uigster and Skippen, 1967). I'n particu
lar, if carbon is present in the system, then under 
reducing conditions methane generally will be an 
enormously more important constituent than hlo 
gas and, as shown on Figure 3, the HoO-CTU 
fractionation is never larger than 70 per mil. To 
l>roduce a +20 per mil change in (he ll-;() analo-
goii.s lo (he example given above would rc(|iiii'e 
that 30 percent of the I IoO in hydnithermal lltiid 
react widi carlion species to make melhane. 1 his 
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GO uid perhaps happen in a system containing 
abundant graphite (Eugster and Slcippen, 1967), 
coal, or petroleum, but is unlilvieiy in most hydro-
Lihernial environments. 

Hydt-Qgfen isotope fraclion'atibii factors in silicate-
HjO systems liave been investigated at high tetn-. 
peratures in bnly one labo ratory study (Suzuoki 
and Epstein, 1,97b, 1974). Some of the results of 
Suzuoki and Epstein on biotite, inuscpvjte, chlo
rite, serpentine, and kaolinite are incorporated 
into Figure 4, together with some eni pi rica I esti
mates of the low-temperature fractiojiation factors 
fbr some of these minerals based on data from 
11 a tu rai n i i ne ra 1 a sse n i b I ages. 

The most iniportant results of the studies Ijy 
Stizuoki and Epstein (1970, 1974) tire that the 
D/H fractionatioiis among silicates are mainly a 
function of the Mg, AI, and ,Fe contents in tlie 
niinerals. Water concentrates deuterium relative 
tb all OM-bearing silicates and Mg-rich and Ai-
rich minei-a'ls concentrate deut;eriuiii relative- to 
Fe-rich iivinefals. This helps explain Wliy miis-
coyite in natural mineral assi^mbl.ages is'invariably 
richer in D than coexisting biotite, and wliy co
existing biotite and liornble.nde generally have 
similar 5D vaUies (they also .geiier;tlly havc-similar 
M g/Fe ratios). 

Above 400°G, tlic various silicate-Fl..G D/H 
fractibiiation GL)r\''tis ;de term in eel by -Suztioki and 

Epstein (1974) form subparallel lines; on-a plpt, of 
\ s m In a- versus ' iQ^T ' "(Fjg. 4),. Beiow 4;QP°C 
the positions of the curves are unknown, but if 
the low'-tempet'ature es'timates of Savin and Ep
stein (1970a), Lawrence and Taylor (T971), aiifl 
Wenner and Taylor (1973) are reasdnabiy ac
curate', ,'dl tlie; liydrogen isot0]:je frafctibtVatibii 
curves inus.t flatten oul, .t'is shown on Figure-'4. 

If the, curves shown in Tigure 4 are approxi
mately -valid, i'i; means that liydr.ogen. iso.top.e 
•geo then nome try on silica,te minerals is v.irtually 
inipossible. However, if one c;ui independently 
estimate temiDeratures of formation (e.g., by '''0/'*'0 
geo ther in ometry), the. curves can be used to cal-
chlatc accurately the 51) Values of coexisting TliiO. 
l"he niajor problem iu applying these ctirves tb 
natural niineral ass'eriiblages-lies in.whether or not 
tlie primary 5\.> values in. a niineral asseinbliigc 
are preserved during later geological events. This 
is'a more seripus problem for D/l:l than for '•"O/'-'O, 
as discussec! in more detail below. 

Isotopic Variations in Natural Waters 

Xieteo-ric zvulr.rs 

l"he isotopic variations of H-jO in rain, snp\\', 
glacier ice, streams, lakes, rivers, and most low-
temperaturc- ground watei^s are, extremely sys torn-

ecc soo 400' 300-
Temperature FG) 
abo 100'. .50 

\ — n 1 r 

-,°lBssn,E_-^^2_ 

'~~-~^2h!!m^_^^^^ 

A '>h 

^ % - . 
"M:^^ 

S'^r, 

S.uiuokl and Epstoin (I9T1I 

— - ^ — Empirical curves 

4 5 6 7 8 9 10 11 

1 0 ^ / T ^ C K - ^ ) 

I'lti. '1, liqiiilibrinm hydrogeii isotope fractiuiiaLtOit curvw for various 
min.er.al-H ;0 systems, for Lemperatiircs aliov'c 400 "C, the curves are based 
on laboratory'' experini.enis of SilKiioki and Epstein (1970, 1,974). For t'cin-
peratifres below 4(10 "C, the curves arc b.-iscd on cniijlrical cxtrapdlalions to 
estimated values; at eartli-siirface (cm|-icratitrcs (Savin^.and Epstein, 1970a; 
Lawrence and Taylor, 1971 ; VVunntr and I'aylor, 1973) and on some pre
liminary lalx>ratorv ct per imen Is bv Slii-p|j:ird and I'a vior- (uiijinl). data, i960) 
oil kaoiiiiiie-lht) at ^Oil^C. ' ' ' ' 
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idata .of Graifi-, (196.i) define-a, line with .t'lic;crji.i.;ition: "sH = Ss/W -f 1,()., 
I'lie'sc ,dat'a-toy'.ether'with the Eorrc'cted da.ta of F]:)stein c.l al, (I9'65-, 1970) 
''dcllnc; the virtual ly id'ch tical line shown o.ii llie gra pli with Bl") '= 85."0 -}- .'i. 
Fights Stntioi'i, By rtl Sta tion, a'n'd .So'iii:h Pole .ani ItKMliti.es in .'\ntarctjca. 
llic-elosed liasins repi-tseiit lakes 'where there Itas, lieen s.troni;- cv'appration. 

adc; the higher the latitude or elovadbfi, tlie.lower 
are' the SD values and 5"0 ^'allies, of tlte waters. 
These effects were, discovered by Epstein and 
Mayeda (1953) and Fried nia n (1953); they \\'ere 
later refined by Craig (1961), who showed that to 
a, very close approxiniation all meteoric waters 
•follow 'the equa.don; 

.SD H SS'̂ O + 10 (in p.er niil) 

Recent-work liy Ejistein et al. (1965, 1970)' on 
the Antarctic ice sheet has exteiicled tlie ranged of 
^D and dO'" bf meteoric HsO down to values ,as 
low 'as —440 and —55, respectively (f-Mg. 5), 
Throughotit die entire i;sot:opi'c range, the samples 
of'water and ice forrn a very tight linear grouping. 
The Craig-Epstcin meteoric water line (Si) 
= S.lDi"'© -j- 5;) shown on Figtire -a is viriauVlly 
indisdnguishablc from the original Craig (1961) 
line and, considering that thc't'e is some, scatter 
ill die data pbints, we shall contintie to use the 
latter in Jhe discussions that fellow. 

The linear relationship lie tween, Sl) and A'•'"(;) 
arises because condensation of IToD from the 
earth-'s atmosphere is essentially an equilibrium 
process and the D/H fractionation is* propor don a I 
to th e ' 'O/ '^p f ractionati on. For exam pie, at 2-5° C, 
relative to liqtiid water, HoO vapor is depleted iii 
'^0 by abbtit 9 per mil and depleted in deuterium 
liy 72 per niil (Horibe "and Craig, In. Craig, 1963; 

i\lerUv;it and Nief, unpub. data, 1965). Both of 
these fractionations iiicrca.̂ se jjrppprtipHalty with 
decreasing l:einpera,(:ure and this is essentially 
where- the faptor of eigli.t arises in the slope ,of 
the meteoric TI-;0 line (Figs. 1 and'3). 

'Illus, w-ater condensed from atinbsplieric vajirii 
ill ian air mass will lie richer in ''K-,) aivd I) ihan 
tlic vapor an'd liy simple iiia-(eria I-balance any 
.subsequent prei;;!pita dbh frojiv the same air mass 
imist be kwer in ' -0 an'd I) than (hi.s initial con-
den sale. Thus, as tlic air mass leaves the oceaii 
and progresses across the continenlSj it liccoinfts. 
steadily lower in '•''0 and deuterium, 'iliis icads 
to pronounced geograpliic arid topbgrapllic iSfiiopic 
effects on th'e rain .a'lid snbw atid, altlioii.gh. tliere 
are. seaspnal .changes, as well as variations from 
storm to storm, the average '6D values of surface 
wa ters on tli e ,cpn ti n cri ts a re oo ns i s ten t en o iigli so 
l.h'at a rougli iBOl.:opi'c' contour map for 'tlie N'Orrl'i 
Anicrican continent can be. drawii, as "shown iii. 
'Figure 6. Note that a practically •i"deiit;ical con
tour tiiap coiild be drawn for S'̂ O just by changing 
the i-values according to the .afbrenieiUionecl ine-
leori'c waicr equ-'alioii (i.e., &D = —90 would be 
i;C|')iac.Gd by S.̂ O "•= —,12.5,, and so forth). 

The' only ftesh surface S\-aters which do not lie 
close tb the nietepric water line,- arc tlxose ^̂ •hiG;ll 
liave urulcrgone; apprcciahile evaporation in arid 
regions; such as the waters labelled closed basins 
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FIG. 6; ,Map ot North America sho-vviiig contou'rs of the 
approximate 'average iD valiieB of mcfc'oric surfiuH; waicrs, 
Ij'asc.d prin'cijjally iin data of'.Jrriedmaii ot al. -{1964), Dans.-
g'aard (19.64),, and F-fitchon a'nd firouEc (1972). Because of 
,tliG, linear re'ta.ti(:)"ni;liip between, -̂ Î  and S"0 in meteoric 
waters (Fig. 5), tliis li'gnrc.can 'serve et|ua'lly we|| as a B'*© 
"contour map If 6D = —30 is replaced by i'TO = —.5.0, 
'aD = - 5 0 by 6l»b = -7 .5 , and so (ortli. 

on Figure S-. Another example wotdd be rain 
falling dirough very d ry air. 'These rare e.\-cc;i-
t ions are a t t r ibu ted to kinetic iso tope: eff (jcts ac-
cprnpanying the evapbrat ion (Craig, 1963). "Hie 
reason why kinetic isotope elTct^ts in die Ho0(^s;.)-
H!Q(0 system are so dilTerent froili the,ec[iiilibriti:tii 
efTects is because the former depend larg.ely upon 
the motions of the nioleeides involved and thus, 
on the scjuare roots of their masses. iMote' t h a i 
H D O has a maSsbf 19, whereas Tia'' '0 has a mass 
of ,20, Therefore, instead of die liycirogen isotope 
efTeets' being an order df magni tude larger (as a t 
equillbriLinl), they nia.y in ,fact b.e les.s than th.e 
'sOefi'ects (i.e-,, '^'19/1.8 versus V20/1,S). 

'Oce('m'''uia.ters 

T h e ^isbtopi'c cb 111 posi tion of present-da) ' ocean 
water is exceedingly uniform at S'̂ O = 0 aiid 
6D = 0, Th i s is why . t t represents a useful, isotopic 
s t andard (SMOW on Fig. 5). Only in areas such 
as the Red Sea, (Craig, 1966) where there has 
been appreciable evaporat ion and an inicrcasc in 
saliiiity do you get i ' ' 0 values as high as -t-2 and 
5D. values as higli as + 1 1 . Also, if i he re is aii-
pi-Gciable dilution with fresli waters, there can lie 
sniall isbtopic Gh'aiigeS in tlie oppo.site direction) 
part icularly in. the Arc t ic and Antarct ic . 

Tlvc'tnajor iso(;pi>ic,'probleiii GO'n'dcriii.ng sba, 'wvalbr 
is how constairl; h;is iis is.otnj-i.ic i-tMHi'ifisil i.Oii hecii 
throiigh geologic tinic;? Wc know jlia.t if 'wc 
melted all the ice, sheets in the- world,, the 5'-̂ -(3 
value 111 ight become .as low as —1 and tlie iSD 
valtie. a's-low as —.10. .A-t least dironglitnit iiitwt 
of Phanerozoic -tiiiie, tlie, iso,tO|iic composition el 
b'ceari, water has probably fluctuated within tl'ibse 
Htiiits: and pnlicb tem perature studies on 'carlioiiale 
fossils; i,ndicsi(c t h a t the bccait has Itacl a, Ŝ %) ' ^ 0 
lli.rottgliptit the-.PiIespzoic,and'Ceiiozoi(; (Urc\ ' 'et til., 
1951.;.;LoweiiS:t:mi, ,1961), 

T h e assunipti.p.n tha.t, ,tlie isotopic cqmp.osition 
ol sea, water lias been e.ssjintiaUy Goiist;ani: widv 
tim'e. is unporta,nt, obvioiisly, if-sea water .is itself 
invblvb'd "iil prOG-esses of ,hycrro(:,'he-niiai alicr.'ilinn 
or brCi d',epbsitiOit. TCquaUy ini|DOi'taiit, liti\\'e\'er, 
i,s, the ,fact d i a t the isotojit'c 'Cbui posi tibn'" bf die 
o.ce_an.s ,6.o,n,trojs the i'sotOpic -composilion of 'all 
meteoric w,.a,ters a,s well, l l i e in.ter'c'ept of die 
meteoric water line;n'i-iist, .shift i'f ,tlie i.gotapic cbni,-
position of ocean water shifts in any directioii 
other than parallel to the meteoric waier liiu'.. 
We can lie .rcasoiialy confident llial die mcici-iritv 
water line, has been in I t s present pGisition for 
die ,kist 150 niillibn years ( i l per mii foi- '^O',.'"0 
and ± 1 0 per mil foi D / f l ) , but: prior lo (liiit 
titne the position of (lie inc tco ric wa te r liiic is 
intiniately tied into the prol:-) I em qf ith.e isolnpir 
evolution of ocean waters. 

'.lliere are major iinecrtaintic.s ,co.i,u,;erning (,li.t;, 
isotopic Goinposition of ocean water in the I'rc--
ca,m'brian. Conceivably, there may have fiecii &!*0 
d.bplbtibns' of as much as 30 |.ier ,iriil in iht; I'rc-
caiiibrian bcea„iis (e.g., Ferry, 1967),, bu t detailed 
discussion of diese prolilciiiis is l ieyond (he scO|;)u 
of th'is papef. I t is tlie op'i,iiioii of t-h'c |;iresent 
writer, h.owe.ver, tli.a.t.Tmsed inalnly-on receii.t wpi'k 
of Knauth. and ,Epste.in _(i971,),, the pce'ans were 
rougli I y similar tp tlte presGiit-da.y is;p.t,opic coin-
post tion, a,t least throughotit, much ,q_f (,he la.Le 
F'rcGatTib'riaii. N.on'etlieless, tit is is an iii,iiiiense-ly 
di.lTi'cult .sulij'Gct an'd it 'wo'ntd |,')crh:,ips- nbl be. 
.aniiss in, this revie'iv to niGiitiott briefly di,c ,i.>riii-
cipal ihe.ories ,as to how the isotbjilc Gbnvpositions 
of the cieeans evQlved to tli.eir jircsent s tale . 

'Mast magmat ic waters in cquil,ibri,iiiii wit.li ig-
-nebtis rocks a t high tentpcr-atures w-iii lia-ve 'fi'C) 
^ -^6 to -f 8 a n d ' s D « - 5 0 to -SO. (s.ec hGlow), 
If the oceans .OFig-ina,ted froin stich M-'aters, wliy 
•are tlicy^ npw ,a't zerp'? Tlte airiijarcn.t 5''''(.,) shift 
I.s prol:;!a,bly due to the s teady reni.o.va,! bf ''HJ-fith 
oxygen fro in dVG OGCtiiiic r'csci'vbir in the fbriTi of 
cheriEi, (fi'̂ Q ,« -f 30' tb -F38), carbonalc!-; (fl'̂ t̂ ) 
~ + 2 5 to + 3 0 ) , and Other aud i ige tiic ini nerals 
such as clays ( m ) ~ + 1 8 to + 2 5 ) . A lot of. 

http://lli.ro


APPLICATION OF'OXYQEN -AND .HYDRO,GEN ISOTOPE STUDIES 851 

heavy pxygen is now locked up, in such sediments 
^nd. their inetambrphic equivalents. Qn the ba.sis 
of material balance calculations by Silverman 
(1951) -and Savin and Epstein (1976b), the volume 
of high-^^O sediment on earth can apparently ac
count for an '^0 depleliqn of about 6 per mil in 
the oceans. By this model, if the oceans have 

.groWn progressively with time, they fcdnceivably 
could have re m ai n e d . es se n ti a 11 y c ons ta n t, i 11 5*^0. 
However, if the vbluiiieof the oceaiis has reiifaincd 
constant for the'Iast 3,000 to 3,50.0 iii.y., this model 
\TOu!d require a progressive 5"0 shift b.f abqiit 
1 per mil e'very 500 ni.y. 

Another process that w.ill have an influence on 
the isotopic com po^sition of the oceans is the 
interaction of sea w-ater willi submarine rocks 
during die hydrothermal alteration and wbat+ering 
that follow sea-floor vb! can isni. Very large 
.amounts of sea water'take"part in tliese•rea'ctidiis, 
particularly at niid-dcean rid,gGS, Cbnsidcriiig that 
receni plate tectonic theories require.a.fairly rapid 
'addition of new igneoits rocks at the spreading 
centers, the 5' '0 of the oceans may in large jxtrt 
be controlled by the temperatures of these hydro-
thermal reaetions (Muehlenbachs and C'tayton, 
1972-; Wenner .and Taylor, 1973). If this \s so, 
the 3.'̂ © of the oceans may be "buffered''' near 
a value of zero. 

It has been suggested 'thiit die apparent en
richment of ocean water by 60 to, 70 per mil in dD 
relative To magniatic water.,is due to progressive 
loss of dissociated Tl atbiiis or ions fi'.qnir the upper 
•atniQsphere pver geplogic time .(Kokubu et al., 
1961). The Ti atoms definitely can escape from 
the earth and H would be preferentially lost 
relative to D. Tt is at present difficult to make 
a quantitative evaluation as tb whetlfer lliis 
procbss is adGquate (xi aGcduiit for the apparent 
SD sli ift in the, oceans, ft is possible diat the 
pecans never began unth; a SD ^ —65 in die first 
place; they may always have had ^D .& 0. If this 
is true, how then do w'e explain wliy almost all 
igneous rocks, incl tiding those such as basaUs and 
kiiiiberlites that definitely cbtiie from the inaiitle, 
have n'lueh lower 5D values'i^ A plausible answer 
lies in the fact, that nibst jiuthigeriic Ofl-beariiig 
-niinerals precipitateci frpin ocean-W'ater fractionate 
hydrogen isotopes such that they have ^̂ D values 
;bf about —SO to — 8{) (Savin and .Epstein, 1970a 
and b, also' see Fig. 10 below). Is this just a 
coincidenee that this is identical to the "normal" 
inagmatic range of values? Perhaps not, in the 
light of the recent dieories of sea-floor spreadiiig 
in which much of this type of material is probalily 
being carried down into tlie maritle along, siib-
duGt-ibn zones. If such prbcdsscs liavc wPrked 

0 

-so 

log 

y 
Wairakei -p'»Q 

^ ^ * ^ — 0 — E T o ^ o LassenPat^^ 

^ ^ / — T ^ j C ^ ° ^ — Si?amboal Sprmgs 

1 1 . r • 

T-i'iG; 7. Plot ol 5D- versus S!'0 for ncar-iientr;il, .chioride-
rieh,geotlierm;il wiitiM's (open circles) and loeal |n'i;el]iital ion 
(tlark symbols) from a-vai-ic(y"of hot siiiring are:i.s ihrouglioni 
tiiii world ,(,a(tei\'Craig:ct aT,'l95iS';.traig, i96J) . Loealifics: 
Wairakei, isTew Zealand,; bafdcrcllo,, I taly; i^iland (S.;iltpn; 
•Sea), 'l,:lic, G;e'ys'crs anci L;ii;S;n ;Pjir-k, California'; Il.ckl..a, 
Iccl'ai'id.; and Steamboat- ^prinys, i\'-evn'd.a. T:li.e di.a^;uiia! 
lUic.'is the meteoric w-ater line. 

tlirbughbut nipst of geologic dmc, die; SD values 
of igneous -rocks may in ,lai-ge part simply be 
reflectiiig tlie isotppic; composition of recycled 
marine hydrpxyl minerals^ carried down into the 
in a ntle., This w-ould remove any n'ded tP call 
upon a massive-escape of H frpm tire upper atnt'p-
sphere, although siich a prbcess niust liavc been 
going oil tP sortie extent. 

This brief sumniary iconccntln.g the isotopic 
cciniposi lions pf ancient oc.eaiis shpiiid at least, 
acqiiaint the reader widi certain pitfalls in ap
plying stable isotopic techiiiques to Precambrian 
pre deppsits. How-ever, it must lie emphasized 
that at least for iW'esozoic and Cenozoic dejiosits 
diere are no problems wliatsbever lit tliis re'gard. 
Wc know diat. 50, aiid fi'^'O bf ocean waters were 
essentially constant .during, dvaftitiic period, 

Ccplharini'd. iml-'erS' 

'The. S.'*0 and SD variadpnS; in hot waters and 
steani froni •various gebi'herinal areas throughput 
tlie world are shown in Figures 7 and 8, after 
data by Craig el al. (195^' 'and 'Craig: (1963). 
'These Iwp figures clearly show that essentially all 
of the hl-sO in ihcse-geodiernial, hot spring areas 
is of surface derivation. In alniost all case's die 
hpt water or steam shows a characteris Lie " 0 shift 
to higher S^^ values as -a re'sult of isotopic ex
change with silicate atid ctirbbiiate cbiintry rocks, 
a-II of wliich start -out with Ŝ Ô values liigher titan 
+ 5.5. Wairakei, Ne'Vv- Zealand, is unique in 
showing no '^0 exchange elTects at all, eidier 
IftcausG .of rapid cirGitladpil or ticcausc tlic rqcli:s 
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FIG. 8. Plot of *D versus S'*0 for acid geothennal waters 
and steam from hot spring areas at The Geysers and l.asscn 
Park in California and Vcllowstonc Park, Wyoming (afler 
Craig, 1963). Phe dark symbols represent local, unlu-aud, 
meteoric waters al the three localities. 

have previously all been depleted in " 0 by prior 
exchange with the meteoric waters. 

In contrast to the "'O/'^O ratios, the D/H 
values of the hot waters in these geothermal areas 
are not controlled by the exchange process; this 
is because the rocks contain so little initial hy
drogen compared to the amounts of the ll-jO 

involved. Instead, the SD values either remain 
constant, identical to the local meteoric waters 
(Fig. 7), or are systematically enriched in deu
terium along linear trends having a slope of 
about three (see Fig. 8). The latter is due to 
nonequilibrium evaporation of steam at tempera
tures of 70° to 90°C (Craig, 1963). 

"Connate" J nnn n l-i mi iculrrs (hri.ni'.s) 

Oil-field brines at one time were largely thought 
to represent connate water or original trapped sea 
water. However, isotopic evidence obtained by 
Clayton et al. (1966) and Hitchon and Friedman 
(1969) show that meteoric ground waters are a 
inajor constituent of these brines in the mid-
continent region of North America (Fig. 9). 'These 
circulating ground waters have increased in sa
linity either because of solution of evaporites 
and/or because of shale-membrane filtration. 
Therefore, the term "connate" should probably 
not be applied to such waters and "modified 
connate" or "formation water" should be used 
instead. 

These formation waters show a very witle range 
in fi'-'O, SD, and salinity, but the waters within 
a given sedimentary basin are usually isotopically 

-10 0 -no 
S'^0(%=) 

<-20 

I'lG. 9. Plot of 6D versus S'"© for oil-field brines (formation waters) from 
the midcQiitinent region of the United States (Gulf Coast, Illinois, and 
Michigan basins, Clayton ct al., 1966), the Alberta basin in Canada (Hitchon 
and Friedman, 1969), the California Tertiary (Kharaka ct al., 1972), and 
Poland (Dowgiailo and I'ongiorgi, 1972). Also shown are the calculated 
fields of primary magma'ic waters and metamorphic waters (see te.xt), 
analyses of some possible modern metamorphic watcr.s from the California 
coast ranges (White ct al., 1973), and the range of 5D in fluid inclusions 
from some Mississippi-Valley Pl)-7,n ore deposits (Hall and Friedman, 1963). 
MVV •= meteoric water line. 
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FIG. 10. .'\ compilation uf available JD analyse.-: of niiner;ils from igneous, metamori)liic. 
and hydrothermally altered rocks from a variety of localities (Tavlor and Epsiein, 1966. 1968; 
Shieh and Taylor, 1969a and b ; Wenner and Taylor, 1973, 1974; Turi und Taylor, 1971a; 
Savin and Epstein, 1970a and b ; Godfrev, 1963; Sheppard and I'aylor, 1974; lay lor , 1973, 
1974; O'Neil ct al., 1973; Bethke et al. ' 1973; Taylor and Forester, 1973; Kuroda et al., 
1974; Kokubu et a t , 1961; Friedman, 1967; Sheppard and Epstein, 1970; Sheppard et al., 
1971; and Moore, 1970). 

distinct. Just as with the surface meteoric waters. For exam|3le, the Culf Coast formation wtKcrs 
there is a general decrease in 5D (and to a lesser are appreciably richer in SD and S'̂ O than the 
extent S'̂ O) as one moves to higher Itilitudes. Alber(;i Utisiti waters (Fig. 9). VVithin a given 
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F I C . 11. A compilation of i " 0 analyses uf minerals and whole-ruck samples uf igneuii.s mcks frum 
a variety of localities. This figure is a niodifieation of figure 8 of I'aylor (1968), but it also includes addi
tional data by Taylor et al. (1965), Renter et al. (196.S); Oimma et al. (1972), Taylor and Epstein (19711:. 
and b), Epstein and Taylor (1971, 1972), Vogul and Garlick (1970), Gadick et al. (1971), Sh.-pi.ard :ind 
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basin the highest ^"'O values are typically asso
ciated with the highest tempera tures and salini
ties, bu t in cont ras t to the near-neutral , chloride-
type geothermal waters (Fig. 7) the 5D values of 
the brines are not cons t an t ; instead, a l though they 
show a grea t deal of scat ter , the SD values gen
erally increase with salinity and 5"'0 content . 
This is a result of niixing of the meteoric waters 
with t rue connate waters or wate rs of other ori
gins, of exchange with hydroxyl-bearing clay min
erals in the rocks, of fractionation effects such as 
membrane-fil tration, a n d / o r of reactions involving 
petroleum hydrocarbons. 

All sedimentary basins probably contain forma
tion waters analogous to those found in wells from 
the midcont inent of Nor th America. Isotopic 
analyses of such w--aters from Poland and from 
Ter t ia ry sedimentary rocks in California are also 
shown on Figure 9. Sucli forination waters are 
probably the most common type of pore solution 
in deeply buried, unmetamorphosed sedimentary-
rock sections and they may in certain ca.ses rep
resent impor tan t ore-forming fluids. Hall and 
Fr iedman (1963), for example, showed t ha t fluid 
inclusions in minerals frotn Mississippi-Valley type 
Pb-Zn ores have 5D values and salinities t ha t are 
practically identical to nearby formation waters 
(Fig. 9) . 

Metamorphic ivitlers 

All the waters so far discussed represent ma
terials for which we can obtain actual samples for 
isotopic analysis. However, for some other geo
logically i inpor tant waters , isotopic da ta can only 
be indirectly obtained. Metamorphic pore waters 
are an exaniple, because except for the possibility 
of making measurements on the fluid inclusions 
present in cer ta in 'minera ls , we must use calcula
tions to obta in the isotopic composition of the 
HjO coexisting with the rocks a t the tempera ture 
and pressure a t wdiich metamorphism takes place. 

Calculations of this type will be valid if the 
temperatures of metamorphism are known fairly 
accurately, because isotopic ecjuilibritim between 
silicates and I-I2O is certainly obtained above 
200°C, considering the large t ime intervals in
volved in regional metamorphism. There is little 
published information on the D / H rat ios of .meta
morphic minerals, bu t utilizing what is available 
(Fig. 10), together with the tenta t ive fractionation 

curves shown in Figure 4, a generalized field of 
metamorphic waters is show-ui on l'"igiire 9. 

Typical ly , regional metamorphic waicrs appear 
to have a relatively restricted range of 5D ( — 20 
to —65) b u t a wide range of S'K) ( + 5 to + 2 5 ) . 
Even considering the paucity of hydrogen isotope 
da ta it is remarkable tha t inincrtils of ineV;inu)r))hic. 
rocks from a wide var iety of areas have such 
uniform SD values. Metamorphic muscovites are 
richer in D than coexisting chlorites, which .ire 
in turn richer in D than coexisting l.iiotites and 
hornblendes (Taylor and Epstein, 1966). How
ever, all of these metamorphic minerals (Vjiically 
have 6D values in the narrow range —35 to —90 
per mil. T h e few samples shown on Figure 10 
with dD < — 90 are from contact metamorphic 
zones of epizonal intrusions (Shieh and Taylor , 
1969a and b ) ; these samples probably have in(;er-
acted to a certain extent with heated meteoric 
waters. 

Metamorphosed sedimentary rocks and their 
cons t i tuent minerals httve a w-ide range in Ŝ ^O 
simply liecaiise they ret'tiin in large iiart (heir 
original sedimentary 6''*0 values during meiamor
phism. Shales, limestones, and cherts all (end (o 
be very rich in " O (5 = + 1 5 to + 3 5 ) , whereas 
rocks such as sandstones, grttywackcs, arkoses, 
and volcanogenic sediments tend to be low in ' "0 
(5 = + 8 to + 1 3 ) . 

There is a possibility tlittt some metamorphic 
waters actually do make their way to the ear th ' s 
surface. White et al. (1973) have identified some 
iscitopically unusual geothermal waters in (he 
California coast ranges, w-hich are a rare exception 
to the above mentioned rule that hot spring waters 
are everywhere wholly of surface derivation. 
These anomalous waters arc plotted on Figure 9 
and they overlap our calculated field of me(a-
mori.ihic w-aters. Whi te et al. (1973) cotichtdcd 
tha t these waters are true metamorphic waters 
tha t have penetrttted to the surface from some 
undetermined depth . I t is of int:erest t ha t these 
waters are also isotopically similar to the cal
culated waters tha t formed some antigorites in 
certain coast range ultramafic bodies (Wenner and 
Taylor , 1973). 

Ma.gniiit-ic ivdlcrs 

Magniiitic waters present some of the same 
problems referred to above concerning metamor-

Taylor (1974), Garlick and Epstein (1966), Taylor (1971, 1973, 1974), O'l'^cil et al. (1973), Forester and 
Taylor (1972), Taylor and Forester (1971, 1973), Turi and Taylor (1971a and b, unpub. data, 1974), Shieh 
and Taylor (1969a and U), Malsuhisa et al. (1972, 1973), Aiuleisou et al. (197(), Weum-r am! Taylor ( 0 7 3 ) , 
Mnelileiibaehs and Clayton (1972), and Sheppard et .-d. (1971). iNute that in Iceland, all the samples with 
5"0 < -\-2 are hydrothermally altered basalts or .\eiioliths, but many of the olher samples were erupted as 
low-^'O maginas (Muehlenbachs et al., 1972). 

-t 
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phic waters. iMowhere, even in H-.O gas samples 
from active volcanoes, can w-e be absolutely certain 
that we are obtaining HvO that has come directly 
from a pristine, uncontaminated nuignia. As 
before, we can, however, calculate the isotopic 
composition of the I-I2O that would have coexisted 
with the various igneous minerals at niagmatic 
temperatures. Inasmuch as magmas only exist 
over a restricted temperature range of about 700° 
to 1,100°C and because most volcanic and plutonic 
igneous rocks typically have very uniform 6'*0 
values (+5.5 to +10.0, Fig. 11) and SD values 
( — 50 to —85, Fig. 10), the "normal" isolopic 
range for magmatic H-.O (Fig. 9) is much more 
restricted than the range for metamorphic HcO. 

True magmas with unusual oxygen isotopic 
conipositions well outside the normal range do 
exist, how-'ever. Some of these rare examples are 
fresh volcanic flows on Iceland (Muehlenbachs 
et al., 1972) that have S'̂ O values as low as + 2 
and, at the other end of the spectrum, unaltered 
flows from some Pleistocene volcanoes north of 
Rome, Italy, which have 5'''0 values as high as 
+ 13 (Turi and Taylor, unpub. data 1974). Any 
niagmatic H^O coming from such anomalous 
magmas would have 3"0 values outside the 
"normal" range. 

The total 5D range of magmas is at present not 
so well understood, although it is likely that 95 
to 99 percent of all magmas in the world originally 
had SD values in the range —50 to —85 (Fig. 10). 
The term "primary magmatic water" (lig. 9) is 
thus defined somewhat arbitrarily as the cal
culated H5O in equilibrium with these "normal" 
igneous rocks at T > 700°C. Direct analyses of 
volcanic gases from active volcanoes in Iceland 
show \-\.,Q with 5D in this range, for example 
(Arnason and Sigurgeirsson, 1968). Also, a &D 
value of —60 was obiained for the original H-.O 
in a carefully studied, recent, chilled, submarine 
basalt flow from Hawaii (Moore, 1970). 

Nonetheless, quite a significant number of plu
tonic biotites (and hornblendes) are known with 
SD values ranging down to —170 (Fig. 10). I'hese 
I0W-6D values are commonly thought to be a result 
of post-crystallization exchange between the rocks 
and heated meteoric ground waters, but in most 
instances we cannot rule out the jiossi lii lity that 
the 5D values are a chttractcristic of the niagmas 
themselves. Even if the latter is true, it is proba
ble that the low-5D values were acquired during 
direct or indirect interaction with meteoric waters 
after the magmas penetrated upward to shallow 
levels in the earth's crust (see l)elow). 

Jt is unfortunately very difficult at present to 
develop criteria to decide whether the low-6D 

values are a magmatic phenomenon or ;ire a result 
of later excliange. With oxygen isotopes (his is 
feasible because the dilTerent minerals in au as
semblage undergo '''O exchange at vasily diflereni 
rates (e.g., quartz versus feldspar). Tor example, 
the low-"0 igneous rocks sliown on Figure 11 arc 
known to have been produced liy high-tempera
ture interaction with low-'^O meteoric grounti 
waters and in many of these rocks the quarlz 
has essentially a "normal" 5"0 value whereas the 
coexisting feldspar in the same assemblage has 
been depleted in '-'0 by several per mil (comiiare 
the lengths of the tie lines between quiirtz ;ind 
feldspar for the "normal" rocks in figure II with 
those for the "0-depleted rocks). In laboralory 
hydrothermal experiments, quartz is known lo lie 
much more resistant to isolopic exchtinge than is 
feldspar (O'Neil and 'Tavlor, 1967; Clayton et al., 
1972). 

In the case of hydrogen isotopes these ty|;)es tif 
differential exchange efTects are not so olivious. 
However, there does .seem lo lie a tendency for 
the hornblendes in the low-ID rocks lo have con
sistently lower SD values thtin coexisting biotites, 
whereas in the "normal" igneous rocks (hcse two 
minerals have very similar 5D values. If it could 
be shown in the laboratory that hornblende under
goes D/H exchange with hot M-.O more easib' 
than docs biotite, the data in Figure 10 could be 
interpreted as indicating lhat at least .some of 
tlie D/H exchange in (he natural samples occtirretl 
after crystallization of the l.iiotite and hornl.ilcnde. 

Supergene Alteration 

In this paper, the isotopic elTects accomp.itiyint; 
supergene oie formation will be discussed before 
taking up hypogene ore deposition. 'This is done 
because in supergene ore deposits there is no 
question concerning the origin of tlte ore-forming 
solutions (namely meteoric surface waters) or (he 
approximate temperature of ore deposition (25° (o 
60°C). We shall show tlt;it, given favorable cir
cumstances, stable isotope technic|ues can cle:irly 
distinguish between supergene and hypogene min
eral assemlilagcs. 

Let us first consider the isotopic data that have 
been obtained on certain other materials formed 
at surface lempertituies. In h'igiire 12 we show 
the variations iu 6'"0 ;ind SD vtilties of |.)resent-d;i>' 
soils fornied on igneous parent rocks from various 
parts of the United States (Lawrence and Taylor, 
1971). .Soils in the more northerly regions are 
depleted in I.10II1 '''O and deuterium and (here is 
a clear parallelism with the isotopic vari.'iiions in 
coexisting meteoric waters. Note that the clay-
rich soils all plot very clo.se lo a ciir\'e labeletl 

http://clo.se
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FIG. 12. Plot of JD versus i " 0 for clay minerals and hydroxides from modern soils furnu-d on igneous parent rocks in 
the United States, after [..awrcncc and Taylor (1971). l l i e 6'*0 values are only approximate because they are calculated 
from the bulk soil analyses by subtracting out the isotopic contribution due lo parent-rock minerals. .Also shown is the 
kaolinite line of Savin and Epstein (1970a) and some typical meleoric waters from various regions. Most of the meteoric 
waters shown were analyzed only for SD or 5"0, not l>oih; they arc. however, plotted on the meteoric water line. 

"kaolinite l ine ;" this represents the locus of iso
topic da t a points obtained in pure kaolinites from 
weathering zones (Savin and Epstein, 1970a). 
The lat ter da ta , together with Figure 12 and the 
da ta of Law-rence and Taylor (1972), imply thai 
kaolinites and montmoril lonites formed during 
weathering are in approxinuite isotopic equilibrium 
with their coexisting meteoric waters and tha t 
the fractionation factors are such tha t these clays 
are ~ 2 7 per mil enriched in ' "0 and ~ 3 0 per mil 
depleted in deuter ium relalive to the water from 
which they forined. Note on Figure 12 t ha t soils 
rich in hydroxide minerals (e.g., gibbsite) plot to 
the left of the clay-rich soils; this is presumably 
because the gibbsi te-HiO isotopic fractionation 
factors dilTer appreciably from tho.se for kaolinite 
and montmoril lonite (Figs. 2 and 4). 

In the light of the above relationsliips we should 
also expect supergene clay minerals to plot in the 
vicinity of the "kaolinite line" if (hey form in 
equilibrium with meteoric IL.O a t earth-surface 
temperatures . Sheppard el al. (1969) showed this 
to be the case, if allowance is made for the ftict 
tha t temperatures of superjjene deposition may 

range \\\i to 50° to 6()°C liccausc of the large 
a m o u n t of heat produced by oxidation of pyrile 
dur ing the production (.if the acid supergene solu
tions. All of the presently availalile isotopic 
analyses of clay minerals from ore df.'posils arc 
plotted on Figure 13 and, li.ised on geologic rela
tions, the proliable su|>ergene clays are distin
guished by a different symbol from the hypogene 
clays. i\'otc tha t all of tliCse supergene clays 
either plot on the "kaolini te l ine" or slightly to 
die left of i t ; this shift to tlte left is readily ex
plained by slightly higher temperatures of forma
tion tlnin are involved in surface weathering. 

Not only do the isolopic coiii|)Osiliotis of (he 
clays of appa ren t supergene origin correlate with 
the meteoric water rel.'itionship, li' •'"• probable 
hypogene clays do also. I 'his is '""'i 
meteoric water was present and 
nan t in the hypogenc-hydrothe-
sponsible for argillic al terat ien. 
of the D.'ll and '•'()/'"() range 
suiiergeiie clays are clearly S' 
hyjiogenc clays. Therefore, wc 
oxygeii and hytlrogen tht (a lo 

- a.. n 'he 
;t)intcd, 
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TRI4NGLES- MONTMORILLONITE-RICH CIRCLES • KaOLINIlElDlCKITEI-BICH 
• , i = SUPERGENE CLftY o . i - HYPOGENE CLAY 
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FIG. 13. Plot of 5D versus 5"0 for hypogene and super
gene clay minerals from various ore deposits, modified after 
figure 5 of Sheppard et al. (1969), with the deletion of the 
halloysite data and addition of new data from Silver Bell, . 
Arizona (Lawrence, 1970); the .Alamosa River stock, Colorado 
(Taylor, 1974); and Climax, Colorado (Hall et al., 1973). 
MP = Mineral Park, M = Morenci, li = Bethlehem, CP 
= Cerrodc Pasco, SB = Sulphur Bank, BC = Bond Creek, 
SG = St. George. 

supergene and hypogene clay minerals. In theory 
this should also be possible for any other O- and 
H-bearing supergene mineral as well. 

In favorable regions, such as at the -Santa Rita 
deposit in southern New Mexico, 5''0 data alone 
might possibly be used to distinguish between 
supergene and hypogene clays; in general, how
ever, both types of analyses must be carried out. 
The clay data at Santa Rita are shown in Figure 14, 
modified after Sheppard et al. (1969). Note the 
clear relationship between depth and isotopic com
position (particularly 5"0 value). Essentially all 
of the deeper samples (below 5,000 ft. elevation) 
have S'^0 = 6.4 to 14.9 and 6D = - 6 2 to - 7 1 , 
whereas the shallow samples have 5"0 = 14.5 to 
18.9 and 5D = - 7 1 to - 8 8 . On a 5D-5'»0 
diagram, such as Figure 13, there is a clear-cut 
gap between the shallow supergene samples at 
Santa Rita and the deep hypogene samples. 

Most of the supergene clay samples shown in 
Figure 13 are mid- to late Tertiary in age, based 
on geological relationships at the various deposils 
(sec table 2, Sheppard et al., 1969). In general, 
most of these clays appear not to be in equilibrium 
with present-day ground waters. Instead, their 
high-5D values seem to reflect a wtirmcr, more 
temperate environment. The same type of 
climatic distinction can be inferred from some 
kaolinites formed during Tertitiry surface weather
ing in the western United States (Lawrence, 1970). 
If one calculated the i.sotopic compositions of the 
meteoric waters in equilibrium w-idi these vtirious 
low-tem peril ture clay deposits, one obtains a map 

such as that in Figtire 6, but with the SD con
tours shifted about 10 to 20 per mil higher (luiii 
the present-day contours (also .see Fig. 32 l.ielow). 

The data on Tertiary supergene and weathering 
clays are iinportant in that they demonstrate that 
none of these very fine-grained ancient chiys have 
completely equilibrated with present-day ground 
waters, even though they have been exposed to 
such waters for hundreds of thousands of >'ears. 
The problem of preservation of isotopic ratios 
(particularly D/H) in such fine-gr;tiiicd minerals 
is a very critical one, if isotojjic analyses of such 
minerals are to be used in interpreting hydro-
thermal alteration processes. Although we c;j.nnol 
at present rule out the possiliility of isotopic. ex
change at tcmiieratures of 100° to 150°C or higher, 
there are a variety of lines of evidence which 
indiciite that low-temperature exchange is very 
slow, even for hydrogen isotopes. This statement 
needs to be qualified somewliat for montmoril
lonite, because Lawrence and 'Taylor (1972) showed 
that clity minerals containing intcrlayer water were 
more susceptible to siti:h cxclutnge elTects than 
minerals like kaolinite. In addition, they slto\\ed 
that the mineral halloysite, in which the hydroxyls 
are directly in contact with etisily removable 
interlayer water, does not |;)reservc its D/l l ralio 
for more than a few days; all hydrogen isotope 
analyses of halloysite are meaningless as a method 
for interpreting the conditions of its formation. 
Furthermore, Wenner ;ind Taylor (1974) demon
strated that antigorite serpentine, a very fine
grained hydrous silicate with a crystal slruciiire 
somewhat analogous to many of the clay minerals, 
seems to preserve its original S'̂ O and 51.) values 
extraordinarily well during subsequent low-lem
perature geologic events. 

Note that if any of t:he hypogene clays slio\\'n 
on Figure 13 had exchanged appreciably with low-
temperature ground waters, the data points would 
all have moved to the right and downward and 
all should now plot in the vicinity of the kaoliiii(:e 
line. Even the montmorilloiiiles do not do (his 
to a significant degree, although (hey tki plot 
closer to the kaolinite line than do tlie kaolinites 
and dickites. They thus may have suffered some 
partial Lsotoiiic exchange. 

Interactions between Meteoric Ground Waters 
and Igneous Intrusions 

In recent yetirs it has liecome well established 
by means of oxygen and hydrogen isolo|)e analyses 
that ccrt.iin epizontil igneous intrusions ha\c iiiler-
Jtcted on a very large scale with meteoric groiintl 
waters. In ftivorable terranes, namely in highly 
joinied, |)erineal>le, fltit-lying volcutic I'ocks, lliesc 
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I'iG. 14. iModification of figure 1 of Sheppard ct al. (1969) 
showing 6"0 and 6D (parentheses) analyses of clay minerals 
along two vertical sections through the mineralized porphyry 
stock a t Santa Rita, .New Mexico. Tho upper section .A-B-C 
trends roughly N-S along the E edge of the stock, l l i e lower 
section B-D Irends E-W through the center of the slock. Type I: 
deepest clays from beneath the chalcocite base, whicii represents 
the bottommost occurrence of trace amounts of supergene chal
cocite. Type 11: intermediate-depth clays from between the 
actual chalcocite base and the apparent chalcocite base, which is 
the lowermost occurrence of obvious chalcocite in hand specimen. 
Type 111: shallowest clays from above the apparent chalcocite 
base. 

intrusions ac t as gigantic "hea t engines" tha t 
provide the energy necessary to promote a long-
lived convective circulation of any mobile H-iO in 
the country rocks surrounding the igneous body. 
These systems may represent the "fossil" equiva
lents of the deep portions of modern geothermal 
water systems such as occur a t Wairakei , New 
Zealand; S t eamboa t Springs, N e v a d a ; and Yellow
stone Park, Wyominti: (e.g., Banwell, 1961 ; White , 
1968). 

The interaction and t ranspor t of large amoun t s 
of meteoric ground whalers or ocean waters through 
hot igneous rocks produce a depletion of " 0 in 
the igneous rocks and a corresponding " 0 en
r ichment or " " 0 - s h i f t " in the water. For tuna te ly , 
pr imary unaltered igneous rocks throughout the 
world display a relatively nai-row range of S'̂ 'O, 
typically only + 5 . 5 to + 1 0 . 0 (Fig. 11). This 
provides a da tum whereby we can discern lhe 
effects of any processes t ha t drastically affect the 
5 " 0 value of an igneous rock. I t is also for tunate 
t ha t the only other commonly occurring natural 
process tha t is known to produce "0-dep le t ions 
in igneous rocks is s t rong decarbonat ion and loss 
of CO} from carbonate-bear ing rocks. How-ever, 
there do exist a few low-^*0 eclogites (Vogel and 
Garlick, 1970; Garlick ct al., 1971) whose origin 
is not ye t understood (Fig. 11). In any case. 

inasmuch as the deuter ium contenis of meteoric 
ground w--aters are always lower than ocetin water, 
and in many cases are lower diaii the pr imary 
magmat ic waters in igneous rocks, detailed geo
logic observat ions combined with '• ' '0/"'0 and l.')/H 
analyses usually allow a clear-cut decision lo be 
made between the possiliilities mentioned tibove. 

Low-'*0 igneous rocks produced by interaction 
with meteoric ground waters have now lieen ob
served in the Skaergtiard intrusion; in (he Stony 
Mounta in ring-dike complex and San Juan vol
canic field of Colo iado; in the Scottish Hebrides; 
in Iceland; in the weslern Ca.scades; in the .Ag-.Au 
deposils a t Tonopah , Goldfield, and the Comstock 
Lode, Nevada ; in Hodie, California; and in por
tions of the Boulder batholi th and the soudiern 
California batholi th (Taylor and Epstein, 1963, 
1968; 'Taylor, 1968, 1971, 1973, 1974; Taylor and 
Forester, 1971, 1973; Forester and Taylor, 1972; 
Sheppard and 'Tavlor, 1974; Muehlenbachs et al., 
1972; O'Neil e t al., 1973). Sbme of these 5"*0 
and SD da t a are shown in Figures 10 and 11, for 
comparison w-ith the " n o r m a l " isotopic values from 
igneoits rocks. 
, T h e igneous complexes that are abnormally low-
in ' "0 characterist ically display the following geo
logical, petrological, and isotopic features. (I) l l i e 
intrusions are emplaeed into young, highly jointed. 
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FIC. IS. Generalized geologic map of western Scotland, 
showing the islands of the Inner Hebrides, and the general
ized outer boundaries of low-"0 igneous rocks at three 
Tertiary volcanic centers (after Taylor, 1968; Taylor and 
Forester, 1971). All of the rocks within the heavy oval 
lines have been depleted in " 0 by 1 to 15 per mil, with an 
average whole-rock S"0 value of about -fO.S at Skyc, -j-2.0 
at Ardnamurchan, and — 1.0 at Mull. 

volcanic rocks tha t are very permeable to ground
water niovement. (2) I n a given rock, the feld
spars are commonly depicted in ' "0 to a greater 
degree than the other coexisting minerals and the 
feldspars very commonly show a "c louding" or 
turbidi ty (particularly the alkali feldspars). (3) 
T h e pr imary igneous pyroxenes aud olivines are 
usually partially altered to tiralitic amphibole, 
chlorite, Fe-Ti oxides, a n d / o r epidote ; locally, this 
process has gone to completion and only psetido-
morphs of the pr imary igneous minerals remain. 
(4) Granophyr ic (micrographic) in tergrowths of 
turbid alkali feldspar and quar tz are ubic|tiitotis. 
(5) Miarolitic cavities arc locally present in the 
intrusives and veins filled with quar tz , alkali feld
spar, epidote, chlorite, or sulfides are very common 
in both the intrusives and the surrounding ctiunlry 
rocks. (6) 'The OH-bear ing minerals invariably 
have abnormal ly low 5D values relative to "nor
m a l " igneous rocks (Fig. 10). 

In certain cases, the characterist ic petrogrtiphic 
features outlined above are minor or totally absent 
(e.g., fresh unaltered olivine). This usually in
dicates tha t the hydrolhermal tilteration occurred 

a t very high tempera tures a n d / o r tha t che minerals 
crystallized directly from low-'-'O magmas. These 
low--"0 magmas are themselves prob.tl.ily produced 
by some process of exchange wilh meleoric w;i(ers, 
a l though as will be discussed below, this does not 
simply involve direct interaction with the meteoric 
waters . 

In the following discussion wc shall review the 
various occurrences of low-'^O igneous rocks and 
describe in tnore detail the basic processes involved. 
I t is i inpor tant to grasp how-- widespread these 
effects are, as w-ell as to unders tand the hirge 
scale a t which they o|ierate. I 'hese meleoric-
hydrothermal phenomena involve truly enormous 
amoun t s of surface waters and are responsible for 
the hydrothermal al terat ion of very large volumes 
of rocks. 

Scottish Jfcbrifles 

T h e evidence for inlertiction belween meteoric 
ground waters and epizonal igneous intrusions was 
first discovered a t the Skaergaard intrusion (Taylor 
and Epstein, 1963), b u t its enormous scale and 
pervasive eflect w-ere first recognized in (he Ter
tiary volcanic centers of Skye, Mull, and Ardna
murchan in western Scotland ('Taylor, 1968). 
Later work by Taylor and Forester (1971) estab
lished the extent of the " 0 efTects arotind each 
intrusive complex (Fig. 15). Wiihin the bound
aries outlined on Figure 15, essentially all the 
rocks have been depleted in '•''0, some by as much 
as 13 per mil. The average '•''0 depletion is aboul 
6 to 7 per mil a t both Skye ( ~ 1 5 0 sq. mi.) ;iud 
Mull ( ~ 1 5 0 sq. mi.), titit only abou t 4 |)er mil 
a t Ardiuunttrchan ( ~ 3 0 sq. mi.). T h e effects are 
smaller ;it Ardnamurchan because it is a .smaller 
center, littt tilso probably liecaiise the country 
rocks there tire largely Precambrian baseineiit 
rocks; such rocks are less permeable than the 
overlying highly jointed lavas. The only Helirides 
intrusion tha t shows no appreciable ' "0 depletion 
is the I.^einn an Dtibhaich graniie a t Skye ; this 
is one of the youngest intrusions and it also w:is 
emplaeed into Cambr ian dolomite ra ther than into 
plateau lavas. 

Etich of the centers shown on I'igtire 15 repre
sents ;i complex history of ring-dike iiitrtisii.Mi, 
caldera collapse, and exi)losi\e volctinic act ivi ty. 
In generttl, the oldest ring dikes have stilTered the 
most '^0 depletion, presumably because they ha^'e 
been alTected by several overlapping meteoric-
hydrothernial convection systems, h^ach new in
trusion ticts as a septirate "hea l engine" (lia( c.iii 
provide tlte energy (o keep the coiivecdx-e rirciil.'i-
(ion going. 
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Taylor and Forester (1971) showed that the Pb 
and Sr isotope relationships at Skye have probably 
been markedly disturbed by the meteoric-hydro-
thermal activity. The hydrothermal processes 
have apparently been responsible for some of the 
systematics in the Pb and Sr isotope patterns 
attributed by Moorbath and Bell (1965) artd 
Moorbath and Welke (1969) to primary nnigmatic 
variations. 

From die 5D values obtained for sonic of these 
rocks (Taylor and Epstein, 1968), we can estimate 
that the 5D values of the early Tertiary meteoric 
waters in this region were about —85 and thus 
that the initial 5'^0 values of the H-jO were about 
— 11 to —12. In spite of the abundance of 
meteoric-hydrothermal solutions in these volcanic 
centers, no ore deposits have been found; either 
they never existed or they have been eroded away. 

Skaergaard intrusion 

Tlie oxygen and hydrogen Lsotope studies of the 
Skaergaard intrusion by Taylor and Epstein (1963, 
1968), Taylor (1968), and Taylor and Forester 
(1973) provide some insight into the mechanism 
of interaction between cii-cttlating ground w-aters 
and igneous intrusions, mainly because this is a 
beautifully layered intrusion that has a simple 
geometrical shape and has been intensively in
vestigated by many mineralogists and geochemists 
since the pioneering work of Wager and Deer 
(1939). Also, it is relatively young (Eocene) and 
is favorably situated in northerly latitudes w-here 
the meteoric ground wtiters are quite low in 
deuterium. In addition, this intrusion cuts acro.ss 
a profound unconformity in the country rocks, 
wherein highly jointed plateau basalts are lying 
on a Precambrian gneissic basement (see Figs. 17 
and 18). Thus, the upper part of the intrusion 
is emplaeed against rocks which can be expected 
to be highly permeable to ground-water move
ment, whereas the country rocks surrounding the 
lower part of the intrusion should be relatively 
impermeable. At the time of emplacement, the 
depth from the surface to the unconformity is 
estimated to have been about 5 km (Wager and 
Deer, 1939). 

Some of the " 0 / " 0 data obtained by Taylor 
and Forester (1973) are plotted on Figure 16, 
which shows four traverses across the contact, one 
low in the intrusion starting in gneiss, another at 
the iniconforniity, and two others somewh.it higher 
up in the intrusion where the country rocks are 
plateau basalts. The isotopic differences among 
the various traverses are readily apparent. Most 
of the '^0 analyses were done on phigioclase 
because, of the minerals in these rocks, plagioclase 
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F I C . 16. Graph showing how the {"'O vaiucs of plagio
clase (dark circles) and whole-rock samples (crosses) vary 
along three tnivcr.ses across the western coni.ict of the 
Skaergaard intrusion and one traverse across the i^outhern 
contact (after Taylor and Forester, 1973). 

is the one that is known to be the most stisce|3tible 
to oxygen isotope exchange with hydrolhential 
fluids. Figure 16 exhibits three main jioints: 
(1) 'The 5"0 vari.ttioits arc ver}-- chaotic .iiifl coiii-
inoiily change abruptly across a short horizonttil 
distance, particularly within the border zones of 
the higher traverses. (2) There is a systema lic 
tendency for the samples to be more dcjiletetl in 
'•'O in the higher trtiverscs, particularly right at 
the margins of the intrusion. (3) 'The plagioclase 
of the lowermost traverse (against gneis-s) h.is 
essentially a "norinal" igneous Ŝ '̂ O value « + 6 
throughout. 

Figtire 17 is a map of the Skaeigaard inlrusion 
showing S'̂ O contours of plagioclase throughotit 
the intrusion, as w--ell ;is ;i few 5""0 and SD vtilues 
of the country rocks. Note that the rocks were 
tilted about 25° to 30° to the south after intrusion 
and crystallization. The (5"'0 contours cut directly 
across the primary igneous layering in the intru
sion .-ind in the nortlnrcst part of the bod\' all 
(he 5"0 delerminaiions have "noriiiar' igneous 
values ( ~ + 6). The 5"0 = + 6 contour, in fact, 
clo.sely follows the trace of the l.itisalI-gneiss un
conformity jjrojecled lhrough the intrusion. 'The 
plagioclase samples stratigraphically above this 

1 ^ 
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FiC. 17. Generalized geologic ma|) of the Skaergaard intrusion, east Greenland 
. (after Wager and Deer, 1939), showing 5"0 contours of plagioclase throughout the 

intrusion. The 5"0 values in the country rocks are cither on whole-rock samples or 
on quartz (Q), alkali felds|)ar (F), and chlorile (C). Tlie JD vahies (rectangular 
boxes) arc on chlorite (C), stilpnoniclane (S), tremolite (T). or bioiite (B). ' the 
isotopic data are from Taylor and I'orester (1973). The thick black lines trending 
N-.S on the west side of the intrusion indicate a red alleration zone along a major 
vertical fracture svsteni in the gneiss. 1./, = Lower Zone, M'/ = Middle Zone, ll/.ali 
= Upper Zone, UZc = Uppermost /.one, of the layered series. UHG = Upper Border 
Gron|). 

518O = + 6 contour h.-ive all been depleted in '"(.) (o 
varying degrees and the S'̂ O vtilues in geuei-al 
tend to become steadily lower as one' moves 
stratigraphically upward (south) through the 
intrusion. 

All of the aliove features ;ire exactly what one 
would expect if hot meteoric H2O gained access 
to the Skaergaard intrusion mainly througii the 
permeable basalts. This is shown schematictilly 
in Figure 18. The ground waters in the plateau 
ba.salts are heated at die margins of the intrusion. 
Because of lowered density, they start to rise. 
A hydrothermal convective circulation system is 
set up and, after the border zone of (he gtil.ibro 
magma solidifies and fractures, the hot H.,0 pene
trates into and exchanges with the intrusion. Tlic 

convective circulation is driven by cooler waler 
that flows rttditilly in towtird the heat source under 
hydrostatic presstire. At the presumed depth of 
the uncoil form il;y, a column of water would exert 
a pressure of tiboiit 500 bars, wheretis (he lidio-
static pressure in the still-lic|uid core of (he in
trusion would be about 1.5 kbars. The circuhitiiig 
ground waters do not significantly affect (he lower 
part of the intrusion becatise the gneissic bti.scmeiit 
is relatively iin|iermeal)le; ;iny I-LO that j^enctrales 
from the btisalts into the fraciured, solid inii-iision 
will be heated and must rise. 

A post-Skaerga;ird, major, e.ist-west, vfrii(;il 
dike swarm cuts the |)laleaii basalts south of the 
.Skaergaard intrusion. In some aretis, the out
crops are 90 to 95 percent dikes witli only iiiiiior 
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FIG. 18. Schematic geologic cross section of the Skaergaard intrusion, showing the 
metcorlc-hydrothcnnal circulation pattern in the plateau lavas above the granite-
gneiss basement. Only minor amounts of meteoric-hydrothcrmal lljO penetrated the 
gneissic basement along fractures. 

screens of basaltic country rock. All of the rocks 
(dikes plus basalts) are hydrothermally altered 
and depleted in " 0 , with 5-values of 0 to —2. 
This shows that sheet-like intrusions can also set 
up convective circulation systems if they are 
closely spaced, abundant, and intruded over a short 
time interval. 

A question of great interest in these types of 
0 studies is whether or not any considerable amount 

of meteoric H2O is able to diffuse directly into 
the liquid magma, because this is at least one of 
the plausible ways in which the rare low-"0 
magmas might be produced (see below), in the 
case of the .Skaergaard intrusion, this can be 
answered definitively in the negative because of 
the following relationships. (1) Flxcept in the 
"normal" northwest corner of the intrusion, the 
plagiociase-pyroxene ""O fractionations ;irc either 
abnormally small or negative; in olher words, 
plagioclase vvas differentially depleted in '•''0 rela
tive to the pyroxene, indicaling that essentially 
all of the ''0-depletion in the pl;igiocl;t.se occurred 
after the layered cumulates were formed. (2) 
Blocks of coarse-grained UBG gabbro in the l..ower 

Zone of the Skaergaard intrusion contain ati-
normally "0-depleted plagioclase, whereas the 
cumulates in which they are embedded contain 
"normal" plagioclase with ^''O > + 6 . 'This is 
interpreted to mean that die hydrothermal con
vective circuladon was operating early in i.Iie 
history of the intrusion and that these blocks of 
Upper Border Group material exchanged with the 
low-i^O waters before they broke ofi' ,'ind fell to 
the bottom of the magma chamber. (3) Even 
though all the rocks in the upper parts of (he 
Skaergaard intrusion are depleted in '•''O, the 
greatest " 0 depletions are found in alteration 
zones along joints and fractures. 

Huts, even though a meleoric-hj-drodiermal 
convection system vvas apparently estalilishcd soon 
tifter emplacement of the Skaergaard inlrusion, 
these solutions produced litde if any " 0 depletion 
of the liqtiid mtigina throughout practically the 
entire period of crystallization, which must have 
lasted thoii.sands of years. It is, in fact, difiicult 
to envisage how large qitanddes of 11.̂ 0 coiiUl 
migrate into the magma from an es.sent'ialiy hy
drostatic fissure systeni in the country rocks. 'The 
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FIG. 19. Generalized geologic map of the western San 
Juan Mountains, Colorado, after Luedke and Burbank (1968), 
showing some i " 0 and SD vaiucs (Taylor, 1974) of volcanic 
country rocks (italic numbers) and intrusive igneous rocks. 
Stippled pattern = intrusive stocks; diagonal pattern = sedi
mentary rocks; blank pattern = volcanic rocks, l l i c Stony 
Mountain stock (Fig. 20) is located 4 miles NE of Telluride. 

magma must be under a l i thostatic pressure t h a t 
is a factor of 2.5 to 3 higher than the hydrosta t ic 
pressure in the fisstte systein. The fractures which 
provide the major condui ts for IbjO circulalion 
outside the intrusion obviously cannot be present 
in the immediate con tac t zone a t the edge of the 
magnia body ; otherwise they would be forcibly 
filled with magma. Thei-efore, if H2O is to gain 
access directly to the niagma, it must be by grain-
boundary diffusion up a thermal gradient through 
the hot contact zone and into the magma. Once 
the H-jO is inside the magma chamber , convective 
circulation of the silicate melt can aid the dif
fusion process in dis t r ibut ing this H-̂ O through 
the interior of the magma body. Nonetheless, 
such dilfusion is likely to be a relatively slow 
process, even given the fact tha t the Skaergatird 
magma was initially undersa tura ted with respect 
to H.,0. 

T h e difficulties outlined above are compoiindetl 
by the fact tha t as far as ' ' '0 elTects arc concerned, 
very large amounts of bLiO are required to produce 
any significant 5 " 0 low-ering of the magma. First 
of all, any H2O finally able to diffuse into the 
magma would probably have already undergone 
a significant " O shift to much higher 5 " 0 values 
than those characterist ic of the cool ground waters 
in the surrounding terrane. In the case of the 
Skaergaard intrusion, it would be remarkable if 
such H2O had a 5 ' ' 0 much lower tlnui —5 ;it tlie 
t ime of influx into the silictile mell. T'o produce 
even a modest 6'^0 lowering of a magma from a 
" n o r m a l " value of a b o u t + 6 lo a value of + 4 

with such HoO would lequire a water / rock rat io 
of abou t 0.25. This is equivalent to abou t 15 wt 
percent IbjO tiiid is f;ir inoi-e hLO (han c;in be 
dissolved in a basaltic niagma a t such shallow 
dep ths in the ear th ' s crust , thereby implying that 
most of this H2O would have (o diffuse or bublilc 
(hrotigh the magma chaml.ier .uni then out :igain! 

It is tlierefore doiilitftil (li;tt direct itilliix of 
low-"'0 meteoric H2O into a magma chamber can 
by itself account for more (han abou t a one per 
mil lowering of the 5'*0 of ;i lar.ge iiuigma body. 
Taken together with the fact tha t we see no 

evidence whatsoever of such ' "0 depletion in the 
main Skaergaard magina, this iiide|)cndeiidy argues 
t ha t essentially all of the very large ' "0 depletion 
(i.e., S'̂ O < 0) in igneous rocks occur afler so-
lidifictition, when the rocks are coherent enough 
to fracture. This may, howcv-er, not apply to 
the thin sheets of granojihyric melt forined during 
the very latest stages of crysttillizaiioii of the 
Skaergaard m a g m a ; these sheets have ;i high 
surface-to-volume rat io and therefore such sinall 
magina bodies are more susceptible to external 
exchange. 

Sati Juan- Mottntiiins, Colanitln 

Western Sun Jmin Mouitliiins: The isotopic com
positions of samples from the Ter t ia ry volca 11 ic-
inlrusive terrane of the weslern .San Jti;in iMoiiii-
tains ai'C very depleted in both ' ' '0 ami deuteriiiin 
relative to " n o r m a l " igneous rocks (Fig. 19). 
This is part icularly t rue of samples collected in 
the deejjly eroded Animas River Canyon tiloiig 
the eastern ring fracture of the -Silverton c.-ilderii, 
wheie the average 5 " 0 value is —5 per mil. This 
represents a depletion in "''0 of 10 to 12 per mil 
dur ing excliange with heated meteoric grotiiul 
waters. 

These meteoric-hydrothermal solutions were not 
totally pervasive throughout (he ttrea sliouit in 
Figtire 19, however. A sample from the center of 
the large quar tz monzOnite slock jus t southwest 
of .Silverton is only ttboiit 2 per mil lower (h:in 
" n o r m a l " for a quar tz monzonile tiiid its quar tz-
alkali feldspar '^0 fractionation of 2.2 per mil is 
jus t 0.5 to LO per mil larger llian "no rma l . " 
Thus , only ininor quant i t ies of meteoric-liydro-
thermal solutions penetrated into the center of 
this stock. Nonetheless, such amoun t s of H-̂ O 
are more than enough to have overwhelmed the 
sinall tnnounts of primary iiKigmiilic vvater thai 
may have lieen originally present in the bioti te, 
as shown liy its very low 51) value (—145). 

In addit ion to the tiliove example, which is a 
large stock einplaced along the boundary between 
die permeable volcanic terrane and a Paleozoic 



A P P L I C A T I O N O F OXYGEN A N D H Y D R O G E N I S O T O P E S T U D I E S 865 

14,000-

npoo-

TERTIARY LAND SURFACE? / 

-4200 

•4000 OC 
UJ 
I -
tlJ 

2 

- 3 8 0 0 

UJ 

-3600 UJ 

•3400 

•3200 

FlG. 20. Generalized ge'ologic section through the Stony Mounlain ring-dike complex, Colorado (.sec Fig. 1'.'), showing 
4 " 0 values of whole-rock samples and approximate 6"0 contours at — 1 , 1-1, - f3 , and -FS (after Forester and I'aylor, 1972). 
The cross-hatched pattern represents gabbro, coarse stipple = outer diorite, fine stipple =• monzonite, blank core = inner 
diorite, wavy pattern = late rhyolite, SJT = San Juan tulT, PF = Picayune formation, GPT = Gilpin Peak lufT, wavy 
lines = veins, and rectangular bars •=• dikes. 

sedimentary-rock section, certain other igneous 
rocks from the San Juan A'lountains (including a 
stock west of Ophir shown in Fig. 19) also show 
little or no " 0 depletion (see Taylor, 1974). All 
of these represent intrusions into the sedimentary-
rock section, w-hich apparently was much less 
permeable to ground-water flow than was the 
volcanic section. Of such samples, only a single 
propylitically altered specimen collected at an in
trusive contact near the boundary between the 
volcanic rocks and the sedinientary rocks show any 
clear-cut " 0 depletion (fi'̂ O = -j-L8, left side of 
Fig. 19). 

Ston-y Mounlain ring-tlike complex: A detailed 
study of one of the western San Juan intrusive 
centers, emplaeed wholly into the volcanic-rock 
section at Stony Mountain, six miles southwest of 
Ouray, was made by Forester and 'Taylor (1972). 
As shown in Figure 20, significant S'̂ O variations 
were produced during the interaction of healed 
meteoric ground waters with this composite stock, 
which is very well exposed over a vertical eleva
tion of more than 2,000 feet. Allhough the bulk 
of the S'̂ O variations in the .Stony Mountain 
complex are clearly due lo exchange betweeii 

heated meteoric ground waters and solidified ig
neous rocks, Forester tiiid Taylor (1972) concluded 
that a low-'^O magma must have formed the inner 
diorite that forms the core of the ring-dike complex. 

'The 5''''0 values of all the whole-rock samples 
at St;ony Mountain were projected onto the cross 
section of Figtire 20, assuming cylindrical synt-
inetry in the vicinity of the main ring complex. 
I'or example, a gabbro sample located halfway 
betweeii the outer and central diorites would be 
rotated into the plane of the cross section and be 
plotted halfway between the two diorites but :it 
its proper elevation. 

The most pertinent features of the data shown 
in Figure 20 are the following. (1) The rocks 
most highly depleted in '"0 ;tre the volcanic rocks 
near the intrusive contacts. (2) 'The central dio
rite intrusion has a unique low-6''''0 value, less 
than 3 per mil, much lower than the gabbro wliich 
completely encloses it. (3) The finer grained rocks 
are generally depleted in " 0 with respect to the 
coarser grained rocks (Fig. 21). (4) 'The most iii-
ten.sely hydrothermally altered rocks lend to have 
the lowest Ŝ Ô values; the outer diorite shows 
(he largest v;iri;ition observed in any single rock 

i ^ 
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FIG. 21. Plot of average 'HD depletion in various types 
of tho Stony Mountain complex versus average grain size in 
these rock types (after Forester and Taylor, 1972). 

unit, from 5 = —1.1 to +5.8 . The latter sample 
contains exceedingly fresh phenocrysts and ground-
mass, whereas the low-"0 sample is 60 to 70 
percent altered to a propylitic asseinblance. (5) 
Quartz typically has 5"0 = + 6 to + 8 and is 
more resistant to exchange than any other mineral 
studied ; the Aquart.-foidapar value of 9.4 in a rhyolite 
is larger than that observed in any other rock 
yet analyzed, except for a granite from Skye 
(Taylor, 1968), indicating that during hydro-
thermal exchange the feldspar in the rhyolite was 
depleted in ' ' 0 by at least 8 per inil while the 
quartz was virtually unaffected. The '*0/ '"0 data 
on coexisting minerals in the Stony Mountain 
area and similar localities suggest that, odier 
things being equal, the order of increasing resist
ance of " 0 exchange in such environments is alkali 
feldspar-plagioclase-pyroxene-biotite-magneti te-
quartz. (6) The San Juan tufT, although having 
the same general grain size as the overlying vol
canic units, has an appreciably lower average S'̂ O, 
suggesting that it might be the principal aquifer 
and route of influx for the circulating meteoric 
ground waters. 

A niajor question is why does the central diorite 
intrusion have such a uniformly low-5''0 value? 
There is no ready way to explain how the Iow-'*0 
aqueous fluids were able to travel through the 
gabbro and outer diorite shells and only exchiinge 
appreciably with the central diorite core. Also, 
the central diorite is relatively fresh and un
altered; its primary igneous texture, a pronounced 
"trachytic" flow-foliation, is perfectly preserved. 

Forester and 'Taylor (1972) therefore concluded 
that the inner diorite was in fact emplaeed as a 
low-"0 magma. This could have come about 
through some process of niixing and exchange 

between meteoric Tl-.O and a silicate melt in ;i 
deeper magma chamber. If the original H-jO had 
a S'̂ O ~ —14 (a reasonable value based on (he 
51!!) analyses and the meteoric water equittitJiis) 
and the initial diorite magma had ;i 5'^0 = +7.5 , 
it would require mixing or exchanging an amount 
of HaO equal to about 15 wt percent of the silicate 
melt. Obviously, the melt could not coiiltiin litis 
much H-.O at any one time, so the meteoric waler 
would either have had to diffuse from the coiinlry 
rocks into and then out of the melt, or it would 
have had to bubble through the melt, assumiiig 
the magma was saturated with Tl^O. Because of 
prior exchange with the country rocks, the H-..0 
entering the magma would almost surely have had 
a higher 5"0 than —14; thus much more ILO is 
required than is shown by this example. 

Other, perhaps tnore plausible, ways in whicii 
such low-'K) magmas might be produced are: 
(1) by direct melting of w--ater-rich country rocks 
above a magina chainber—rocks that had already 
been hydrothennally altered :tiid strongly de|)leied 
in " 0 by the meteoric-hydrothermal circulation 
system found al.iove the intrusive l.iody; (2) by 
large-scale assimilation and tlissolution of such 
low-"0 rocks directly into the niagma; (3) by 
sinking of low-"0 xenoliths througii the inagm.i 
chamber—bectiuse the TLiO in the abundant hy
drous minerals would certainty be driven off into 
l;he magma; also, in hydrous magmas such xeno
liths rapidly exchange ' ' 0 with their host magma 
(Shieh and 'Taylor, 1969b), even though they may 
show no evidence of dissolution liy the silicate 
melt; and finally (4) by direct exchange between 
the liquid magma and "0-depleted country rock 
;it the edge of the magma chamber or along a 
fissure through which the magnia penetrates. 

Direct melting of hydrothermally altered roof-
rocks above a magma chamber emplaeed into a 
thick volcanic pile would be favored by the huge 
amounts of circulating H-jO present in such an 
environment. If these melted rocks at the top of 
the chamber remain separate from the underlying 
magnia (because of lower density or low mixing 
rates), such melts conceivably could have 5''̂ 0 
values as low as any of the hydrothermally ;iltered 
rocks from which they formed. I lowever, if any of 
the assimilation mechanisms are solely involved, 
one would not expect such extreme '•''0 depletions in 
the magmas. It is of interest that in Iceland, 
where the clearest evidence of low-"0 inagmaa litis 
been found, none of the niagmas have 5'"0 values 
< + 2 per mil (Muehlenbachs et :tl., 1972; tilso 
see Fig. 11). 

Note that the more complicated the intrusive 
igneous history, the more likely it is that one or 
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all of the above four mechanisms will be actuated. 
In particular, multiple intrusion, ring-dike forma
tion, repeated cauldron subsidence, and periodic 
explosive activity would all be expected to be 
accompanied by such developments as are outlined 
above. The lack of "^0 depletion of the main 
mass of Skaergaard magma may be due to the 
fact that the Skaergaard intrusion represents 
almost an end-member example of a single, simple, 
textbook intrusion of basaltic magma that sub
sequently underwrent a relatively straightforward 
sequence of fractional crystallization. 

Euslern San Juan Mountains: Taylor (1974) car
ried out isotopic analyses on several samples from 
the composite granodiorite-quartz monzonite Ala
mosa River stock from the southeast part of the 
San Juan volcanic field. The K-Ar age of this 
stock is 29.1 m.y. (Lipman et al., 1970), similar 
to the ages of intrusion in the western San Juans. 

The 5'*0 values of samples from the Alamosa 
River stock are all low relative to "normal" 
igneous rocks, although the '"0 depletions are not 
quite so extreme as those described above from 
the western San Juans. The observed whole-rock 
5"0 values range down to +1.5 . Therefore, the 
same general type of meteoric-hydrothermal con
vective system must have been set up after em
placement of this stock, but judging by the ob
served isotopic elTects in the stock and in its 
country rocks, this systeni either involved meteoric 
water with a higher 5'*0 value or the amounts of 
water involved were less. 

There is a very extensive kaolinitic alteration 
zone present on the north side of the Alamosa 
River stock, extending toward the Summitville 
mining district. The S'̂ O values of two kaolinite 
samples from this part of the stock are 3.9 and 4.2 
with a 5D of - 9 1 . 

An interesting aspect of the hydrogen isotope 
data reported by Taylor (1974) is that the sam
ples from the eastern San Juans are markedly 
richer in deuterium than those from the Silverton 
area only 80 miles to the northwest ( ~ —105 
versus —140, respectively). It is clear from the 
5"0 data that meteoric-hydrothermal systems were 
iniportant in both localities and also the time of 
formation of the calderas and associated epizonal 
intrusions was late Oligocene to early Miocene in 
both areas (Lipman et al., 1970). Therefore, the 
meteoric ground waters in the two areas appar
ently had markedly different 5D values about 25 
to 30 m.y. ago. This circumstance conceivably 
could be explained as follows. (1) The elevation 
of the volcanic plateau in the Silverton areti may 
have been appreciably higher than in die Pla toro 
area, perhaps resulting in greater snowfall in the 

Silverton area and thus a lower 5D in the inte
grated annual local precipitation. Although less 
extreme, this is actually the case today in the 
two areas. (2) The topographic barriers in lhe 
mid-Tertiary may have been such that the western 
San Juans obtained most of their rainfall and 
snowfall from Pacific storms, whereas the south
eastern San Juans obtained most of their precipita
tion from air masses forined over the Gulf of 
Mexico. 'This pattern is also generally true today 
in the two areas and it leads to higher deuleritim 
values in the surface waters of northern New 
Mexico (.see Friedman et al., 1964, and the map 
in Fig. 6). (3) The meteoric-hydrothermal fluids 
in the two areas may have had different histories. 
For example, if a sedimentary rock .section under
lies the volcanic field in the eastern San Juans, 
a formation water (brine?) from such a section 
may have been involved in the convective circtiht-
tion. -Such formation waters typically contain a 
inajor meteoric H2O component but have heavier 
5D values dian the local meteoric waters (Fig. 9). 
(4) l l i e emplacenient of intrusive igneous rocks, 
together with their accompanying meteoric-hydro
thermal convective systems, could have persisted 
to much younger ages in the w-estern .San Jutins 
thiin in the eastern San Juans. The lighter 51) 
values in the west may have been produced by 
late-'Tertiary ground waters that were isotopictilly 
more similar to those of the present-day. 

Ore deposits: Very little isotopic data is presently 
available on the ore deposits in the western San 
Juan volcanic field, but, by analogy with data 
obtained on other epidiermal mineral deposits in 
volcanic terranes, it is practically certain tluit 
most of these ore deposits were formed from 
hydrothermal fluids that contained a significant 
coinponent of meteoric ground water. 'J'his state
ment is supported by the low-O" quartz obtained 
from a sample of ore from a vein in the Gold 
King mine near the center of the Silverton caldera 
(Fig. 19). 'l^he 5"0 value of this quartz (+2.2) 
indicates formation from a hydrothermal fluid 
with 5"0 ~ —S to —10, if the temperaiure of 
deposition was somewhere in the range 200° to 
400°C. Such a low-'^O fluid must be domintintly 
(or wholly!) of ground-water origin. Even more 
definite statements of this sort c;in lie made con
cerning a vein dickite from the Ouray area (5"'0 
= - 6 . 2 , 5D = - 1 4 1 ; see Sheppard et al., 1969). 

Hydrothermal veins cut all the rock types at 
Stony Mountain (Fig. 20), and at least in some 
cases these veins contain very low " 0 citiartz 
(e.g., S = — LS). Also, some rock's very close (o 
the veins are markedly depleted in '"O (an outer 
diorite sample 0.5 in from the aforementioned 
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FIG 22 Map of part of western Oregon (after laylor, 
1971 modified after Peck ct al., 1964) showing the 1 crtiary 
volcanic rocks of the western Cascade Range (dark fine 
stiooled pattern), the intrusions emplaeed into ihese volcanic 
rocks, and the areas of propylitic (coarse stipple) that sur
round the intrusions. 1 = South Umpqua River locality, 
2 = Bohemia district, 3 = Nimrod area, 4 = Vida stock 
5 = E)etroit area, 6 = Laurel Hill stock, 7 = Shellrock 
intrusion. 

quartz vein has a 5'«0 = - L l ) . Another possible 
example is the central diorite sample with 5 = 
+ 1.3; it was collected within 10 in of a major 
vein system in the district. 

Several areas of ore mineralization are found in 
the eastern San Juans in the vicinity of the Alamosa 
River stock, notably the Summitville district to 
the north and the Platoro district to the southeast. 
By analogy, these areas of hydrothermal alteration 
and ore deposition also very likely involve fluids 
that contain a dominant meteoric-water com
ponent Note that based on the D/H data of 
Ttiylor (1974), the 5D value of this meteoric water 
would have been about - 6 0 to - 7 0 , implying an 
initial i'^O of about - 9 rather than the - 1 4 
suggested in the Silverton area. 

Jt is interesting that the Creede Ag-Pb-Zn-Cu 
deposit, which also occurs in San Juan volcanic 
rocks only 40 km northwest of the Alamosa River 
stock, was apparently forined from meteoric-hy
drothcrmal solutions with S'̂ O ~ - 6 (o - 1 tmd 

513 ~ - 6 0 (Bethke et al., 1973). Therefore, all 
of the above arguments concerning die problems 
of origin of such solutions also apply to Creede, 
but this does suggest that whatever the origin 
of these relatively deuterium-rich meteoric-hydro
thermal waters in the eastern San Juan volctimc 
field, they probably were widespretid in this region 
during late Oligocene-early Miocene time. 

Western Cascade Range, Oregon 

A series of low-'»0 dioritic to granodioritic in
trusive bodies are found in the western C;iscade 
Range in Oregon (Fig. 22; see also 'Taylor, 1971; 
l\-ck ct al., 1964; Buddington and Calhighan, 
1936). These intrusions range in size from a few 
meters to four km. There are no mtijor ore de
posits in these areas, but every one of the intrusive 
localities has some associated mineralization, no
tably the Bohemia mining district (Fig. 23) from 

• which about $1,000,000 in gold was removed from 
1870 to 1940. 

As sliown in Figure 24, all of the volcanic 
country rocks in the vicinity of the intrusive 
bodies have been strongly depleted in '-'O. lhe 
low-'^O zones extend outward at least 2.:5 to 3.0 
stock diameters away from the nearest intrusive 
contact. Distances are plotted in this inanner in 
order to take into account die fact that die larger 
intrusions are in general surrounded by corre
spondingly larger nieteoric-hydrolhermttl convec
tion systems. The areas of low-'-'O rocks cor
respond very well with the areas of propylitic 
alteration shown on Figure 22. 

Not only are the volcanic country rocks de
pleted in '''O, all the intrusive bodies are as well; 
South Umpqua River: 5'='0 = +2 .3 to + 4 . 9 ; 
Nimrod: +0.1 to + 5 . 5 ; Detroit: - L 7 to +O..7; 
Laurel Hill: - 2 . 1 to + 0 . 7 ; and Vida: +4.3 lo 
+ 4.6. 'These variations arc shown 111 detail in 
Figure 23 for one of the areas, the Bohemia minnig 
district. Approximate 5'-'0 contours for (he in
trusives and die volcanic country rocks h.-ive been 
drawn on Figure 23. The contour pattern is very 
systematic and coincides approxiniately with (he 
pattern of propylitic alteration mapped by Peck 
ct al. (1964). The major ore deposit in the area 
occurs within the 6 = 0 contour, at the south end 
of the Champion Creek stock. It .seems (o make 
little isotopic dilTerence whedier die local rocks 
are intrusives or country rocks, except lhat there 
is a general increase in 5'''0 as one moves toward 
the centers of both the Champion Creek and Brice 
Creek stocks. This is clearly a result of simillcr 
walcr-rock ratios iu the ccniral porlions of c.icli 
stock. . .. 

The low-'-'O aureoles in Oregon are similar to 
what is observed in the .San Juan Motmlains, but 
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^6".7 

BOHEMIA MINING DISTRICT, Lane County,Oregon 

EXPLANATION 

P ^ Diorilic inlrusive rock 

I I Volcanic counlry rocks 

o Sample locality 

-1.2 SO'^value 

Boundary of ccr.laci -
metamorphic aureole 

S0'« Conlours 

Area of propylitic allcrolion 

FIG. 23. Generalized geologic map of the Bohemia mining district, Oregon, showing 6"0 values of volcanic 
country rocks (italic numbers) and intrusive bodies (modified afler fig. 4, Taylor, 1971). The Brice Creek stork 
is at the top and the Champion Creek stock is in the center of the map. Q = quartz, F = plagioclase. 

they are much broader than the ones in the 
Scotdsh Hebrides; at the latter localides the effects 
are confined to within about 0.5 "stock" diameters 
(Fig. 15). The 0.5 number is somewhat mis
leading, because the diameters of the Scottish 
"stocks" are assumed to be those of an entire 
ring-dike complex rather than any single intrusion. 
Nevertheless, there is no doubt that the low-"0 
areas in Oregon are correspondingly much broader 
than in Scotland, particularly the Nimrod and 
Detroit areas (3 and 5 on Fig. 22). One possible 
reason for this may be that at the present erosion 
level the Hebrides intrusions lie very close to the 
unconformity between the plateau lavas and the 
Precambrian basement, whereas the Oregon sam
ples are all underlain by thousands of feet of 
permeable volcanic rocks. It is tilso likely tlttit 
whereas the Scottish intrusions are probably cylin
drical in shape with near-vertical contacts, the 

Oregon stocks represent either myritids of sniall 
plugs or the eroded tops of large intrusions wilh 
irregular, gentle, outward-dipping cont;ic(s (e.g., 
note the mtiny small intrusions to the east of the 
Champion Creek stock in Fig. 23). 

VVestern Nevada Au-.4g Districts 

A number of important epithermal Au-Ag de
posits in the western United Slates occur in en
vironments similar to those described above in 
the San Juan Mountains and western Cascades. 
In particular, diis is true of the geologic setting 
and petrographic and mineralogical features ex
hibited by the altered volcanic rocks in the To
nopah, Goldfield, and Comstock Lode dis(ric(s in 
wes(ern Nevada. Bei"itise of these simihtrilies, 
Taylor (1973) investigated the oxygen and hy
drogen isotope variations in these areas in the 
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FIG. 24. Plot of whole-rock 5"0 values of volcanic 
country rocks from the western Cascade Range versus dis
tance from the closest intrusive cont.act (measured in units 
of stock diameter, sec text). This is figure 8 of Taylor (1971). 

hope of finding '*0 and deuterium depletions 
similar to those described above. As shown in 
Figures 10 and 11, this was indeed found to be 
the case. O'Neil et al. (1973) also demonstrated 
the existence of similar efTects in the Bodie district 
near the California-Nevada border, and O'Neil 
and Silberman (1973) have shown that this also 
applies to a large number of other epithermal 
precious metal deposits in the Great Basin. 

Each of the above ore deposits occurs in an 
extensive area of low-'^O propylitictilly altered 
volcanic rocks. All of the hydrothermal vein 
minerals such as quartz and adularia that are 
associated with ore deposition also have remark
ably low 5'"0 values. At Tonopah, both preore 
and postore vein quartz samples show- a very 
narrow range of 5"0 from —5.1 to —1.8 per mil 
and even the very latest stage, tiny, euhedral 
quartz crystals that line vugs have S'̂ O = —3.2 
to +0.7 (Taylor, 1973). Using the preferred 
fractionation curves shown in Figure 2, a quartz-
adularia pair at Tonopah gives an isotopic tem
perature of 285°C. Various other lines of evidence 
also suggest temperatures of about 250° to 300°C 
at this deposit and, if these teinperatures are valid, 
we can calculate from the quartz data that the 
ore-forming fluid at Tonopah had a 5"0 « —13. 
A similar value was calculated for Bodie by O'Neil 
et al. (1973). Inasmuch as the D/H determina
tions at Tonopah and Bodie indicate that these 
fluids had 5D values of about —100, this nieans 
that not only are these fluids derived from meteoric 
waters, they are practically pristine, unexchanged 
meteoric waters that apparently have not under
gone the characteristic "O shift shown liy most 
of the geothermal waters on Figures 7 and 8. 
In this sense, they would be analogous to the 

Wairakei geothermal w-aters and they must rep
resent long-continued circulation through frticlures 
where the wall rocks had been previously depicted 
in '"0. 

It is clear that tliese epilhermal Au-Ag deposits 
are formed from mcteoric-hj'drotherm.'il systeins 
analogous to the other areas described :tl)ove. The 
only difference is probtibly that in westerii Nevada 
the intrusive stocks (or associaied volcanic iounir\-
rocks) through which the meteoric walers circu
lated contained higher initial concentrations of the 
precious metals. Tlie isotopic ch;ir;iclerislics of 
these ore fluids imply that the solutions jirobably 

-Ciirried very low concentrtitions of the • heavy 
metals and that extremely large amounts of water 
were involved. This is compatible with the chemi
cal data on fluid inclusions from such deiiosits, 
whicii indicate only aliout one percent NtiCl 
equivalent or less (Nash, 1972). 

At the Comstock Lode tiiid Bodie (here .-ue 
outcrops of low'-'^O intrusive stocks that were in 
part the source of the heat necessary to drive the 
meteoric-hydrothermal convection systems. These 
slocks are petrographically almost inflistingiiishablc 
from analogous intrusions in the western Cascades 
and San Juan Mountains. However, at Tonoiiah 
and Goldfield there ;ire uo outcro|.is of such e|.)izoiial 
intrusions and they must be inferred lo exist at 
depth. Nolan (1935) postulated the existence of 
sucli a stock at Tonoptth and from the topogrtiphy 
of the ore zone he indicated that it probably l;iy 
beneath the center of the district in the vicinity 
of the Mizpah shaft; Nolan's data ;ire reproduced 
in Figure 25. In Figtire 26, the S'̂ O data ob
tained on the altered volcanic rocks arc contoured 
in a fashion similar to that shown in Figure 23 

TADCI; 1. Calculated "Temperatures" of Lsotupic Ex
change between M-iO and Volcanic Country Rocks. (.'\ simple 
closed-system model, sec text, and a constant water/rock 
ratio is assumed throughout the hydrothermal system. 
Under these conditions, the i " 0 contours iu Figures 2.( ;iiid 26 
aLso represent isotherms.) 
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T V MIDWAY MIZPAH EXTENSION 
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F I G . 25. Map of the I'onopah mining district, Nevada, modified after 
Nolan (1935). l l i c sample localities are those of Taylor (1973). The solid 
contours indicate the elevations (in feet) of the upper surface of the pro
ductive ore zone in the vein systems a t Tonopah. 1'he single broken contour 
represents the elevation of the apex of the bottom surface of this productive 
ore zone. 

for the Bohemia district. Note that although the 
sampling is incomplete, there is a clear suggestion 
that the area of lowest 5"0 values at 'Tonopah 
coincides pretty well with the apex of the pro
ductive ore zone as outlined by Nolan (1935). 
This low-"0 zone represents either (a) the locus 
of the highest teinperature solutions in the district, 
and/or (b) the zone where the most H2O was 
pumped through. Either (a) or (b) is compatible 
with the suggestion that the hidden stock is 
located beneath the center of the district, because 
the high-temperature plume of upward-moving 
meteoric H2O should be centered above die heat 
source (see below). 

'The S'̂ O contours shown in Figures 23 and 26 
suggest the intriguing possibility that whole-rock 
6"0 analyses might be used for prospecting pur
poses. Much work remains to be done before 
such an idea can be taken seriously, but it is 
worth pointing out that '*0 measurements of this 
type are now very routine. Once a hiboratory is 
set up, it is feasible to consider analyzing at least 
a hundred samples in a month. 

Amounts of Meteoric H2O Involved 
in lhe Hydrothermal Systems 

We know the initial 5"0 values of unaltered 
basaltic and andesitic igneous rocks with a good 

deal of accuracy: «+6.5r fc 1 per mil. Using 
D/H analyses of the alteration mineral assem
blages or of fluid inclusions, we can apply the 
meteoric water equtition and calcuhite the iniliiil 
5"0 of the meteoric waters at tiny given locality. 
Given the above paraineters together with some 
temperature information, it is then possible to 
calculate the total amount of water involved in 
etich meteoric-hydrothermal systeni as follows: 

w 5j,,o + r Sl,„rt = 'w 6{i,o + r 5{,o,h 

where i = inititil value; / = fiiuil vtiliie tifter ex
change; w = at. percent of meteoric wtiter oxygen 
in the total system; r = at. percent of exclninge-
able rock oxygen in the bulk sysiem. 

In order to complete the calculation one must 
assume that 5{,,o is determined by isotopic equil
ibration with the rocks at the temperatui-e of 
hydrothermal alteration. Then: 

w/ r ./r = 
«'ll (Cc lc - A) 

where A = 5{I„CK — 5{,„j. Note that for a given set 
of initial conditions, if w/r is a ctmsttint, then 
5{,„ck is determined solely by A, which is only ;t 
function of temperature. Conversely, if the tem
perature is consttint, Sjjocn is controlled only by 
the w/r ratio. 
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ZPAH EXTENSION 

FtG. 26. Map of the Tonopah mining district, Nevada, showing approxi
mate 6"0 contours of whole-rock samples of the altered volcanic rocks (based 
on data of Taylor, 1973). Note the rough correspondence between the 6"0 
contours and the elevation contours shown in Figure 25. 

If we make the reasonable approxiniation tha t 
in these systems Suook a t equilibrium is eqittil to 
the 5 " 0 value of plagioclase (Aiiso), then we can 
utilize the feldspar-HiO geothermometer to cal
culate A a t any teniperature (A =» 2.68(10VT2) 
- 3 . 5 3 ; O'Neil and Taylor , 1967). 

Figure 27 shows how these types of calculations 
apply to some of the hydrothermal systems dis
cussed in the present paper. For simplicity we 
shall consider only two initial meteoric water com
positions, — 9 and —14. T h e former value should 
closely approximate the 5'„,o in the western Cas
cades and eastern San Juans , while the lat ter value 
fits the si tuation in the westerii San Juans , the 
western Nevada Au-Ag areas, and the Skaergaard 
intrusion. T h e Scottish Hebrides occurrences are 
not plotted on Figure 27, because 5j,,o had an 

value » - 11 to 12 in those intermediate 
localities. 

T h e principal features illustrated by Figure 27 
are t h a t a wide range in water / rock ratios is re
quired in these systems, from essentially zero up 
to values of 3 to 4. T h e average values a t any 
one locality are seldom greaier than one, however. 
Note t ha t these calculadons give us the total , 
integrated amoun t s of H-.O tha t migrated through 
the rocks from the beginning of the hydrothermtil 
system to its conclusion. They nevertheless only 
represent niinimum values of w/r , because ap
preciable H2O may move through the rocks wi thout 

exchanging (i.e., along previously exchanged frac
ture systeins, as indicated by the extremely low-' ' '0 
vein quar tz a t Tonoptih) . 

1'he volume of heated meteoric H-jO in a typical 
hydrothermal systein is diits approxiinjiiely equal 
to the volume of hydrothermally allered rock. 
Hundreds to thousands of cubic miles of rock ;irc 
involved, so enormous amounts of meteoric H-̂ O 
are also demanded. T h e amoun t s are nol itii-
reasonable, however, considering the perinc;ibilit\' 
of the jointed volcanic rocks and the tens ol 
thousands of years over which individual liydro
thermal systems probably persist. Assuming nor
mal amoun t s of rainfall, only about five iicrcenl 
of the local annual precipitaiion needs (o be tiddcd 
to the deep circulation systems. 

'The most difficult problem in the.se sysiems is 
in fact not the amounts of H-^O, bu t the huge 
quant i t ies of hea t energy tha t are necessary = to 
drive the convection systeins. :\ simple ctilcuhi-
tion shows tha t even if the propylitictilly tillered 
country rocks are only heated from about 50°C 
to an average teinperature of 250°C, then with 
a specific heat of 0.3 ca l /g , approximately 60 cal 'g 
of hetit must be added tl iroughout (he aUcration 
zone. With w--/r ~ 1, ttboiit 0.5 g of 11..0 h.'ive lo 
be healed for every g of rock, (hiis increasing (Ins 
to tibotit 160 cttl g of tillered rock. From ;i magma 
body initially intruded as a liquid a t 950°C, the 
maximum amoun t of heat that can be obtained 
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FIG. 27. Plot of w-hole-rock 5"0 vaiucs versus water/rock 
ratios for various localities discussed in this paper. Only two 
values of s j , ^ arc shown, —9 and —14. The method of 
calculation of the isotherms is described in the text. 

during crystallization and cooling to 300°C is only 
275 cal/g (this includes about 80 cal/g for the 
latent heat of crystallization). Some heat is also 
available from the exothermic hydration reactions 
that occur during hydrothermal alteration, perhaps 
about 30 cal/g. Taking this all into account, a 
cylindrical stock of niagma only contains enough 
heat to produce an alteration aureole about 0.4 
to 0.5 stock diameters wide. This calculated value 
is somewhat smaller than the observed situation 
in the Scottish Hebrides (Fig. 15) and is much 
smaller than is indicated for the western Cascades 
in Figure 24. 

The above discrepancy between calculation and 
observation can probably only be explained in 
three ways. (1) 'The slocks are not cylindrical, 
but broaden in cross-sectional tirea with depth. 
(2)' The alteration zones are underlain by hidden 
intrusive bodies that do not crop oul. (3) The 
intrusions do not represent a single injection of 
magma, but instead represent episodic tiddition of 
new magma from below, as would be expected in 
a volcanic conduit to the surface. .\\\ three of 
these explanations may have some validity, but the 
latter is almost certainly imporiant with respect 
to ring-dike complexes such ;is Slony Motintoiu 

and the Scottish Hebrides. These areas represent 
the deeply eroded cores of volcanoes and the re
peated intrusion and resupply of new magma that 
are known to take place in such localities probably 
removes any heat-balance problem. 

Of all the intrusive bodies so far studied, the 
one whose three-dimensional shape is best known 
is the Skaergaard intrusion; also, the circulation 
pattern of meteoric H^O is best understood here, 
and explanation (3) cannot possibly apply because 
this intrusion essentially represents a single in
jection of magma (Wager and Deer, 1939). As 
shown in Figure 27, the water/rock ratios cal
culated for the Skaergaard intrusion arc, in fact, 
very low and are compatible with the above facts. 
Also, the hydrothermal alteration effects attribut
able to the Skaergaard intrusion only extend about 
0.3 to 0.4 stock diameters eastward from the con
tact shown in Figure 17 (Tavlor and Forester, 
1973). •' 

Comparison with a Modem Geothermal System 

Figure 28 shows the measured present-day tem
perature distributions in the modern geothermal 
system at Wairakei, New Zealand (Banwell, 1961 ; 
Elder, 1965). This is a volcanic area similar to 
some of the areas of hydrothermal alteration de
scribed above, the H-jO is entirely of meteoric 
origin, and there is also some associated epithermal 
Au mineralization. Note that the main upward 
movement of H^O at Wairakei is localized in a 
ntirrow zone directly tibove the hypoihctictil niag-
niiitic heat source and that the isotherms form 

t; 
.SURFACE W/AIKATO^IVER 

b KM 
,-<^>350 

FlG. 28. Vertical section through the modern geothermal 
system al Wairakei, New Zealand, showing actual measured 
(solid lines) and estimated (dashed lines) isotherms down to 
a depth of 5 km beneath the surface (modified after Ikinwell, 
1961, and Elder, 1965). The approximate (low lines of the 
meteoric water tire shown with arrows. 
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a "mushroom-shaped" plume. At any particular 
depth the isothenns form a series of concentric 
ovals, with teinperature increasing toward the 
center. 

If the water/rock ratios were roughly constant 
throughout the areas shown for the Bohemia and 
Tonopah districts in Figures 23 and 26, then the 
8"0 contours as shown would also represent iso
therms, with the temperature increasing toward 
the center of each district. Table 1 shows some 
calculated temperature values for these "fossil" 
isotherms, based on assuming various constant 
values for w/r. The calculated temperature gra
dients seem to be fairly reasonable and there is 
an apparent correspondence between these "fossil" 
isotherms and those measured at Wairakei. 

Unfortunately, it is not strictly valid to assume 
constant w/r ratios throughout the alteration zones. 
For instance, we might eq.ually well have assumed 
a constant temperature, in which case the 5"0 
contours would represent contours of constant w/r, 
also increasing tow-ard the center of the district. 
At Wairakei, the higher temperatures in the rising 
plume of HjO are also associated with higher w/r 
ratios because more H2O is pumped through that 
region. Thus, both effects probably go hand-in-
hand and the 5"0 contours in Figures 23 and 26 
would represent neidier exact isotherms nor exact 
contours of constant w/r, but some combination 
of the two extremes. 

Porphyry Copper Deposits 

We have shown above that in volcanic terrtmes 
deep circulation and interaction between surface 
waters and epizonal intrusions is to be expected 
and is a common phenomenon. Profound and 
extensive 5"0 effects are produced because the 
meteoric-water/rock ratios are very high. What 
happens, however, if the country rocks are sedi
mentary rocks or Precambrian crystalline rocks 
where the permeabilities are not so great? The 
S"© effects will be smaller and they may be so 
small, "given the natural isotopic variations in 
igneous rocks, that no clear-cut S'̂ O changes may 
be discernible. However, even if the 5"'0 elTects 
are very sniall, the SD values of fluid inclusions 
or of OH-bearing minerals will be alTected by the 
influx of external waters, because the initittl HjO 
concentrations of most igneous rocks are so small. 

Another problem exists with D/H ratios, how
ever. This is the fact that the most common 
meteoric waters on earth have 5D values that are 
similar to primary magmatic waters (Fig. 9). 
Over much of the North American continent 
(Fig..6), the surface meteoric waters and die saline 
formation waters (Fig. 9) have fiD values of —40 

to —90; the latter values are too close to the 
range of magmatic values to provide any test of 
discrimination. 

Because of the obstacles menlioned til.iove, 
studies of intrusive bodies that involve a snuill 
water/rock ratio can only be definitive in certtiin 
geographic areas. Favorable regions would in
clude submarine environments where 5D = 0 or 
northerly regions such its Monttin.i or Brilish 
Columbia where SDujO can be lower tlitin —130. 
Areas of high elevation c;in in |iriiiciplc tilso be 
used, but generally it is diflicult to ascertain the 
Original surface elevation above ;i specific, ore 
deposit. At lettst for Tcrtitiry ore deposits, l.iddide 
is ;i inuch more defiiii(:e varittble ilitiii original 
surface elevation. 

A proper aiiiirotich then might lie (o extiiuiiic 
a certain class of ore deposits that occur over a 
wide geographic area. The isotopic composition 
of minerals fornied by mtigmttlic-hydrolheriiial 
solutions would be expected to be independent of 
latitude, whereas the minerals formed from me
teoric hydrothermal or "coniiate"-hydroihcrm;il 
solutions should show the jDioper Ititittidiiuil de
pendence in 5D (and perhaps to some extent in 
5' '0). The above approach was utilized by -Shep
pard et al. (1969, 1971) and Sheppard and Ttiylor 
(1974) in their studies of porphyry copper tieposils 
in North America. Their isotopic data are repro
duced in Figure 29. 

'The 60 values of hypogene clay minerals and 
sericites from the deposits shown on Figtire 29 
become lower as one moves north from Arizona 
and New Mexico (.Santa Rila, .SalTord, Copjier 
Creek, Mineral Park) to Utah, Colortido, ;ind 
Nevada (Bingham, Ely, Climax, St. George) to 
Montana, Idaho, and Washington (Butte, Wickes, 
Spokane, Ima). It is thus clear (hat the 51.) vtilues 
of these minerals are a result of iiilei-;ic(ion widt 
meteoric waters, the' only question is whether or 
not they represent the original 5D vtilues of the 
sericites and clays or are a result of later exchange. 

The possibility of later exchange cannot lie 
totally ruled out, but in order to explain all of 
the 5D-5'*0 relationships this would have to be 
a pervasive exchange with hctited meteoric waters, 
not simply partial low-temperature exchange with 
ground wtiters (sec supergene discussion above). 

The 5D values of the hypogene clays tind sericites 
at a given deposit such as .Santa Rita are much 
more uniform thtiii would be expected on the btisis 
of variable degrees of partial exchange with such 
groundwaters. Therefore, the D/H data rer|iiire 
thtit a gcothcrmtil H-jO circulation system w;ts 
present at each deposit. In addition, the very 
low 5"0 values in sericites tind clays from some 
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FIG. 29. Plot of SD versus 6'*0 for various hydrothermal minerals from ore deposits 
(modified after fig. 2 of Sheppard et al., 1971). The field of Creede, Colorado, sericites 
is from Bethke et al. (197.3), the Butte data nrc from Sheppard and I'aylor (1974), 
and the P.asto Bueno data are from Landis (1972). 

of the northerly deposits (Butte, Spokane) inde
pendently argue that these effects tire not due to 
secondary exchange, as tilso does the similarity in 
5D values of sericites of vastly different grain size 
from the Climax deposit (Sheppard et al., 1971, 
p. 524, 538). 

In striking contrast to the sericites and clays, 
the 5D and 5"0 values of the hydrothermal biotites 
from porphyry copper deposits form ;i very tight 
grouping similar to "normal" igneous biotites 
(Fig. 29) and show no relationship to latitude. 
Biotites from the El .Salvador deposit in Chile also 
have identical isotopic compositions (S. M. F. 
Sheppard, pers. commun.). 'The only biotites thtit 
do not fall within this narrow range are die very 
fine grained EDM bioties from Butte; the latter 
are thought to have exchanged D/H with the 
low-5D, main-stage ore fluids at Butte, because 
the samples come from areas where there has 
been intense, subsequent main-stage mineralization 
(Sheppard and Taylor, 1974). 

The hydrothermal biotites in porphyry copper 
deposits thus all appear to have forined from H-jO 
with an isotopic composition plotting well within 
the hypothetical field of primary magmatic waters 
(compare Figs. 9 and 31), whereas the clays and 
sericites appear to have formed from heated me
teoric waters of some type. The amounts of H2O, 
however, are less than in the low-"0 volcanic 
intrusive terranes discussed previously. This im
plies that somewhat similar, but less extensive, 
hydrothermal convective circulation sysiems tire 

also established around the epizonal porphyry 
copper stocks, but that the K-silic;ile alteration 
tissemblages in the cores of the slocks are not 
related to these external systems. These concepts 
are shown ditigrtimatically in Figure 30. 

Magmatic-hydrothcrmtil solutioiis under litho
static pressure are forined during the late stages 
of crystalliztition in the tipper, interior portions 
of a porphyry stock. Oulside the slock ;i meteoric-
hydrothermal circulation is established under hy
drostatic pressures that tire probably only one-third 
to one-half as high as the pressures inside the stock. 
These external waters niight be either meteoric 
ground waters or saline formation waters, bectiuse 
the latter also display the proper isotopic depen
dence on latitude (Fig. 9). Both hydrothermal sys
tems tire simultaneoiisly present etirly in the history 
of the stock, but the external system w-ill persist 
even after the magmatic-hydrothermal system 
fades away. With time, as the "heat engine" of 
the stock cools olT, the external hydrothermal 
system very likely collapses onto (he hydro-
dicrmally altered rocks formed by the internal 
system; the argillic and sericite-pyrile alteration 
•zones will then be locally superiin|30sed upon the 
K-feldspar-biotite alteration zones or upon the 
fresh intrusive. 

As shown in Figtire 30, the niajor locus of 
chalcopyrite deposition tends to be along the 
boundary between the two dinTercnt types of hy
drothermal systems (Lowell and Guilbert, 1970). 
The reasons for this localization ;tre not k-now-n, 
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FIG. 30. Schematic cross section through a typical por-
phyrv copper deposit (modified after Lowell and Guilbert, 
1970), showing the two types of hydrothermal fluids gen
erated in such environments, as determined from D/H and 
i80/i«0 measurements (Sheppard et al., 1969, 1971). 

bu t it is plausible tha t it inight be the result of 
the drast ic changes in pressure, tempera ture , p l l , 
salinity, etc., tha t must occur across this boundary 
dur ing hydrothermal al terat ion. 

T h e above model envisages that , al though the 
H2O has a t least two major sources, the source of 
the S, Cu, and other heavy metals in these sys
tems is basically the porphyry stock itself, with 
some niinor contr ibut ion of materials leached from 
surrounding country rocks. T h e size and inten
sity of the external hydrothermal systeni varies 
considerably in known porphyry copper deposits, 
from " w e t " types (e.g., Bingham, Morenci) having 
high pyri te-to-chalcopyri te rat ios and surrounded 
by enormous halos of pyrite-serici te-quartz, to 
" d r y " deposits (e.g., Bethlehem) with relatively 
minor sericite-pyritc zones (Lowell and Guilbert , 
1970).- These var ia t ions in size of the external 
system are to be expected because the permeabili
ties and amoun t s of HjO available in the country 
rocks mus t be qui te variable. 

Other Ore Deposi ts 

Figure 31 shows a plot of the calculated waters 
in equilibrium with various hydrothermal altera
tion assemblages given in l-'igurc 29, a t their 
presumed tempera tures of formation. Also in
cluded are da ta from other ore deposits a t Creede, 

Providencia, 'Tonoptih, and Bliictiell. 'The hydro-
thermal fluids a t most of the ore deposits (shown 
on Fig. 31) cletirly must have contained a domi
nant meteoric water component . Tlowever, a few 
of the deposits in addit ion to the porphyry copper 
K-silica(c assettilihiges exhibit cttlctiltiled wtilers 
tha t plot wilhiii the rtiiige of primary mammal lr 
IbjO; for such deposils the isolopic dala .ire 
compttlible with ;i iii;igm;itic origin, but except 
for localities a t high lat i tudes the isolope analyses 
then will be ambiguous and Inconclusive as t.o the 
ul t imate origin of the hydrothermal fluids. 

The niajor isotopic characterist ic of many of 
the calculated hydrothermal fluids shown on Fig
ure 31 is that , ;it a given locality, there is com
monly a very wide range in 5"0 bu t a ntirrow 
range of 5D (Bluebell is the best example ; Ohmoto 
and Rye, 1970). This is exactly wha t is seen for 
modern geothermal waters of meteoric origiii thai 
have undergone the type of '•''0 shifts shown on 
Figures 7 and 8. 'This reinforces the conclusion 
t ha t meteoric waters are the dominan t source of 
the H-.O, part icularly in volcanic localities such 
as Tonopah and Creede, where the calculated 
waters plot near the meteoric water line and thus 
can have undergone only minor ' ' '0 shifts. 

If an ore deposit shows ;i large 5D range in its 
calculated waters , this generally will mean t ha t 
more than one source of H2O Is involved. --Xs 
poiiitetl out tibove, there tire ways to cli;iiige die 
5D value of a hydrothermal fluid by boiling (h ig. 8) 
or by oxidation-reduction reactions Involving hirge 
production or consumplion of coexisting ILj gtis 
in the fluid. Except In unusual cases, however, 
these effects will be smttll and in any Indlvldutil 
ca.se they are predictable if a careful s tudy Is 
made of the ore deposit. Considering the complex 
envi ronments of many ore deposits, it Is not un
reasonable tha t two (or three or more) dilTerent 
types of H2O inight be involved either simulta
neously or a t dilTerent sttiges in the history of ore 
deposition a t a given locality, tis for example was 
shown for the porphyry copi^er deposils. This is 
iherefore the most probable explttntition of major 
SD fluctuations In the calculated hydrolhermal 
fluids in most ore deposits and it may al.so expltiin 
some of the 5'"0 variat ions, al though the hitter 
can change so readily through exchange with the 
large available rock-oxygen reservoir tha t only 
very detailed studies can sort out these elTects. 

Excluding the porphyry copper deposits, which 
have already been deal t with, the only Individual 
deposits shown on Figure 31 tha t exhil.iit ;i Itirge 
5D range are But te and Climax (.see Hall et al., 
1973). T h e large SD range a t Bu t t e Is real, bu t 
most of the samples show only a narrow rtiiige 

0 
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of 5 0 ; excluding two anomalous sericites and the 
two EDM biotites (probably exchanged, see above), 
all the other Butte samples shown on Figure 29 
have a 6D range of only about 20 per mil. Thus 
most of die ore deposition and alteration at Butte 
can be pretty well attributed to a single type of 
meteoric-hydrothermal fluid (Sheppard and Tay
lor, 1974). The Climax molybdenum deposit, 
however, seems to require at least two major 
sources of H-JO, one that is meteoric in origin and 
another that may be magmatic (Sheppard et al., 
1971; Hall e ta l . , 1973). 

In suinmary, it is useful to mention briefly a few 
of the other ore deposits for which 50 and 5"0 
analyses have been mtrde. 

Pasto Bueno, Peru 

A very complete isotopic, fluid inclusion, and 
mineralogical study was done by Landis (1972) 
on this tungsten-base mettil deposit associated 
with an intrusive stock emplaeed into sedimentary 
rocks. Landis showed that at least two types of 
HjO were involved, one with a SD as high as —29 
and the other a meteoric water component with 
a 5D lower than —90. He concludes that the 
high-D water is probably nurgmatlc, but that a 
inetamorphic origin cannot be excluded. A "con
nate" formation water is also a possibility because 
a value of —29 seems abnonnally high for a pri
mary niagmatic HjO (see Fig. 9). 'l"he isotopic 
compositions of hydrotherinal sericites and biotites 
from Pasto Bueno are plotted on Figure 29. Note 
that the biotites are isotopically similar to the 
biotites of porphyry copper deposits. 

'The calculated 5"0 values of fluids associated 
with the early grcLsen start out in the magmatic 
range, but during most of ore deposition the fluids 
fluctuate between + 2 aiid + 6 , compatible only 
with a inajor meteoric water component in the 
system. The 50 of the hydrothermal fluid at 
Pasto Bueno shows two pronounced "dips" in the 
middle of the paragenetic sequence. These "dips" 
both coincide with the deposition of wolframite 
and it is likely that both elTects are a result of 
periodic influx of the meteoric-water coinponent 
into the vein systems. At the very hitcst stages 
of mineralization, the meteoric-wtiier component 
beconies completely predominant and (he 51) 
values dip below —110. 

Echo Bti.y, Norlhwesl 'rerrilories, Ciiniida 

.\n isotopic and mineralogic study liy Robinson 
and Ohmoto (1973) on this Precambrian U-Ni-Ag-
Cu vein deposit emplaeed into volcanic tuffs 
showed that the ore-forming fluid w;is probably 

- 5 0 

M G . 31. Plot of SO versus J " 0 for calculated hydro
lhermal waicrs from a variety of ore deposits, mainly from 
western North America, l l i i s is modified after figure 10 of 
Sheppard et al. (1971) with tho addilion of dala for Creede 
(Bethke et al., 1973), IVinopah ('Liylor, 1973), and Bluebell 
(Ohmoto and Rye, 1970). The calcnlaiions iire based on .1 
variety of methods of estimating the lemperaiures of forma
tion of the different mineral assemblages, as discussed in the 
above references. The biotite ' I jox" shown represents the 
waters that would have coexisted in equilibriuin with the 
hydrothermal biotites from Ely, Bingham, :uid Santa Rita 
at 650°C. .Mso shown are the trend lines for oil-ltcld forma-
lion w.-itcrs from various sedimenlary basins iu the mill-
continent of .North .'\merica (from Fig. 9). 

sea water. Circulation and heating of the ocean 
w-ater to 100° to 250°C is thought to have been 
produced by Intrusion of diabtise tiliout 1,450 m.y. 
ago. The calculated 5"0 value of the TLO is 
+ 1.0 ± 2.5 per mil, practically identical to present-
day ocean water. 

Kuroko massive siilj'ule deposils, Japan 

Ohmoto et al. (1970) have shown thtit S'̂ O 
and SD analyses of these "black ore" deposits in 
volcanic rocks indicate involvement of ocean water 
in the hydrothermtil fluids. It may wel! be that 
many volcanogenic massive stilfide deposils are 
forined in submarine environments from heated 
ocean walers or brines derived (herefrom, such as 
the Ri:i\ Sett hot brine (Cniig, 1966). Olher 
lirobtil.ile exam|)les of such iii;iriue-li\'drothermal 
interactions tire the massive sulfide tieposils asso-
ciiited with the Troodos ophiolite com|ilex on 
Cyprus (.S. M. F. Shepjiard, pers. commun.). 

Provitlencia, il I exico 

Rye (1966) and Rye and O'Neil (1968) showed 
that the 51.) and S'̂ O vtilues of the hvdrothermttl 

file://'/merica
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fluids responsible for these Pb-Zn deposits were 
remarkably uniform at 5'*0 ~ + 7 and 5D ~ —75, 
in spite of wide fluctuations in salinity. 'This fits 
the characteristics of a magniatic-hydrothermal 
fluid almost perfectly and this is the origin pre
ferred by Rye (1966). Unfortunately, the 5D 
values of surface meteoric waters in this region 
of Mexico are very simihtr as well ;uid so the 
isotope data are not strictly conclusive. This 
ambiguity Is particularly a problem in such lime
stone terranes because the high-5'"0 values and 
ready exchangeability of limestones will allow 
circulating meteoric-hydrothermal water to attain 
S^O values as high as + 6 . 

Dar'ivin, California 

Rye and Hall (1971) analyzed minerals from 
this Ag-Pb-Zn ore deposit (late Cretaceous?) asso
ciated with contact metamorphosed carbonate 
rocks. They concluded that the ore fluids had 
5D « - 6 0 to - 7 0 and 6"0 « + 4 to + 7 , reason
ably consistent with a magmatic-hydrothermal 
origin. However, heated meteoric w--aters in this 
region also may have attained similar values (sec 
Figs. 6 and 32). 

Casapalca, Peru 

Sawkins and Rye (1970) are able to make a 
much more convincing case for magmatic-hydro
thermal ore deposition in this Ag-Pb-Zn deposit, 
because the deposit is very young ( « 5 m.y. old), 
the calculated isotopic compositions of the ore 
fluids lie within the primary magmatic range 
(5>«0 « + 7 to + 8 , 5D « - 5 0 to - 6 5 ) , and the 
present-day local meteoric walers are very light. 
However, heated formation waters in the Casa
palca area also conceivably could have attained 
these isotopic compositions. Low-5D and S'̂ O 
values in the later stages of mineralization indicate 
an influx of meteoric waters into the hydrothermal 
system. 

Mississippi Valley-lype Pb-Zn deposils 

The one very iniportant type of ore deposit 
that unquestionably has formed from heated for
mation waters are these relatively low-tem peratu re 
deposits from the midcontinent region of North 
America. Hall and Friedman (1963, 1969) and 
Pinckney and Rye (1972) have shown that the 
isotopic compositions of these ore fluids are iden
tical to those of nearby oil-field brines (see Fig. 9) 
and many other lines of evidence support this 
correlation. 

Bluebell, Brilish Columbia. 

An iinportant Isotopic study of this Pb-Zn re
placement deposit in limestones wtis mtide by 
Ohmoto and Rye (1970). l l i is deposit occurs in 
a geographic area that is very favortiblc for dis
tinguishing lietween mttgmatlc tind meteoric wtiters 
and, as shown in Figtire 31, bectiuse of this it is 
possible to state that the Period III lale-siage, 
vug period of ore deposition only involved iiie-
teoric-hydrothermal w-aters with ti remtirktibly 
uniforni 5D value of —152 ± 5, liut a very wide 
range of S'̂ O and salinity. Tlie end-stages of 
deposition at Bluebell cannot htive involved tiny 
significant intigmalic component; the fluids nitiy 
have formed from heated meteoric wtiters that 
circulated through an evaporite sequence. 

Ducklo'ivn, Tennessee 

Addy and Ypina (1973) have inetisured the 5D 
and 5"0 values of muscovites, chlorites, and bio
tites from this massive sulfide copper dcjiosit. 
'There are indications that this stritlifonii ore 
body has undergone meliiniorphism tiiid, iiiiismiich 
as the mettsured Isotopic compositions of (he OH-
bearing minerals are similar lo those of typical 
metasediments shown in T îgure 10, they are com
patible with this hypothesis. 

Tertiary Meteoric Waters 
in the United States 

Because of the almost ubiquitous presence of 
meteoric TLO in many intrusive-volcanic aieas of 
hydrothermal alteration and because of its iden
tification as a major coinponent at least at some 
stage of ore deposition in so many localities, it is 
instructive to combine these dala with analyses 
of T'erlitiry supergene mineral tis.seiiibltiges 
(Sheppard et al., 1969) and Tertiary weathering 
deposits (Lawrence, 1970). If this is done, there 
are enough data to make a very rough mtqi of 
the isotopic compositions of I'ertlary meteoric 
waters in the w--estern United States. Obviously, 
this should strictly be done only for certain precise 
ages in the Tertiary, but there are at present not 
suflicicnt data avtiilable to do this. Ultimtitely, 
such finer subdivisions may be po.ssible. 

'The calculated 5D vtilues of 'Tertiary itieteoric 
waters arc plotted on the map in I'lgiire 32 and 
they demonstrate that, during much of the Ter
tiary, the btisic geogrtiphic patlern of 5D tind 5''''() 
in surface precipitation ninst have been similar to 
the present-day pattern. However, comptirison 
with Figure 6 shows that the Tertitiry 5D con
tours tend to be shifted toward heavier v.'ilues by 
about 10 to 15 per mil (I to 2 per mil in '''O). 
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FIG. 32. Map of the United States, showing calculated 5D values of 
Tertiary meteoric waters based on (1) data from various Tertiary meteoric-
hydrothermal systems discussed in the present paper, and (2) data on Tertiary 
supergene clays and weathering deposits, from studies by Sheppard ct al. 
(1971) and Lawrence (1970). Highly approximate I 'ertiary SD contours are 
drawn on the map. The Tertiary 4D vaiucs arc consistently about lOto I5per 
mil higher than tiie present-day 6D values of surface waters shown in Figure 6, 
indicating either that during much of the I 'crtiary the climate was warmer 
and more temperate or that there was a general lowering of the topographic 
barriers that e.xist today. 

This is compatible with the abundant evidence 
for a warmer, more temperate Tertiary climate 
based on extensive kaolinitic weathering deposits 
in the Pacific northwest (data on some of these 
deposits are used in drawing the contours on 
Fig. 32; T^awrence, 1970) and on other climadc 
evidence (Axelrod, 1964). Although it is very 
approximate at present, Figure 32 at least shows 
the consistency of the isotopic data from different 
geologic environments and demonstrates beyond 
any shadow of a doubt that we truly arc ob
serving meteoric H2O in the Tertiary ore deposits 
and hydrothermal alteration systems. 

Conclusions 

Oxygen and hydrogen isotope studies luive shown 
that the most common types of w-'ater in hydro-
thermal systems in the uppermost two to four 
miles of the continental crust are meteoric ground 
waters and "connate" formation waters or com
binations of the two. The most common type of 
water in analogous submarine hydrothermal sys
tems is sea water. 

Magmatic waters, and metamorphic waters are 
of course dominant in deep-seated plutonic com
plexes, but in most such areas there is little 

mineralogical evidence for the massive introduc
tion of H-iO and hydrogen metasomalism that Is 
such a ubiquitous feature of most hydrolhermal 
ore deposits. In large part this difference is a 
result of the much higher teinperatures involved. 
The HaO is mosdy tied up in primary OH-bearing 
minerals of the igneous and metamorphic assem
blages. Nevertheless, wherever tliere are thermal 
anomalies in the earth's crust (e.g., around every 
igneous intrusion) there will be a tendency for a 
hydrothermal convective circulation systein to be 
set up. This will be restricted only by the smaller 
availability of H^O in deep-seated rocks and also 
by the much lower permeabilities of such rocks 
at high pressures. Favoring these effects, however, 
is the fact that much larger volumes of the crust 
tire involved, lempertiturcs are much higher, and 
the time scale over w--hich the processes occur is 
mtirkedly longer. 

Isotopic evidence for important, large-scale in
teractions between plutons and externally derived 
metamorphic waters has been presented by Taylor 
(1970), Shieh and Taylor (1969a), and Turi and 
'I tiylor (1971a and b). Enormous hydrothermal 
transfers tind e.xchange of material have apparently 
t i iken j j lace in t h e s e d e e p - s e a t e d p l u t o n i c c o m p l e x e s , 
b u t t h e elTects mt i ln ly s h o w u p o n l y in t h e 5"K3 
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values, because the 5D values of inagmatic and meta
morphic waters overlap (Fig. 9). Unfortunately, 
except in favorable circumstances where there 
happens to be a juxtaposition of rocks with mark
edly difTerent 5''0 values, even the 6'"0 efl'ects 
may not be sufliciently large to give conclusive 
answers. Whereas in the upper levels of the crust, 
waters with a great variety of origins and Isotopic 
compositions exist, in the deep-seated plutonic 
complexes the only waters available are of mag
matic or metamorphic origin, and these tend to 
attain similar isotopic compositions at the very 
highest grades of metamorphism. 

Summing up, even though this report has 
stressed the importance of waters of surface origin 
in hydrothermal systems, the writer does not want 
to leave the impression that magmatic and meta
morphic waters arc not important. The opposite 
In fact is true; considering the earth as a whole, 
the latter types of I-UO arc by far the most im
portant sources of hydrothermal solutions. How--
ever, most hydrothermal ore deposits are ap
parently formed at relatively shallow levels of the 
earth's crust where a whole variety of waters can 
play an important role and it is just in such 
environments that the techniques of hydrogen and 
oxygen isotope geochemistry show promise of being 
able to help solve significant problems. 
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Experimental concentration ratios for alkali feldspar and mica 

: hydrolysis equilibria have been given in earlier papers (Hemley, 1959, ; 

i 
, Hemley and Jones, 1964). Corresponding activity values and equilibrium 

information has been presented by Shade (1974), but some additional dis

cussion is appropriate. 
i 

Taking 'the K-bearing systera as an example, the appropriate reactions 

are: 
+ + aK 

1) 1.5 K feldspar + H =0.5 Muscovite -«- 3 Quartz + K , k = "Ĥ H 
11 -I- • + a K 

2) Muscovite + H -1-1.5 H.O =1.5 Kaolinite -»• K , K^ = =—r 
2 ' ^ aH+a^- H o 

'• . 2 ; 
" 3) Muscovite -»• H -4-3 Quartz = 1.5 Pyrophyllite -f K , k = ! 

aH 

4) Muscovite + H =1.5 Andalusite -1-1.5 Quartz -f 1.5 H O + K , ' 
.. ^ ; 

aK'̂ a-'-'̂ HO 
k = 2 ; 
4 _ 

aH i 

The equilibrium constants of reactions (2) and (4) are also defined 

by the ion activity ratio, aK /aH , if the reference state pressure of ; 

. water is taken as the confining pressure at any temperature and only dilute 

solutions are involved. The ion activity ratios for the reactions may be 

derived from the experimental concentration curves of fig. 1 by correctiing 

. for the effects of non-ionization at the elevated pressure-temperature 

conditions of the experiments. The broken curves of figsi 1 and 2 repre

sent such corrections at amd above 300°C. 
; :'. ' ^ i - . t . ••-.••i.^.-..- r : r . - i i \ i . I , ' : • : I i : - : . v - < ' - : ' 
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The dissociation constants used for the calculations converts to molal 

,units, are given"in table 1. They are based on conductance studies and are 

from Franck (i956) for KCl, HCI, and KOH, from Quist and Marshall (1962) 

for NaCl and from Quist (1970) for H O . For NaOH a relationship between 

NaOH and NaCl similar to tTiat observed between KOH and KCl was assumed. 

A computer solution of the appropriate set of simultaneous equations 

was made; for the K system these are: 

Vl 

Vl 

^KOH 

k 
w 

= aK'^aCl" 
aKCl 

= aH^Cl" 
aHCl 

= aK^on" 
aKOH 

= aH aOH~ 

+ -•• — -
mK -1- mH = mCl -i- mOH 

ZK = mKCl + mK -f mKOH 

ZCl = mKCl -f mHCl + mCl 

Because two equilibria must be considered at each temperature> the 

simplying approximation ZK = ECI cajmot be used. As indicated, -the 

dissociation of KOH is involved in the calculations, but its contribu

tion to solution composition is negligible. Thus, t h e experimental 

concentration ratios of fig. 1, determined after quenching, represent 

K "f 1^1 
the quantity „^ .. at the pressure-temperature conditions of the 

experiment. At intermediate and high basicities, however, or in sys

tems involving more stable hydroxy complexes, e.g., MgOH , such 



complexes may produce appreciable errors in quench results that are 

difficult to evalijate. 

Calculated activities for a 1 molal solution are given in -table 2. 

It will be noted that the above equations do not specify mean or individual 

ion activity coefficients and -thus embrace only the dominant effect of 

complexing at the high' pressure-temperature conditions of the experiments. 

Ionic activity coefficients cannot confidently be calculated at the high 

pressure-temperature conditions involved, but should constitute a minor 

part of the data correction. The work of Lietzke, Marshall and" others, 

e.g., Lietzke et al. (1965), indicate, for example, that ion activity 

coefficient ratios in mixed electrolytes at elevated temperatures should 

generally be close to unity- Activity ratios, therefore, such as define 

the phase boundaries in figs. 1 and 2, are probably very close to the 

correct values, even though ion activities themselves may be a few tenths 

of a log tinit smaller than the values given in table 2. The observed 

constancy in total KCl/HCl ratio with change in concentration is consistent 

wi th such behavior. | 

At and below 300°C, the broken curves in figs. 1 and 2 were cal

culated thermodynamically from the relations AG" = AH° - TAS° and 

AG" = -RT In k, where k is the ecfuilibriimi constant of -the reaction. 

Thermodynamic data for the solids at 298.15''K are from Robie and Waldbaum 

(1968), except for moniimorillonite and paragonite, which are from 

Ulbrich and Merino (1974). G" , H° and S° at 298.15K are respectively 

for montmorillonite (Na .,-Al̂  oo^i- t--.^., ̂ iOH) ) , - 1277.76 kcal/mole, 
. J O 2 . J O J . D / i U ^ 

-1366.84 kcal/mole and 62.8 Gb/mole and for paragoni te -1320.76 kc a l / 



mole, -1412.05 kcal/mole and 65.03 Gb/mole. Adularia, low albite and 

natural 2M micas were the minerals used in the final equilibration 

runs and in -the calculations. No change in the minerals was detected 

after -the runs, but purely surficial recrystallization, to which the ; 

aqueous phase would respond, must always occur to some extent. 

Extrapolations of AH" and AS" to higher temperatures were made 

using the heat capacity data compiled by Helgeson (1969) , or in the 

absence of such information, from summation of Cp of the oxides. Free 

energy data for water at elevated pressure and temperature are from 

Fisher and Zen (1971) for those reactions involving H O . For the ions, 

average heat capacities from Criss and Cobble (1964) were used. 

Pressure connections for the solids to 1 kb assimied constant moleir 

volumes, i.e., AG = 'VAP. Partial molal volvmies of the ions were taken 

from the work of Ellis and McFadden (1972). Pressure corrections on 

the free energy of the solids and ions are relatively small .-

The uncertainties in the data points calculated from conductance 

data are difficult to evaluate, but are probably at least ±0.1 log j 

units at 400" and 500", and greater at 300° where evaluation of dis- • 

sociation constants is more difficult. Similar small uncertainties 

exist for the thermodynamic points in the diagrams because of the 

scarcity of experimental data on ionic Cp and v values at appropriate 

elevated pressure-temperature conditions, but larger changes may result 



from current reevaluation of the free energies of formation of some of 

the solids. Because of such uncertainties in the thermodyncimic data 

base, the experimental results are not used in this discussion to 

generate new -thermodynamic numbers for any of the solid phases. 

' High Temperature Stability Relations 

At high temperatures in the diagrams the mica fields diminish and 

eventually disappear due to convergence of the hydrolysis curves at the 

point of thermal dehydratJ-on. This change defines the isobaric in

variant point for t h e assemblage feldspar-mica-andalusite-quartz. Above 

500°C, runs were made at 550 and 580"C in -t̂ie K-bearing system and the 

curves are drawn through t h e points. These data probably represent a 

close approach to equilibrium although successive or replicate equili

bration runs, such as were made at lower temperatures, were not carried 

out. Both synthetic and natural muscovite were used. The implied 

muscovite breakdown temperature at about 600°C is in agreement with 

results of Day (1973). The experimental precision for the andalusite —• 

mica values at 500"C in figures 1 and 2 is ±0.17 log units, compared 

to ±0.10 log units for the other 500" points. Average precision for 

the diagram as a whole in the earlier work was ±0.12 log units, and was 

based ujpon three or four replicate equilibration runs per point. 

Dat:a along the metastable extension of the mica-pyrophyllite 

boundaries, as given in the earlier papers, define, of course, wider 

muscovite and paragonite fields at high temperatures.- The generation of 

any pyrophyllite in the assemblage tends to bias experimental results ' 

toward that curve, which was a problem encoiontered in some'runs. In 



the very low ratio, high temperature region, dilute solutions (e.g., 

0.5 m KCl) were found advantageous in establishing and following pH 

•trends, as the system is not then swaimped with very high total acidity. 

In all experiments, the solution was equilibrated with excess solids. 

Thermal stabilities of -the hydrous alumino silicates as shown in 

fig. 1 are in accordance with earlier work (Reed and Hemley, 1966, 

Kerrick, 1967, Hemley, 1967). The pyrophyllite value could be somewhat 

lower within experimental precision, but probably not as low as the 

recent value proposed by Haas and Holdaway (1973). 

The muscovite field in the activity diagram should trend and termi

nate essentially as indicated in fig. 1. The marked curvature of the 

experimental concenturation curves toward higher acidity at very high 

temperatures indicates that HCI is becoming much less dissociated 

relative to KCl, and the fact that the calculated activity ratio does 

not fall at the apex of the field may be due to a nimiber of influences. 

These include error in the dissociation constants used, the effect of 

individual ion activity coefficients, and possible complexing in the 

mixed electrolyte not covered in the single electrolyte equilibria. 

This would include speciation involving aqueous Al and Si, although 

significant effects due to these constituents at the concen-tirations 

involved are unlikely. 

A further possibility, noted in an earlier discussion (Hemley, 

1959), is the development of a two-fluid phase field at the highest 

temperatures studied. Ondissociated HCI would partition in favor of 



the more gaseous fluid and a very low KCl/HCl ratio would then be 

observed in the quenched aqueous product. In view of the data of 

Sovirirajan and Kennedy (1962), this altemative does not appear likely 

as runs at 1 kb are above a two phase region in this temperature range, j 



In the Na' system, -the upper stability limit of paragonite was anti

cipated in the temperature region cibove 500 "C, emd only two exploratory 

runs involving paragonite were made, both at 550"C. These showed a 

marked shift to low ratios similar -to that noted in 'the K system. As 

regards t h e thermal stability of paragonite, Chatterjee (1972) has 

bracketed the boiandary for 1 kb at 470-490"C, and Gusynin and Ivanov (1970) 

report 500 ± 5"C. The experiments here considered do not resolve the 

problem inasmuch as natural, well crystallized paragonite, exchanged wi-th 

aqueous NaCl hydrothermally to eliminate K, was used in the runs, and 

such material would be expected to persist metastably in the run times -

involved at 500°C (7-14 days). It is not improbable, however, that 

synthetic hydrous phases, such as used by foregoing investigators, wovild 

tend to show low dehydration temperatures because of grain-size effects; 

and crystal inperfections-;r Even reversed experimental data might 

tJierefore be biased toward a low decomposition temperature because the - ' 

upper bracket is too low. Reversals recycled at least once on tihe same; 

sample, 'thus involving well-aiinealed and well-crystallized material, are 

desirable for proof of stability change. Until more work is done, how-' 

ever, the paragonite-bearing assemblages at 500"C in fig. 2 probably 

should be considered at or near their upper limit of stcibility. 

— Moreover, the present authors have observed that paragonite synthesized 

from gels at 500"C has minor expanding character, not noticeable wi-th-

out glycol treatment because the basal peak present corresponds to the 

normal 001 spacing of paragonite. 



Low Temperature Stability Relations 

The diverging tirends of the concentiration and activity cxirves in 

the diagrams illustrate the increasing occiorrence of ion association 

or complexing with increasing temperature, and the increase is greater 

for HCI than for the alkali chlorides. Also plotted in fig. 1 are 

corresponding activity ratio calculations from Usdowski and Bames 

(1972) and Shade (1974), for the K feldspar-muscovite-quartz equilibrium. 

All values are sturongly dependent, of course, upon the values of the 

dissociation constants used. The 400" to 600" points are from Shade, 

the 30" and 300° points are from Usdowsky and Barnes, and the 200° point 

is their point from Hemley (1959). At 200° complete dissociation was 

assumed, hence its location on the experimental curve. With regard to 

the 200° data, it is apparent that if the thermodynamically calculated 

value is correct, the experimental point must be somewhat in error. 

An increase in relative stability of muscovite, however, over the pre

sent thermodynamically accepted value, will shift the K feldspar-

muscovite-tjuaxtz curve to the right and bring the experimental amd-

thermodynamic points in fig. 1 into better agreement. Of course, a curve 

calculated for sanidine rather than adularia would also be shifted to the 

right, e.g., 0.37 log units at 25°C. A most pertinent consideration in '• 

this problem, al-though of less importance in the K- than in the Na-bear-

ing system, is the composition and structural nature of the solid phases 

typically present in natural or in experimental systems, relative to that 

thermodynamically stable at a given PTX condition. 



Some liberties are obviously taken in interpreting t h e activity 

curves for t h e Na-bearing system. The reactions involving montmorillonite 

used in the calculations are as follows: 

+ . + 1 
(5) 1.17 Albite + H = 0.5 Montmorillonite + 1.67 Quartz -f Na i 

i 

(6) 3 Montmorillonite + H +3.5 H O = 3 . 5 Kaolinite -H Quartz + Na 

l h e Na montmorillonite-kaolinite-guartz trend is particiiLarly divergent 

from the experimental curve. The chosen composition and estJ.mated 

thermodynamic values of the montunorillonite may be significantly in 

'error, but assuming montmorillonite is the stable phase at low 

temperature, -the trend suggest:s inarked Cp and compositional change of 

montmorillonite toward paragonite with increase in tenperature. This 

is in suggested agreement with experimental findings. At 300"C, a 

fully expanding moniimorillonite is produced by albite hydrolysis 

decomposition and is quite persistent, even in 4m NaCl. The assemblages 

were, of course, too fine grained for electron probe work or mineral 

separation and analysis. However, analysis of montmorillonite of 

• initially so-called ideal composition, equilibrated in runs of the • 

same duratu.on (2 months) and solution composition as the mineral • 

equilibration studies, showed montmiorillonite witJi an Na formula con

tent of 0.6, i.e. in partial transition toward paragonite. In a long 

run' (9 months) a regular 1:1 mixed-layer montmorillonite-paragonite 

was formed. Calorimetric data, yet to be obtained for these phases, 

will help clarify relationships. In the meamtime, conclusions expressed 

in 'the earlier work remain, namely, that the stability limit of Na 

montmorillonite is not est:ablished relative to either paragonite, a more 
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hydrous Na-mica, or a mixed-layer phase, and is depressed by higher 

aqueous Na concentration. It probably does not remge as high as 300", . 

and a considerably lower temperature is more likely, such as between 

100 and 200"C. The curves are terminated at 1 atm. rather than 1 kb 
I 

at 25"C. ' 

The experimental studies considered in this paper present an 

excellent example of the problem of using log k vs — plots for extra

polation to different temperature's. Such a procedure yields a near 

linear plot provided /ACpdT is small relative to the total enthalpy 

change of reaction. Whether or not ACp is constant is not defined by the 

curve, although, of course, if ACp were zero the curve would be linear. . 

A relatively small /ACpdT often characterizes reactions, but in systems 

involving an aqueous phase changes in state and speciation can have an 

appreciable effect on heat capacity and therefore on the slope and curva

ture of the plot. The effect is particularly great where aqueous densi

ties are changing rapidly. In fig. 3 log k vs —• plots are shown for the 

experimentally-based portions of the solid and dashed curves of fig. 1 

from 300° to 500°C. Both yield essentially straight lines in this 

temperature interval, but greatly different slopes because they correspond 

to different reactions (ionic and largely non-ionic). The ionic curves 

must, of course, be used for the long 25°C extrapolation since all species 

are ionized at low temperature. The experimental and calculated curves 

converge at low temperatures as in fig. 1. 

Although thermodynamic considerations indicate that the slopes of the 

extrapolated curves would flatten somewhat with decreasing temperature, 

t h e width of the field of muscovite, hence its relative stabililiy and 

11 



negative value of G° at 25°C is greater than that corresponding to 

the calculated thermodynamic points of fig. 1. Similarly, AH" for 

reaction (1), as given by the slope of the curve in fig. 3, is -7322 

cal/mole H , as compared to -6080 from tabulated thezroodynamic data. 

Conclusions 

Activity ratio curves for the alkali feldspar and mica hydrolysis 

reactions have been presented based on conductance studies and on 

thermodynamic data. The agreement is good considering -the uncertainties 

involved. Stability fields are thus illustrated in terms of both 

activities and concentrations, with the fields essentially super

imposed at low temperatures. The activity relations cLre of interest 

as they are independent of electrolyte character, i.e., concenturation 

and anion make-up, and provide the basis for more meaningful exturapolation 

to other temperatures, whereas concentration relations are of interest as 

they provide a more direct reading of change in chemical masses in 

geologic processes. The latter must always be considered, therefore, in 

quantitative evaluations of metasomatic processes. The ratio of the 

activity and concentration curves defines the to'tial or stoichiome'tric 

activity coefficient of the reactions, inclusive of complexing, at any 

given temperature. 

12 
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i Fig. 1. Concentration and calculated activity ratio curves in the 

I system K 0-Al O -SiO -H O, Solid symbols from conductance data. 

'. Open symbols from -thermodynamic data. Vertical bar indicates 1 atm. 

i 
j at 25°C and saturated water vapor pressure above 100"C 
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. Fig. 2. Concentiration and calculated activity ratio curves in the 
I 

: system Na 0-Al 0_-SiO -H O. Solid symbols from conductance data. 
I I 

i Open symbols from thermodynamic data. Vertical bar indicates 1 atm. at; 

25"C and saturated water vapor pressure above 100°C 
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i Fig. 3. Log k vs —plot of experimental concentration data and 
! 
;• activity ratios calculated from concentration data, as shown in fig. 

1. Activity data are extrapolated to low temperatures. 
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A relationship is presented for determining the vapor pressure of water over aqueous solutions containing 

more than one strong electrolyte. Illustrations present use of this relationship in determining the solubility in 

such mixed solutions of electrolytes whose crystals are hydrated. 

I he activity coefficients of strong electrolytes in aqueous 
solutions can be ijredicted at various tem))eratures and ionic 
strengtlis by recently )5ublished niethods (Meissner and Kusik, 
1972; Meissner and Tester, 1972: and Meissner et al. 1972). 
Vapor pressure of water over such solutions, containing only 
one dissolved electrolyte, can also be predicted (Kusik and 
Meis.sner, 1973). The object here is to e.vtend these inocedures 
to the calculation of water vapor jsressuras over aqueous solu
tions of more than one electrolyte, and to illustrate application 
of these niethods to the estimation of the solubility of electro
lytes whose crystals are hydrated. 

Mixed Solulions 

A solution of an electrolyte 12 is here called "pure" or 
"mi.xed," depending on whether other electrolytes are present. 
Mixed solutions are described as containing cations 1, 3, 5, 
and so forth, and .inions 2, 4, 6, and so forth. I t is convenient 
to characterize these solutions in terms of the individual ions, 
using the definition of ionic strength presented in the nomen
clature table. To illustrate, consider a solution which is 2 m 
in NaCl and 2 m in Na2S04. Designating Na'*', Cl~, and 
SO*'- as ions 1, 2, and 4, the ionic strengths in, iit, and in are 
0.5 (6 X V), 0.5 (2 X P) , and 0.5 (2 X 2'), or 3,1, and 4, re
spectively. The anionic strength of the solution itself, namely 
iia equals (/JI -\- lit) or 5, the cationic strength is Hc or 3, making 
/ir, the solution's total ionic strength, equal to (jia -{- n^ or 8. 
Finally, again using the definitions in the nomenclature table, 
the anionic strength fractions Fj and F< in this system are, 
respectively, 0.2 and 0.8, while the cationic strength fraction 
Xl is unity. 

M i x e d So lu t ion V a p o r Pressure 

The activity of water, designated as (a„°)i2 over a pure 
solution of electrolyte 12 and (a„)mix over a mixed solution 
is defined as the ratio p /p° , namely, the ratio of ^ l e partial 
pressure of water over the solution and over pure water at the 
temperature in question. In a mixed solution (a„),nix can be 
calculated from (au,°)i2, (au,°)i4, (a»°)2>, and so forth, all taken 
at the total ionic strength and temperature of the mixed solu
tion, as follows; 

log (aj,„ix = XIY, . log (a„°),2 -f XiY, log (o„°)„ -1-

A', Fo log (a„°),6 . . . -f- A",}', log (o„°)3, -f- A',F, log -

(a„°)M -I- A,F„ log (a„°)36 • - • -\- A'sFj log (a„°)62 -f 

X,Y, log (aM°) -1- XiY, log (a„°)s6 . . . (1) 

The derivation of this equation is outlined in later paragraphs. 
For a mixed aqueous solution of NaCl and KCl, here called 

electrolytes 12 and 32, respectively, Equation 1 obviously 
simpUfies to 

{au, = [(0)N«ci^'''' '][(a„°)KCi^'-'''] (2) 

Thus a solution which is 5.09 m in NaCl and 2.31 m in KCl 
is saturated with both salts at 30°C, and has a total ionic 
strength of 7.4; consequently -VNB'*' is 0.69, Fc i " is 1.0, and 

A'K* is 0.31. At 30°C and a total ionic strength of 7.4, a solu
tion containing only NaCl or only KCl is supersaturated. 
The activities of electrolytes and the vapor pressures of water 
over these two pure supersaturated solutions are readily esti
mated by the methods previou.sly discussed (Kusik and Meis.s
ner, 1973; Meissner and Tester, 1972; Meissner et al., 1972). 
For examjile, starting with literature values for 7° of 0.67 
and 0.57, respectively, for a solution of pure NaCl and jjure 
KCl at 25°C at an ionic strength of 2, then by extrapolation 
to an ionic strength of 7.4, (au3°)NiiCi and (a„°)KCi are, re
spectively, 0.71 and 0.78. Substituting into Equation 2, 
(a„)mix is predicted to be 0.73 vs. an exijerimental value of 
0.722 (.-Vdams and Mertz, 1929). Water activities over several 
other saturated aqueous solutions of two 1:1 electrolytes hav
ing a common ion are tabulated in Table I. Inspection shows 
fair success again to be attained. 

A more interesting application of Equation 1 lies in calcu
lating water vapor jiressures over multi-ion solutions. Thus, 
a synthetic brine with a measured vapor pressure of 18.35 mm 
Hg at 26°C has the following ion molalities: 2.36 Mg''*', 1.13 
SO4'-, 0.83 K'*', 5.75 C1-, and 2.46 Na'*'. When we designate 
these ions as 1, 2, 3, 4, and 5, respectivelj'. Equation 1 be
comes: 

(ajniix = (a„°).2^''^'(a„°)H^'^'(a„°)32^-^'(a„°),/'^' : 

(a.°).s.^'''''(a„°)M^ (3) 

To solve, it is necessary first to determine (au,°)i2, (au,°)u, 
and so forth, each at the total ionic strength of the mixture, 
namely 0.5 (2.36 X 2 ' -|- 1.13 X 2' -)- 0.83 X 1' -|- 5.75 X 
1' -\- 2.46 X 1'), or 11.47. In sequence for the six terms as 
written on the right-hand side of Equation 3, the values of 
a^° (calculated by the methods outlined previouslj') are 0.95 
for MgS04, 0.62 for MgCU, 0.93 for KiSO*, 0.65 for KCl, 0.89 
for Na2S04, and 0.51 for NaCl. Similarly, values of A'l, 1'2, 
A'3, Yt, and A'l are, respectively, 0.742, 0.44, 0.065, 0.56, and 
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0.193. Substituting into Equation 3, (a„)mii is 0.73, making 
the water vapor pressure equal to 18.4 mm Hg, very close to 
the experimental value of 18.35 as reported above. 

So lub i l i t y 

The ionic activity product equation, which relates the 
solubilities of electrolyte 12 in pure and in mixed saturated 
solution, is usually written as follows: 

(m,°)"("i2°)"(Y.2°)"- = ^»^.)'"(m2)'•(T.2)"• (4) 

The symbols used here are again defined in the nomenclature 
table. For low concentrations with very insoluble electrolytes, 
712° and 7i2 are both unity, whereupon Equation 4 reduces to 
the familiar solubility product equation. For systems of 
higher concentration, these electrolyte activity coefficients 
can be predicted with reasonable success by the method of 
Meissner and Tester (1972) and Meissner and Kusik (1972). 
However, Equation 4 applies only to electrolytes like NaCl 
and KCl which as solids contain no waters of crystallization. 
This equation must be modified for application to saturated 
solutions in which the solid phases are hydrated, as is nor
mally the case with electrolytes whose ion charges exceed 
unity. For convenience, the moles of water per mole of elec
trolyte in the crystal are here called n„ when in contact with 
pure saturated .solution, and n when in contact with mixed 
saturated solution. For such hydrated solids, when w„ and w 
are identical: 

(miy'i7n,°)'"-iyn°yHa„°)n'" = 

(mi)'"(wi2)'"(->'i2)'"(aj„ (5) 

Occasionally, «„ and n are unequal. Thus, for pure sodium 
carbonate, the solid jihase in contact with pure saturated 
solution at 25°C is NajCOj• 1OH2O, but in contact with a 
mi.xed saturated solution containing 11% NaCl is Naj-
COr7H20 (International Critical Tables, 1928 IV, p 301), 
making Ug and n equal to 10 and 7, respectively. For such 
cases, the solubility relationship becomes: 

(m,°)"(7n2°)"(7i2°)'"'(a„°)"'' = 

(mO'"(w2)"(7i2)'"KaJmix" exp { - A F J R T ) (6) 

where (see nomenclature table for definitions): 

AF, = / ' „ . - F „ - (n„ - n)F„ (7) 

'Values of the free energies in Equation 7 are presented in the 
standard references or can be calculated from water activities 
for saturated solutions in which both crystal species are 
present. 

The derivation of Equations 4, 5, and 6 is presented in later 
jjaragraphs. I t is worth noting that when n, and Ji are equal, 
then Equation 6 reduces to Equation 5. In mixed solutions 
containing only small amounts of other electrolj'tes, TÎ  and n 
are usually identical; consequently Equation 5 ajiplies. When 
concentrations of both pure and mixed solutions are low be
cause of low solubilities, then (a„°)i2 and (a„)mix are both 
substantially unity, and both Equations 5 and 6 reduce to 
Equation 4. Extension of the thoughts above indicate that 
Equation 6 apjilies also to situations where the left-hand side 
as well as the right-liaiid side represent mixed solutions. 

FeCl j So lub i l i l y 

Consider the jiroblem of determining how much HCI can 
be di.ssolved a t 25°C in a 1.4 TO solution of ferrous chloride 
(here called electrolyte 12) before sohd FeCl2-4H20 startf to 
precijiitate. From the literature, a pure saturated solution of 
thi.s tetrahj'drate at 25°C has a molality of 5.07; hence n is 

Table 1 1. Activities of Water 
Saturated with Two Salts H 

NaCl 
NaCl 
KCl 
KCl 

System 

I 
I I 

Electrolyte molalit ies 

5.09 KCl 
4.11 NaNOa 
2.05 NH4CI 
4.74 KNO, 

Table 

Sol id phases 

Na2SO4l0H2O 
Anhydrous Na2S04 

and NaCl 

at 30 
aving 

2.31 
8.55 
5.74 
2.70 

II 

1 

°C in Solutions 
a Common Ion 

W o t e r a ct iv i ty in 
mixed solution 

Calcu
l a t e d 
f r om 

Equation 
1 

0.73 
0.64 
0.77 
0.82 

Molal i l 

NozSO, 

1.97 
0.69 

E x p e r i 
menta l 

(Adams 
a n d 

M e r t l . 
1 9 2 9 ) 

0.722 
0.676 . 
0.735 
0.786 

l ies 

N a C l 

0 
5.51 

15.21. Here 712 and (o„°) are, respectively, 3.8 and 0.55, 
found by extrajiolation (Kusik and Meissner, 1973; Meissner 
and Tester, 1972), when we know that ri2° is 0.9 for a pure 
(unsaturated) FeClo solution at 25°C when /i is 6 (Harned and 
Owen, 1958). Substituting into the left side of Equation 5, we 
get: 

{mi°y'{.m2°y'{yn°y"(a,,°)n'"' = 

(5.07)(2 X 5.07)H3.8)='(0.55)' 

The foregoing product, which is numerically 2617, must equal 
the right side of Equation 5, or 

2617 = (1.4)(2 X 1.4 -\- m32)K7ij)'(aJmix* (8) 

Here WI32 represents the moles of HCI which must be present to 
form the desired saturated solutions of ferrous chloride. In 
these solutions, by definition, iir equals (1.4 X 3 + ' " J J ) . By 
trial, various values of m32 are assumed and corresjionding 
values of 712 are obtained by the method of Meissner and 
Kusik (1972). "V âlues of (a„)mix are calculated by Equation 1. 
Equation 8 is in balance when m32 is 6.6 at which point M is, of 
course, 11.8, 7FeCii is 8.6, and (oJnUx is 0.43. Agreement with 
the experimental value for 77132 of 7 ni (Seidell and Linke, 1965) 
is thus within 6%. 

Errors 

Errors may be encountered in applying Equations 5 and 6, 
not onlj' because of inaccuracies in estimating values of activ- . 
ity coefficients and vapor pressures, but because these terms 
are raised to powers, magnifying such inaccuracies. For ex
amjile in Table II , systems at 25°C, solution I is pure while 
solution II is saturated with both sodium sulfate and sodium 
chloride (International Critical Tables, Vol. 4, p 288, 1926). 
There is some disagreement in the values for Na2S04 molality 
in saturated solution II , inasmuch "as they are alternatively 
reported in the International Critical Tables as 0.82 on page 
287 of Vol. 4, and as 0.595 on jiage 982 of Seidell and Linke. 

The molality, mn, of sodium sulfate in solution II will now 
be calculated by trial from Equation 6 and comjiared with the 
experimental value in Table II. The free energy of hydration 
of anhydrous sodium sulfate is reported (Rossini, 1952) as 
follows: 

Na2S04(c) -h IOH20(1) = Na2SO4]0H2O(c), 
AF, = -1250 cal a t 25°C 
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Values of «„ and n for the decahydrate and the anhydrous salt 
in this equation are, respectively, 10 and 0. From Robinson 
and Stokes (1959), 7Na«soi lor pure solution I is 0.155, while 
(a„°) is 0.96 as estimated by the method of Kusik and Meiss
ner (1973), making the left side of Equation 6 equal to (1.97 
X2)ni-97)(0.55)'(0.96)'°or0.076. 

Similarly, when we know 7NO,SO. for solution I, its value in a 
mixed solution which is 5.5 m in NaCl, as in solution II, can be 
determined by. the methods of Meissner and Kusik (1972). 
Thus, when win is assumed to be 0.46, then ^ j - is 6.89 while 
TNii.sOi is 0.32. By trial. Equation 6 is in balance as foUows 
whenTOii is 0.46: 

0.076 = 

(2 mn -t- 5.51)n»iri)(0.32)' exp (-1250/1.99 X 298) 

There appears to be a significant difference between this 
calculated value for wn and the average of the experimental 
values reported earlier. Caution should obviously be used in 
applying Equations 5 and 6, especially when either n or «„ 
is large. 

Der i va t i on o f Equat ion 1 

For a system of two 1:1 electrolytes 12 and 32, having ion 
2 as the common ion, the Gibb.s-Duhem equation is: 

— 55.5 d In (o„),„ii = mi2Vi2 d In OT12712 -f 

M32i'32 d In niziyxi (9) 

Sejiarating and rearranging the right-hand .side of Equation 9 
give us: 

— bb.od In (a„)m,-x = I'lidtui-- -f- Piidmn -|-

»ii2i/,2 d In 712 -f mnn-i d In 732 (10) 

Hold the ratio 7/113/W32 constant and Equation 10 is integrated 
from zero to the final electrolyte concentration. Natural 
logarithms are converted to base 10 logarithms, the quantities 
of the form mnvnZiZ^ are replaced by 2 im, and d log 712 is re
jilaccd by ziZj d log ri2, whereupon: 

-55.5 log (ajmix = !^ .3 ^ ^^ •'' ^ I '''" '̂  '°8 Tu + 
2 . 3 zjZj 

2 I irn d log r32 (11) 

But from Meissner and Kusik (1972), for a three-ion system: 

a log r,-, = 0.5 (Al d log r,2° -f Fj d log r,2° -f 
A3 d log r,2°) (12) 

d log r32 = 0.5 (A, d log ri2° -t- F2 rf log r32° -f 

x,d\ogr^t°) (13) 

From Kusik and Meissner (1973), the activity for water over 
the pure electrolyte solutions are, respectively. 

- 5 5 . 5 log (a,aix°)i2 = — + 2 \ „ r d \ o g Vn° 
Zl^l J 

^ / ' 
- 5 5 . 5 log (a,nix°)3i = — -f 2 ixrdlog Tyi 

By definition for this system of 1:1 electrolytes: 

till = A'lMri (/'iJ + IJin) ~ F2Mr! fii — XZHT 

For this three-ion system, of course, Fj is unity, and 

XiYi -f A'jFj = 1.0 

(14) 

(15) 

(16) 

(17) 

Substituting Equations 12 and 13 into Equation 11, eliminat
ing the integrals by using Equations 14 and 15, and combining 
with Equation 16, yield Equation 2 for a three-ion system. 
I t is obvious that this derivation can be extended to multi-ion 
systems of 1:1 electrolytes, yielding Equation 1. This deriva
tion is rigorous for systems in which all cations have the same 
charge, and all anions have the same charge, as in a solution of 
NH,C1 and KNO3, or a solution of CaCU and MgClj. When 
cations and/or anions have unequal charges, as in a solution 
of HCI and FeCk, or NaCl and Na2S04, then Equation 1 is 
still a good first appro.ximation as indicated by the foregoing 
examples. 

Der i va t i on of Equat ions 4 a n d 5 

In these derivations, the standard state for water is the pure 
liquid and for the electrolyte is in its familiar pure hypothetical 
solution in which both the mean ionic molality and activity 
are unity. For each equation, the derivation is based on the 
reversible isothermal transfer of electrolyte (and any associ
ated waters of crystallization) by two alternative jiaths from 
the standard states just listed to the same solid crystalline 
form. Providing the crystals produced are identical, the free 
energy changes over these two jiaths must be equal: 

Path I. Starting with the standard states just mentioned, 
transfer 1 mol of electrolyte plus n„ moles of water into the 
saturated pure solution, simultaneously allowing the hy
drated crystals to precipitate. Obviously TJJ, is zero for an 
anhydrous crystal. Since the free energy change of forming 
crystals from saturated solutions is always zero, the molal 
free energy change over this path is obviously RT[\n 
(TOi°)"(m2°)" (7i2°)'" + no In (a„°),2]. 

Path II. Again starting from the standard states mentioned 
above, transfer 1 mol of electrolyte plus n moles of water into 
the saturated mixed solution, simultaneously allowing the 
crystals to precipitate. Since this free energy change of crystal 
formation from saturated solution is again zero, the molal free 
energy change over this path is RT [In (»«i)"(m2)'''(7i2)"' -J- n 
In (ajmixl-

Equation 4 is derived by equating the.se free energy changes 
for Jiaths I and II above, recognizing that «„ and n are both 
zero since the crystals precipitating aie anhydrous. By ne
glecting second-order terms, the derivation of Equation 5 pro
ceeds along similar lines for the case when the solid phases are 
hydrated, with n^ and n being equal. 

When 7?„ and n are not identical, as in Equation 6, then the 
crystals precipitated from the pure solution of path I above 
are not identical with those from the mixed solution of path II. 
Before the free energy changes of these two paths can be 
equated, allowance must be made for rehydrating the crystals 
of path II from n to Wo- The free energy change of this crystal 
hydration step is of course given by Equation 7. It is obvious 
that Equation 6 results when the molal free energy changes of 
the two completed paths are equated. 

N o m e n c l a t u r e 

(a„) = activity of water, (ou^°)i2 being for a pure solution 
of an electrolyte identified by subscript, (o„)n,ix being for 
mixed solution 

A F J = free energy change of crystal hydration, as in 
Equation 7 

/'' = molal free energy of formation from the elements, 
F„„, referring to crystals carrying n,, moles water of hydra
tion per mole electrolyte, F„, referring to crystals carrying 
n moles water of hydration per mole electrolyte, and Fu, 
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being the free energy of liquid water, namely —56.69 
Kcal/g-mol at 25°C 

m = molality, in g-mol/1000 g solvent; m° referring to 
pure solutions and m to mixed solutions. The ions or elec
trolyte referred to are indicated by subscript 

n = moles of water of crystallization "per mole of anhy
drous electrolyte in a solid, n^ and n being used to distin
guish between solids in equilibrium with saturated pure and 
mixed solutions, respectively 

A' = cationic fraction, as in/ii//i£ or/ij/juc 

F = anionic fraction, as in 1̂2/̂ 0 01" wZ/'o 
z = number of unit charges on the ion, indicated by the 

.subscript. Thus z is unity for Na'*', also for NOs", but is 
3forAl' '*' ,alsoforP04'-

p = moles of ions formed upon complete dissociation of 1 
mol of electrolyte. Thus, vi is for the indicated cation, v̂  
is for the indicated anion, while vn is the total number of 
ions namely {vi -t- Vi). To illustrate, 1̂2 is 2 for NaCl and 
5forAl2(S04)3 

7 = mean ionic activity coefficient for the electrolyte 
indicated by the subscript, 712° being for the pure solution 
and 7i2 for the mixed solution 

r = reduced activity coefficient, namely 712""" for 
the electrolyte indicated by the subscript. The term, ri2°, 
refers to jiure solutions, T12 to mixed solutions 

11 = ionic strengths indicated by the subscript. The ionic 

strengths iii, in, . . . , of the individual ions are 0.5 miZi', 0.5 
m^Zî , and so forth. The total ionic strength f»r equals 0.5 
(wiZi' -f 7?i2Z2' H- mjZa' -f . . . ) . For a pure system, nr 
equals 0.5 Jni2>'i2ZiZ2. The cationic strength nc of a solution is 
Cm 4- *<j -t- . . .) , the anionic strength Po is (MJ -h P4 -h . . . ) 
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BEHAVIOR OF TRACE ELEMENTS DURING MAGMATIC PROCESSES— 

A SUMMARY OF THEORETICAL MODELS AND THEIR APPLICATIONS 

By JOSEPH G. ARTH, Reston, Va. 

Abstract .—Progress in undors.'antlinK Uic I)clinvior of truce 
clt-nieni.-i Uurinn Ihc pfH;i'iise.s (Imt pnxhic-u ifrm'ous rofkii has 
beiMi p.iu îi* iKVSsiMo Uy llir piinillcl tievflnprneiit nf Ih<Hirelk'nl 
moilela tn iie.scrllui Unit l iohariur niiU ii;inlylk'a\ t<H.'linunu's tliiit 
poniiit prcci.sE; moasurcment of tracO'ck'Hieii', cncenlrui ion.^ 
in Isnt-oii-s rf*ck^ niid minerals . The resul t of rhi.^ profires.s i.s 
tha t tnict^eicmftit -stinli&s juay now lie u.«?(;(] lo place sin»ii;; 
l imits im both tin; dcfrrec "f piirlhil mWUng or frnciioniil 
cr.vstjiUl7,ntion iuvolvwl lu tJie production of a glrpii magraa 
find thf idpntit.v and fpuniiily of ihu rcsidunl pha.sw. A sum
mary of rjuanlitative tracc-elonicn'. Hionry and parti t ion co-
eflicioiit da ta for icnnoas rocks i.s iiresented. 

Algebraic iimnipuiation ^'iclds tlic ecjuation 

/ / . ' . ' - / . " lO \ 

' \ RT J 

Truce-eleincnt studied are now widely n.seil by iictro-
lofrist.s ami geoe.lieiuisl.s in the study of iifiiec.iis rocks, 
yet many {reo!ogi.st.s wonolei- alioiit. the basis or validity 
of [jetrogcnetic conclii.sion.s drawn from flicae .^Indies. 
"While uiany a.spucts of traco-clenient behavior reinaiu 
unknown, signi(ieant in-oj;i-es,s has bwn made in both 
the llieory antl its e.xiK'riiiiental and geologic voiifica-
(ion. lu tlii.s paper, the quanliiai-ive theory of tiacc-
elemont beliavior during tlie processes of partial melt
ing and fractional e.ryslalli'<'.a;i<in is suuunari-«'d for 
the geologi.st who ha.s not. closely followed lhe devel
opnient. of this jiowerful new tool. .-V .simple example 
of the use of the ef|iialioii.s K given, a.s v.-tdl as a coin-
piliition of phenociyst-groiindinass \)artitio!i coeflicienl 
data. 

The theoretical models l-hal have been proposed 
assuine as a starling point thai iraee oleiiieni.s foiiii 
dilute solid .solutions and behave in aocofdaiico with 
Henry's law. 'I'his a.ssnm|)lioii cannot be made, how
ever, wliere. an element, althotigh low in abundance, is 
a .sloichiometiic con.stiluent of a pha.se (for e.vample, 
zii-coniuin in zircon). Applieation of Henry's law also 
dejiends on the a.ssunipiion of efpiilibrium or neai-
etiiiilibriiun conditions. At eijiiilibiiiim (he cheiiiical 
jjolenlial, n. ot element i in plnse a equals the chemical 
jiolential of i in jdmse p : 

Thi.s cnn be restated in teiins of liie activity, n. and (he 
cheiiiical Jiotential for tlie .standard .state, ;i°. as: 

iV(7,» = k . 

The (ii-st part- of ihis equalion is con.stant if the temp
erature, pressure, and bulk composition are constant, 
.so that tlie ralio of activities will wpial a coiiSlant, k. 
The activitie-s can lw restated in terms of elemental 
concentrations, c. and actavity coefTicient.?, -/, to prodtice 
the following: 

y,flc,8=kYi»C|». 
.-Vcc/vrding to Heniy's law the activity coeiiicienis have 
a coiistant value wliieh is independent of concentrarion 
so long as the .solulion is dilule, so that 

= ^K'/f. 
cfi ky,» 

The quantity A'"''̂  is called Ihe di.srribution coeflicient 
and Simjdy lepi-e.wiits the concentration ratio of .1 
trace element between two eqiiilibriated jihases. 'Ilie 
concent rat ion of a ti-ace element in a magnia. therefore, 
is expected to reflect the va'iie of tlie diftribulion co
eflicient between the niagma and the .solid |)lia.ses with 
whicli it coexists. The expecli-d ctrecl.s on the di.stribu
tion eocflieient of temperatui-e, pres.sure. crystallo
graphic site, anil magma composirion have been dis-
cii.s.sed by .Mclntii-e (Ifltio) and I'.nnno and >raisui 
(l!)7:i). but, are exi>erimeiitaliy confirmed for only a 
feu- elements iu a few minerals ami over very limited 
ranges of temijei-atui-e, pressure, and composition. 

PARTIAL t^ELTlNG 

Kfpiat-ions describing the behavior of trace elements 
during |)ar(iiii melting wei-e fonmilaled by .Schilling 
and Winchester (IflOT) and GaSt (H'a'iS). Shaw (.1070) 
later licvised less complicated expeessions which de-
.sctibe tliree po.«ible paitial-melliiig mechauisnis: (I) 
continuous removal of melt from the residual solid, 
(3) conlinuoiis i-eiuoval of melt from the residuiil 
solid followed by colleciion of this melt in a .single 

"•ii7y:g^^JM^^.nll-^»:y-.l^.'-.'.^'-^.»-•'?;^'W''*y'•••tV;'•f^l^r•J-••'^'.^)-^''^^ 
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coinploti'ly ?in.vi'd cliiimU>r. and (A) ci'iitinuoiw oq\u-
librium (tf lit*- liipiid ph.iH' iviih llu? ti-J.i(hml solid 
DJili) ivnjovii! of Iht' liipiiil Isinu llu' solid (^ojiicliaity 
n'ffrn.'d to a.< "iKitcit" nu'liiiipl. \V)u'n jinaU fniclioiis 
of inaU'riid an- hii'hi-d. tin- t'qiiatfmis for t-iicti mcch-
aniaiii yi'.dd similar iv>ulti. WIH-U lac^f frrxtioiis nf 
malorinl mv nielicd (>'jr» pcrt-fut) ivsults of tlic. 
cqtiations vtiry nmsiih-t-jthly. .\s lIic cotirint[oit.<; rc-
inovnl of iidbiilosiiiia! ainotints of liquid (Nos. 1 mul 
2) is oflpn coii<idcrt.'d phy.sirnlly utdikcly. iiid'hanii^ti 
3 may IK* tjie uto?*!- ^•foh> '̂iri)IIy ivnli-'iiic for )aypi 
botl io.-; of tnaginii of uniform composilion. 

For partial incilin<; in which tlu- lifpiid plmsc rp-
ninins in Cf|ni!ibrimu witii llu- ivsiihial solid phn ît̂ s 
until it is reinoved (Xo. .'!), equalion I't of 6lmw 
(1V70) giics. 

— (I) 
Co /? .+ F { \ - - P ) 

where /'* is the frnrtion of mplliii-r, /r» tlu! inilini traee-
elenieiif coiiri'tifniifoii of (lie toJid. mul c* the (rare-
clemcnl concf-ntfntiou fif ih;>. limiid. />» is Uie bulk dis
tribution coi'dioicnt. for the .'Uinlinj; ns-sembhijie and is 
given by Sliaw's eipiwtioji 0 t>.̂  

/>,=.To-7i'«/''+.T.fl/ra/^+ . . . (2) 

where- -To" i.'t the initial weijrhl fraclion of phaa- n. 
X ^ the initial wei<;lil fi-aclioii of phnw p . nnd A'"'^ is 
thcM)lid-li(iuid distril)iuion coeilicieni. for pSinso a, K^'^ 
the.solid-Ii(|nid diftribulion coetlicieni, for phnse ^. Tho 
tenn / ' iî  given by 

/•=;>«/t'"/M-//.'"/'•+ . . . (3) 

wheiv. /)", /A and so foilh aiv the fi-nciion of liiprul 
eontribaled by cflcJi phji.>:e daring melting. For the 
nnasaal e,ase wlien .simple nioihil nirhinjt lalu's place 
(in olliei' woiii-i, when tho percennii;<' of viicli phnsc in 
the solid does not chan^'c during metiinji;), P'^Va. and 
equation 1 reduces lo 

r^ I 
- » . (4) 

In fi<rure 1. f '̂/r^ is jilolted n^rninst tlie extent- of pni-linl 
mehiii;: for rosidue.s havinf: JK viilue.̂  of 0 to 10. When 
the Indk distributitio coi-rticii'nt approiiclu's zeiti. equa
tion 1 ivslnees t»i 

c^ 1 
— - . (5) 
Co F 

H) (hid- Ihe eoiiccntrnttnti of an eleinent in the li(|uid 
depend.'; solely on the extent of paiiial nielliuj;. Wheiv 
/),».0 (fifr. I ) , nn upin-r liinil is prf»videtl for the c<ui-
a-ntnilioji tli.-d cnn Jt-Mdj hy pniiial nirhin^' of a driven 
solid. When two elfinenlrf have small lUslrlhutiou co-
crtifiien's. the i-ailo of tliese efenuMd.s in t!ie tiqin'd wdl 

FicuBH 1.—niiistrotinn of tlio liplmvlnr of fl Irmre el'/iin-ni diir-
fiiB parClol ineltliiK iirMlirKKl (>>' Hie "^iiorfiit meltlaf;" equa* 
lii'i) mf Sliaw 0 ' ' ' < " f'̂ r \in\iM wUirh is In (-•(lUlnii'in.'i CQUI-
lil.rliim with ffi-iiltml sol[.( mult ft U n'm.ive,i .T* H -liafi-h." 
F . fractS'iH of tucitin^: c», liiltini irncc-eleraent cunci'mroitoa 
nf tUti iiyltd: c ' . trat-t'M'lciiK'iil ci'HCC'iUriiiif̂ n "f tliU't'': 0*. 
buIU thMrlbiUiflii c-Jt-lllclfnt fur llie Planing osSi-tiiMiiKt. 

be Ihe .same n.s- thni in the parent. "Wlieir F nj>pn>ache5 
0 or is much smaller limn Oo, equalion ! or -1 ivdiircs 
to 

c^ 1 
. (6) 

Co Dt. 

TIic lnr;rvr the value of Pt . llu' (i;realer will be the 
e.vlenl, of nudtinp for whicli this retniion holds. I-'or 
example, when /Ji = 10 {flji. 1). rVCo b;».- n value of 
nliont 0.1 for nearly T/\ pi-rceut meltiiif;. 

.\)FO of iin{x>it;(;i<v dnriii;: jwirfial mellin:.' i.s Ihc 
iidhienc*' of minur pJias*'r. No pha^^e. major or minor. 
(hut is pivj^enl in an ajyi-iubhtjie (H-foiv melling will 
I'.trrl. any contml ou iliv inKv-ch-ment <'onieut ur raiiot^ 
of ibe melt if il î ^ nol a iv.-idiial phast- wb'-n the meh. 

i.-; .-depurated. .\ c<ni.seqt(iMr<T of ihi.'̂  (̂  'lirit (he niOihll 

X .'-iyri^-"^?*v,»''-r^ ^?^^^^tt.''^w^•^^yv•.a^:•••?^?vv;•v..T^'J?,-^^^w^;g^^^'^^y^ 
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of a trace clemctU dur-
"modftl meUlnB" cqua-

1 In ll) coutliiuo»3 equt-
1 remiivrd ns a "Jialcli." 
x?-cIeioent coMceatrntlOB 
ntrntlna of llqiiltl: />*. 
lUirifue (ifiscinltlnge. 

(Vherc F appro . i cbc5 

a t i o n 1 o r 4 ncdiiccs 

(0) 

greater tt-ill be the 
relation holils. For 
^/ct has a vulue, of 
lelting. • 
•tial nteUing is Ihc 
st', mnjor ov minor, 
before melting v;ill 
•nt content or ratios 
-hnSA' wlvei\ llie nu'U. 
; is that Ihi; niotlal 

mcltiuit iniKh'l e;Ui b«' iisi^J to prediet. liqnJtl eoucentm* 
tions wlien Ihe itieiiiity of early nietltn;; phii.'ie.*̂  is un
known, bui when the minerah.gieal foTu|msitiou of the 
residue euu bv fxa.-(ly speeiiicd for the ?|Hvi(ie <lpgice 
of melting at whleh the nepiir.ition of llqnitl occurs. 

In applying llie equation.-; dl.-̂ û M>d ahow. llie mo5l. 
useful iv.?idts are obtained when the (nice elemeuLs 
studied have a br-0;ul range of distribution cwfltcients 
for the variou.-i i-Ock-forming miuend.-i. If nn element, 
has a value, of D^ thai nppitKu'lies v.cro for n given 
residual luiiteral a>sciubluge. equuiiou 'i provides un 
estimate.of ihee-vient of paiiiai meiting. If nn element 
has a voUin of A"«'̂  that i-=: Inrgii for one re.-3idu.Tl min-
eitil antl auuill for the other vesidual minends, ihen 
0 dcleiininaiion of the perci'iiiiigc of tluit. niiueral in 
tho residue ĉ in be unulc for simill degiees of nudting. 
because etjuation '.i can ba nppmxiiuated. as /^o"* 
Xt)*K*^ î and equation 6 can be written ns 

Xo« = (7) 

FRACTIONAL CRYSTALLIZATION 

Kquaiiuib" govcraliig tma'-i'lenient behavior thn'ing 
fracliouid erysiallizatlon assuuie (•([uilibrium either be-
tw»s'n the snrTaee of the ery,-;t!dlizing (dui.'̂ es and lhe 
tuclt or U'lv.een the total w>Iitl aud tlu' tiu-lt. The ^tir-
face. equililu-imu ijiodcl.-; an- bjlM-d un tbe quaniitmive. 
dejicriptiou \>f the dislilljiltnii pit»re>.-; ih'Velo|Jed hy 
K;»yU'igh (It'.t'.ii a?;iipi»lied lo erystid gi-owth Crtuu t̂ n-
lulion by Doenu'rand Hopkins (U'.;.''). Tlieje equations 
wvK Iii'it applied to maginatie. tliOVrfulaiion by Xeu-
innnii (I'.MSK i lnlbnd and Kidp 0'*'*')i ""'I *̂*̂ "-
mann. Mead aud Vitaliano (lf),M). .THII wem ivllned 
by Greenland (1970) aud Albamle ami JJolliuga 

The equation describing iracc-elenient behavior (hir
ing frarfioiuil crytf:dli7nt!oji given by Circfluland 
(11)70) may be writien (for (lie sinipUlied case of 
crystalIi?Jition of phase.'; in constant proiwrlions with 
constant diiiribulion cocfiicicnts) as 

If the. dtstribulion coeflicienis aî e significantly difl'er-
cut for two (race elenu'Uts in a single rninenil. the pres
ence of (Iml iiiiuerHl in the- resi>hie cnn be detvvmiue<l. 
For example, consider ihc beliavior of Iv and Kb dur
ing pai-iial melting of an iilM'iiunide. aFsemblagt; cou-
lnining olivine, pyroxene, and nuiphiiwlc. when K is 
present in trace, jimounts. Both olivine und pyixj.vcne 
h.ivcstdiddiqnid di.-it ribution coeflieienl.'; for K nnd T̂ b 
that are clo.se, to zero (table 1). whereas ilie aniphibole-
Hquid coeflicient for Jv Ls ciose fo one and that for Ub 
is about 0-1. Thu$, during partial melting, residual 
olivine and pym.venc will reuiu idmost no lib or lv, 
while, ivsidunl amphibole ivjecls T?b mou; ^tmnglv 
than K. The w-'̂ ull is n liquid that is enriched in lib 
morc tban K and that has n lower K.:l^b intio than 
that of the [laivnt !i.s.̂ Mnblage. 'J'lui.^. a low Kii lb 
ratio in a ningma niay siigge5f. the prewnce. of leRui. 
ual amphibole. If nuipliilwle doi'S not iTnudn in the 
iTsiduc but is all leacttMl or melted, the K:IJb ratio 
will IH; cIo:ie (o thai of Ihc pai-enl a.s neither olivine, nor 
pyroxene, relniji K or lib. 

n K and lib wort- nuijoi- elements in thi-; example, 
early niching of nnqihibole, wliieh usually ha,s n ht^li 
K:Kb ratio, would produce, n small fraclion of melt 
of high K:Kb ratio. The high ratio for the mell. 
woidd b(̂  lowi'ivd to (hut of ihe original pareul. yolid 
OS melling foniinued. Ii is Ihn.-? imporiiinl. to delenuine 
w)ielher the elements under cousiderntion ai t major 
or tnice element.^ for Ihe com(M).iiiion in question, 
Unfoflumitely. eriteria for ihi.s distiuetinu in ivnl 
niagma «yi>lem.s air yet to l>e a<le(piately (h'lincd. 

Ci 
B / T ' C . - M . (8) 

/ ' ' i?the frnctinii of liquid remaining, r, i.s lhe coneon-
iratioii of the onginnl mell, 0, is the concenti-aiion in 
the diffcientiaied liquid, and I), is the bulk diFlribu-
liou coeflicient given by 

Z?.« ^^-AV£-^.^r;!A'c/^-^ . . . , (9) 

where A' is the solid-liquid partition coefiicient and 
ir= ivpiT-^-uts tht weight friie,r,on of n in the pi-ecipi-
taliug pliaJics (lig- •̂ ) M In the c.i.se of pailial nu'lting, 
when D, appi-oaehcs zero, 

Cl 1 
_ « - (10) 

c. / '" 

.so thai the concenti*aiion of an element depends only 
w\ lhe- exten; of ^oHdifieiitiou, Thu;;. the Hue murb-il 
/),=*0 (tig. 2) forms an upper limil !<' ''le eoneentra-
tiiin that ii fractionated Hrpiid may ci<- • • f"'" a given 
pevecutagc evyst'.iMi7e\l. If. on the u; .nvd. l>, is 
very hirge, ihen the liquid will he vt-i . •' Hy deph-
led. This is illustrated by the line m:-; . />."10 in 
figure 'iJ. 

1(, is of interest to eompare the. njhili^' magniimle 
of depletion ami enricluufnt lhat occurs -hiring 
surfiice-eqirdibiinni fractiomd cry^i»Hi?.aii"n with lh;ii 
which oecui'?! (hiring purtial mehing. I-'tu- n liiix î- value 
of /?. or I u (for e.vanqde. D. or / ^ , - i n i . fnieiional 
ci-y.^aHization (hg. -1) can produei- a givnier deplelum 
in the melt ilum partial melting (fig. D- .•Similarly, 
for a value of />„ or / \ which is lê ŝ than I {for exam
ple. Ut or /A-0.:'»). fmetlonal crVijialUy-Jiiion (tig. 2) 

t^JB^w^y^y^r,g;yJ!yr^T'-ggi^^'>^*^•s^^^''^-%yJV?^'"^^?''^ 
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scribe plutonic couititions wheiT the cooling of an in
tmded magma is exlreniely slow, so thai ilie erv.-.t;d-
lizing pha.--es may be In totid equilibrium with the ineU 
(lEtltmun, IlCl. p. IS). 

DISTRIBUTION COEFFICIENTS 

Quantiiatlve applientiou of the models aliove de-
jvends slmngly on lhe aviiihibilily of aecur-tiidy deter
mined di.st ribut ion etv lli cients*. Several appi'oiiohrs 
have been utilized in nTiemptiiig to dvtfniiine liio 
ah.'̂ olute vahu- of distribution CMi-llicieuî . lhe, ]»nncipal 
ones including exin-riuii-uial r;tndie.s iu the mineral-
nqueouH vapf-r sy^item. miemproln' studies of .-^ii'ongly 
dopiil experimentally gif»wu ery.-vlaU and quench gla?.-̂ . 
nnd mea.-iuiiunent of couevnt rat inns in septiratci! piieuo-
c.r}"Ms and gitjundiuass fioiii volcanic meks. Somv of 
the .severe |>n»Menis incunvd in utilizing llio min^-ral-
aqueous vaiwr sysiem are il!uj;iru!ed by Zteliu.-iSii and 
Kivy (11*7-1). MienquulK' sludies uiay pi-ove u>eful, 
nllhough ilopiugof the experinienliil materials in suill-
cieiit quantity lo detect ihv trace element.s by micro-
pmbe may remove iheni fi'om the coiueutratiou leveU 
at which l lenrj 's law is Ihought to apply. I'licnocry^t-
inatrix F4udies such ii.s ihi>>r of I'hilpoti.s and Schuriz-
Icr (1070) provj.le n IKMIV of ''ival wurld'' dma. Thc.^-. 
datn are itumghi to apjuosinuUt; the true values, but 
Ihey incur problems siu-h as the etUH:ifi of cry.-ta! vjiufl- ' 
tion. ns ilhi.^tntted by Albaivdc au'l noiiinga tUCU). 

Kb, Sr. Ha. and raix-earili elements are among the 
uiotil iiNefui at tbi.-; time beemi^e their phenoi;ryst-
matrix coeflicients have IK'I'U pivci?ely me{i.>ured for a 
variety of minerals jn variou.s iwk tyjH's. The data 
for Ub. ^r. lia. ami raiv enrihs mv summnriziHl in 
labh-y i~'\. The avi-j-jige nnd nuige for liie deii'nniua-
ijuu-s are given, ,M;my pnMitiuji coi'tl)eie)U.>i v;iry in 
value by more than lui oj-dei- rd mjigniiude: bm i-eHne-
menl -slioidd be po^vjbk- afh-r can-fid ev.ibiation has 
bivu nuide of the eifn-i^ of li-mperjitme- pre.-.-iitn-. eryj;-
inllographic sUf. mu! Jujigma composilion. In .-̂ pite of 
lhe )ar.':i' nujgi- of v/ihu'.«. rnre-c;i!ih eleujfiii.«. when 
con.sidered as ,i group, show iTninrkflbly cOM-jf-ctî nt 
p.iililion i-oeilici<'n( p.-ith-rn.-" fur tt given uiinenil (.-ve. 
forex.-KOph'. .'<(;hnelzler Hud i'hilpoKy. Il'TOj. lu-?idue.? 
eonl.'iining these ndurnds leiM ihns prndu'-c c!i;ir;tcier-
(.';(ic friK.'jiou(itron.N- in the ivtre-cttlh p.Tfteru? of ai^-o-
ci«(i*d JN.-igma.s. 

NEED FOR ANALYTICAL PRECISION 

The UH'fidnPS.-i nf 1 race elements is enluiiu'ed by ihetr 
liirgv. rang*' of niilmid nbundiincc. especially when 
they nie measuivd pivi-i>ely and aceurai>-ly. as for ex-
iimpb'. when the un-ihoil of i^otope-ililiiliou mar:.=;-sj>cc-

KicitBK 'li.—tlttmrntlnu of lli'> I-Hiavlor nf a Irncr plonieni pn*-
(ltcti<0 I'y n nnyU'lRli frACtl'>iiiill->ii HKXII'I for frnetinual 
ro'f^ltillixnlton rr>mi a li'iliiit nf iiliai^w In c>in> (̂iiiu nrftiwr-
lJr.n>- n/ifl titivUij; etiliKtuiif df.-itrllnui.in ctH'Cti-fpnts, F ' . frac* 
U'lji of )Ji|ui(3 rPninhihi;:: '<- amt'eiHrnthnt -tt dtp "rJcJual 
tnrtt; ft.. emieeiUrali.iii ID HIO (liiri-roiuiniftl Unttiil; f<. I'lilk 
dislrniHlImi (•wffleleiil fnr llto nh-Wuul M.UII. 

can pi-oduce gifater rnrjchnient than partial melting 

< " " ' ' ' ' 
The wcond dt-scription of fraciional cry.-tnllizaliou 

ns.*;ume.-i equilibrium between the total crysiallizing 
Holid and meh. This is e.N!>ivs.-i\l as 

Cl I 
= (11) 

C( f ' + / ; . ( ! - . ' • " ) 
with symbols as j^reviously deHued. This equation is 
omilogons to the. lolal eipiilihiium pariial melling 
modelr! (i'(j. 1) ; (igute 1 can be used to iTpiv.- '̂ut this 
CJise gniphically if the ab-'Cissa scale is rwi'iscd to 
ivnd from l.'l lo 0 nnd /'« values ure read a.s />. vahie :̂,. 
The surfaci'-i'fjuilibrimu modid may l>e nioiv applicable 
to r.ijiidly co<diiig. slialhuviy eiuplacvd magmas, 
wheivns lhe total eipiilibrium modx-l may belter de-

H 
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(ixtnu'lry i.s used. The need for uccnr.ilc and pn'Cisc 
datn i.s iwrhaiw best, ilhi.slnited by a .simple, hypothe
tical exaiuph'. Two laboratories measuir the concentra
tion of Kb in a .'iiiniple fi'«ini a large honioLTUeons liody 
of basalt. The pn-ci.si- laUniitory reiKun.s- Itb aud Sr 
\-alues of •i.0±0.1 ppui and l*fO±:i ppm. wh<reas the 
second hibot-.itory, using a less |)rccise technique, rcimrus 
Kh and Sr valiu-sof fii-l ppm and I.VOiltO ppm. -N'ear 
the. basalt i.s a largo, uniform thicile flow, the ongin of 
which is not ch^r, but two hy|Hitheses have been ad
vanced: (1) pnilial melting at. greal. depth of a nxik of 
composition similar to ihul of the, basall at. lhe surface, 
leaving a resiiiue eoulaining equal amonnis of gariu-t 
and clinopyixixeite or (2) fntdioniil cry.stalliziition of 
etpmi amounts of plagioclase and clinopyroxene. fiom 
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tho b.i.^'ilile liipiid. Karh lalx»rnforv produces a lib and 

Sr niensuiT'inent for ttie daeite. the (iist iTporting 

.lOiO.T ppm lib mill rnKli-lO pjini rfr. the <tToud iv-

poriing :̂ '>±-J ppm lib ami Mlt'llilO ppm Sr, The 

iv.sidl. of Ciilcuhiting euch of these two UUKICI.S î  shown 

in liguiT X The pivcise data ^ugge.-ii that neither sim

ple iiuvhaiiism i.s ixu'rect. whereas the impivoise data 

allow that (Jie padial nirlting model is a [jossibility.' 

Clonrly. the validiiy of coneln-iiou^ l)aeeil on impiis;ife 

onalytical data is subject lo qni-stion. yet a surprising 

nnml>cr of gcocJnntJst.s coniiuue to publt.-'li and allow 

publication of dala of [ttKu- pr\'sn?ion and accuracy. 

One inight argue that we do um yet know partition 

coe/Iicienis snillcicnily well (o jiL-aify HK-k uualy.̂ ^-s of 

great, pivcision. However, wc never will know lii.slri-

bution cot-flicleiits well without juvcipe and .iccuralc 

mensni'enienf. nnd w}n-n nnd if we do ,iiial)i ihi.̂ ^ g";d. 

only (he- pivcise data in fiie Htvruture will IK- of any 

value. 
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Schm-iiliT, Ĉ . V... .ind l'hllj..itt.s J. -U liHW. i'iirr(M<Mi «<•.•«• 
elfntq of rart^cunli cl<'in(-a(;< unil I'liriniti l>\-|ti'f<>ii iciit-utiK 
uintrlx innttTl.il timl rwck-fi'rn.lii^-iiilniTJil pli»-micryi'i.-«— 
I. in Abreti-t. I- H.. ed,. Oriti'i and dUirilmiloa of llic 
elfninild: (Ht'Td, Knftlinid. and New Vurk, I'«n:nnii>ii 
ITCM, p. jr.tj-ass 

ijchnplsler, C- C . nntl I'lillpoits, J. A., IQTO. Partition cooOi. 
ciciita of rore-eorth clemeiit-s buiivecu IsHooas matrix 

47 

aififtTlfll mid i>"ifc-f<>rm(tig-«ifmTul pIirinKTy.sU—11; Geo-
chlni. el C.wim--liliii. Artn. v. 31, IM. .3. p, .\-tl-3m. 

Sbaw, I), M., Ili7e. Trnco elemeut fracllonalion during 
nitati-vl^: CcHirln'in. «•( l'<Kti)in<.'UI'a .Icln. v. 31, ni>. 2. p. 
237-213. 

/ifllnNkl. H. A.. Ka-y. K. A.. 1D74. An ^sit 'rlinwilnl lUudy uf 
p.irHi|(inIiic of a niro-carll. t'leiivni (<T<lt hi Ilio ojstcin 
dli'inHtf-annwius viUKiur; (ieiwliini. «rl C(M(uix.-lUm. Acta, 
v. 3S. p. 5(.-.-5(J5. 

'*'-i'̂ '̂ '̂?^rw5rc=aTv*rT;7rv«mE 

file:///-tl-3m


InternationalJournal cf Mineral Processing, 1 (1975) 105—115 
© Elsevier ScienUfic Publishing Company, Amsterdam — Printed in The Netherlands 

C^fJC S 0 L U T ) 6 ^ 
CALCULATING ACTIVITY COEFFICIENTS IN HYDROMETALLURGY -
A REVIEW 

;SUDO 
GCHM' 
CAC 

CHARLES L. KUSIK and HERMAN P. MEISSNER 

A D . Little, Inc., Cambridge, Mass. (U.S.A.) 
Department of Chemical Engineering, Massachusetts Institute of Technology, Cambridge, 
Mass. (U.S.A.) 

(Received June 25, 1974; accepted October 1, 1974) 

ABSTRACT 

Kusik, C.L. and Meissner, H.P., 1975. Calculating activity coefficients in hydrometallurgy 
— a review. Int. J. Miner. Process., 2: 105—115. 

Recent developments for estimating activity coefficients of electrolytes both in pure 
and multicomponent aqueous solutions are reviewed with good success generally attained 
up to saturation. Examples are presented to illustrate applications of these methods in 
calculating ion concentrations, vapor pressures, and solubility limits, for some problems 
encountered in hydrometallurgy. 

INTRODUCTION 

EquiUbrium calculations of strong electrolyte concentrations in aqueous 
solution reactions, such as in leaching, metal pickling, causticising, and in 
hydrometallurgical operations generally, have been handicapped by a lack of 
activity coefficient data. The Debye-Hiickel equation for predicting such ac
tivity coefficients unfortunately applies only in very dilute pure solutions 
having concentrations far below those of common industrial interest. The 
object here is to review new methods for predicting such activity coefficients 
over normally encountered ranges of temperatures, and for concentrations 
often up to saturation. Success with recently published methods is usually 
well within 20%. Application to typical metallurgical problems is illustrated. 

The quantities involved in the correlations discussed here are the so-called 
reduced activity coefficient, F °, and concentrations expressed as /i, the ionic 
strength. These quantities are related to 7°; the mean ionic activity coefficient 
for the pure electrolyte in question, and to its molality m, as follows: 

r ° = (•y°)•/z,̂ 2 (1) 

M = 0.5 m {v+zl+v_zl ) (2) 

where v+ and u-are respectively numbers of moles of cations and anions 
formed per mole of electrolyte upon complete dissociation, while z+ and z_ 
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Inspection of Fig.l indicates the isotherms to fall onto a single curve 
family, with little curve cross-over, so that when one value of r° for a strong 
electrolyte is known at a given concentration, the entire curve for this mate
rial can be estimated. Thus assume that y° is to be predicted for a 9 m aque
ous solution of KOH, knowing that when M is 2, 7° = 0.863 (Robinson and 
Stokes, 1959, p. 494) corresponding to a value of log r ° = —0.064. Locating 
this known point on Fig.l and extrapolating to a M of 9, log r ° is found to 
be 0.66 corresponding to a.7° of 4.57 which is within 5% of the reported 
value for 7° value of 4.72 at this concentration (Robinson and Stokes, 1959, 
p.504). 

Location of the proper curve to use in Fig.l for a given strong electrolyte 
obviously requires knowledge of at least one value of log r° at a given ionic 
strength. Much of the literature data on experimental values of 7° is reviewed 
by Harned and Owen (1958) and by Robinson and Stokes (1959). Unless 
otherwise indicated, values for activity coefficients are taken from these 
sources. Lacking experimental values, r° can be estimated from data on vapor 
pressure lowering of aqueous solutions of the electrolyte in question (Kusik 
and Meissner, 1972). In the absence of all such data, r° can be predicted by 
the method of Meissner and Tester (1972), or by the method of Bromley 
(1973). 

EFFECT OF TEMPERATURE 

As has been pointed out (Meissner et al., 1972) the isotherms of Fig.l apply 
not only at 25° C, but at all temperatures between 0° and 150°C ^nd higher. 
However, a given electrolyte's isotherm at 25° C does not necessarily coincide 
with that at some other temperature. Only those points which lie on the dashed 
"reference" line of Figs.l and 2, designated by the subscript "ref", are rela
tively unaffected by temperature, and for such points (3log VrBtl^T)^ is ob
viously zero. The effect of temperature upon log F^ can be estimated at any 
fixed ionic strength below 20 by the following equation (Meissner and Peppas, 
1973): 

log Ff- = (1 .125-0 .0050 log F25»c-(0.125-0.005f) log Fref (3) 

where log Fy, log r°j ^ and log Fref ^ ^ ^^ ^^ *^^ i°"ic strength in question 
while the solution temperature t is in degrees centigrade. To illustrate appli
cation of eq.3: when 11 is 16, Ipg r° for HCI is reported by Hamed and Owen 
(1958) to be 1.6179 at 25°C. From the dashed line of Fig.l, log (F^f) is 0.18 
when 11 i§ 16. Substituting into eq.3 and solving at 50° C, log F°so is found to 
be 1.39, versus Hamed and Owen's experimentally reported value of 1.373 
at these conditions. 

It is to be noted in passing that, as expected, when F^f and F25 are identi
cal, then Vx and Fref are likewise identical in eq.3. 
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Fig.2. Activities of water for aqueous solutions of pure electrolytes plotted over Fig.l. 
For 1:1 electrolytes values of log(a^) are equal to log (0^^) and thus the dotted curves 
•with log(a^) constant represent conditions with constant vapor pressure of water. For 
higher electrolytes, log(a.^ ) values read from this figure are used in eq.4 to determine 
activities of water. 

VAPOR PRESSURES 

Having located the isothermal curve of the activity coefficient of a single 
electrolyte in aqueous solution versus concentration on Fig.l, points on the 
corresponding curve of water vapor pressure as a function of concentration 
for such a solution can be determined from the Gibbs-Duhem equation. Chirves 
so calculated for the water vapor pressure in solution of single 1:1 electro
lytes in water are presented in Fig.2 (Kusik and Meissner, 1972), superimposed 
on the activity coefficient curves of Fig.l. Results are shown in terms of the 
water activity, (a^), defined in the usual manner as the isothermal water 
vapor pressure ratio of the electrolyte solution to pure water . It should be 
noted that these isothermal curves for log (a^) apply at any temperature and 
indicate that at given values of F° and p, all such 1:1 electrolytes have the 
same value of (a{„), regardless of the temperature T. To illustrate application 
of these curves, a pure saturated solution of NaNOs at 25° C has an ionic • 
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strength of 10.8 hence log F° is —0.46 (Hamed and Owen, 1958). For this 
condition, log (a^) is found to be —0.13 from Fig.2 which is the same as the 
experimental value. Similarly at 50° C, an HCI solution which has an ionic 
strength of 10 has a value for log F° of 0.87. From Fig.2, log {a]^) for this 
condition is —0.365, which again equals the experimental value. 

At a given value of M and log F°, water activities (and vapor pressures) of 
the higher electrolytes differ from those of the 1:1 electrolytes. Water ac
tivities for these higher electrolytes, namely {a^)ziZ2, can nevertheless be 
estimated from the curves of Fig.2 for the 1:1 electrolytes by use of the. fol
lowing equation (Kusik and Meissner, 1972): 

log (a°w)2,z,= 0.01 56M(1 ) + log(aV) (4) 
Z i Z i 

To iUustrate at 25°C, CaCU is a 2:1 electrolyte for which log F° is 0.385 
when fl is 15 [a 5 m solution). At these values of M and log F°, log (a^) is 
—0.39 frora Fig.2. Substituting into eq.4 log (a^)^,^^ for CaCl^ is 0.r25 
which is in fair agreement with the experimental value of 0.575. 

It is evident that knowing the vapor pressure of a solution of a 1:1 electro
lyte at a given ionic strength and temperature, the corresponding value of 
log F° can be directly determined from Fig.2 and the associated isotherms 
for this electrolyte located in Fig.l. For higher electrolytes, determination of 
log F° from vapor pressure data requires recourse to eq.4 along with Fig.2. 
As pointed out earlier, such a procedure can be used for curve identification 
of a given electrolyte on Fig.l when no experimental data on 7° are available. 

ACTIVITY COEFFICIENTS IN MIXTURES 

The reduced activity coefficient of electrolyte 12 in a mixed aqueous solu
tion of total ionic strength MT can be estimated from pure solution values 
(F°) of the various individual electrolytes present, determined at the ionic 
strength and temperature of the mixture (Meissner and Kusik, 1972). For the 
simple case of solutions involving not more than two cations and two anions, 
in which four ion combinations can obviously be identified, the equations are 
as follows: 

logF , , =0 .5(X, logF^2 + Y.logF^j •*• X^logVl^ +y4logF°,4) (5) 

log F3, =0.5 (X, log r°,2 + YJ log r°3,' + X^ logF°32 + Y4 logr°34) (6) 

log F,4 = 0.5 (Xl log F°4 + Yl logrt2 + X3 logF^4 + Y4 logF°4) (7) 

log r34' = 0.5 (X, logr^4' + Ŷ  logF3°j + ̂ 3 logr°34 + Y4 logF°34) (8) 

where X and Y, the ionic strength fractions, are defined in the nomenclature 
(see p.114). These equations, applying at any temperature, ajr.e readily extended 
to systems containing more than four ions. To illustrate the applicability to 
a three ion system, consider a mixed solution, at 25° C saturated with NaNOs 

i 
I 
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which is 5.27 m in Ca(N03 )i and 5.3 m in NaNOj. It follows by definition 
that the total ionic strength, MT> for this solution is 21.1. Designating Ca^*, 
NOi and Na" ions as 1, 2 and 3, then X,, Yj, and X^ are respectively 0.8, 
1.0, and 0.2, while y4 is, of course, zero in this case. Substituting into eq.6, 
F for NaNOs in this mixed solution is 0.40, versus a value calculated from 
the solubility product of 0.38. 

VAPOR PRESSURES OVER MIXED SOLUTIONS 

The water activity for the mixed solution just discussed containing 3 or 4 
ions can be calculated from the activities of water over piure solutions at the 
ionic strength and temperature of the mixture. Thus taking (a°w)i2, (a°w)i4 > 
(fl°w)32. etc., at the total ionic strength and temperature of this mixed solu
tion, then log(a^)n,ix becomes (Meissner and Kusik, 1973): 

log(aw)mix = ^1 VJ log(aw)i2 •<- X, Y, log(aw)i4 + 
X^Y^\o%{,a%,)^^^X^Y,\og{a%U (9) 

To illustrate an application, a solution saturated at 30° C with both NaCl and 
KCl is 5.09 and 2.3 m in these two salts, respectively. Since (a°w) values for 
NaCl and KCl, namely salts 12 and 32, are respectively 0.71 and 0.78 at this 
solution temperature and total ionic strength, then the water activity over 
the mixed solution, (aw)mix> is 0.73 by eq.9 versus an experimental value of -
0.72 (Adams and Mertz, 1929). Eq.9 is again readily extended to systems of 
more than four ions. 

As stated earlier (Meissner and Kusik, 1973, p.207) eqs.5 through 9 above 
rigorously satisfy the Gibbs-Duhem relations only for electrolyte mixtures 
in which all cations have the same charge, and all anions have the same charge, 
as in solutions of NaNOs and NH4CI; or Ca(N03)2 and MgClj. For such 
systems, Bromley (1973) has made a similar observation. However, eqs. 5 
through 9 fit available experimental data in substantially all multicomponent 
systems reasonably well, including those in which ion charges do not satisfy 
the above criteria. 

SOLUBILITY 

Consider two saturated solutions of the strong electrolyte 12, in which 
the solid phase in each solution carries n moles of water of crystallization. 
For example, one aqueous solution is satmrated with FeClj at 25° C. The 
second solution, again saturated with FeQj at 25°C, contains some dissolved 
HCI. The solid phase present in both" solutions is FeClj •4H2O, making n 
equal to 4. The applicable solubility product equation for electrolyte 12, -
namely FeClj in this example, is then (Meissner and Kusik, 1973): 

(m,)". (m2)"»(7,2)"" (aw);j,ix = Krn\ )"• (m\)"«(7^2)"" (Ow)" (10) 
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For solutions containing electrolytes carrying no waters of crystallization 
like AgCl, n is of course zero which for salts of low solubility,, again like 
AgCI, activitycoefficients are unity. In'such systems, eq.lO reduces to the 
more familiar form of the solubility product equation: 

{m,r^{ln^r^ ={m'J'^(M\''^ (11) 

Eq.lO is easily extended to cases in which :the solid'phases in contact with 
the pure saturated solution and with the mixed solution are different, 
hydrates of the same electrolyte. Fbr example, in saturated aqueous 
solutions of NajCOa at 25° C, the solid phase present in pure saturated 
solutions is.NajCOs -lOHiO, while in solutions also containing higher con
centrations of NaC3, is NajCOs •7HjO (Intemational Critical Tables, 1928J 
IV, p.301). Consequently no and nmix are 10 and 7 respectively. The deriva
tion and proper form of eq.lO for such: cases'was discussed jpreviousiy 
(Meissner and Kusik, 1973). 

The use of the various relations just presented is further illustrated in the 
following examples. 

Pickle liquor 

A waste pickle liquor is 7 m ih HCI- If also saturated at 25° C-with 
FeClj •4H2O, what is the concentration of this electrolyte, knowing that the 
solubility of FeClj •4H2O in pure water is 5.07 m (M=15.21)? Forthis pure 
saturated solution, 7°FeCi, is.found, by using Fig.2, tp be 3-8 fromextra-
polation of Hamed and Owen's value (1958) for r ° of 0.90 when M is 6, 
while a^ is 0.55 as determined from Fig.2 and eq.4. Substituting into eq.lO 
and letting mij arui maj be the concentration of ferrous chloride and HCI 
respectively in the mixed solutiori: 

mij(2m,2 +m32)^ 7.2^ («w)t2 =(5.07) (2 X 5.07)^ (3.8)^(0.55)^ 

or: 

mr ,{2m„ +7)^ 7i2'(aw)?j '=2617 (12) 

In these solutions, by definition, the total ionic strength,.MTr equals (Smu + 7). 
By trial, variaus values of mu are assumed, values of total ionic strength are 
calculated, and coriresponding values of 7°ij,7"32, (a°w)in («w)37 •> ^ ^ 
found from'Fig.2 and eq.4 as described above. Values ot Xi, Y ,̂ X3 are,cal
culated and 7,2 and flmix are obtained from eqs.5 and 9. Upon substituting 
various values into eq. l2 and solving, this equation balances when mij is 
i.65, (where fj. is of course 11.95, 7FeCl î  lO and qjriix is 0.35) compared-
to the experimental value, for mu of 1.4 m (Seidelland Linke, 1958). 

Causticising 

Caustic soda is often made industrially by adding an excess of solid hydrated 
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lime to a strong hot aqueous solution of sodium carbonate: 

Ca(OH)2 (c) + CO|-(aq) = 20H-(aq) + CaCOj (c) . (13) 

It is now desired'to calculate the molalities of NaOH and NaiCOs at equi
librium at 95°C in such a solution when the total ionic strength is 3.5. Since 
solubilities of CaCOs and Ca(OH)2 are negligibly small, significant contribu
tions to the ionic strength are made here only by the NaOH and Na2C03 in 
solution, or: 

MT = '"NaOH + 3mNa,CO, = 3.5 (14) 

It is obvious that the desired values of ruNaOH and mNa,CO, can be calcu
lated from the equilibrium constant for eq. l3: 

i , „ » , = ( ^ 1 0 H O : . 2 ! j ^ (15) 
(mco, - ) 7^Na,C0, 

providing the activity coefficients and the equilibriura constant are known at 
95°C. To determine Kgs'c the value of AF^s'c for reaction 13 is first cal
culated frora the standard free energies of forraation listed in Rossini et al 
(1952) for solid CaCOa, solid Ca(OH)c, and for both CO3" and OH' ions in 
their hypothetical solutions of unit activity at a mean ionic molality of unity. 
Since AF° 25°c equals - R T l n K, K25 "c therefore equals 1,740 for reaction 13. 
Again from Rossini, AH° for reaction 13 is —0.93 kcals. Assuming this AH° 
to be independent of temperature, and integrating to 95°C with the van't Hoff 
equation, namely (din K/dT) = A///RT*), Kgs'c is found to be 1,290. 
Values for log F2s°c foriNaj CO3 and NaOH, each in pure solution having 
an ionic strength of 3.5 are respectively —0.30 and —0.080 (Harned and 
Owen, 1958). Corresponding values of log F°95°c for these two electrolytes 
are —0.25 and —0.105, calculated from eq.3, knowing from Fig.2 that log 
F°ref is —0.15 when n is 3.5. The activity coefficients of NajCOs and NaOH 
in the mixed solution in question at 95°C with /u equalling 3.5 can now be 
calculated from eqs. 5 and 7. 

Solution is by trial and error, and is here illustrated with the assumed final 
value for mNa CO of 0.04, whereupon mNaOH is 3.38 by eq.l5. Designating 
Na* as ion 1, COs^' as 2, and OH" as 4, the quantity Y2, naraely 
(4mco3'-)/(4mc03'- •*"''nOH").is 0.045 while Y4 is 0.955 and Xi is unity. 
Using the above found values in the mixture eqs. 5 and 7 and solving, 
r'NajCOj and FiMaOH ^ ^ 0-66 and 0.78, respectively. Checking back on the 
initial assumption by substituting these values into eq.l5, Kg^'c calculates 
to 1,279, which is in reasonable agreement with the constant of 1,290 cal
culated from the Rossini free energy values above. Thus the equilibrium con
centration of mNa CO and mNaOH i" this solution are calculated respectively 
to be 0.04 and 3.38, which compare with experimental values of 0.11 and 
3.11 (Littrajm and Gaspari, 1956, run 218). 
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"Insoluble" salts . 

The solubility increase or decrease of an "insoluble" electrolyte by the 
addition of other salts has been explained by a "common ion" effect, salting 
in and salting out, etc. An interesting example is the case of CaS04 whose 
solubility increases with the ionic strengths in solutions of other soluble sul
fates such as (NH4 )2 SO4, despite the presence of the common ion. 

I Thus, using eq.lO, consider the determination of the solubility of CaS04 
( at 25° C in a solution 3.17 m in NH4 (SO4 )2 realizing that the stable solid 

phase is gypsuin (CaS04 • 2H2O) having a solubility in pure water of 0.0154 m 
where ii = 0.062 (Seidell and Linke, 1958, p.674). Recognizing that the activity 
coefficient of CaS04 is not readily available, r ° for this salt is estimated 
from the known value of F° for CaClj by the method of Meissner and Tester 
(1972), and found to be 0.51 when M is 2 and 0.36 when M is 0.062. Real
izing that the water activity, a%,, is about unity at the low ionic strength of 
a pure solution of CaS04, and designating Ca^*, SO4", and NH4 as ions 1, 2, 
and 3 respectively, substitution in eq.lO yields: 

(m, )(m2 )(7i2)' (flw)' = (0.0154)(0.0154)(0.36)^ (1)^ = 3.07 • 10"^ (16) 

The calcium ion concentration mi in the mixed solution must now be deter
mined by trial and error by first assuming a value of m,2 and calculating the 
total ionic strength, MT. of the mixed solution. At this total ionic strength 
the corresponding r° values of each pure salt and also the activity of water, 
Ow, are determined from Fig.2 and eq.4. Values of F and o^ are then cal
culated in the mixed solution by eqs.5, 6 and 9, after which m, is obtained 
from eq.l6. 

Thus in a 3.19 m solution of (NH4)2S04 saturated with CaS04, m^ is ar
bitrarily assumed to be 0.045 m, making a total ionic strength of 9.69. At 
this MT. iog 1"° for (NH4)2S04 is —0.455 (Robinson and Stokes, 1959, p.501), 
while log F° for CaS04 is found by following the solid line on Fig.l up 
frora M = 2 where F° is 0.51 as reported above, to M = 9 . 7 , where log(F°) 
for CaS04 is -0 .45 . 

For the molalities assumed here, Xi , Z3 and Y2 are respectively 0.03, 0.97 
and 1.0. For this mixed solution, the reduced activity coefficient F12 of 
CaS04 is calculated from eq.5 to be 0.0158. Using Fig.2 and eq.4 for pure 
solutions, the water activity in the mixed solution is found to be about 

I 0.924 from eq.9. Substituting the above values into eq.l6 the value of mi is 

ft now calculaied: ' 

(m,)(3.2)C0.0158)M0.024)^ =2.97-10-3 ^ m, =0.045 (17) | 

Since the initial value for mi chosen was also 0.045, this trial value is con- '-
firmed. For comparison, Seidell and Linke (1958) report that in a 3.19 m ' 
solution of (NH4 )2S04 shows an experimentally determined solubility for ! 
CaS04 of 0.039 m. Thus, the error is seen to be about 15% which is well ! 
within the accuracy of the solubility data for CaS04 and errors that can be ' 
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encountered in calculating values of 7 extrapolated from n of 0.06 up to 9.7. 
Consequently by eq.lO, the solubility of'CaS04 cah be expected to increase 
in concentrated (NH4)2S04 despite the presence of a common ion that tends 
to suppress,solubility because: 

(1) The water activity decreases from unity for pure CaS04 solutions to 
0.90 iri the mixed solution, with corresponding changes in the wateir vapor -
pressure. 

(2) The GaS04 activity coefficient decreases froin 0.36 in pure saturated 
solutions: to 0.0158 in the mixed solution. 

PRECISION 

Errors in estimating activity coefficients for electrolytes in solu
tions have been found to be generally'within 20%. Further errors can be 
introduced when F values are predicl^d from vapor pressure lowering, extra
polated over large ranges of ionic strength in. Fig.l, or large temperature 
ranges by eq.3. Thus the relations shown here should be used only when 
direct experimental evidence is riotavailable. 

NOMENCLATURE 

m -

n 

X 
Y 

(a^f) = activity of water, (a^),2 being,for a pure solution of an electrolyte 
identified by subscript, (cw)mk being for mixed solution. (0^) is 
the activity of a 1:1 electrolyte at a given value of r° and M, as in 
Fig-2. 
inolality, in g-mol/lOOO g solvent. The ions or electrolyte referred to 
are indicated by subscript. 
moles of water crystallization per mole of anhydrous electrolyte in a 
solid, HQ and n being used to distinguish between solids in equi
librium with saturated pure-and niixed solutions, respectively, 
cationic fraction, as in MJ /MC or Ma/A'e-
anionic fraction, as in M'a/Ma or Mi/î â-
numbet of unit charges, on the ion, indicated by the subscript; Thus 
z is unity for N^, also for NO3, but is 3 for Al̂ '*', also foir P04'~. 
moles of ions formed upon ccmpiete dissociation of 1 mol of electro
lyte. Thus, Ul is for the indicated cation, uj is for the indicated 
anion, while 012 is the-total niimber of ionsnamely (lij + û  ). To 
illustrate, u^ is 2 for NaCl and 5 for Alj(S04 )3. 
mean ionic activity coefficient for the electrolyte indicated by the 
subscript, 7n being for the pure solution and 7i2 for the mixed 
solution. 
reduced activity coefficient, namely 712 ̂ I^A for the electrolyte indi
cated by the subscript.. The term T i j , refers to pure solutions, 
r.i2 to mixed solutions, 
ionic strengths'indicated by the subscript. The. ionic-strengths MI,, (A^. 

I 



^ •-

SUBJ 
CHEM 
CACH 

Jour, riescirch U.S. Geol. Survey 
Vol. 2, No. 3, May-June lOV'l. p. 271—278 

THE CALCULATIOIN! OF AQUIFER CHEMISTRY IN 
HOT-WATER GEOTHERMAL SYSTEMS 

8v ALFRED H. TRUESDELL and WENDY SINGERS, 
Mnnio Park, Calif., Chemistry Division, D.S.I.R., New ZenlancI 

Alislnict.-TUi: iKnipffnliirr. and rliPiiiica! i-onililioiis (pM, gas pres
sure, and ion aclivilir-s) in a gcullii-riiial aijulur siipplyitu; a prodiicin<; 
],itif. ran lir cali-iil3li;d from llii- cnllialpy of -llic lolal lluid (liipiid •̂  
>4piir) prodiirr.d and clirmlral analy.srs of waliT and atcniii scjiaraliid 
.l.d i-(il!iTli-d at known pn-isiin-.s. Alle-rnallvi-ly, if a 6iii(il>". waicr pli;LSi: 
r\i;l i In Ilir. aqiiifiir, llu: roiiiplclc analysis (including; l̂ .-ui.s) uf a sainpln 
,-,,!lrrli'il from lliR ai'iiiilV.r iiy a ilownliolu sampler is sufficient lo 
.liliriiiiun llir. aipiifer ilu-inislry without a measured value of llu: 
riillialpy. Tlie as.siiin|iliiiiis made arc llial llie lluid is produced f/om a 
Mii,;te a.piifer and !:• lioniii(;eneous in enlhalpy and chemical composi
ii..ii. Theae (-aliulatioiis of aipu'frr chemisiry involving iaryc ainounis of 
.III. ilbr>' Inf.irmjlion ami many ileralioiis r.:(|iilrc compuier meihods. A 
.•..i.ipiil.r pr.i^rjin In Pl.-l lo pi:rf.irin llwae calcnlaiions is availahlc 
ir.iin lhe National Terlinir.jl Informnlion Service as ilocmnent l'f5-210 

Ill aclivi: hy(lrollic:riiial syalciiia lli.it li.nvc Iie.cii (Jrilleil, 

mim:r.'il ,illi-.r:ilioii iiml ilcjiosilioii C;iii la: roliilcil to oli.serveil 

leiiiji.raliires :iii(l Iliiiil i:oiii|ii)silioMs. Cliciniciil iiii.ilysts of 

n-jli-r anil sli:;ii7i [irfuliiucd from m.iiiy ly|ii:s of [j^e.ollicrniiil 

a\.-lr.iiis .in: iiDW iiviillulili:. ( iowcver , ;iii;ilyscs of lluids col-

le.:le<! Jl llu: surface do no t desrri ln: llie cliijiiii.slry of lluids ;is 

llii-y (jci:iir al di:|)lli. Tlic'i:hi:iiiii;iil di l lorcticcs liiilwr.e.n Uu; 

lliiiila at till-, surfuci: and in llu: ili;i:|i aipiifcr arc dm: lo tlic 

dt .:riiaoe of |iri:SSiirr; and l(:iil|)i:raluri: during |irriduclioii. 

Ai!ial>alic. cX|iansion ilnring |iussri(^i: np llu: lirill liuii; may 

rrjiill in slcam separa t ion , i:ooliiij5, ami an iiicreasc in llic 

I'l.iu'e.nlralion of tin: sulii lcs in llli: wa te r pliase. Loss of 

dijii>lvi:il ('.O2 and ll-jS Iroiii llie water t o llu; vapor increases 

llu: | d l value of llil: water . 'I'lu: iiicii:ase in p i i aiiil solute 

eiiiici:iilraliiin and tlu: (iecre:uii: in tempe.ratiin: may r.aiisc the 

water lo liecome. aiipe.rsatiirale.d willi e.alciti: or silica mineral.s 

ami may ri:siill in sr.aliii^^ ol well ea.iiii^s. Tin: conl i imcd 

prmliiclion of ,1 geul l iermal .-.ystem is likely lo ilecrca.sc llic 

reservoir pre&siires i:noiiyli lo furm bleam in llic aipiifer 

(.\idlioii, 1070). Tlu: re.aulling decrcitse in gas pressures, 

iiicrejai; in aipiifer jilf, and temjieralnri : lowering may cause 

incri:aai:il ealeitc dcpu.sition in llic casiii({ and |i03.-iiiii'y in llic 

j<piifi:r. I'uleiilial mineral de|io.>>ilion may lie calculaied if tin: 

eheinisli-y uf aipiifi:r (luids i.s k n o w n . 

t.'iid.:p^(inml wale r te.nipe.raliires m a y lie culciiluled from 

Iviiown mine.ra! aoiiiliility or ion e.xeliange react ions tliul 

.'i.iilri'd water compii.->itiiins; fur exam|>li:, <piarl/. soiiiljility 

(FiMiniierand Ko'we, 1 9 6 6 ; Maiion, l ' J66) , Na:K ratio* (White, 

1965 ; Ellis, 1970) , or Na :K:Ca rat ios ( F o u m i e r and Truesdell , 

1973) . Tlic a.ssumplion.s under ly ing tlicse c i lcula l ions liave 

been discussed liy Wliilc ( 1 9 7 0 ) . 

Thus , for pr.iclical reasons as well as to incrc.nsc ou r 

knowledge of natural sys tems , it is of interest to calculate the 

clicmical p roper t i es of geo the rma l fluids before they are 

changed dur ing p roduc t i on . T^his ia the purpose ol the 

c o m p u t e r prograin descr ibed here . 
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ASSUMPTIONS 

Tliese calcuhi l iuns assume lliat fluid from a geolhermal well 

( I ) is proi lueed from .1 single aijuifer, (2) docs nol gain or lose 

significant heat or ma i l e r dur ing pa.ssage up the well and 

through surface, pipes lo sampl ing poinLS, and (i!) mainta ins 

clieinic.il eiiiiilihritim at each po in t of stenin-watcr separa t ion . 

Till': lirsl assnm[ition that the fluiil is produceil from a single 

aquifer ninsl he judged in each s i tua t ion . In general, wells in 

which discharge en tha lpy and silicn conteiiLs indicate t h e s a m e 

aipiifer lempr.rature are mos t p robably from a single a(|uifer 

and existed in that ;ii|uifcr as a single liijuld plia.se. T w o or 

more aijiiifcrs may, however , c o n t r i b u t e fluids to a producing 

bore . This circunistai icc can be deduced from llie drilling log, 

the ni l ius of gaseous compone i i l s in the s lcam (Glover, 1970) , 

or a compar i son of lhe w.Tlcr coniiiosit ion wilh that of o the r 

wells ill the field (Mahon , 197Q^. 

T h e second assumpt ion is mos t probably true for llie 

well-studied and long-producing Wairakei, New Zealand, geo

lhermal sys tem in which the compos i l ion of p roduced fluids 

IKW been nearly c o n s l a n i over a decade of observation and in 
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which the m.oss of scale depos i t ed is negligible (Mahon, 1 9 7 0 ; 

Grindley, 1 9 6 5 , p". 58 ) . Here also the conduc t ive heat flow is 

small compared wilh the hea t delivered lo the surface in the 

fluid (Dawson and Dickinson, 1 9 7 0 ; Gr indley , 1965) . This 

a.<siimjilioii is probably t rue also for many bu t n o t all o the r 

ho t -water geothermal sys i ems . 

T h e assumpt ion of chemical crpiilihrium is m o r e difficult lo 

just i fy. . I t bas been observed lhat , in the a(]uifer, sa tura t ion 

wilh fpinrlz is exact ly main la ined (Mahon , 1970) , and mos t 

cipiilibria involving species dissolved in the aipiifer water phase 

should be more rapid than sa tura t ion equil ibria wilh a solid 

phase. However, dur ing passage up the well mid througii the 

Scp;u-alor, C O j may no t mainta in an eipii l ibrium dis t r ibut ion 

belween the s team and water , as sho\vn by Glover ( 1 9 7 0 ) , who 

found at Wairakei tbat the d is t r ibut ion coefficient for CO2 

bciween vapor and liquid wa te r was a b o u t 7 0 ra ther than the 

equi l ibr ium value of 4 6 0 (Ellis and Golding, 1 9 6 3 ) . T h e 

calculated total C O j b.ised on analyses of the separa ted stearn 

may be low by 2 percent or less. This would no t significantly 

change the calculated CO2 pressures or arpiifer p l l . 

T h e difference be tween the actual lo la l pressure in the 

aquifer and the sa tura ted waler-va[)or pressure at tbe aijuifcr 

t em| ie ra lurc is assumed to have a negligible effect on the 

equi l ibr ium cons tan t s . T b e cons t an t s used in the program all 

refer to salun-ied water-vapor pressure condi t ions . 

CHEMICAL AND PHYSICAL CHANGES ON PRODUCTION 

Tbe. calculat ions pe r fo rmed in the program can be best 

illustrated by following the chemical and physical changes in 

the lluid produced from a representa t ive ac|uifer. Analyses of 

waler and gas sam[ilns from well 2 0 of the Wairakei, New 

Zealand, "cothcr inal Held are used as an exainple . The chaniies 
• O I D 

arc discussed in the o rde r tha t they occur ; tha i is, from 

inaccessible condi t ions lo the separa ted water and s leam as 

analyzed. The prograni works backwards along the line of 

these ehanircs and rcconstrucLs t he inaccessible s ta les . • 
o 

The calculated cond i t i ons pr ior to en te r ing the bore arc 

given in lable 1. Note lha t t he p l l of 6 . 34 is nearly the neutra l 

p l l at tlu: lempe.raliire 2'1.6 C .ind lha t virtually all boric and 

.-.ilieie acids and nearly all c a rbon i c acid and hydrogen sulfide 

an: iimli.ssonialed. A subsl . inl ial [ iroiiortion of lolal sulfate 

exists .IS hisnlfale ion, niH)ride as neutra l Iiydrogcii lluoriile, 

and ammonia as a m m o n i u m ion. Ion pairs such as N a C ] , K C l , 

NaS'^4 and CaS()4 are m o r e s lable than at low tempera tu res 

(M-C tables 4 and .')) and arc present in mode ra t e a m o u n t s . T h e 

enlh .dpy (en lha lpy refers to specific e.nlhalpy ihroiighoii t) of 

the lluid is slightly le.ss than tha t of waler in e( | inl ibrium wilb 

.steam ( lable I ) , and a gas [iliasi; i.s p robab ly no t [ircsenl. 

The aquifer lluid Hows loward and in to the well along a 

{.Tailient of diterr.asing prt;.ssiire resul t ing from the lower 

ili:n.-ily of tin: two-phase s tea in-walcr inixliirh in the well. T'he 

dee.rease in |ire.s.>uri; causes s l eam separa t ion and a decrease in 

le.mperaliire. These [iroce.sscs c o n t i n u e in the well and in the 

Tabic 1.—Aquifer fluid aitjuccnt lo hole 20, Wnimkei, Ncio ZcalunJ 
[1 cal = 4 . 1 l U a b s J ] 

Temperature ' °C 
Trcssurc bars abs 
Enthalpy' cal/j^ 

p l l ' 
CO5 partial pressure bars 

2-16 
37.6 

252.11 
6.34 
0.70 

l l j S partial pressure. do 0.0093 

Dissolved 
conslitiieiits 

Concentrations in 
triiiiot/LOOOgW-iO 

Vl 
Na* 
K* . 
l ib* 
Cs* 
Ca 

-(•2 

+2 
Ms 
v . 
cr . 
Br" . 
I ' . 
S O ; ' 

1.5 
30.3 

4.1 
.025 
.014 
.43 
.0 
.29 

42.9 
.05 
.002 
.079 

HjDOa •: 1.74 
l l j l i O j " ." 002 
l l jCOj - ' ^O , ,̂ 7.09 
IICO3- . . ^ ' } 35 
c o ; ' OOOOl 
lUSiO^" 7.II5 
l l nS iO , ' 006 
112^104" 
iN'll/ . 
^'ll3aq 
lljSaq 
IIS" . . 

.00001 

.002 

.011 
• > ' - . J.-0 

022 
IIF° 050 
I ISO," 0023 
IICI° 00006 
NaCI° 1.27 
KCI° 097 
Mi;S04° 0 
CaS04° 025 
KSO4 
NaS04" 
C;iC03° 
MyOlI* 

.015 

.15 

.0002 

.0 

Saturated-water enthalpy is 254.6 cal/g. 
'Neutral pll is 5.6 al246°C. 

s team-water se | iaralor, which w;ts opcra lcd al a pri:.ssiire of 

16.3" bars ahsolulc and a l e m p e r a l u r e of 202°( ] . Willi the 

decrease of pressure and l e m p e r a t u r e , the fluid separa tes in lo 

10.1 percent steain vvitli an e n l h a l p y of 667 .4 cal/g and J19.9 

Jiercent water with an entbalp.y of 2 0 6 . 1 cal/g. (J cal=4. lOd. 

a b s J . ) T h e t o t a l e n t h a l p y remains 2 5 2 . 0 cal/g 

( 0 . 1 0 1 X 6 6 7 . 4 M ) . « 9 9 X 2 0 6 . I ) because no signinV.anl a m o u n t 

of heat has lieiin lost in the passage up the well. 'I'he gases 

originally dissolvi:d in the water havi: largely exsolved in to llu: 

gas phase (exper imenta l d is t r ibut ion coefficienls for CO^ and 

I I j S , tables 4 and 5 , greatly favor tbe gas phase, par t icular ly 

near 200 C). Erom tbe separi i tor , the s team is col lec ied and 

analyzed for COj and M7S. Col lect ion and analysis m e t h o d s 
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Tabic 2.—Aii'ilysis ns reported on wiitcr ond sleam from 
well •JO, Wairakei, New '/.ixihuut 

T>-iiipr.nlurc of sleam separalion °C. . 202 
Teinperature of water scjiaration C. 99 and 202 
CO, in hi!;h pressure steam . . ; . . . . mmol/lOO mol 11, 0. . J-t2 
II, Sin high pressure sli-ani mmol/1 OOniol H, 0. . 4.5 
Water P'U measured at 20°C 0.0 

Coiiceiiirulloiis in Concentrations in 
Disiofixd wate.r nx analyzed at Dissotued water as analyzed ut 

coiistitiienis 20°C in mglUg constituents 20° Cin nislky 

IJ , 
Na , 
K . , 
Ub. 
Cs.. 
Ca. . 
•Ms . 

Cl. 

14.0 
, 1,260 

220 
3.0 
2.5 

25 
0 
H.8 

2.164 

Br 

SO, . . 
B . . . . 
IICO,. 
CO, . . 
S i O , . . 
Nil , . . 
I 1 , S . . 

5.4 
.4 

35 
26 

7.7 
0 

650 
.3 

0 

for steam and waler are given in Ellis, Mahon, and Ritchie 
(1960). The gas analysis is given in table 2. The slcam and 
water leave the separator in separate lines, and the water enters 
a silencer, which discharges lo the alinosphere. In the silencer 
an addiloiwd 20 percent of the original water is flashed to 
steam, and the remaining water flows out the weir box where 
it is sain;)le(l. The [iroportions of slcam and water at each 
separation point are calculated from an enthalpy balance with 
the assumption of constant enthalpy. The water sample in a 
capped polyclhyb:ne bottle is cooled and laken lo the 
laboratory where it is analyzed and the pll is measured. The 
amount of CO 2 -̂ ^̂ ^ HjS dissolved in the water afler 
separation is negligible relalive lo that which partitions inlo 
llic gas phase and is not analyzed. The enthalpy of the whole 
fluid is calculated from me.isiirenicnls of the flows of slcam 
and waler under controlled conditions. 

The properties of the water as analyzed are given in tabic 2. 

The steam and waler analyses were ni.nde by the staff of the 

Chemistry Division, D.S.I.R., New Zealand. Tbe waler analysis 

has been recalculated in lable 3 lo show what species were 

present in the analyzed solulion at 20 C. The waler composi

lion differs siibsl.iiitially from the composition of the aipiifer 

fluid. The separation of steam lias increased the concentration 

of mineral eoiistltui;iils thai are insoluble in steam (compare 

I.i* in lhe tables). The se[iaralioii of CO2 and IIjS inlo the 

steam phase b.ns increased the pll by 1.7 unils. 

Tbe jdl increase and temperaiure decrease bave increased 
the ionization of weak acids, parlictdarly boric acid, silicic 
acid, and carbonic acid. Ion pairs arc generally less stable al 
lower temperalnri:s (tables 4 anil 5) and are llnis le.ss in 
evidence. The mosl imporiani change is the partition of acid 
gases (C'.Oj, l l jS) into lhe sleam wilh the resnllanl increase in 
pll. Tbe .iqiiifer pll , the activity coefficient of If , and the 
pota.ssinm eont<:nLi can be combined lo calculate a K:II 
concentration ratio of lO-*'*'' whieb is similar lo the extrajio-

Table Z.-Calculaled composition at 2Q°C of sciiaratcd well water from 
well 20, Wairakei, New '/Zealand 

(Waicr pll measured al 20° C is 8.0] 

Dissolved Concentrations in Dissolved Concentrations in 
constituents miiiol/l ,000gH-iO consliluenls ininol/1,000g H^O 

Li* • 
Na* 
K* . 
Rb* 
Cs* 
C a * ' 

M s * ' 
F - . 
cr . 
Br- . 
r . 
S04 -^ . . 
lljBO^ . . 
II2BO3- . . 
ll2C03°-hC02 
I C O j -

co,-2 
1145104° 

aq 

2.1 
54.9 

5.05 
.035 
.019 
.62 
.0 
.47 

61.3 
.068 
.003 
.315 

2.26 
.15 
.003 
.126 
.001 

10.6 

ll3Si04-
Il jSiO,- ' 
NIU* .-. 
Nllj" . . 
HjS . . . 
HS- . . . 
11 F° . . . 
II.SO4- . 
lICl" . . 

. NaCl° . . 
KCI° . . 
MgS04° 
C;.S04° . 
KSO4- . 
NaS04- . 
CaCOj" . 
MgOll* . 

.25 

.00009 

.017 

.0006 

.0 

.0 
<.O00005 
<.000005 
<.000005 
.05 
.005 
.0 
.007 
.005 
.04 
.0002 
.0 

lated, pressure-corrected experimental value of 10 ' for 
vvater in equilibrium wilb K-niica, K-fcldspar, and quarlz near 
250°C (Ilemlcy, 1959; R. 0 . Fournier, oral, commun., 1972; 
Ellis and McFadden, 1972). This similarity suggests that 
mineralogical buffer systeins arc the niajor control on the |)II 
of this aquifer fluid. 

DATA REQUIRED 

Data necessary lo the calculation of aquifer chemistry 
consist of (1) a chemical analysis of the water separated from 
the water-steam mixture produced from the well, (2) the 
content of carbon dioxide and hydrogen sulfide in the 
separated steam, (3) the pressures of water and steam 
separation and the atmospheric pressure, and (4) the enthalpy 
of the whole fluid. T'he water analysis must include the jill, 
the temperature of |ili measurement, and concentrations of all 
major di.ssolved constituents, particularly those llial fonn 
weak acids or biuscs al low or high temperatures (lICCJj-, SQi ' ' , 
i.i02, F", SiOj , and so forth. A silica analysis is essential 
because the lemperature of the aipiifer is calculated by 
assuming lhat the aipiifer water pluise is saturated with i[uarlz 
(Mahon, 1966). 

The C O J and II2S contents of separated steain must be 
known because both of these gases dissolve in water lo form 
weak acids and their sejiaration from waler raises the pll. Tbe 
pressure of slcam separation is inlroduced because the 
se|iaralion and colleciion of sleam for gas analysis is most 
efficiently done at high pressure (to achieve a maximum gas lo 
II2O ralio) and the collection of waler is usually from the 
silencer at atmospheric pressure (Ellis, Mahon and Rilcliie, 
1960). If the sample is from a downhole sampler, tlic water 
analy.sis and lhe COj and II^S conleiila are sufficient lo 
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calculate the aquifer chcinisiry, provided that the fluid 
sampled w;is a single liquid |)hasc. 

A Q U I F E R ' T E M P E R A T U R E CALCULATION 

The temperature of an a(|uifcr feeding a geotbermal well is 
measured infrcqiienlly, and the mc.istircmcnls when made arc 
uncertain. It !i:is been shown (Fournier and Rowe, 1966; 
.\Ialion, 1966, 1970) lo be preferable lo calculate the aquifer 
temperature from the silica content of the discharge, assuming 
equilibrium with quartz in the aquifer, ralher than to measure 
the temperature directly. The original silica content in the 
deep waler must be calculated from analytical data allowing 
for conccnlration from sleam sc[)aration and for the presence 
of steam in ihc aquifer. The calculation of the aijuifcr 
Icmper.ilure requires entli.-dpy values of saturated slcam and 
water al that temperature, .iiul therefore an iteration proce
dure is necc.s.s.iry. 

If lhe pll of llic aquifer fluid is greater lli.in about 7, .some 
silic.i is present .xs silicate ions, and the indicated temperature 
from lol.il silica will be too high. In this instance, conccntrii-
lioiis of iniiic silica species arc calculated and .sulilraclcd from 
total .-̂ ilica concentrations because the silica concenlralion 
usci! for llic leniperatiirc estimate is speeificilly Si02(aq). 

CALCULATION OF THE EFFECTS OF STEAM 
SEPARATION AND EXCESS ENTHALPY 

The enthaljiics of the total fluid and of waler and steam at 
the [iri:.ssure and tem|ieralurc of lhe aquiier and at each jioint 
of sijjiaration arc necessary for c.ilcul.iling the proportion of-
water and sleam se[iar.iled and the degiee of cuncciitration ol 
the di.s.solved mineral constilueiils in the w.iler ;ind of the 
dissolved gases in the slre;im. For these calculations, lhe 
program uses iherinodyiiainic data lur pure water Irom 
K.:en;in, Keyes, Hill, and Moore (1969). The effect of the low 
niini:r.'il conlenUs (<0.!5 wl perceni NaCl) of niotjt geollii:rmal 
w.'iters on the tliermodynamic projierties of water is negligible 
(J. (.. Ihiss, writli:n enmmun., 1971). The content of tlissolved 
g.i.ses in steam from mosl geolhermal discharges is low (<2 wl 
jierceiil), and their effect on the therniodynaniic iirojicrtics' 
lias hccii ncglect<:il. 

With the .xssiimjilion of ciinstanl lolal i:iilhal|iy, the fraction 

of w.'ili:r or steani in the Huid c.in be calculaied for any 

temjieraturc (t) from llie cqualions, 

fraction water ' 

and fraclion slcam = 

enthalpy of sleam .it I - fluid enlhaljiy 
enlh.'iljiy of vajKur/ation at t 

fluid i;nlbalpy - enthalpy <if waler at / 
enthaljiy of vajxirizalion al ( 

If the t:nthaljiy of tin: fluid i.s the same or h'lwcr than lhat of 
water .vitiirnted with sli:am at tlu: aquife.r tem|ieralure, then no 
.-tleaiii is Jiresent In the .njuifcr, ami (he concentrations of 
iiiine.ral consliluenls owing to laler sleam sejiaralionarc 

calculated from the following: 

Original concentration = concentration in complete discharge 
= (analyzed concentration in water) X (fraction of water in 
separator 1) X (fraction of.water in separator 2) X (fraction 
of waler in silencer). 

If, however, the cnllialjiy of the fluid is higher than that of 
steam-saturated waler al the aquifer temperature, the presence 
of steam in the aquifer is indicated. The presence of steam 
causes tbe mineral constituents in lhe original w.iters as 
calculated above to be too lovv, so that the following 
correction facior is ajiplied: 

Concentralion in original water 
concentration in comjilete tlischarge 

fraclion of waler in the aquifer 

The presence of slcam is often the result of lowered [ircs-siirc 
owing to extensive production. Bec.au.so CO^ and II^.S are 
strongly j)arlitioni;il into the sleam jdiase, the devehqnneiil of 
steain in the aquifer may result in a decrease in g.is jiressures 
and an increase in aquifer jill with the jio.ssibility of earlion;ilc 
scale (hiposition in the aquifer and in the well easing. 

Hccaiise of instrument;il inacctir.'icies, measuremenl of the 
enthaljiy of drilliiolc discharges is necessarily somewhat 
a|i|iroximate; llicrefore, samples with fluid enthaljiies within 
i2fl eal/g (50 13tii/lb) of the enthaljiy of ivatcr in e<|uilibriiini 
with slc.im at llie arjiiifcr teinjieratures arc recalculaled 
a.ssuming exact equilibrium. 

GAS PARTIAL PRESSURES 

If the ga.s (COj, IljS) eoiilents of lhe samjticd steam and the 
fraclion of sleam in the lluid at lhe. sampling jioinl are known, 
the lotal gas contenis of the aquifer fluids may be caltMilatcd. 
If a single liquid jiluLSi: exists in the aijuifer, the gas jiartial 
Jiressures may he caieuiated dircclly from exjieriinenlal data 
on the solubilily of gas in waler al high le.mji<:ratui<:s (ll'llis and 
(folding, 196.'!; Kozinlseva, 196'1.). If bolh steam and water 
exist in the .-iquifer, a largi; fraction of llu: gas jiarlilions into 
lhe aquifer steam jih.ise, and the jiartial pressure of the gas is a 
(juadr.ilic funclion of the lolal gas eonlcnl. 

CHEMICAL MODEL 

The calciilalioii of the chemisiry of the aquifer llnids 
requires knowledge of the lotal content of all solution 
comjionents and ofthe dissociation consiants of .ill weak acids 
and bases antl all ion jiairs. The lotal eoiil<:iils of cuiii|Uinenls 
olher than gasi:s and hydrogen ions arc easily calculated from 
the water analysis with allowance for the i:ffi:els <)f sleam 
sejiaralion and of steam in tlu: aquifer as described earlier. Tin: 
contents of dissolved gases in the waler may bo ealciilaled 
from their soliibilllics, their contents in the sejiarulcd steam, 
the steani fraction, and if ihere is excess enthaljiy, from the 
fractions of steam and waler in the aquifer. For the calculation 

file:///Ialion
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of the total conlenl of hydrogen ion, the slate of ionization of 
;i]| weak acids and bases under the conditions of analysis must 
litst he ascertained. This is done llirough the calcnlaiions ofa 
chemical inodel (Garrels and TlionijKson, 1962; Ellis, 1967). • 

SOLUTJON OF MASS ACTION AND MASS 
BALANCE EQUATIONS 

In the cbcmical model for the waler as analyzed, the 

analytical concentrations, exjierimental dissociation constants, 

niais balances, and the ineasured jill are used to calculate the 

distribution of weak acid sjiecies and experiinental dissociation 

constants, and mass balance equations arc used to calculate 

that of ion pairs. Weak acids dissociate to form hydrogen ions 

by eijuations such as those for silicic acid as follows: 

H4Si04=H"' + li3Si04', 

and • IKSi04"=H*-t-H,Si04"'. 

The concentralion of each species is deicrmined by the lotal 
concchlralion, the pH, the aciivily coefficients of the species, 
and the equilibrium constants for distribution of species at 
chemical ccjuilibriuin. For the preceding reactions we can write 
the equilibrium equalions as follows: 

^, _"'ll,SiO;')'H.SiO: ' 0 " " " 
A . , - -

K,̂  

'"11,SiO, Til,SiO, 

"Ml,SiO;' Ti l ,SiO; ' 10-l'H 

'"l l ,SiO; Tii^SiO-, 

The mass balance equation for lotal silica (silicic acid and 
silicate ions) is 

"•Si total='"H,SiO,+'"H,SiO,-+"'H,SiO;' • 

The m;LSS aclion eipiations can be combined with the mass 
balance eijualion to solve for mji gjQ . 

The value of m| | gjQ is then substituted into the mass action 
eijuations to solve f<ir /n j | giQ- •'"'' "'[j SiO"^ • Activity 
coefficients are calculated from the extended Debye-Huckel 
eijuation as described later, and the ionic strength is calculated 
by iteration. Calculation of lhe concentralion of ion pairs is 
accomjilished by a slightly different procedure, whicii is 
illustrated by the calculation of the calcium ion species. The 
rnass aclion expressions. 

and 

^ 1 

K^ =• 

' c . - r ' ' ' 'Ca" ' " s o ; ' •^so; ' 

"'CaSO, "^CaSO, 

'ca" '''Ca" '"co; ' "^co,-' 

'"CaCO, "^CaCO, 

are combined with the mass balance expression, 

i 

'"Ca tot.-d " '"Ca", ^ '"CaSO, * '"CaCO,' 

to produce an expression for free (uncomplexed) Ca'*' ion. 

Ca lotal 
m, Câ ^ 

1+7, 

" 'SO; ' TsQ-̂ 3 m^Q-̂ i TQQ-̂ ^ 

'>'CaSO, '''^'^CaCO, 

which CIKUI^CS slowly during 

molalities of the anions (SO4 , CO3 ) are 

'Si tola 

'H,SiO, 
/v, ion" A", K-, lO^n" 

• I -

/K, 10n' 
l + T | I , S i O , - -

wij^SiO; TlljSiO;' 

The value of niQ^ + i may be substituted inlo the mass action 
expressions lo .solve for lhe ion jiairs. In these eijiialions Ca 
lolal is from the analysis, the dissociation conslanls dcjiend 
only on temperature, and the .activity coefficienls arc calcu
lated from the ionic strength, 
iteration. The 
corrected in each iteration loop hy sumining the calculated 

species (for examjile, " 'S(j '+"'[-lS04*'"KS04 ^" • ') " '" ' '•"'"• 
paring the sum with the analytical concentration of total 
anion. If lhe sum calculated differs from the analytieil concen
tration by more tli;in,0.], jicrccnl, lhe free anion concentration 
is correcled by an amounl depending on the difference. When 
all anion's have been checked (and corrected if necessary), the 
program iterates if corrections have been made to any of llicm. 
Thus, the prograni leaves the loop when the concenlralions of 
all species satisfy the mass balances to 0.1 percent. 

TOTAL lONIZABLE HYDROGEN ION CONTENT 

The total content of hydrogen ions in an aqueous solution 
includes not only free ions but also those in combinalion In 
weak acids and in water itself. Only jiart of these can be 
ionized under the range of conditions found in.natural watci-s. 
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'•This part, the total "ioui^iablii" hydrogen ion content, is 
Calcuhitcil by suinniiiig the coiileiits of Ii ion ami (>f ail the 
11 t'l dissociated and' partly dissociated vve.ik acids—II CO 3, 
HBO2, II2S, NIU, n 3 0 4 , IIP, HCI, il3'Si04, H4Si04, (two 
liines), and H2CO3 (two times). When the tot.il tonizablc 
hydrogen ion coiUent has been corrected fpr cIccLrolytu 

•concentration clianges due to Steam sejiaralion and the pres
ence of aquifer steam as discussed earlier, the HjS and GOj 
originally dissolved in the water arc added (the COj two times 
aa I l jCOj) . 

AQUIFER CHEMICAL MODEL 

The-aijuifer chemical model is calculated using the analysis 
corrected for sleafn scjiaration and aquifer steam contents, 
values of dissociation constaiils at the afjiiifcr Lemjicriiture and 
saturated water vajior pressure, and the tot.Tl ionizablc 
hydrogen ion conteiit. The metliod of calculation of the 
chemical niodel is ihc same as before except that the pH is 
now a dc|icn(]ent rather than an independent variable. Bcc.iu-sc 
almost alt 0/t!ic hydrogen ion occurs it) coiiifilexes, changes'in 
the calculated pll cause relalively large changes ill the anion 
niass balances, and the program converges very slowly. A 
cluuige in the criteria of convcrgcncci from 1 jicrecrit to 
O.I Jiercent of the anion in;is3 balances doubles the luiinlifirof Kielland (1937) 

iterations and changes the final calculated pll by 0.1 to O.IS 
units, 

Tlic> correctness of the ciileii la ted model is dependent on the 
existence and validity ol higli-tempi;'rature quartz soluliilily 
values; gas solubilily constants, and dissociation constauts for 
the weak acids and bases ancl ion pairs present in the water. 
The data used in the [trograni arc given in tables 4 anrl Svvitli 
their sources. They arc of iineycn ijualily, imd ns better data 
become availabic, the program can be easily updated, Taliular 
data are intorpolatcd by a program written by I'. .0. Doherty of 
the U.S. Geological Survey. Singlc-ioii activity coeflicienis 
have been calculated from tbe cxlendeil Debye-Hi'itkel equn-
tion, with a small bydralion coefficient (the " B , " of Helgeson, 
1969) assumed constant vvith ternjJcrature- This equalion 
differs little frotn that suggested by Davies (1962), Tlic ionic 
strength (/) of most geothermal watera is moderiUc (<0-08m), 
and theionic activity coefficients are not very sensitive t o t h e 
ion size (0) and hydration para me tera cbosen. The equation 
used is: 

log 7; 7-+0.04/ . 

The constants A -jind B arc from a tabul^atidii by Helgeson 
(1967) and are for molal units. Vatues of a are taken from 

Tabl': A.—Solubilily coastanis and iliisocialiciii conitnnls in KA(l)uci/J KT(l)arrays, iiiiatyjicoicxpiessiaiii 

Heacluiii 
Analytical cxprnsisiori if u.sed _^°(' 

(Till K. ru i°C) 25° 250" 
, Nole Reference 

I [ I , CO, asip=JH + ! ICO; 
2 li,s=!i+ + ns-
3 . . l i t i b , t O i C ^ H , H O / • 

•l l I ,S iO . = l l * + H , S i O ; 
5 n!-=ii++r 
f, ii.TO;^!i++3ij;' 
7 11,0= 11^1 Oil" 
8 Nll ,(H,0)=Nn,-t+Oir 
<i. H!: i=i i*ta" 

l l ) . .NaC!=Na-'<Cr 

. . .Ka=^K*if;r 

12. 

14 . 

. M M S 0 , - M t ! ^ ' i 8 i J ; ' 

.ai.S0,^-O.'- t S O ; ' 
• KSo;=K*-^sb;? 

i^ N:..s(i;-M.'*so,-' 
if' t j ( : ( i ,= (L i ' ' t c i t ; " 
17 .\li;ni!'^.\U*' *(lir 

in ••H;,Sio,-ii'i[j.sio;^ 
19 i ( f : Q , = i f > a > ; ' 
KM M,?ii;as-- U,H:iri 

LQI; K= -•mi2.^ifr-Ki.iSii-(i.02i'ur -a.sH 
LoK.K''- •;i2-79.0/r+U.l7.0.02;Vrsfv'/' -Ti.'H 
baliK-i5T.l•2l^r-^•2i\.60S')-^a.D\•207a'r i-t. 7 6 

-13.:i25B:lo[;T 
Set: lahle rr. : : g.da 

i i l l . • . . • - -3.111 
Log \'= ..̂  57.2-1/11 lTt5 .;i5 OS-O.011! 34127' -1 .y'J 
U y A-= -4-t70.99/7'+f'.On75.0.0]706r -13.9f»5 
Seetiilile 5 . ' . . . . . A..73--
. . . . i l o . .- . -(i.iO 
. . . .do ," 11.60 

. .dn , . : . . , , f\,r,<) 

.iht , . , , . , ; .2.2.T 

.du ] . , ] ' . . . ' . . ' . . ' . . [ ' , . . " . ' . ' . . . ' J -2,311 
. ;ito . , , -.113 

. I l l l 

.dn 
,d>, 

..113 
.2.:ill 
-2.fiO 

-11.7 Lou K= -:i4r>ii/Tift.:i-t-0jrjt\(tT 

I.O[;A'=-27;i0.7/r-i-,'i,;imi-0,02FJ[i7' JJA'i 
^'=:i,i7+1 .i:'fiitni-ii.03tij.'"i;i(" t^.trri 

K (:<Iji;a:.+H,f>=H,C(), app hVelalikS , . .+3.21 

-7.it!l <'} 
-7.6 
•̂  I .')li ( ' > 

-9.63 
.."i.lin 
-5.31 

-U.3lt 
-6.lifi 

-.67 

S.7 
-4.1 
.2.;S5 

. 2 , 3 :T 

-n.'jii 
-4.fK 

-t l . , ' ' . 

•11.3.1 
+:i.2ii 
+3.72 

('3 

(') 

(«> 

0) 

(•) 

[lyy.lienko(i963). 
D',yai;likov:i and Klicitlaktjv.skiy (!96(1). 
M™ni!r, l!in:ji, ami SiVecUin ('1972). 

Coliljlr: f iy'64); Rr/,lienU(!t)67,). 
Ellis (1963). 
Lii;l?.ke, .'iliiiigliton, jiiui YIUJIIK (1961), 
Ibnierl anil Oivmi (ly.-id, p. d-iCi). 
\Vri',;Iil, Liuil.sayi and UriiK-j (i 961 ), 
llelf;e.snn( 19.69). 
IVarsini, Ciipelaiid, and Ueiiiiin (1963); 

b i i i i n .a i i d Marsiiall" (1969); l l j i i i lU i 
i'.:lfiyliridne, l i l i l ! I*nn:.(l57l). 

HelKe.<(.ii "(Jijl iy); Hanna, IV.ltiyliridi;e. 
anil i ' r i i i ; ( l 'J7 l ) , 

IXl. 
.Oil. 

Q\iw( ,itiil (jlliers (l*3f)3); Trucsileli HIKI 

ll(..sliller(l,'Kifl). 

llelKi-s.l(l(l()Yl9), 
Dn. 

Niiyfiiov, Ry/lienko, and Kodakov.skii 
(IV7I). 

Ry/.Ueukn{l063). 
Kii/.int.seva (I'Jfi4). 
KIIis and C;oliliiij;(l<S6,1). 

' I I , f -O, a[iiMrrni iiifliidi-!. H , C n j and GO, a<|iii;iiiis,' 
' H j H O , i i iveti i i i |ir(iit ni i i a.', I tO, , Iteireliuti wrii len lij- Meniiier. lines, and Swetluii (1572) as l { {01| ) , tO 
' Kiifj[(i)Jat('d aijiive :;iin"C. 
•.Kvl i j i i . i l i . lei l aliOK: 21111"C. Aiir.:es wi l l i Hy/.tienko (IQfiS) 16 iOO'C. 
'En l r j | i i , h j | i d liidinv Mill' '. . ' 

r=t!(OI!);. 
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Table 5 . ~ - i 0 5 K(pK),a;?(i COj and qi iam soluliility, data in tabular form interpolated hy look-up subroutine 
» (For reaction equalions and'sburce of data-, see tabic i ] 

1 • 

\^ " C , 

A "• 

-0 
tnv. 
2.1 •, 
.15 
51) 
T'S 

IOO 
lirs 
isft 
17."; 
'iiiD 
;i25 
:;5o 
275 
;if)0 
325 
350 

lUSiO^" 
• i 

10.2 
9.94 

. .a 63 
•, 9.18 
• 9..10 

- 9.11 
9.0.1 
O,!).! 
0.10 
9,23 
<):3fi 
9.18 
9.63 . 
9ff!3 

10.2 
10.5 
i ! .0 

(5) 
IIK" 

3.96 
• 3.00 

3,10 
3.23 
3.-10 
3.64 
3.1! S 
.1.09 
4.34 
•t.59 
.l.fiO 
5..i 
S.B 
6.2 
6.8 . 
7.1 
7.4 

ta) 
NH3(H,0)° 

4.Q7 
4.30 
4.75 
-L7n 
4:70 
4.75 
4;u3 
4.97 
S.IO 
5.33 
5.53 
S,T3 
6.0 
6.3 
6.75 
7,<y5 
fi.O 

< ^ ' = 
HCI" 

-7.S 
-6.1\ 
-.6.1 
-5 .7 
-5.0 
-:i.a 
-2.9 
-2.0 
-1.'23 

-.60 
,^.07 

.30 

.67 

.95 
1,2 
1.6 
2.5 

NaCl" 

-1.65 
-l.£i3 
-1.60 
- Cm 
-,!,.20-

-.90 
-.55 
-:53 
- • • I S 
-.30 
-.15 

,05 
,25 ' 
.60 
.95 

1.35 
2.0 

(11V, 
KCr 

-1,65 
-1.62. 
-1,59 
'1 ,50 
- I . to 

• -1.20 
-1.00 

-.00 
-.75 
-.60 
-.40 
-.20 

,10 
.30 
,6 

1.0 
1,7 

(12) „ 
MyJiO," 

'2.05 • 
2,10 
2.25 
2,35 
2.60 
2.90 
3.20 
3.55 
3.90 
4.40 
4.U0 
5,25 
5.7 
6.1 
6,4. 
6,7 
7.0 

im^ 
CaSO^" 

2.3 
2.3 
2.3 
2:3 s 
2.-i-0 
2.55 
2-7 
219 
3.1 
,135 
3.6 
3.a 
4.1 
4,3 
4.5 
4.75 
5.0 

(14) 
KSO4-

0,'65 
.71 
,«3 
,90 

1.00 
1.J5 
1.3'0 
1.45 
1.60 
1,7C 
J.93 
2,10 
2,35 
2.S5 
2.75 
2:9 
3.1 

.(16)^ 
e ; iCO/ 

3:0 
3.0s 
3,20 
3.27 
3.W 
3.65 
3.OO 
4.15 
4.S0 
4:fi5 
5.20 
S.SS 
5,90 
6.20. 
6,.tS 
6:65 
7,0 

f ^ K 
MyOlI* 

2,50 
2.5a 

• 3.60 
2.63 
2.7-
2,9 
3.1 
'i.33 
3.6 
3,S5 
4,1 
4.35 
4.65 
4.9 
5.15 
.5,45 
Si7 

CO, 
solubility 

700 
lOCU. 
1630 
sfoo 
3900 
-IOOO 
5200 
fiOOO 
6600 
6000 
6400 
5900 
5300 
4600 
390O 
3100 ,, 
2100 

^ la r l i 
Bolniiilily' 

(p/ni) 

2.4 
3.6 
6,6 
a,6 

13.5-
27 
4!i 
UO: 

125 
T90 
265 
367 
490 
615 
tm 
720 

' CJSO) 

'QmrtisoluLitity in water al saturated wiilcr vapor pri;s,<ure, 0''-240''C from Morey, Fournier, and Rowe (1962); 260°-32S°C t'rom Kennedy (19S0). 
An iiicorrrel 350 value is induded.because llie look-up aulifouiine re^iiirca a mono Ionic funetibn. 

T h e aI"o! version of lliis prograin (Trueadell and SingerSj 

1973) has j u s t been publ i shed . 
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ABSTRACT 

The Mercur gold depos i t s of w e s t - c e n t r a l Utah a r e hos ted by t h e upper 

por t ion of t h e Topliff Member of t he Miss i ss ipp ian Great Blue Limestone. Al te ra t ion 

e x h i b i t s a s t r a t abound c h a r a c t e r which can be r e l a t e d to primary, sedimentary 

l i t h o l o g i e s over a 60-80 m sec t ion of t he Topliff Member. 

Hydrothermal a l t e r a t i o n a t Mercur can be s e p a r a t e d i n to four temporal ly 

over lapp ing s t a g e s . Stage I a l t e r a t i o n c o n s i s t s of replacement of massive 

l imes tones with s i l i ca , s e r i c i t e , and k a o l i n i t e by oxidizing, low pH (3.5-4.0) 

f lu ids a t t empera tu re s of 220-270"'C. Stage I a l t e r a t i o n i s widely developed 

in a s t ra t i fo rm j a spe ro id body known a s t he Si lver Chert, a l though o the r p o r t i o n s 

of t h e upper Topliff member a r e a l t e r e d a s well. Stage II a l t e r a t i o n i s c h a r 

a c t e r i z e d by decarbona t ion of s i l t y l imestones by f lu ids with pH and fO va lues 

s imi lar to Stage I f lu ids , but with l e s s d i s so lved s i l i c a . Stage II f lu ids 

became p r o g r e s s i v e l y more reduced and l e s s acid th rough r eac t ion with carbonaceous 

l imestones . Stage I I I c o n s i s t s of two ve in or f r a c t u r e f i l l ing assemblages: 

a) o rp imen t -py r i t e -marcas i t e -o rgan ic s , and b) c a l c i t e - r e a l g a r ve ins . Spa t ia l 

r e l a t i o n s h i p s of c a l c i t e f luid inc lus ion f i l l ing t empera tu res ind ica te t h a t 

v e r t i c a l flow dominated t he hydrothermal system in s p i t e of the s t r a t abound 

n a t u r e of the d e p o s i t s . Stage I I I f lu ids appea r to have been chemically s imilar 

to evolved Stage II f lu ids . Stage I I I f lu ids a r e r e s t r i c t e d to po r t i ons of 

t h e upper Topliff member which a r e s t r a t i g r a p h i c a l l y h igher than the Si lver 

Chert. Calci te of t h i s s t a g e was depos i ted a t t e rapera tures of 150-190*0. 

Stage IV a l t e r a t i o n c o n s i s t s of b a r i t e and ha l l oys i t e . Bar i te was depos i ted 

between 180-300*0 a s a r e s u l t of p r o g r e s s i v e l y i n c r e a s i n g tempera ture . 



Salinities throughout the paragenesis remained relatively constant at 

5-8 equivalent weight percent NaCl. Deposition of gold through the first three 

stages of the paragenesis was brought about by a decrease in temperature and 

increase in pH. Despite its relatively low solubility, AuCl-_ ^^ ^^^ most 

plausible complex for transporting the gold. 



INTRODUCTION 

The term "Car l in- type" depos i t has been appl ied t o a number of low 

grade, sediment-hosted gold d e p o s i t s t h a t have been d i scovered and brought 

i n to product ion in the wes te rn United S ta t e s s i nce t he 1960s. Car l in - type 

depos i t s a r e c h a r a c t e r i z e d by replacement of ca rbona te and s i l t y ca rbona te 

rocks by s i l i c a , p y r i t e , b a r i t e , v a r i o u s a r s e n i c , mercury, antimony, and 

thal l ium minerals in addi t ion to micron-s ize gold (Radtke and Dickson, 

1974). All a r e be l ieved to have formed in t he upper few ki lometers of 

t he e a r t h ' s c r u s t under condi t ions which a r e analogous to p r e s e n t day 

geothermal systems. 

The Mercur mining d i s t r i c t of w e s t - c e n t r a l Utah con ta ins a number 

of gold d e p o s i t s of t h i s c l a s s . The d i s t r i c t i s loca ted approximately 

90 km southwest of Sal t Lake City in t he southwest por t ion of t he Oquirrh 

Mountains, a t y p i c a l n o r t h - s o u t h t r end ing range of t he Basin and Range 

phys iograph ic province (Fig. 1). Two major o r e bodies, Mercur-Sacramento ' 

and Marion Hill, a r e p r e s e n t in small h i l l s in t he cen te r of the s t eep , 

ea s t -wes t t r end ing Mercur Canyon (Fig. 2). I n i t i a l product ion of s i l v e r 

in the Mercur d i s t r i c t was from an i n t e r v a l of s i l i c i f i ed l imestone known 

a s t h e Si lver Ledge (Spurr, 1895), a term which was l a t e r changed to t he 

S i lver Chert. Fine gold was d iscovered in 1883 in a s t r a t i g r a p h i c i n t e r v a l 

30 m above the S i lver Chert, Product ion terminated in 1917 a f t e r more 

than 1.2 million ounces of gold had been produced (Butler e t al. , 1920). 

The d i s t r i c t was reopened in 1983 with Getty Mining Company a s t he p r i n c i p l e 

ope ra to r . 

The f i r s t geologic d e s c r i p t i o n of t he Mercur d i s t r i c t i s given by 



Spurr (1895). Butler et al., (1920) give a concise, accurate review of 

the geology, stratigraphy, and mineral production at Mercur. Gilluly's 

(1932) work remains the most comprehensive published study of the southern 

Oquirrh Mountains. Lenzi (1973) published data on the background geochemistry 

at Mercur. Tafuri (1976) describes the general geology, alteration, and 

mineralization at Mercur. 

The investigation presented in this paper was undertaken to describe 

the thermal and chemical evolution of the ore forming fluids at Mercur, 

and to compare the Mercur hydrothermal system with modern geothermal systems 

and similar gold deposits in the western United States. Temporal and 

spatial relationships of the mineral assemblages were established by exam

ination of outcrops and open pits at Mercur plus more detailed examination 

of 300 hand samples and 120 thin sections of surface and subsurface samples. 

GEOLOGY 

Rocks in the southwest portion of the Oquirrh Mountains are Upper 

Mississippian carbonate and clast ic rocks and Tertiary igneous rocks. 

From oldest to youngest, the sedimentary formations are the Deseret Limestone 

(200 m thick), the Humbug Formation (190-200 m thick), the Great Blue 

Limestone (910-1150 m thick), and the Manning Canyon Shale (230-350 m 

thick). The re la t ively thick Great Blue Limestone i s separated into three 

members. The lower 150-200 m of limestones and minor shales i s named 

the Topliff Member following correlation with exposures of the type-section 

in the Tintic Mountains to the south (Morris and Lovering, 1961). The 
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upper portion of the Topliff Member i s host to most of the Mercur ores 

and will be discussed in greater detai l below. A 30-50 m thickness of 

shales and limestones overlying the Topliff was named the Long Trail Shale 

by Gilluly (1932). The upper portion of the Great Blue consists of 600-900 m 

of massive limestones with minor chert and shale which are unmineralized. 

Two igneous rock units have been mapped in the southwest portion of 

the Oquirrh Mountains. The Porphyry Hill Monzonite i s exposed 2-3 km 

north of the Mercur deposits and i s reported by Gilluly (1932) and Proctor 

(1959) to be a porphyritic monzonite which occurs in s i l l - l ike bodies. 

The Eagle Hill Rhyolite is a fine-grained, nonporphyritic unit with 

a dis t inct ive white to pinkish color. Gilluly (1932) has mapped two semi

circular to el l ipt ical in t rusive stocks of this unit south of Mercur. 

Irregular, s i l l - l ike masses of the Eagle Hill Rhyolite can be seen in 

the Sacramento pit and in dr i l l holes throughout the Sacramento Hill area 

(M. Bryant, T. Faddies, oral comm.). The Eagle Hill Rhyolite has a K-Ar 

age of 31.5 m.y. (Moore, 1968). The relat ive age of the Eagle Hill Rhyolite 

and the Mercur hydrothermal system is problematic due to ambiguous field 

relat ionships and the lack of minerals which are suitable for dating. 

The s t ructure of the Mercur d i s t r ic t is dominated by the broad, northwest-

trending, south-plunging Ophir anticline. The hinge of the anticline 

t ranscects Mercur Canyon approximately 2 km west of the Mercur mine. 

Rocks in the Mercur area generally dip 20-30 degrees to the east. Two 

major east-west normal faults are recognized within the Mercur ore bodies 

(T. Faddies, R.Blair, oral comm.). The Carrie Steele fault crosscuts 

the Marion Hill ore body. The Lulu graben i s a complex fault system south 



of Mercur Hill with a displacement of approximately 15 m (R. Klatt, written 

comm.). 

Upper Topliff Member in the vicinity of Mercur_ 

Mineralization at Mercur i s confined to the upper 60-80 m of the 

Topliff Member and lower portion of the Long Trail Shale. Descriptions 

given below are largely based on hand sample and petrographic observations 

from a deep, diamond dr i l l hole spudded 0.75 km northeast of Mercur which 

encountered an unaltered to weakly al tered Topliff section (Fig. 3). In 

discussing carbonate rocks, the classification of Dunham (1962) is used. 

The Topliff Member i s subdivided into the Magazine Sandstone, Barren 

Beds, Mercur Beds, and Upper Beds by Butler et al., (1920). The Magazine 

Sandstone can be roughly divided into two clast ic sequences separated 

by a 5 m interval of mudstone, packstone, and shale. The lower sandstone 

in terval overlies an unknown thickness of massive, medium-gray mudstone. 

The lower Magazine Sandstone i s massive to porous, ochre to brown in color, 

and composed of fine-sand to coarse-s i l t sized quartz grains. Thin sections 

from this interval shows 35-45 percent subrounded, well-sorted quartz 

grains in a matrix of calcite, i l l i te , and minor pyri te and iron oxides. 

The upper interval of the Magazine has a higher percentage of s i l t - s ized 

sediment than the lower Magazine, and i t s coloration varies from gray 

to brown. A dist inct ive marker horizon a t the top of the upper Magazine 

i s a zone of worm burrows. The mudstone-packstone-shale sequence separating 

the upper and lower clast ic units will be called the median limestone 

unit of the Magazine Sandstone. 
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Overlying the Magazine Sandstone is a 20-25 m thick section of lime

stones, s i l ty limestones, and shales known collectively as the Barren 

Beds. The lower portion of the Barren Beds are largely mudstones, shales, 

and calcereous s i l t s tones which grade upward into massive to moderately 

well-bedded mudstones. A dist inctive, 2 m thick interval named the Apex 

vein by Butler et al., (1920) has been recognized 5-7 m above the top 

of the Magazine Sandstone. The Apex consists of interbedded mudstones 

and s i l t s tones with distinctive, very delicate cross laminations and flaser 

bedding which aided in correlat ions be'tween dr i l l holes (Fig. 3). 

The next s t rat igraphical ly higher interval in the upper Topliff Member 

i s an 8 m thick sequence of porous, th in- to moderately-well bedded packstones, 

wackestones, and s i l t s tone known as the Mercur Beds. The Mercur Beds 

are host for the highest amount of gold mineralization throughout the 

Mercur dis t r ic t . Alteration in the form of decalcification and minor 

si l icif ication of the Mercur Beds i s pervasive, even in the relat ively 

unaltered, deep diamond dr i l l hole north of Mercur (Fig. 3). In general, 

the Mercur Bed interval appears to have a higher porosity and greater 

amount of s i l t s tone and shale than the res t of the upper Topliff carbonate. 

The original Mercur Beds appear to have been thinly bedded with abundant 

fenestrate bryozoa and diagenetic pyri te . 

The uppermost subdivision of the Topliff i s known as the Upper Beds. 

The Upper Beds consist of a 30-40 m thickness of limestones which grade 

from massive mudstones upward into massive wackestones and packstones 

interbedded with lesser amounts of s i l t s tones and calcereous shales. 

Stylolit ic dissolution and intraformational breccias are common in this 

interval . Zones of interbedded s i l t s tones and mudstones labeled the Middle 



s t reak and Upper Vein by Butler et al., (1920) are not distinguished in 

th is paper as subunits of the Upper Beds. 

The contact between the Topliff Member and overlying Long Trail Shale 

i s not dist inctive (Mercur geologic staff, written comm.). For the purposes 

of i l lus t ra t ion in Figure 3, the contact i s drawn at the base of a 2-3 

m sequence of noncalcereous, black shale, 40 m above the top of the Mercur 

Beds. The Long Trail Shale has not been examined in detail by the authors, 

but i t appears to consist of approximately equal amounts of carbonate 

and clast ic rock. 

Several generalizations of the ent i re upper Topliff section can be 

made on the basis of hand sample, core logging, and petrographic observations. 

The allochemical consti tuents are largely pelloids and fossil fragments. 

Fenestrate bryozoa are character is t ic of the more thinly laminated l i tho

logies, whereas the more massive mudstones and wackestones usually contain 

echinoids, crinoid fragments, and less commonly corals and brachiopods. 

The calcite mud i s cryptocrystal l ine. The amount of fine-grained indigenous 

matter is sufficiently high to give the Great Blue Limestone i t s character is t ic 

medium to dark gray color. Diagenetic pyri te i s ubiquitous and ranges 

from euhedral cubes up to 1 cm in diameter down to individual grains, 

aggregates, and veinlets only microns in size. Quartz i s usually well-rounded 

and very fine-grained (less than 50 \i in diameter). Lath-like i l l i t e 

grains up to 20 p long are character is t ic of the s i l t s tones and shales. 

The i l l i t e i s colorless in thin section and often displays a reticulated 

habit. X-ray analysis reveals the presence of kaolinite in unaltered 

Topliff samples. Petrographic identification of this mineral i s difficult, 

but i t appears to occur as fine-grained clots associated with the i l l i te . 
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No p h y l l o s i l i c a t e mineral o the r than i l l i t e and k a o l i n i t e has been found 

in u n a l t e r e d Great Blue Limestone. 

Whole rock chemical a n a l y s e s of e igh t u n a l t e r e d to weakly a l t e r e d 

samples of t h e upper po r t ion of t h e Topliff member (Table 1) sugges t s e v e r a l 

g e n e r a l i z a t i o n s . Massive l imestones a r e e s s e n t i a l l y pure ca rbona tes with 

l e s s than 10 pe rcen t t o t a l s i l i ca , 0-2 pe rcen t alumina, and t r a c e amounts 

of d i agene t i c p y r i t e . Rela t ive amounts of k a o l i n i t e and i l l i t e a r e d i f f i cu l t 

t o c h a r a c t e r i z e , given the small number of samples (four) and t h e small 

pe r cen t ages of c lay minerals . Four t h i n l y bedded, sha l ey l imestones have 

s i l i c a va lues in t h e 30-40 pe rcen t range, and alumina va lues from 5-10 

pe rcen t . Modal p a r t i t i o n i n g of elements shows t h a t i l l i t e / k a o l i n i t e r a t i o s 

a r e nea r uni ty . The amount of d iagene t i c p y r i t e i s between 1 and 3 pe rcen t . 

The u n a l t e r e d Topliff samples have organic carbon con ten t s within t he 

0.2 t o 1.0 pe rcen t range r e p o r t e d for u n a l t e r e d Great Blue rocks near 

t h e mouth of Mercur Canyon (W. Tafuri, wr i t t en comm.). 

HYDROTHERMAL ALTERATION 

Hydrothermal a l t e r a t i o n i s divided in to four pa ragene t i c s t a g e s . 

Each s t age i s named according to t he dominant mineral phases , even though 

t h e r e i s ove r l ap of mineral depos i t ion in a l l of t he s t a g e s (Fig. 4) with 

t h e except ion of one por t ion of Stage III , The i n i t i a l two a l t e r a t i o n 

s t a g e s a r e c h a r a c t e r i z e d by complete replacement or d i s so lu t i on of t he 

hos t sedimentary rocks . The f ina l two s t a g e s occur a s mineral depos i t ion 

in ve in s and open space f i l l i ngs . The s p a t i a l r e l a t i o n s h i p s of the four 

a l t e r a t i o n s t a g e s to t h e v a r i o u s l i t ho log i e s a r e shown in Figure 4, 



stage I - Silica 

Silicification of selected horizons of the Upper Topliff Member i s 

the ear l ies t and most widespread form of al terat ion at Mercur. The most 

conspicuous zone of th is a l terat ion i s a 5-20 meter-thick interval of 

jasperoid known as the Silver Chert located immediately below the Magazine 

Sandstone. The Silver Chert jasperoid creates massive, outcrop-forming 

ledges on Marion Hill, Sacramento Hill, and less conspicously, on Mercur 

Hill. In outcrop, the Silver Chert i s typically aphanitic, dense, and 

medium- to light-gray, although brown and grayish-black var ie t ies are 

not uncommmon. Preservation of original sedimentary features i s observed 

locally (Fig. 5a). The Silver Chert shows widespread brecciation (Fig. 5b), 

part icularly in the Marion Hill area. Much of th is brecciation i s at tr ibuted 

to pre-mineralization karst if ication of limestones below the Magazine 

Sandstone throughout the southern Oquirrh Mountains (R. Blair, oral comm.). 

Matrix material consis ts of clay, barite, and clear crystal l ine quartz, 

although vugs and open space remain. A significant amount of tectonic 

breccia is found within the Silver Chert, although i t i s usually dist ing

uishable from hydrothermal breccia by the presence of slickensides and 

fault gouge. Stage I s i l ica i s found in lesser amounts throughout the 

r e s t of the Upper Topliff Member. Silicification of the Magazine Sandstone 

is widespread and often makes determination of the Silver Chert-Magazine 

Sandstone contact difficult (e.g. dril lhole GV-25, Fig. 3). Minor amounts 

of jasperoid are localized in the Mercur Beds and lower portion of the 

Barren Beds. 
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In thin section, a number of quartz textures typical of jasperoids 

(Lovering, 1972) are observed. The very ear l ies t textures appear to consist 

of xenomorphic or "jigsaw" quartz grains of very ranges from submicroscopic 

to 150 v>. Relic sedimentary bedding and fossil casirregular s ize and 

shape (Fig. 5c). Size ranges from submicroscopic to 150 yi. Relic sedimentary 

bedding and fossil casts can be seen in thin section. The jigsaw-xenomorphic 

textured jasperoids typically contain submicropscopic iron oxide, allophane, 

and carbon(?) part ic les . The occurrence of si l ica-encapsulated carbon 

has been noted by Gilluly (1932). The very fine-grained nature of the 

carbonaceous and ferrugenous matter associated with the Mercur jasperoids 

has prevented positive identification of these materials. Minor ser ic i te 

and kaolinite occur as overgrowths and in t e r s t i t i a l grains. Lovering 

(1972) has interpreted jasperoids with xenomorphic textures to be the 

resu l t of crystal l izat ion from a si l ica gel. 

The second texture observed consists of ret iculated quartz grains 

which often achieve s izes up to 0.5 mm in length. The reticulated texture 

appears to be gradational with the xenomorphic texture in some jasperoid 

specimans. The ret iculated quartz grains are t ightly interlocked with 

l i t t l e intergranular material. Small unidentified, birefringent minerals 

occur as inclusions in th is type of quartz. Minute carbon(?) grains often 

outline crysta l growth planes, a feature which indicates deposition of 

the si l ica as crystal l ine quartz. The final common quartz texture consists 

of discrete, euhedral quartz grains in a matrix of clay and iron oxides 

(Fig. 5d). Locally, the euhedral quartz displays cockscomb overgrowths 

on ear l ier developed sil icification (Fig. 5e). This form of quartz contains 

small numbers of small (less than 10 p diameter) fluid inclusions. The 
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euhedral quartz and clay appear to represent a transition to the next 

paragenetic stage. 

Modal partitioning of whole rock analyses of the Silver Chert and 

Magazine Sandstone shows that quartz constitutes 85-97 percent of the 

totals (Table 1). Kaolinite appears to be the dominant phyllosilicate 

in the Silver Chert, whereas sericite is more common in the Magazine Sandstone. 

Ore grade mineralization occurs in the Silver Chert and silicified 

Magazine Sandstone. Silica encapsulation of the gold has not been noted 

(R. Klatt, W. Tafuri, written comm.) suggesting that the gold was deposited 

following the major silica depositing stage. 

Stage II - Argillic 

Decarbonation of limestone and modification of pre-existing phyllosilicate 

minerals in the Upper Topliff Member constitutes the second alteration 

stage at Mercur. Argillic alteration postdates the silicification on 

the basis of matrix material in jasperoid breccias and crosscutting relation

ships observed in thin sections (Fig. 5f and 6a). 

An x-ray diffraction survey of 17 samples representative of Stage 

II alteration as well as unaltered lithologies revealed that with the 

exception of two samples, kaolinite and sericite are the only phyllosilicate 

minerals at Mercur. In sample MH-9-174 (Mercur Beds, Mercur Hill) pyrophyllite 

was identified. In sample MH-9-275 (silicified Magazine Sandstone, Mercur 

Hill) a minor amount of smectite was found. 

All stratigraphic intervals of the Upper Topliff Member are host 

for argillic alteration, although it is particularly well developed in 

the Mercur Beds, Upper Beds, and the lower portion of the Barren Beds. 
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Argillic al terat ion appears to be preferential ly developed in s i l ty and 

shaley lithologies, but replacement of massive limestones i s also observed 

(Fig. 6b, c). Brecciation of argi l l ic material and cementation by somewhat 

darker argi l l ic material i s common, although locally th is l ighter to darker 

sequence is reversed (Fig. 6d). Textures of the argi l l ic material vary 

from punky, s t ruc ture less masses to thinly laminated rock in which original 

sedimentary bedding and fossi ls are well preserved. Oxidation associated 

with th is form of al terat ion i s extremely varied and gives these rocks 

colorful red, maroon, brown, and olive colors. Catagorization of th is 

oxidation within the paragenetic sequence i s difficult since oxidizing 

conditions existed in both la te and early hypogene fluids at Mercur, as 

well as in supergene fluids. The fact that the most decarbonated a rg i l 

l ically al tered rocks are also the least oxidized (Table 1) suggests that 

progressive al terat ion of th is type was accomplished under more reduced 

conditions. This possibli ty i s discussed in more detai l below. 

Microscopic examination of the argi l l ic rocks shows ser ic i te as discrete 

grains and aggregates which range from 20 p to 0.1 mm in length and aggregates 

of i r regular interlocking kaolinite crys ta ls up to 15 p. Sericite crysta ls 

viewed perpendicular to the c-axis have a pale green pleochrism. Sericite 

grains are observed crosscutt ing and conforming to the outline of quartz 

grains, suggesting that deposition of quartz and ser ic i te was contemporaneous. 

Orientation of the ser ic i te grains conforms to laminations in the rock. 

This, plus the ser ic i te pleochroism, serves to distinguish hydrothermal 

se r ic i te from sedimentary i l l i t e . Sericite has not been observed replacing 

i l l i t e in thin section. Deposition of s i l ica during Stage II was minor. 

Silica values range up to 75-80 percent in total ly decarbonated limestones 
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(Table 1). This twofold increase in si l ica contents of unaltered s i l ty 

limestones i s the resu l t of dissolution of original carbonate (50-605^ 

of the original total). In thin section, only minor sil icification and 

quartz overgrowths on pre-exis t ing quartz grains i s observed. Chalcedony 

commonly replaces fossil cas ts within zones of argi l l ic a l terat ion or 

occurs as r inds on al tered carbonate c las ts (Fig. 5g). 

Argillically al tered rocks are locally mineralized with ore-grade 

gold and have a t race element signature (As-Tl-Hg) which i s character is t ic 

of gold mineralization. Visible arsenic minerals are not common in hand 

specimen. Pyrite is locally abundant in unoxidized argil l ical ly al tered 

rocks, although the distinction between hydrothermal and diagenetic pyri te 

i s difficult. 

Stage III - Carbonate sulfide 

Deposition of calcite, realgar, orpiment, pyrite, marcasite, and 

organic material characterizes the third stage of the Mercur paragenesis. 

This stage marks the t ransi t ion from replacement of the host limestones 

to deposition in veins and open spaces and appears to coincide with the 

bulk of the gold mineralization (Mercur geologic staff, pers. coram.). 

I t i s typically developed in the Mercur Beds. Lesser amounts are found 

in the Upper Beds, and more rarely the Barren Beds and the median limestone 

of the Magazine Sandstone. The ear l ies t assemblage of this al terat ion 

consis ts of orpiment, pyri te, marcasite, and organic material which form 

discrete veins and interconnected net-veined textures (Fig. 6a). In thin 

section, the orpiment occurs as poorly crystal l ized masses which are intergrown 

with very-fine grained pyrite, marcasite, and amorphous organic material 
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(Fig. 6b). Subhedral to eudheral calcite and realgar are common, but 

minor associates of th i s form of al terat ion. Sericite and quartz also 

appear in close spat ia l association with the orpiraent-pyrite-marcasite-organics 

assemblage. 

A second mineral association of th i s a l terat ion assemblege consists 

of discrete veins of calcite and realgar up to 2 cm in width (Fig. 6c). 

The calcite and realgar occur in widely varying proportions although the 

calcite is usually the ear l ie r of the two minerals. In thin section, 

vein selvages consist of drusy calcite with abundant organic contaminants. 

The vein centers typically consist of clear calcite and realgar. Both 

calcite and realgar contain fluid inclusions which are less than 15 p 

in diameter. The calci te-realgar veins are the one mineral assemblege 

which appear as discrete occurences with l i t t l e overlap to ear l ier or 

l a te r minerals of the paragenesis, although hydrothermal organic material 

and pyri te are typically found close to the veins. Three whole rock analyses 

of massive limestones with calcite realgar veins are given in Table 1. 

Chemical composition of the rock hosting the calci te-realgar veins is 

similar to to that of massive, unaltered limestones, indicating that formation 

of the veins did not a l ter the enclosing rock. 

A mercury-thallium trace c l i e n t signature i s also recognized In 

association with th is stage of the paragenesis at Mercur. Despite the 

fact that Mercur derived i t s name from the German word for mercury, no 

mercury or thallium mineral phases were identified during this study. 
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Stage IV - Barite-Halloysite 

The final hypogene al terat ion stage at Mercur consists of bari te 

and halloysite. These rainerals are found in al l of the Mercur ore bodies, 

but are part iculary well displayed on Marion Hill. Most bari te-hal loysi te 

mineralization is confined to open spaces and veins in the Silver Chert 

although minor amounts are also present in al l other uni ts of the Upper 

Topliff member. 

Halloysite i s the ear l ie r of the two minerals. Halloysite generally 

occurs as vitreous, white masses which are soft when hydrated. In thin 

section, the halloysite raasses consist of minute, interlocking gray crys ta ls . 

Barite occurs as euhedral crys ta ls which can be seen replacing Stage 

III calcite (Fig. 6e) and halloysite (Fig. 6f). In the Upper, Mercur, 

and Barren beds, bari te is commonly observed in spat ia l association with 

the orpiraent-pyrite-raarcasite-organic Stage III raineral asserablege. Crystal 

length ranges from 0.1 ram to 3.0 cm. Fluid inclusion up to 25 p in diaraeter 

are character is t ic and often aid in identification of th is mineral in 

thin section (Fig. 6g). Euhedral quartz crysta ls are a local but minor 

associate of the bari te . 

Stibnite is locally observed as open space fillings in the Silver 

Chert and an antimomy signature is often found in other portions of the 

Topliff s trat igraphy. The re la t ive scarcity of s t ibni te makes i t s assignment 

in the paragenetic sequence tenuous (Fig. 4). 
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Late hypogene or supe rgene minerals 

J a r o s i t e i s abundant th roughout t he Mercur d i s t r i c t as ve ins and 

replacements of p y r i t e . Al te rna t ing depos i t ion of j a r o s i t e and hemati te 

i s seen loca l ly . J a r o s i t e c r y s t a l s a r e r e l a t i v e l y coa r se -g ra ined (50-100 

p in diameter) and show a d i s t i n c t i v e yel low-green pleochrism. On the 

bas i s of pe t rog raph i c evidence alone, i t i s unknown whether t he j a r o s i t e 

i s hypogene or supergene . 

Alunite has been observed in one t h in sec t ion a s well a s being de tec ted 

in a s s o c i a t i o n with j a r o s i t e by x - r a y d i f f rac t ion . Alunite overgrowths 

on j a r o s i t e c r y s t a l s e s t a b l i s h e s t h e r e l a t i v e ages of the two minerals . 

FLUID INCLUSIONS 

Heating and f reez ing measurements of f luid i nc lu s ions in se l ec t ed 

hydrothermal minerals in t he Mercur gold depos i t were made us ing a Chaixmeca 

combined hea t ing and f reez ing s t age . Nearly 200 ind iv idua l i nc lus ions 

r e p r e s e n t i n g t h r e e of t h e four major hypogene mineral assemblagres were 

analyzed (Table 2). Standard t h in s e c t i o n s were used to ident i fy ind iv idua l 

c r y s t a l s which conta ined fluid i nc lus ions . Doubly pol i shed p l a t e s ranging 

in t h i c k n e s s from 100 p to 1 mm were then p repa red from t h e s e samples. 

Only t hose i n c l u s i o n s with c h a r a c t e r i s t i c s which ind ica ted a primary or ig in 

(see c r i t e r i a in Roiedder, 1979) were analyzed. Reproducibi l i ty of t h e 

hea t ing measureraents was^S.O C andio.4 C for t h e f reez ing point d e p r e s s i o n s . 

Cal ibra t ion was raade with s t anda rd organic mate r ia l s of known melting 



points (MacDonald and Spooner, 1981) and NaCl-H o solutions of known salinity. 

Fluid inclusions from Stage I (silica) were found in euhedral quartz 

grains which occur as overgrowths on ear l ier xenomorphic and ret iculated 

quartz. Care was taken to distinguish th is early quartz from the much 

ra re r quartz deposited in the bar i te-hal loysi te stage. In only one sample 

(GV-25-212, Table 2) were quartz grains clearly crosscut by a la ter hypogene 

mineral (realgar). Fluid inclusions in Stage I quartz are sparsely and 

i r regular ly distr ibuted throughout individual quartz crystals . Diameters 

are generally less than 15 p. All inclusions are two-phase, liquid dominant 

with no daughter minerals. Fluid inclusions in Stage III calcite were 

raeasured where calcite veins crosscut ear l ier hydrothermal minerals or 

contained realgar. The inclusions are abundant and evenly distribu'ted, 

but generally quite small (2-10 p) although 20-30 p inclusions are not 

uncommon. All inclusions are two-phase, liquid dominant. The early, 

turbid form of calcite often raade fluid inclusion raeasureraents difficult. 

Most of the analyses in Table 2 are from clear calcite crysta ls located 

next to realgar crys ta ls . Realgar also contained numerous small inclusions. 

The poor optical propert ies of realgar, part icularly upon heating, prevented 

their use in th is study. 

Fluid inclusions are abundant in vir tual ly al l of the bari te found 

at Mercur. Barite fluid inclusions exhibit a wide variety of shapes and 

s izes (up to 25 p in diameter) and many appear empty or have a high vapor/ l i 

quid ratio. This feature can be explained as entrapment of varying proportions 

of liquid and vapor by a boiling fluid or as leakage through prominant 

cleavage planes in the barite. Heating measurements in barite were as 

reproducible as those in quartz and calcite and suggest that l i t t l e leakage 
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has occured in the liquid dominant inclusions which were raeasured. The 

standard deviations for bar i te filling temperatures are only sl ightly 

higher than those of quartz and calcite (Table 2). Measurement of homo

genization temperatures of the vapor-rich inclusions was not possible. 

Freezing measurements were performed on al l three minerals, although 

the small s ize of most fluid inclusions often limited determination of 

the final melting point of the ice. Salinit ies (expressed as equivalent 

weight percent and molal NaCl in Table 2) were coraputed using the equations 

of Potter et al., (1978). Possible COg clathrates were observed in three 

inclusions of one bari te crys ta l (sample P-27-118) and the sal ini ty measur

eraents reported for that sample may be too high (Collins, 1979), 

The depth at which the Mercur ore bodies formed cannot be determined 

unequivocally. Reconstruction of the amount of overlying rock i s difficult 

since absolute age of the Mercur ore forming fluids i s not known, and 

the youngest sedimentary rocks in the area are Pennsylvanian in age. 

The appearance of vapor-rich fluid inclusions in the las t stage of the 

paragenesis suggests that boiling occured between 200*C and 300*C Using 

the data of Haas (1971), pressures between 20 and 80 bars would be expected 

for the boiling curve of th is temperature interval . An average figure 

of 40 bars is chosen for thermodynamic calculations presented below. 

A pressure correction of 3-5'C has been applied to al l fluid inclusion 

filling temperatures, using the data of Potter (1977). Ini t ial temperatures 

of the Mercur fluids ranged from 220-270*C. The fluids apparently were 

progressively cooler through the next two stages of the paragenesis, as 

shown by teraperatures of Stage III calcite (150-190*0. During the final 
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bar i te-hal loysi te stage, the fluids were heated to the 180-300*0 teraperature 

range. 

Throughout the paragenesis at Mercur, the sal ini ty of the fluids 

reraained relat ively constant at 5-8 equivalent weight percent NaCl (Table 

2). Where heating and freezing measurements were accomplished on the 

same inclusions, a positive correlation is observed between temperature 

and sal ini ty (Fig. 7). The posit ive correlation of bar i te filling temperatures 

and sa l in i t ies may indicate that boiling caused an increase in sal inity. 

The data are too few to make a similar conjecture about quartz (Fig. 7). 

In al l fluid inclusion measureraents, the distance to the nearest 

crysta l boundary was raeasured in an atterapt to determine the teraperature 

gradient of crysta l growth. Stage I quartz crys ta ls typically contained 

fewer than 5 measureable inclusions, and thus did not yeild sufficient 

data to draw any conclusions concerning temperature gradients. Measurements 

of individual calcite grains yielded ambiguous resul t s , in large part 

due to i r regular crys ta l shapes. Three clearly defined, euhedral bari te 

crys ta ls gave rel iable temperature data which could be plotted against 

distance to the edge of the crystal (Fig. 8). A bari te crystal in sample 

P-27-156 with measured sa l in i t ies of approximately 0.65 molal NaCl shows 

retrograde solubi l i t ies (relatively cool core growing outward to a relat ively 

hot rira). Two other bar i te crysta ls (saraples P-27-118 and M-9/22-5a) 

show l i t t l e correlation between temperature and distance to the edge of 

the crystal . These two crys ta ls were deposited at higher teraperatures 

and sa l in i t ies than sample P-27-156. These observations fit well with 

experiraental bari te solubi l i t ies (Blount, 1977 and accompanying references). 

As shown in Fig. 9, bari te exhibits retrograde solubil i t ies between 200*C 
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and 300*C and s a l i n i t i e s of 0.25 to 1.0 molal NaCl. At s imilar t empera tu re s 

and s a l i n i t i e s above 1 molal NaCl, s o l u b i l i t i e s a r e cons t an t to s l i g h t l y 

prograde . These o b s e r v a t i o n s seem to confirm t h e p rev ious ly s t a t e d thermal 

h i s t o r y in which the b a r i t e - h a l l o y s i t e s t a g e occured a t t empera tu res h igher 

than p rev ious s t a g e s . Fluid inc lus ion s t u d i e s a t t he Carl in gold depos i t 

(Radtke e t al. , 1980) have shown a thermal h i s t o r y which has many s i m i l a r i t i e s 

to t he Mercur d e p o s i t s . In both cases , e a r l y or main s t age ore depos i t ion 

a t t empera tu res of 160*C to 200°C i s followed by an a c i d - s u l f a t e s t a g e 

in which depos i t i ona l t empera tu res a r e cons ide rab ly h igher (upper to 300*C). 

A tempera ture v e r s u s p r e s e n t day e l eva t ion p lo t for ca l c i t e f luid 

i n c l u s i o n s i s given in Figure 10. The p o s i t i v e c o r r e l a t i o n a p p e a r s to 

i n d i c a t e conduct ive cooling to t h e sur face , a f e a t u r e t h a t has been observed 

in o the r epi thermal o re depos i t s , (e.g. Creede Mining Dis t r ic t , Robinson 

and Norman (1984)). 

GEOCHEMISTRY 

Stage I f luid chemistry 

The S i lver Chert and o the r s i l i c i f i ed rocks of Stage I conta in both 

s e r i c i t e and kao l in i t e . pH of t he e a r l y f lu ids can be e s t ab l i shed near 

•the k a o l i n i t e / s e r i c i t e boundary (Fig. 11). 

Cation r a t i o s can be roughly es t imated us ing the Na-K-Ca geothermometer 

of Fourn ie r and Truesde l l (1973). This geothermometer i s based on Na/K 

r a t i o s determined by exper imenta l f e ldspa r -wa te r e q u i l i b r a t i o n s and r e g r e s s i o n 

a n a l y s e s of Ca/Na and Ca/K r a t i o s of n a t u r a l thermal and non-thermal wate rs . 



The solubili ty of carbonates for a given pCO- and pH controls the amount 

of calcium ion in solution (Fournier and Truesdell, 1973, p. 1262). The 

Na-K-Ca geothermometer appears to be valid for geothermal fluids in a 

variety of geologic set t ings, including thick sequences of sedimentary 

rocks such as those surrounding Mercur. For thermal waters at 240*C: 

log (aCa-(-+) /log(aK-^) = 0.5 (1) 

(Fournier and Truesdell, 1973, Fig. 3) 

For thermal waters in equilibrium with sedimentary rocks between 200°C 

and 300*C, aK-i-/aCa+-(- generally ranges from one to three (data from Cerro 

Prieto (Reed, 1975), Salton Sea (Muffler and White, 1969) and experimental 

work of Rosenbauer et al., 1983). Substituting these rat ios into Equation 

1 and then into the Na-K-Ca geothermometer for T=240*C gives an aK-H range 

of 0.04 to 0.10 and an aCa+-(- range of 0.016 to 0.10 for a 1 molar solution. 

These values are used in Figure 11. At the kaolinite-muscovite boundary, 

a pH of 3.5 to 4.0 i s indicated. 

In al l examples of Stage I a l terat ion at Mercur, hematite i s the 

dominant iron-bearing phase. This appears to be universally t rue in the 

Silver Chert horizon where pyri te has not been observed. Although pyri te 

is a very rainor consti tuent of the raassive liraestones in Silver Chert 

equivalent rocks, the fact that hematite replaced pyr i te during Stage 

I a l tera t ion establ ishes a minimum log(fO-) of approximately -32 to -34, 

depending on the to ta l sulfur and pH of the fluids (Fig. 11). 

The complete dissolution of limestone during Stage I also helps to 

constrain the pCO^ of the fluids according to the reaction: 
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CaCOg(s) •̂  2H+ = Ca-++ + C02(g) + HgO (2) 

Since pCO. i s l e s s than pTOTAL (estimated to be approximately 40 bars) , 

an upper l imit for pCO can be e s t ab l i shed . The mole f rac t ion of CO, 

i s found us ing Henry's Law: 

K * xCOg = pCOg (3) 

where t he Henry's Law cons tan t , K, i s approximately 7000 for a 1.0 molal-

NaCl so lu t ion a t 240*C (Ellis and Golding, 1963). At pCO of 40 ba r s , 

log(xC02) i s approximately -2.24 and mCOg i s approximately 0.32. At t he 

fO_ va lues determined for Stage I f lu ids , xCOg i s much g r e a t e r than xCH^ 

(see r e a c t i o n s of Table 3). Therefore, the t o t a l carbon of t he system 

i s no g r e a t e r than 0.32 molal. 

Stage I I fluid chemis t ry 

S i l ty and sha l ey l imes tones which a r e h o s t s to Stage I I s t y l e a l t e r a t i o n 

show a p r o g r e s s i v e evo lu t ion in terms of oxidat ion and change in c lay 

mineralogy. As shown in Fig. 12, four una l t e r ed s i l t y l imestone samples 

have c a l c i t e c o n t e n t s of 40-50^ and i l l i t e to kao l in i t e r a t i o s of 0.7 

to 7.0. Oxidized, a r g i l l i c a l l y a l t e r e d l imestones have v a r i a b l e amounts 

of c a l c i t e (2-50%), but s e r i c i t e / k a o l i n i t e r a t i o s which a r e lower than 

u n a l t e r e d samples. A p l a u s i b l e i n t e r p r e t a t i o n i s t h a t e a r l y Stage I I 

f lu ids were s imilar in composition to Stage I f lu ids , i.e. oxidiz ing and 

su f f i c i en t ly acid to be in equilibriura with kao l in i t e . Whole rock a n a l y s e s 
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of a r g i l l i c a l l y a l t e r e d s i l t y l imestones which a r e p a r t i a l l y oxidized 

or reduced conta in s i gn i f i c an t l y l e s s c a l c i t e (0-30SS) and s e r i c i t e to 

k a o l i n i t e r a t i o s which range from un i ty to g r e a t e r than 100 p. This s u g g e s t s 

t h a t p r o g r e s s i v e a l t e r a t i o n of t h e s i l t y l imestones produced f lu ids which 

were much l e s s oxidized and in equil ibrium with s e r i c i t e r a t h e r than kao l in i t e . 

Reduction of t h e oxidiz ing f lu ids was accomplished by indigenous organic 

mater ia l in t he l imestones according to t he reac t ion : 

2CH 20 + 2H-̂  + SO^-- = HgS + 2H2CO3 (4) 

where CH 0 i s a gene ra l i zed forraula for sedimentary organic matter. The 

reduced su l fu r in so lu t ion would then be ava i l ab l e to produce t he i ron 

and a r s e n i c su l f ides found in Stage II and I I I mineral assemblages. 

The evolu t ion of Stage I to Stage II s i l i c a t e mineral assemblages 

i s shown in terms of aSi02(aq) v e r s u s aK+/aH+ in Figure 13. Stage I f lu ids 

a r e s u p e r s a t u r a t e d with q u a r t z (log(aSi02(aq)) g r e a t e r than -2.1) and 

near t he kao l in i te -muscovi te boundary. A dec rea se in t empera ture from 

240*C to 160*C (as ind ica ted by fluid inc lus ion f i l l i ng tempera tures) 

s h i f t s t he mineral equi l ibr ium boundar ies to lower va lues of aSiO (aq) 

and h igher va lues of aK+/aH+. The f ina l mineral assemblege i s fixed along 

t h e muscov i t e -pyrophy l l i t e boundary on t h e b a s i s of modal p a r t i t i o n i n g 

of sample MH-9-174. Note t h a t the fluid a t t h i s po in t i s s u p e r s a t u r a t e d 

with r e s p e c t to chalcedony, a mineral which i s found in a s soc i a t i on with 

a r g i l l i c a l t e r a t i o n . The change from 240*C to 160*C r e s u l t s in a p o s i t i v e 

aK-<-/aH+ sh i f t of 0.5 log u n i t s . 
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Stage I I I f luid chemistry 

Although gold depos i t ion i s found in a s s o c i a t i o n with t h e f i r s t two 

p a r a g e n e t i c s t a g e s a t Mercur, i t s g r e a t e s t conce t r a t i ons a r e found with 

Stage I I I mineral assemblages. Mineral assemblage and metal s o l u b i l i t y 

diagrams will be p r e s e n t e d in more d e t a i l he re to fu r the r define f luid 

parameters and shed l i gh t on t he mechanism of gold depos i t ion . 

Although the fluid inc lus ion f i l l ing t empera tu re s of Stage I I I c a l c i t e 

range between 153°C and 192*C, a t empera tu re of 180°C i s chosen for con

s t r u c t i o n of F igures 14-17 in o rder to raore c lose ly approxiraate exper imental 

work on i ron and gold s o l u b i l i t i e s . 

Dis t r ibu t ion of carbon, sulfur , and a r s e n i c aqueous spec i e s a t 180*C 

i s shown in Figure 14. The spec i a t i on of carbon and su l fur i s well known 

(Ohmoto, 1972) while a r s e n i c spec i e s a r e l e s s e s t a b l i s h e d (Weissberg, 

1966; Knight, 1977; Mironova and Zotov, 1980). The a r s e n i c equil ibrium 

c o n s t a n t s given in Knight (1977) (Table 3) will be used in t h i s s tudy. 

For hydrothermal cond i t ions a t Mercur, o r t h o a r s e n i c acid, H As(OH)g, i s 

t h e dominant s p e c i e s over a wide range of condi t ions (Fig. 14c), Aqueous 

a r s e n i c s p e c i e s with a -i-5 va lance a r e p r e s e n t only a t ve ry high log(fO„) 

va lues (-25 to -30) a t 180*C. 

pH-oxygen fugaci ty condit ion. The two dominant Stage I I I mineral 

assemblages (py r i t e -o rp imen t -o rgan ics -marcas i t e and c a l c i t e - r e a l g a r ) a r e 

cons t r a ined to a pH of 3.5 to 5.2 on the b a s i s of s e r i c i t e coex i s tence 

with both Stage I I I mineral assemblages (Fig. 15). The ca l c i t e s o l u b l e / i n 

so lub le boundary within t h e rauscovlte f ie ld i nd i ca t e s pCO- and aCa-H-H v a l u e s 

a r e sirai lar to t hose hypothes ized for Stage I f lu ids (aCa++ approximately 

0.1 to 0.5 and pCO^ nea r pTotal). The orpiment r e a l g a r boundary i s drawn 
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for various values of total sulfur using the data of Craig and Barton 

(1973). Termination of this boundary is shown with a question mark at 

the point where XH^g and XSO^— are approximately equal. At this boundary, 

AS+++ oxide minerals are stable. The thermodynamic properties of As++•̂  

oxides such as arsenolite and claudetite are only known to temperatures 

of 87°C (Chang and Bestul, 1971) and the tenuous extrapolation to higher 

temperatures is not attempted here. The most common oxidized mineral 

at Mercur is scorodite (FeAs0^.2H20) (T. Faddies, oral comra.), a mineral 

which contains +5 valent arsenic. Since the dominant arsenic valence 

under hypogene conditions hypothesized for Stage III fluids is +3 (Fig. 

14c), the scorodite is probably supergene. The presence of realgar and 

orpiment and lack of hypogene As-oxides suggest that total sulfur values 

were less than approximately 0.001 molal since large sulfur values cause 

the calcite-realgar assemblege to fall outside the sericite field. 

While the thermodynamic properties of marcasite have not been precisely 

deterrained, experiraental work and observations in a variety of epithermal 

ore deposits (Rising, 1973; Robinson and Ohmoto, 1973) suggests marcasite 

typically forms near the pyrite-hematite boundary. At Mercur, this observation 

is corroborated by the spatial association of barite with the orpiment-py-

rite-raarcasite assemblege (see discussion of Stage IV fluids). Experimental 

work by El Dahhar and Barnes (1979) suggests that marcasite forms in acidic 

solutions (pH less than 4.4 at 25*C) in the presence of the thiosulfate 

ion according to the reaction: 

4Fe-H+ + SSgOg— + 4H2S = 4FeS2 + 2S04~ -I- 6H-f + HgO (5) 
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The SgOg— ion i s not s t a b l e in hydrothermal so lu t i ons above 200*C (Barnes, 

1979), an obse rva t ion t h a t a g r e e s with f luid inc lus ion da ta for Stage 

I I I f lu ids . By assuming t h a t marcas i te i s s t a b l e nea r t he p y r i t e - h e m a t i t e 

boundary, fu r thu r evidence i s provided t h a t t h e t o t a l su l fur of t h e f lu ids 

dur ing Stage I I I was 0.001 t o 0.0001 molar (Fig. 15). 

The c a l c i t e - r e a l g a r assemblage which a p p e a r s a s d i s c r e t e ve ins and 

v e i n l e t s formed a t s l i g h t l y h igher pH and lower fO than t h e o rp imen t -py r i -

t e - o r g a n i c s - m a r c a s i t e assemblege (Fig. 15). Calci te has a r e t r o g r a d e 

s o l u b i l i t y with r e s p e c t to t empera tu re and a p rograde s o l u b i l i t y with 

r e s p e c t to p r e s s u r e (Holland and Malilin, 1979). The dec rea se in t empera ture 

hypothes ized for t he evolu t ion from Stage I to Stage I I I i s t h u s not a 

v iab le mechanism for t he depos i t ion of t h e s e ve ins . Although o the r mechanisms 

such a s mixing with raore d i l u t e f lu ids cannot be discounted, a l i ke ly 

cause of t h e s e ve ins i s a sudden d e c r e a s e in p r e s s u r e , such a s a change 

frora l i t h o s t a t i c to h y d r o s t a t i c p r e s s u r e . The fact t h a t t h e ca l c i t e and 

r e a l g a r occur a s ve ins and a r e not a s soc i a t ed with o the r minerals in t he 

pa ragene t i c sequence l ends fu r thu r s uppo r t for t h i s mode of formation. 

Metal s o l u b i l i t e s . Metal s o l u b i l i t y r e l a t i o n s h i p s of i ron and gold 

computed a s a funct ion of pH and fO^ a r e shown in F igures 16 and 17. 

At 180*C and mCl- of 1.0, t h e dominant i r o n - b e a r i n g s p e c i e s i s FeCl-»- (Crerar, 

e t al. , 1978). In Figure 17, va lues of t h i s ion in equi l ibr ium with p y r i t e 

and hemati te have been contoured. As can be seen, a change from pH of 

3.5, log(fO ) of -34 (approxiraate condi t ions of Stage I f luids) to pH 

of 4.0, log(f02) of -40 r e s u l t s in no s ign i f i can t change in FeCl-H s o l u b i l i t i e s 

u n t i l the py r i t e -hema t i t e boundary i s reached. At t h i s point, i r on s o l u 

b i l i t i e s dec rea se approximately 1-2 log u n i t s . 



The solubili ty of gold coraplexes and role in gold deposition have 

been a point of controversy for an extended period of time (Helgeson and 

Garrels, 1968; Boyle, 1969; Weisberg, 1969; Seward, 1973; Henley, 1973; 

Hattori, 1975; Casadevall and Ohmoto, 1977; Baronova and Ryzhenko, 1981; 

Henley and Ellis, 1983). Most authors consider gold to have a +1 valence 

under hypogene conditions and to be transported by ei ther the AuCl^- coraplex 

or one of a variety of gold sulfide or bisulfide complexes. Equilibriura 

constants for AuCl - and the Au(HS)2- (the raost likely bisulfide coraplex) 

are given in Table 3. Seward (1973) s ta tes that Au(HS)° probably causes 

significant complexing of gold at low pH. Unfortunately, there i s no 

thermodynamic data for th i s complex. 

In the pH-fO range hypothesized for deposition of pyrite (Fig. 16) 

both gold chloride and gold bisulfide complexes have relatively low solu

bi l i t ies . The t rans i t ion between oxidized and reduced sulfur species 

has been noted as a likely condition for gold deposition by other authors 

(Casadevall and Ohmoto, 1977; Henley and Ellis, 1983). Assuming that 

Stage I solutions were gold-bearing, AuClg- is the most likely coraplex 

to to have transported gold at Mercur. An isotherraal change alone could 

decrease gold solubi l i t ies by raore than two log units . 

Stage IV fluid chemistry 

With only two minerals in the final stage of hypogene mineralization 

at Mercur, only limited conclusions can be drawn about i t s chemistry. 

Halloysite i s frequently considered to have a supergene origin (Miller, 

1978). Although halloysite is bounded within the paragenetic sequence 

by mineral which are definitely hypogene (Fig. 4), a supergene origin 
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cannot be d iscounted. The occur rence of h a l l o y s i t e a s ve in and f r a c t u r e 

f i l l i n g s i nd i ca t e s t h a t aluminum was raobile dur ing i t s formation. 

P r ec ip i t a t i on of b a r i t e was probably accomplished by two mechanisms. 

P r o g r e s s i v e hea t ing of t he f lu ids , a s i l l u s t r a t e d by tempera ture g r a d i e n t 

measureraents (Fig. 9) dec reased the s o l u b i l i t y of b a r i t e in so lu t ion . 

The lack of su l f ide minerals in t he b a r i t e - h a l l o y s i t e s t a g e s u g g e s t s t h a t 

f lu ids a t t h i s po in t were oxidized. Conversion of H„s to SO.— i s a l s o 

an e f fec t ive mechanism to p r e c i p i t a t e b a r i t e due to i t s very small so lub i l i t y 

product (Table 3). 

SUMMARY AND CONCLUSIONS 

The mineralogical , f luid inc lus ion, and thermocheraical da ta p r e s e n t e d 

above provide a c o n s i s t e n t p i c t u r e of t h e s p a t i a l and temporal r e l a t i o n s h i p s 

of t h e Mercur gold d e p o s i t s . A hea t sou rce i n i t i a t e d hydrothermal flow 

which was su f f i c i en t ly v igorous to cause s u p e r s a t u r a t i o n of t he f lu ids 

with r e s p e c t to q u a r t z a t t empera tu res of approximately 250*C. I n i t i a l 

pH of t he f lu ids was nea r 4 and log(f02) was between -32 and -34. Upon 

encounte r ing the porous Magazine Sandstone in the v i c in i t y of Mercur, 

p r e c i p i t a t i o n of qua r t z , kao l in i t e , and s e r i c i t e began. Massive l imestones 

immediately below the Magazine Sandstone were j a s p e r i z e d to form the S i lver 

Chert. J a s p e r i z a t i o n was poss ib ly aided by prehydrothermal k a r s t i f i c a t i o n 

of t he l imestones , a l though i t may have been f ac i l i t a t ed by the the p r o c e s s 

of "cheraical b recc ia t ion" (Sawkins, 1969) whereby a change in rock composition 

can cause high i n t e r n a l s t r e s s e s within t h e rock. Dissolut ion of l imestones 
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and s i l t y l imestones in t he Barren, Mercur, and Upper Beds was t he second 

hydrothermal even t a t Mercur. I n i t i a l pH-f02 parameters were s imilar 

to t hose of t h e f lu ids which formed t h e Si lver Chert j a spe ro id and s i l i c i f i ed 

Magazine Sandstohe, a l though t h e amount of s i l i c a depos i ted by t h e s e l a t e r 

s o l u t i o n s was cons ide rab ly l e s s . I t i s unknown whether Stage I and Stage 

I I so lu t i ons r e p r e s e n t s e p a r a t e hydrothermal e v e n t s or were a p a r t of 

a s i ng l e hydrothermal event . Decarbonation of t he s i l t y l imestones 

caused the Stage II f lu ids to become l e s s ac id ic and r eac t ion with sedimentary 

organic matter reduced the oxygen fugacity. The combination of t h e s e 

•two changes brought about p r e c i p i t a t i o n of p y r i t e and s a t u r a t e d the fluid 

with r e s p e c t to ca l c i t e . The fact t h a t su l f i des a r e never observed in 

t h e Magazine Sandstone and Si lver Chert s u p p o r t s t he idea t h a t reduc t ion 

of t he f lu ids was con t ro l l ed by hos t l i tho logy and composition. A sudden 

change in p r e s s u r e , poss ib ly caused by a breach of t he convect ive system 

to t he su r face p r e c i p i t a t e d ca l c i t e and r ea lga r . 

The r e l a t i v e l y high amounts of ea r ly , high tempera ture q u a r t z p rog re s s ing 

to minor amounts of l a t e s t age , low-temperature minerals sugges t p r o g r e s s i v e 

thermal decay of t he convect ing hydrothermal system with time. During 

the waning s t a g e s of c a l c i t e depos t i t ion , cooling of t he hydrothermal 

system was inf luenced by conduction to t h e su r face . 

The appea rance of b a r i t e depos i ted a t high t empera tu res l a t e in t he 

p a r a g e n e t i c sequence r e p r e s e n t s a r e juv ina t i on of t h e hydrothermal system 

under pH-fOg condi t ions s imilar to t hose of t h e o r ig ina l f lu ids . Fluids 

dur ing t h i s s t a g e were d i s t i n c t l y h o t t e r than t hose of p rev ious s t a g e s . 
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FIGURE CAPTIONS 

Figure 1. General ized geology of t h e sou thwes te rn por t ion of t h e Oquirrh 

Mountains, Utah (after Guilly, 1932). 

Figure 2. General ized geology in t he v i c i n i t y of Mercur with loca t ion 

of p r i n c i p l e o r e d e p o s i t s and d r i l l ho les used in t h i s s tudy (af ter Getty 

Mining Company maps). 

F igure 3. Lithologic logs of upper por t ion of Topliff Member, Great Blue 

Limestone. DDH HS-4 i s weakly to nonal te red , DDH MH-9 i s weakly to moderately 

a l t e r ed , and GV-25 i s s t r o n g l y a l t e r ed . Datum i s base of the Magazine 

Sandstone. 

Figure 4. Pa ragene t i c sequence and s p a t i a l d i s t r i b u t i o n of hydrothermal 

a l t e r a t i o n a t Mercur. 

F igure 5, Photographs of Stage I and Stage I I l i t ho log i e s . 

A. Spl i t core of S i lver Chert frora Marion Hill, DDH R-21-120. Note 

l igh t colored banding which may be r e l i c bedding. Scale bar i s 5 cm. 

B. Slabbed core of S i lve r Chert brecc ia , Marion Hill, DDH H-17-259. 

j = Dark g ray c l a s t s a r e e a r l y j a spero id , s = amorphous s i l i c a - c l ay , 

c = c r o s s c u t t i n g c a l c i t e v e i n l e t s . Scale bar i s 2 cm. 

C. Photomicrograph of xenmorphic q u a r t z g r a i n s in Si lver Chert hor izon, 

Marion Hill, DDH P-27-149. Note bands of f ine -g ra ined minerals (allophane?) 

which c r o s s c u t c r y s t a l boundar ies and s u g g e s t depos i t ion of t he s i l i c a 

a s a ge l p r i o r to formation of ind iv idua l q u a r t z c r y s t a l s . Scale bar 



i s 100 p. 

D. Photomicrograph of euhedral quartz in matrix of iron oxides and car-

bon(?). Silver Chert horizon, Marion Hill, DDH H-17-265. Scale bar 

i s 0.5 mm. 

E. Photomicrograph of xenomorphic (detrital?) quartz overprinted by 

la ter s i l ica-clay clots. Lower portion of Barren Beds, Marion Hill, 

DDH H-17-202. Scale bar i s 200 p. 

P. Photomicrograph of se r ic i te aggregate overgrowth on quar tz -ser ic i te -

kaolinite matrix. Mercur Beds, Mercur Hill, DDH ML-9-198. Scale bar 

i s 200 p. 

G. Slabbed core section of mudstone being altered to argil l ic breccia. 

m = mudstone (dark s t r ings are fenestrate bryozoa clasts), ch = chalcedony 

overgrowths on mudstone, a = argi l l ic breccia. Note the crosscutting 

nature of the al terat ion to the original sedimentary bedding (shown 

by the bryozoa clasts), Mercur Beds, Golden Gate area, DDH GV-25-239. 

Scale bar is 0.5 cm. 

H. Photomicrograph of oxidized argi l l ic a l terat ion being overprinted 

by la ter organic-rich al terat ion. Mercur Beds, Mercur Hill, DDH ML-9-198. 

Scale bar i s 1 mm. 

Figure 6. Photographs of Stage III and Stage IV lithologies. 

A. Slabbed core section of argi l l ic breccia, a = dark clas ts of argi l l ic 

material, in matrix of l ighter argi l l ic raaterial, o = orpiment vein 

material. Mercur Beds, Mercur Hill, DDH MH-9-198. Scale bar i s 5 mm. 

B. Reflected light photomicrograph of Stage III orpiment-marcasite-organics 

mineral assemblege. ra = marcasite, o = orpiment, org = organics. Mercur 

Beds, Mercur Hill, DDH ME-8-119. Scale bar i s 200 p. 



C. Slabbed core section of calci te-realgar vein in massive mudstone. 

r = realgar, p = pyri te . Note overgrowth of realgar on euhedral pyrite, 

which i s probably diagenetic in origin. Barren Beds, Golden Gate area, 

DDH GV-25-284, Scale bar i s 3 rara. 

D. Photoraicrograph of organic raatter encased by Stage I quartz and crosscut 

by Stage III calcite. Mercur Beds, Golden Gate area, DDH GV-25-242. 

Scale bar i s 200 p. 

E. Photoraicrograph of euhedral bar i te la ths crosscutting Stage III calcite. 

b = barite, c = calcite. Median liraestone of Magazine Sandstone, Marion 

Hill, DDH R-21-104. Scale bar is 0,5 mm. 

F. Photomicrograph of euhedral bari te crys ta ls in massive halloysite. 

Square clast is Stage I jasperoid. Silver Chert, Marion Hill, DDH R-21-134. 

Scale bar is 1 rara. 

G. Photomicrograph of bar i te crys ta ls with hematite coating and jaros i te 

in vug of Silver Chert, Marion Hill, DDH H-17-237. Sequence of c rys ta l 

l ization seems to be bar i te > hematite > jarosi te . Scale bar i s 

200 p. 

H. Photomicrograph of Stage IV fluid inclusions in bari te. Silver Chert 

horizon, Marion Hill, P-27-149. Scale bar is 10 p. 

Figure 7. Temperature versus sal ini ty relat ionships for fluid inclusions 

at Mercur. 

Figure 8. Temperature versus distance to the edge of crystal for three 

bar i te crystals , a) Sample P-27-156. b) Sample P-27-118. c) Sample 9/22-5a. 

Figure 9. Barite solubi l i t ies in solutions of varying temperature and 



sal ini ty (after Blount (1977), Figure 1). 

Figure 10. Calcite fluid inclusion filling teraperatures plotted against 

present day elevation at Mercur. 

Figure 11. pH versus log(f02) plot of Stage I hydrothermal fluids. 

Figure 12. Percent calcite versus log(sericite/kaolinite) plot for unaltered 

and argil l ical ly altered rocks at Mercur. Sericite/kaolinite ra t ios of 

0.1 and 100 correspond to zero and infinity, respectively. Tie l ines 

show unaltered/al tered samples which are s t rat igraphical ly equivalent. 

Figure 13. Log(aSi02) versus log(aK-f/aH+) plot of Stage I-Stage II and 

Stage III fluids at Mercur. Arrow shows change between s tar t ing and final 

fluid coraposition assuming a continuum between Stage I and Stage III fluids. 

Figure 14. Aqueous speciation of Stage III fluids as functions of pH 

and fOg. a) Sulfur species, b) Carbon species, c) Arsenic species. 

Figure 15. pH versus log(fOg) plot of Stage III hydrothermal fluids. 

Figure 16. pH versus log(f02) plot of FeCl+ solubil i t ies . 

Figure 17. pH versus log(f02) plot of gold chloride and bisulfide complexes. 
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TABLE 1. vrhole rock chemical analyses at Mercur (numbers 
In parentheses are one standarc] deviation) . 

Massive 
Limestone 

Silty 
Limestone 

Silver 
Chert 

Silicified 
Magazine 
Sandtone 

Argillically Argillically 
altered llmesto altered limestone 

(oxidized) (partlally-unoxided) 

Massive limestones with 
Stage III minerals 

SiOj 
TIO. 
Al 63 

FeO ̂  
MnO 
MgO(l) 
CaO 
K 0 
NS 0(1) 

s6 J2) 
S-^(2) 
H,0(3) 
CO (4) 
C(Srg)( 
LOI 
Less 0=> 

Total 

n=4 

6.42 
0.06 
1.01 

89 
13 
39 

50.65 
0.11 
.00 
,50 

0.36 
0.65 
39.06 

5) o.ia 

0.08 

100.33 

(1.11) 
(0.03) 
(0.82) 

(0.52) 
(0.09) 
(0.14) 
(3.76) 
(0.14) 
(0.00) 
(0.14) 

(0.53) 
(0.63) 
(1.22) 
(0.14) 

Quartz 5 
Illite 1 
Kaolinite 1 
Calcite 89 
Dolomite 1 
Pyrite 0 
Jarosite 
Hematite 

,13 (1.14) 
21 (1.58) 
,63 (1.99) 
10 (4.38) 
77 (0.62) 
,76 (1.01) 

n=4 

34.55 (3.36) 
0.34 (0.06) 
5.99 (1.21) 

.12 

.09 
2. 
0. 
0.72 (0.27) 
29.37 (2.10) 

(0.11) 
(0.04) 

.01 (0.35) 
,05 (0.01) 
,44 (0.03) 

1.55 (0.28) 
2.69 (0.64) 

20.71 (1.74) 
0.79 (0.50) 

0.34 

n=3 

94.14 (3.86) 
0.16 (0.04) 
1.76 (0.59) 
1.50 (1.27) 

0.01 (0.00) 
O.OS (0.01) 
0.01 (0.00) 
0.45 (0.42) 

0.00 (0.00) 
1.43 (1.04) 

n=3 

89.37 (2.25) 
0.45 (0.06) 
4.71 (0.99) 
0.97 (0.45) 

0.01 (0.01) 
0.20 (0.10) 
0.41 (0.40) 
1.10 (0.25) 

0.00 (0.00) 
1.21 (0.86) 

1.91 (1.07) 1.84 (1.44) 

100.76 101.42 

24. 
11. 
9. 

44. 
3, 
2. 

63 
12 
10 
69 
23 
70 

(2.30) 
(3.87) 
(1.21) 
(3.31) 
(1.26) 
(0.34) 

92.08 (4.63) 
0.71 (1.00) 
3.66 (0.93) 

100.27 

82.96 
9.18 
4.68 

(3.25) 
(2.26) 
(1.07) 

3.98 
0.57 

(3.07) 
(0.71) 

2.61 (0.73) 

n=3 

41 
0 
7 
4 

81 
34 
,65 
,81 

(2. 
(0. 
(3. 
(3. 

14) 
16) 
36) 
74) 

0.08 (0.02) 

22.23 (4.14) 
1.00 (0.97) 

0.24 (0.09) 
0.07 (0.01) 

3.21 (1.39) 
17.60 (2.79) 
0.02 (0.03) 

99.06 

31.55 
11.12 
10.26 
39.26 

(4.87) 
(10.78) 
(6.19) 
(7.09) 

n=5 

66.12 (13.89) 
0.41 (0.21) 
9.09 (2.39) 

3.51 (2.91) 
0.02 (0.01) 

4.79 (5.35) 
1.30 (0.61) 

0.13 (0.06) 

3.61 (2.24) 

1.28 (0.84) 
10.58 (4.36) 

100.58 

54.02 (15.27) 
14.48 (6.77) 
11.19 (6.66) 
8.25 (9.24) 

5.78 (4.44) 

n=3 

15.66 (6.32) 
0.14 (0.05) 
2.35 (0.94) 

1.06 (0.31) 
0.19 (0.10) 

43.23 (4.52) 
0.33 (0.33) 

0.48 (0.04) 

1.32 (0.54) 

34.63 (3.38) 
0.37 (0.29) 

0.30 (0.12) 

100.53 

12.47 (5.00) 
3.64 (3.69) 
3.04 (2.65) 
77.84 (7.35) 

2.46 (1.01) 

(1) Atomic absorption 
(2) LECO analysis 
(3) Total water by Penfleld analysis (Hutchinson, 1974) 
(4) Acid evolution 
(5) Method of Gaudette, et al. (1974) 

All other elements by x-ray fluorescence 
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TABLE ^ . Suramary of FluicJ I n c l u s i o n D a t a . 

Strat igraphic Siags in F i l l i n g Temperatures So l i n i t y (eq. wt. NaCl) 
Sanple In te rva l Mineral Pa.-agenesis 'Nunber Range MeantS.D. Nunber Range Mean 

CV-25-212 Jpper Beds ;'jar-.2 ! - S i l i ca 3 252-258 256.1 3.2 

OV-25-i:05 Si lver Ouartz : - S i l i ca 10 208-290 237.1 27.1 
C.'-.ert 

K-17-237 Magazine Suart^ I - S i l i ca S 203-2')7 222.7 15.2 5 t . ' i -7 .H 6.5 
Sandstone 

9/22-5b Si lver Quartz I - S i l i ca '5 233-257 269.5 32.8 2 6.1-7.1 6.9 
Chert 

GV-25-217 Upper 3eds Calcite I I I - Carbonate 2 188-197 192.2 6.1 
Sulf ide 

CV-25-212 Mercur Beds Calc i te I I I - Carbonate/ 7 175-196 186.8 8.1 
Sul f ide 

M.H-9-12S Upper Beds Calc i te I I I - Carbonate/ 21 125-230 165.1 2 1 . ' 
Sulf ide 

MK-5-133 Upper Beds Calc i te I I I - Carbonate/ 2 133-157 152.6 20.5 5 5.8-8.9 7.2 
Sulf :de 

.^H-;-156 Mercur Beds Caloi ts I I I - Carbonate/ 11 13';-199 175.0 17.1 
Sulf ide 

KH-9-292 .'•ledian Beds Calc i te I I I - Carbonate/ 2 171-178 176.1 3.3 
.••lagazine Sandstone Sulf ide 

ML-9-15S Upper Beds Talc i te I I I - Carbonate/ 26 128-199 171.8 23.1 8 3.3-6. i | 5..3 
Sul f ide 

9/22-5a Si lver Bar i te IV - Bar i te / 20 272-353 307.9 20.9 
Chert Hal loysi te 

F-27-116 Si lver Bar i te IV - Bar i te / 21 115-278 212.3 27.1 ' " 5.5-7.9 7.0 
Chert Hal loysi te 

P-27-130 Si lver Quartz JV - B a r i t e / 9 175-265 219.8 31.9 
Chert Hal loysi te 

P-27-130 Si lver Bar i te IV - Bar i te / 10 152-321 26S.1 51.0 
Chert Hal loysi te 

p-27--,H5 Si lver Bar i te IV - Bar i te / 13 151-315 231.6 51.0 
Chert Hal loysi te 

P-27-156 Si lver Bar i te IV - Bar i te / 15 155-231 185.6 22.0 12 2 . l - : i .S 3 . : 
Chert Hal loysi te 
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TABLE f. Sumraary of ThermocJynamic Da ta 
54 

Reaction Eiiulllbrlu^ constant 

160*0 240'C 
40 bars 40 bara 

KA I J S I J O J Q I O H I J + 2H+ • HjjO - AljSljOjIOH)^ • 2K+ 

KAlgljOg • 2H+ - KAljSljOjglOHjj + SlOj(aq) + 2K+ 

AljSl205(aH)^ + SlOj(aq) = A I J S I ^ O J Q I O H ) j + HjO 

*^2^^2°5<°"'4 * "2° " ^AKOHjj • 2S10j(aq) 

KAIgi^Og * 2H+ - AijSi^OjQlOHlj • 2K+ + SJOj(aq) 

KAl3Si30jo(OH)2 + H+ + 3HjO = SAMOHjj + 2K+ 

2KA1 S 1 , 0 , Q ( 0 H ) , * 6S10,(aq| + 2H+ = 
aAljSl^OjgCOBjj + 2KI 

SiOjIquartz) - SlOjIaq) 

SIO.(chalcedony) = S10,(aq) 

S.OO 4.18 (a) 

-7.37 -5.34 (a) 

4.67 4.2s (a) 

-6.44 -6.32 (a) 

1.43 2.09 (a) 

-7.37 -7.09 (a) 

19.02 16.93 (a) 

-2.53 -2.24 (a) 

-2.53 -2.09 (a) 

180*C 240*C 
40 bars 40 bars 

Fe203 • 4HjS(aq) + l/20j •» FoSj + 4HjO 

FBJ O ^ • 6H2S(aq) + Oj - 3PeS2 + eHjO 

2Pe30^ + I/2O2 = 3Fe203 

2AsS + HjS(aq) + 1/202 " AS2S3 + H2O 

Ba++ + SO. = BaSO. 4 4 

COjIaq) •= COjIg) 

CH^(aq) = CH^Ig) 

HjSCaq) = H2S{g) 

HjSlg) = H+ • HS-

SO — + 2H+ = H,S(aq) + 20, 

CH^(g) + 202 " "* **^°3~ "2° 

H2As(OH)5 = H+ + HAslOH),-

HjAslOHjg- - H+ + HAs(OH)g~ 

HAs(OH)g- • 2H+ - H2As(0H)j + I/2O2 + 2H2O 

HjO " H+ + OH-

PeSj + 2H+ • Cl- + HjO - PoCl+ + HjSCaq) • I/2O2 

Au(s) • 201- + l/40j + H* - l/2HjO • AuOlj 

Au(s) • HjSCaq) + l/40j - l/2HjO + H+ + Au(HS)2-

(a) Helgeson (1969); Helgeson et al., (1978) 
(b) Oralg and Barton (1973) 
(c) Blount (1977) 
(d) Hauaov at al., (1971) 
(e) Knight (1977) 
(f) Orerar et al., (1978) 
(g) Casadevall and Ohooto (1977) 
(h) Seward (1973) 
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CHEMICAL COMPONENTS ANI) DIFFUSION 

JOHN B. BR.^DY* 

Department of Geological Sciences, Harv;ird University, 
Cambridge, MA 02138 

VitsTRACT. Chemical components for use in the description of a sysiem involved in 
juli/fiision process may be .selected .iccordjiig to tbe ."•ame criteria followed in the selcc-
iiiin of components for an ecpiilibrium system. T h e various possible sets of components 
;to "ft independent and may be intcnclaled through a component iransfonnalion. 
.Uiual components arc preferred over rionvariablc components, since ibey simplify 
ilrscriptions and avoid theoretically nonincasureablc quantities. Two systems involved 
j„ ,Tii interdiffusion process may always be described using componeni.s that arc actual 
fcniponcnts of both systems. For example, ternary reciprocal exchange of alkalis be-
inccn alkali feldspars and diociahcdral alkali micas may be described using binary 
.-(Illations in terms of the exchange componcni, KNa ,, which is an actual component 
(if both minerals. Small quantities of additional components iii approximalcly binary 
iistcms may have significant effects on measured dif[li.>iion coefficients, if negleclcd. 
Ncvcrlheless, binary solutions lo the continuity equation may be used, if the system is 
constrained in any of several ways to some binary or 10 a single set of boundary con
ditions. . 

INTRODUCTIOiN 

A phenomenological description of a difl-usion process details the 
macroscopic changes of a ihermodynamic syslcm lhat result from mass 
transfer by diffusion. For any specific diflusion process, the form of the 
phenomenological descripiion given will depend on a numl.>er of arbi
trary decisions concerning the manner of presentation. For example, any 
ofa large numi)cr of sets of chemical components may be used to specify 
composition changes, fluxes, et cetera, as in describing an ecjuilibrium 
sysiem. Because mass transfer is involved, a large number of possible ref
erence frames are availabic, as in describing motion in any physical sys
tem. Also, one of many possible empirical diffusion constants must be 
selected, each of which may vary in magnitude with t he choice of ref
erence frame, components, and units. Of course the diffusion process is 
independent of any decision on matters of presentation. Tlius, at least in 
principle, tlie various possil)le descriptions may all be interrel.ited. 

One of tlie decisions concerning tlie form of a phenomenological de-
.scription of a diffusion process, namely tJie selection of chemical com
ponents, is discussed in this paper. The other deci.sion.s, selection of 
reference frame and diffusion coefficient, are considered only briefly here, 
for an exiensive treatment of these topics may be found elsewhere (Brady, 
1975). The discussion begins witli a brief statement of the equations com
monly used to describe diffusion. This will serve both lo emphasize the 
arbitrary choices involved in using these ecjuations and to clarify the 
notation used in tlie rest of the paper. 

MULTICOMPONENT Dil FUSION EQUATIONS 

One-dimensional, steady-state, isotliermal, isobaric diffusion in a 
homogeneous tliermodynamic system of n components may be described 
by the equations 
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1074 John B. Brady 

J "=-;i-'-(f).... ( i = l , 2 , . . . ,n) (I) 

(Onsager, 1945). Ji"^ is the flux of component i with respect to reference 
frame R. Cj is an arbitrary intensive variable, such as density or niolc 
fraction, giving the sysiem comjiosition in terms of component j . x is tlis. 
tance, t time, P pressure, T temjierature. Di/''"^ is an empirical constant, 
defined by equalion (1), which relates the flux of component i with re
spect to reference frame R to the gradient of composition variable ('.,. 
The units of D)j"*^ depend on the choice of units for J j " and the units 
of the composition variable Cj. 

In order to avoid the necessity of comparing the multitude of possible 
diflusion coefficients it is convenient to exjjress all flux equations in terms 
of "standard" diffusion coefficients, D°ij (cm=/sec), definecl by 

J . ' = - | - . ( l ^ ) „ , . <'=>-̂  "-» (2) 

(see Hooyman, and olhers, 1953; Brady, 1975). |i^' is the flux of component 
i with resjiect to the mean volume reference frame in units of (moles of 
i/cra--sec). The mean volume reference frame is defined by the relation 

Vvj,v = o (3) 

where V, is the jiartial molar volume of eomjionent i (see Hooyman, 1956; 
Kirkwood and others, 1960; Brady, 1975). pj is the molar density of com
ponent j in units of (moles of j /cm') . Since die fluxes J,^ are connected 
by (3) and the molar densities pj by the thermodynamic relation 

2^V,clp,= = 0 (constant P,T) (4) 

only (n—I) fluxes and comjiosition gradients are considered in (2) for an 
n-comjionent system. Flux equations with resjiect to other reference 
frames R (mean molar frame, mean mass frame, et ccter.i) or using other 
comjiositional variables Cj (mole fractions, mass fractions, et cetera) may 
all be given in terms of the standard dilffision coefficients, D°ij, it the aji
jirojiriate ihermodynamic relations and relative velocities are known (cle 
Groot and Mazur, 19G2; Brady, 1975). 

Diffusion is generally a non-stcady-state process and inust be describetl 
by a form of the continuity equation. Assuming that there is no volume 
change and that the diffusion process is conservative, the continuity equa
tion is given by 

Ch 
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l^iiidau and Lifshitz, 1959) or using (2) 

( ^ \ = ( j - "^D°,Y-i^) 
\ at /p.T.x \ Bx f j \ d x / r.T.t 

( i = l , 2 , . . . , n - l ) ( 6 ) 

p.T.t 

Ktjiiations (6) jiresent the major barrier to a generalized analysis of diffu
sion in real systenis. No analytical solutions to (6) are known for systems 
with n greater than two. Only if the diffusion coefficients D°ij arc inde-
ijcndent of comjiosition are analytical solutions available for multicom
ponent systems (Fujita and Gosling, 1956; Kirkaldy, 1959; Oishi, 1965). 
Equations (6) may tlien be written in the more tractable form 

(IPL) ^ V D ° , f ^ ) 
\ dt /p,T.x J ^ \ ax-/p.T.t 

(i=l,2 n -1) (7) 

Since most natural jirocesses are non-steady-stale and involve composition 
dependent diffusion coefficients, the bulk of diffusion literature is confined 
10 considerations of binary systems. The following discussion, therefore, 
will be concerned primarily with examples from two-component systems, 
although many of the jirincijiles examined may be ajiplied to multicom
ponent systems. 

A C I U A L COMPONENTS 

We may now jiroceed to evaluale the sets of chemical componenis 
available for use in the diffusion equations jiresented aliove. Let us begin 
with some definitions. .'\ chemical eomjionent is a specific chemical com
jiosition that may or may not correspond to the composition of any jihysi-
cally realizable substance (Gibbs, 1928, ji. 63). The components used to 
describe a jiliase (physically homogeneous sulistance) may be classified 
into three tyjies: actual comjionents, jiossible comjionents, and nonvari-
able components (Gibbs, 1928, ji. 64; Thomjison, 1959). By definiiion 
actual componenis may be either added to or subtracted from a phase 
without destroying the homogeneity of that phase. Possible components 
may be eilher added or subtracted, but not both. Nonvariable componenis 
may not be added or subtracted, indejiendently of other comjionents. 
Possible comjionents are a sjiecial case of actual components at some 
comjiositional limit of the jiluise. Therefore, I shall iefer only to actual 
comjionents and nonvariable comjionents in the following discussion. 

Of the two types of components, actual components are clearly 
sujierior for the descripiion of diffusion processes, for several reasons. 
First, note that diffusion involves the addilion or subtraction of quanti
ties of comjionents to or from a jihase or system. If tlic comjionents irsed 
in the descrijiiion may not be indejiendently added to or subtracted from 

'y%«!-aBr»^Mg."M!WAJL;..j V^^- f t f . - -
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the phase of interest (that is, if they arc nonvariable components), tiu-f, 
"extra" equations of constraint must be carried in the description ((„. 
examjile, to ensure charge neutrality, stoichiometry, el cetera). Whilr 
these additional equations do not invalidate the description, they iii:i\ 
unnecessarily complicate it. A minimum number of equations of lou. 
straint arc required if actual comjionents are used. 

A mineral is an n-component phase if all possible compositions of 
that mineral may be expressed by a linear combination of not Icis thiin n 
components (Thomjison, 1959). Any set of n comjionents sufficient to give 
all possible compositions of an n-component phase may be called an iilti. 
mate set of comjionents for that phase (Gibbs, 1928, ji. 79; Thomjison. 
1959). Any ultimate set of components for an n-component phase wi!! 
consist of n indcjiendent actual components. Any set of components thai 
includes even one nonvariable eomjionent must contain more than ii 
components, if the set is to be sufficient to give all jiossible compositions 
of an n-comjionent jihasc. Therefore, the minimum number of coin-
ponents need to be considered if an ultimate set of (actual) componenu 
is used. 

The use of aciual comjionents also allows the emjiirical descriptioii 
considered here to be related to a more fundamental description in tenin 
of chemical jiotential gradienis, to which Onsager's recijirocal relations 
may be ajiplied (Onsager, 1931a,ii). Chemical potentials of actual com
ponents of a Jihase, ^, may be determined from the chemical composition 
of ^, if an equation of state for <ji is known. However, the chemical jioteii-
tials of nonvariable componenis of a jihasc, t{t, may nol be obtained from 
the comjiosition of ̂  and an equation of state. They are sjiecified only if 
<jt is in ccjuilibrium with other phases such that the total assemblage ha.s 
as actual comjionents the nonvariable components of tji. Other jiartial 
molar cjuaniiiies of nonvariable comjionents of <ft, such as the jiartial 
molar volume Vj, are neither measureable nor sjiecified by the jiresence of 
any assemblage in equilibrium with ^. This fact generally decreases the 
usefulness of any description in terms of nonvariable comjionents and 
makes it difficult to utilize several mean velocity reference frames (Brady. 
1975). All these considerations lead to the conclusion that a description 
in terms of an ultimate set of comjionents is jireferable to any oiher. 

TRANSFORMATION OF COMPONENTS 

While the description of a diffusion process in terms of one ultimate 
set of comjionents is ecjuivaleni to a descrijition in terms of anotlier ulti
mate set, differenl .sets of comjionents may be'con%'enient for different' 
Jirocesses. It will be advantageous, therefore, to be able to interrelate two 
descrijiiions given in terms of different sets of componenis. This may be 
accomjilishcd by following the procedures establislied for a transforma
tion of the comjionents used lo describe an equilibrium sysiem (for ex
ample, calculating a norm from a chemical analysis). For a recent discus
sion of component transformations see Greenwood (1975). See also 
Korzhinskii (1959, ciiaji. II). 
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To investigate the effect of a transformation of componenis on the 
ilfscription of a diffusion jirocess, let us consider as an example the binary 
aMcni iron-sulfur. For "old" components we shall choose the jihysically 
jcaliz!it>le comjiositional limits of the system, Fe and S. For "new" com
ponents let us choose die compositions of troilite, FeS, and pyrite, FeS.̂ . 
Kither of these two sets of componenis might be used to describe diffusion 
ill pyrrhotite (Fe,.);S); both are ultimate sets of components for jiyrrhotite. 
'lliis particular example may be of geological inteiest, for diffusion in 
ovirhotite probably limits the rate of response of the pyrite-jiyrrhotite 
ncoihermomcter to a change in tcmjierature. 

The "new" components FeS and FeSj are related to the "old" com-
jxinents Fc and S by the stoichiometric relations 

FeS = Fe + S 

FeS, = Fe + 2 S (8) 

Equations (8) express the fact that one mole of FeS may be made from 
one mole of F""e combined wilh one mole of S, and similarly for FeS,. What 
we need to know, however, is die lolal number of moles of FeS for a sys
tem given the lolal numbers of moles of Fe and S. The best procedure 
is generally to start wilh the inverse relations giving the total number of 
moles of iron (n,,.,.) and sulfur (ug) in terms of the numbers of moles of 
troilite (nj-̂ g) and jiyrite (n|..i.s^). We have by insjiection, then. 

npc — nj..e8 + n^tSj 
"s = npcs + 2 nI,-̂ .s2 

Solving equations (9) for n,,.es 'Tid npe.so yields 

T̂ Fî s ~ 2 Yiv^ — ng 

'KcS2 = - npe + n 

(9) 

(10) 

which is clearly not of the same form as (8). 
Equations (9) and (10) may be used to obtain relations among the 

mole fractions Np,,, Np^g, et cetera to give the comjiosition of the system 
in terms of the different sets of comjionents: 

N, 

Np.s 

1 
npe + ns 2 + Npesj 

3 Np, - 1 
(11) 

Np„ " p c S + n p e S j i>i Pe 

Equations (10) may also be ii.scd to obtain the fluxes of the "new" com
ponents, Jpes" and Jposo", from measurements of fluxes of the "old" com
jionents: 

J p c s ' ' = 2 J p e « - J s « 
(12) 

•^ 

I 
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where Jp<,s" is the total number of moles of FeS passing a unit cross sec. 
tion of reference frame R in unit time. Notice that all fluxes arc givi n 
with resjiect to the same reference frame R. If a different reference Iramr 
is of interest, the above jirocedure must be combined with the proceduu^ 
outlined in Brady (1975) for relating various reference frames. 

Particular care should be exercised with regard to the reference frame 
used, for some reference frames dcjiend on the choice of components. I"nr 
examjile, the mean molar frame, N, for our "old" components is HDI 
identical with the mean molar frame, N', for our !'new" components. 
Indeed, at any time during a diffusion process, the two mean molar frames 
will have a relative velocity such that 

J,N = j , ^ . + p,v^"N . (13) 

where pi is the molar density of component i and v'*''''' is the local velocitv 
of frame N' with respect to frame N. The mean molar frame N (for the 
comjionents Fe and S) is defined by 

Jpe'^'+Js"' = 0 (11) 

and the mean molar frame N' (for the comjionents FeS and FeSj) by 

Jpos'^' + JFCS2^" = 0 (15) 

(de Groot and Mazur, 1962). Adding (13) written for i = FeS to (13) writ
ten for i = FeSo and using (9), (12), and (15) wc have 

( 1 V 
\ PPCS + PP«S2 / \ 

+ h - / ppe PPcS + PPeS2 

Substituting (16) into (13) written for component S yields 

J3N = J3N'+-P2_J 

or using (14) 
PPe 

Fc 

J3N' = J 3 N ( I + - P S . ) = . M 

\ PPC / N p e 

It follows from (12), (14), and (18) that 

(16) 

(17) 

(18) 

I Pes N, 
(19) 

A comjiarison of equations (19) and (12) will serve to demonstrate die 
iinportance of projierly identifying the reference frames in use. Note also 
that Jpe'^' = 0. 

In contrast, the standard diffusion coefficient for a two component 
system, D°, does nol depend on the choice of components.^ This may be 

•The sub.sciipts have been omitted from D'lj since there is only one independent 
D",, for a binary systein. 

C/iCWlfCfi( 

^,f„ionstrated by expressiiv..' 
'.iciii coeflicients D° and I) 
!,'K;ciively- The flux of coir 
[.'dice frame N is given by. 

.ll 

where ^ is the volume ol 
jioiients. Using (20) along \ 

jFes'^ = 

where V is the volume oi 
ponents. And noting that 

n p e s 

(21) becomes 

Finally, evaluating the dc 

Thus, a description of di 
Fe and S may be readii) 
same binary diffusion co< 
two ultimate sets of conij 

This result appears 
is only one standard dill 
set of comjionents is use 
extended to multicomjui 
be carefully labeled ace 
tion gradient and relat 
may be used to interreli 
the diffusion coefficiem; 
lated to those obtained 
similar problems conci 
Cooper (1971), Coojicr( 

Buckley (ms) and 
that the use of actual c 
stances may be incoiiv 
as an example die esc 
ihopyroxene. He Jio'"' 
(where it is an actual 



^'•'••«^H^»-^i<*-fffl^iiaiH!Wiiff^i'-jL^^ 

rad-y 

;s of FeS passing a unit cross .„ 
Notice that all flu.xes arc t i C 
R. If a different reference I n , ? 

be combined with the jirocotii,;;: 
ous reference frames. " '• 
>'ith regard to the reference fr„,,, 
>n the choice of components j-, ' 
'r otir "old" components is ,„.; 
^ • f̂ "; °" ' ' "ew" componenu 
3cess, the two mean molar fram„ 

(13) 
nt I and y^'^ is the local velocitv 
le mean molar frame N (for dic 

= 0 

nponents FeS and FeS^) by 

= 0 

(M) 

(15) 

/ pPe 

Jionent S yields 

J P o 

(16) 

(17) 

(IS) 

Chemical componenis and diffusion 1079 

,.,„o„5tratcd by exjircssing the fluxes of (19) in terms of the binary diffu-
]',n coefficients D° and D°' for die "old" and "new" components, re-
,:<;(ii\cly. The flux of component i wilh respect to the mean molar ref-

(19) 

will serve to demonstrate the 
-rence frames in use. Note also 

efficient for a two eomjionent 
of components.! This may be 

since there is only one independent 

written for i = FeS to (13) writ-
V we have ' -

(20) 

fieiice frame N is given by (de Groot and Mazur, 1962, p. 252) 

V V ax ^p.T.t 

nlicie ^ is the volume of the phase of interest per mole of "old" cora-
[•oiienis. Using (20) along with the first equation of (19) we have 

2 ! : / i N p c 
h IS^\ = - D° / 3Nr. \ ^ W^ 2̂1) 

X / p . T . t Npe'^^ \ a x /p .T . t Npe oX / p,T,t Npe 

(diere ^ ' is the volume of the phase of interest per mole of "new" com 
jxmenls. And noting that 

V V I 
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(21) becomes 

_2 
N Fc 

(22) 

D= 
D" 

N Pc 

/ cl Np, \ 

\ cl Np«s ) 
(23) 

Finally, evaluating the derivative in (23) using (11) we obtain 

(24) 

Thus, a description of diffusion in jiyrrhotite in terms of the components 
Fe and S may be readily related to one in terms of FeS and FeSj. The 
sarae binary diffusion coefficient D° will be obtained using eitiier of these 
lu'o ultimate sets of comjionents. 

This result ajijiears lo be quite general. For any binary system there 
is only one standard diflusion coeificient D°, regardless of which ultimate 
set of comjionents is used. Unfortunately, this simple result may not be 
extended to multicomjionent systems where each diffusion coefficient must 
be carefully labeled according to the components used for the composi
lion giacbent and related flux. However, the methods discussed above 
may be used to interrelate fluxes for different choices of components, and 
the diffusion coefficients obtained for one set of comjionents can be re
lated to those obtained for other sets of components. For discussions of 
similar jiroblems concerning multicomjionent systems see Gupta and 
Cooper (1971), Coojicr (1974), and Schonert (1960). 

EXCHANGE COMPONENTS 

Buckley (ms) and Anderson and Buckley (1973, 1974) have argued 
'hat the use of actual components as "tliffusing" components in some in
stances may be inconvenient, misleading, or inaccurate. Buckley (ms) cites 
•'s an examjile the exchange of Mg+'- and Fe+- between garnet and or-
diojiyroxene. He jioints out that while diffusion of FeSiO^ in jiyroxene 
(where it is an actual component) is meaningful, diffusion of FeSiO^ in 
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garnet (where it is not an actual component) is not meaningful ami con. 
versely that the diffusion of Fe-ALSr.Oi., is meaningful in a ganici l>ni 
not in a pyroxene. Buckley concludes from lhis that the total nuniixM oi 
comjionents needed to describe diflusion in a polyjihase systein i.s in. 
creased, if one is constrained to use actual components of die jilias(;s in. 
volved. Therefore, Buckley (ms) and Anderson and Buckley (1973, I!I7-|̂  
recommend the use of oxides of the elements for "diffusing" componenis. 
But the use of FeO as a "diffusing" eomjionent in garnet is little imjiiove-
ment over the use of FeSiO,. Neither is an actual eomjionent of ganui 
so lhat bolh have all the disadvantages of nonvariable components dis. 
cussed above. 

The difficulties in using actual comjionents presented by Buckltv 
(ins) are not encountered, if one begins with an apjiropriate selection y( 
actual components for the phases or systems of interest. In the ganiei-
orthojiyroxene examjile mentioned above, this would mean choosing tiie 
"negative" component FcMg_, as one of the actual comjionents for both 
minerals (see below). Indeed, there must ahvays exist a set of actual com
ponents that contains the minimum number of comjionents necessary ID 
describe any diffusion jirocess. To verify this, consider a generalized ex
change of mass between two ihermodynamic systems. Each of these two 
systems may be either a jihase or a collection of phases. Any mass involved 
in the exchange must be subtracted from one of these systems and added 
to the other. There is no mass diffusing that is subtracted from one sys
tem and not added to the other. Therefore, it must be possible to de
scribe the ma.ss involved in the exchange using comjionents lhat are actual 
comjionents of both systems.-

For many mineral jiairs (or assemblages) that might be involved in n 
diffusional exchange, the only actual comjionents common to bodi min
erals (or assemblages) are comjionents that do not rejiresent physically 
realizable composiiions of the minerals (or assemblages) considered. This 
is jierhajis best exjilaincd in terms of a simjile examjile involving two 
Jihases in the same ternary systeni. Consider the exchange of Na and K 
between an alkali fcklsjiar and a dioctahedral alkali mica. These two 
binary jihases have only one actual eomjionent in common. /Mthough not 
apjiarent on some commonly used compositional diagrams (fig. IA), the 
intersection of the line of actual comjionents for the alkali feldspars and 
the line of actual comjionents for the muscovite-jiaragonite series gives 
the composition of the shared actual eomjionent, KNa_, (fig. IB). Thai 
KNa_, is an actual eomjionent of both the alkali feldsjiars and the 

' A n actual componcni of an assemblage nj phases is a component that may be bolh 
added to ov sublvacied from the assemblage without the atkliiion of an extra ph'.i.̂ f 
(Thomp.son, 1950). An ultimate ,sci of components for au u-compoiieiit asscmblajje nf 
phases is a .set of n components sufficient to give all variations in the bulk coinpo-sili"" 
of thai as.scmblage. If one chooses uliimatc .sct.s of components for two systems sucb ihiii 
the intcrscclii)ii of the two nlliinate .sets is as large a.s po.ssible, then this iiilersccti"" 
will be a .set of actual tompouents oj both s-ystcnis sufficient to describe all dilfu.sion:il 
exchange between the iwo systeins. 
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two dTlfevciil ternary iv'"!" 
KAlSijOs, and A10(0 in {-V 
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ipositions of the alkali feldspars and dioctahedral alkali micas shown on 
ernary composilion diagrams based on the componcjus Na.AlSijOs, 
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dioctahedral alkali micas is evident from figure IB and the stoichiomcttit: 
relations 

K N a _ , = KAlSijOg - NaAlSijOa 

K N a _ i = KAl3Si30,o(OH)2 - NaAl3Si30,o(OH)j 

(2.5) 

K N a _ i is an example of what I shall call an exchange component.^ It does 
not happen to correspond to the composition of any feldsjiar or mica Imt 
is just as valid as any other actual component . For examjile, the comjiosi
tion of any alkali feldspar may be expressed as a l inear combination oi 
K N a _ i and NaAlSijOg. In fact, using K N a _ i as a component for alkali 
feldspars is analogous to using S as a eomjionent for pyrrhoti te . S is given 
by the stoichiometric relat ion 

S = FeS, - FeS (2f.) 

/^KNA- /tKAiSaOg ~ /iNaAisiaOa 

and does not corresjiond to the composition of any jiyrrhotite. 
In many respects, the exchange component K N a _ i is an ideal "dif

fusing" eomjionent for the description of alkali exchange between feld
spar and mica, or any other two alkali-bearing minerals. T o begin with. 
the use of K N a _ j enables one to describe a ternary recijirocal exchange 
in terms of otte diffusing eomjionent. Since K N a _ i is an actual eomjionent 
of both Jihases, constraints of stoichiometry and electrical neutrality arc 
automatically satisfied. In addit ion, the driving force for alkali exchange 
is a gradient in the chemical potential of the exchange component , given 
by 

(in feldspar) 
(27) 

MKNA_I = /.iKAi3Si30,o(on)2 ~ MNaAi3si30io(oii)2 (in mica) 

(see A. B. Thomjison, 1974). Isothermal alkali exchange will cease only 
when the chemical jiotential of the exchange component is the same 
throughout the jihases involved. 

W h e n described in terms of the flux of the exchange comjioneni. 
K N a _ j , alkali exchange between two binary phases in the same ternaiy 
system becomes mathematically equivalent to the case of interdiffusion 
in a binary system, when more dian one jihase is involved. T h e contimiits" 
equat ion has been solved for this latter case using the Boltzmann substi
tu t ion (Jost, 1950, 1952, p. 75; Apjiel, 1968). T h e solution allows for a 
discontinuity in the concentration-distance jirofile bu t requires that the 

•To my knowledge the u.se of e.\change components like KNa_i for the dcscripiio" 
of thermodynamic systems originales wilh J. )l. Thompson, Jr. svho demonstrates ihfii 
convenient features in his Iccinrcs on pha.sc etpiilibria (compare Thomp.son and ^Valil-
baum, 19G8, p. 1995: Waldbaum and Thomp.son, 19fi9, p. 1282). D. M. Burt (1972, ly/';'.-
19741)) has u.sed exchange coinpoiieiits extensively, calling them "exchange operators". 
For other examples of ihc use of "negative" components sec Thompson (1972) or 
Korzhinskii (1959, chap. II). 
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((.iiiutdc of the discontinuity not change with time, for all time greater 
i'l,_,'i, t = 0 (compare Carslaw and Jaeger, 1947, p. 70).* 

For a one-dimensional, isothermal, isobaric, isochoric exchange of 
jlkalis between an alkali feldspar and a dioctahedral alkali mica, equa
tion (6) may be written as 

\ at /p,T,r \ ax |_ \ ax /p.T.tJ/p.T.t 
(28) 

If both the feldspar and mica are initially uniform in composition and 
iiixtajiosed across a planar boundary, appropriately oriented to ensure 
one-dimensional diffusion, then the solution to (28) modified after Jost 
(11)50) and Appel (1968) is 

^° - 2t ( dpZ_̂  ) J 
P K N a _ , 

x d PKNa_ 

^ ° - 2 t ( CIPKL, ) J 

P K N a _ , ( - « ' ) 

PKNa_,(+«') 

x d P K N a _ i 

(29) 

(30) 

P K N a _ i 

vdiere pKNa_,(+*) and pKXa_,(—") are the molar densities of KNa_i far 
removed from the site of the diffusion. Equation (29) jirovides the solu
lion for one side of the initial interface, and (30) for the other. 

Exchange components may be readily applied to a great many other 
mineral pairs and assemblages. For examjile, the exchange of Fe+^ ancl 
.Mg+- between garnei and orUiopyroxene discussed by Buckley (ms) may 
be conveniently described in lerms of the exchange component FeMg_i 
as may similar exchanges between olivine and orthojiyroxene or garnet 
and cordierite. Similarly, oxygen isotopic exchange may be described in 
icrms of the diffusion of O'^O'". , . For diffusion in multicomponent, 
multiphase systems several exchange comjionents may be used. In all 
these cases, the use of exchange components jirovides the simplest de-
scripdon comjilete with all the advantages of actual components. 

APPROXIMATELY BINARY SYSTEMS 

Few natural or exjierimental systems are strictly binary; nearly all 
contain small cjuantities of impurities (additional comjionents). To deal 
rigorously with all diese additional comjionents would mean having to 
solve equations (6) for a multicomjionent system, which is difficult at best. 
Vet if we neglect even very small cjuantities of imjiurities and treat nearly 
binary systems as exactly binary systems, wc run the risk of encountering 
Iionrejiroducible results. Indeed, there is abundant experimental evidence 

•Jost uses the correct approach but gives an incorrect result. His equations [4] (1950) 
3'«1 [1.337J (1952) should be modified to the mathematical form of (29) and (30) of this 
paper, svhich agree wiih Appel's result. 
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that very small quantities of imjiiirilies may have a significant effect oi, 
the magnitude of measured diffusion coefficients (Shewmon, 1963). This 
is due to the fact that many impurities have associated defects such as 
vacancies which may greatly facilitate diffusion. Fortunately, however, 
there are several circumstances for which a binary ajijiroach will be u.se
ful even when the system examined is not constrained by stoichiomctrv 
to be binary. These will be considered in the following' paragraphs a.s
suming for simjiliciiy that there is only one extra eomjionent (3) in adtli
tion to the two major comjionents (1 and 2). 

A case to which the binary equations may be correctly apjilied occurs 
when the quantity of component 3 (mole fraction of 3) in the jihases in
volved does not vary during the diffusion process- If the mole fraction of 
3, N3, does not change, then a binary description is quite correct, even 
if there is no stoichiometric constraint on 3. The diffusion coefficient de
termined, howeser, is valid only for the given constant N3 and must be 
redetermined for other constant N^'s. A conslant mole fraction of com
ponent 3 during the diffusion jirocess means eidier that the chemical 
polential of eomjionent 3, 1̂3, docs not vary with N.., at constant N, or 
that the diffusion of eomjionent 3 is very slow comjiared to the diffusioii 
of comjionents 1 and 2. The case of diffusion at constant N3, when the 
diffusion coefficients are all indcjiendent of comjiosition, is a sjiecial ca.se 
of ternary diffusion that was emphasized by Gupta and Coojier (1971). 
These authors jiointed out that there will always be two directions in 
comjiosition sjiace (that is, two clioices of eomjionent 3) for which diffu
sion will occur at constant N,. See also Coojier and Varshneya' (1968) and 
Varshneya and Coojicr (1972a,b,c). ' ' . ; . 

If N3 is not constant and the diffusion'coefficienls dejiend on com
jiosition, a binary solution may still be used if one is interested in only 
a single set of boundary conditions. Coojier (1968) has shown'that for a 
semi-infinite diffusion couple with given boundary conditions, N2 (-f*) 
and No {—'̂ ), the diffusion jiatli (in comjiosition sjiace) will be unique. 
In other words, for each value of N, there will be a unicjue value of N„ 
N3, and D° (for the given boundary conditions). Therefore, a single ex
periment will suflicc for a single .set of sjiecific boundary conditions, but 
other measurements will be necessary for other values of N2 (+«>) and 
N ^ ( - « ) . • • - • • ' - • • ' ' 

An alternative ajijiroach which may be used for some systems is to 
constrain an otherwise ternary system to behave as if it were binary by 
externally buffering the value of one or more chemical potentials. As an 
examjile let us consider difftision in die common olivines. Although the 
comjiositions of many common olivines may be largely rejiresented by a 
linear combination ot the comjionents Mgu(SiO.,):, and Fe+-,i(Si04);i' 
most olivines contain some ferric iron as well. Assuming that charge 
balance is maintained by the introduction of vacancies, ojien square •-
on metal sites along with the ferric iron, we may rejiresent the jiresence 
of feiric iron in olivine in terms of the coinponent D-jFe+^j (SiO.,);,. The 
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MggfSiO^Js 

Fig. 2. A ternary composilion diagram for the compositions ot common .olivines 
cimtaining ferric iron, assuniing that local charge balance is maintained by the presence 
o( vacancies. The lines through the points labeled y = 1/2 and y = 14 each represent a 
Ncrics of compo.silions wiih the same ferric-ferrous ralio. The points labeled y = 1/2 and 
V = 14 have composiiions given by the formula Fe*=o-3, (Q Fe'^'j), (SiO,)j. 

ferric component along with the ferrous and magnesian components de
fine a ternary system (fig. 2). 

A Jiotentially interesting set of binary subsystems contained within 
this ternary olivine system would corresjiond to the lines in figure 2 
wliich radiate from the Mg,; (SiO^)3 corner (thai is, those drawn 16 jioints 
labeled y = 14 and y = 1/0). Each of these lines is the locus of composi
tions with a constant ferric-ferrous ratio. All comjiositions along any one 
such line may be rejiresented by a linear combination of the comjionents 
Mg,(SiO,)3 and Fe-»-=o.3y (O Ve+\)y (SiO.,)„ where the y will be different 
for different lines (that is, for different ferric-ferrous ratios). 

Assuming that the ternary olivines of figure 2 form an ideal solution, 
a constant fen ic-feirotis ratio means that the chemical jiotential of Fe is 
constant (for constant pressure and teinperature). To see thai this is true 
note the equilibrium condition 

/iFc = 1/2 [MFCB (8104)3 — ^ a 2^H (8104)3] (31) 

Substituting expressions for the chemical jiotentials in terms of mole 
fractions into (31), assuming ideality (Thomjison, 1967, eq 4), yields 

/tPe = '/2 M°Fe6 (3104)3 — A'° D 2^*4 (8104)3 + a R T l n i 

N Fog (5104)3 

N D 2FC4 (8104)3 / J 

• • ; ,(32) 

^i^.*,g«»^luii)Dut,i^.)i4,,w»,^j»LirT 
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If /ipe is constant, then (Npi,g (8104)3 / N •2PC4 (.Si04)3) ^^^^ ^^*° "̂ e con-
stant and conversely, since the olher terms in (32) have definite values ai 
a given pressure and temficrature (the p.°i terms give the chemical jioien-
tials of the pure end members and a is a constant depending on the nuDi. 
ber of exchangeable sites jier mole of the chosen components). Therefore. 
if we could externally constrain /j.^^, possible olivine compositions woiiK) 
lie along one of the lines y in figure 2, and the diffusion is constrained to 
be binary. 

An exjieriment corresponding to the desired conditions would en
tail controlling /XQ̂  in addition lo having an iron oxide present. If the 
olivines in the experiment were initially equilibrated separately at the nu, 
of the diffusion run, and if the Fe-̂ -̂ , <—* DFe+^.j exchange is as rapid as 
the Fe-*"- <—> Mg+' exchange, dien the diffusion may be treated as hi
nary (to the extent lhat the olivines are ideal). Buening and Buseck 
(1973) have measured Fe-Mg diffusion in olivines under conditions simi
lar to those suggested here. They found a significant /t02 dependence of 
their measured binary diffusion coefficients. I suggest that what they 
have deicrmined are binary diffusion coefficients for interdiffusion be
tween forsterite and various fayalites with different ferric-ferrous ratios 
(that is, for different values ot y (fig. 2)). A similar approach might he 
utilized to measure interdiffusion in other Fe-Mg solid solutions. 

CONCLUSIONS 

Of the many possible sets of comjionents available for use in describ
ing diffusion in an n-comjionent system, an ultimate set of (actual) com
ponents is Jireferred because (1) a minimum number of equations of 
constraint are necessary, (2) a niinimum number of components need be 
considered, and (3) inherently nonmcasureable quantities are avoided. 
Descriptions of diffusion in teims of one ultimate set of comjionents may 
be easily transformed into descriptions in terms of another ultimate set 
of components. Sjiecial care must be exercised, however, when the ref
erence frames used depend on the choice of components. The descrijition 
of many diffusion jiroblems may be simjilificd if one is willing to use 
actual comjionents, which may contain negative amounts of atoms. Par
ticularly convenient are "exchange components" like KNa_,, as demon
strated above for the case of ternary recijirocal exchange between alkali 
feldsjiars and dioctahedral alkali micas. Small cjuantities of additional 
components in approxiinately binary systems may significantly affect dif
fusion processes and should not be neglected. However, solutions to the 
continuiiy equalion for a two component system may be used if (1) the 
system is constrained by stoichiometry to be binary, (2) the system is con
strained by kinetics to be binary, (3) the system is constrained to be binary 
by externally buffering certain chemical jiotentials, or (4) only one set of 
boundary conditions is of interest. 
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A Comparison of Computerized Chemical Models for 

Equilibrium Calcxilations in Aqueous Systems^ 

D. K. NORDSTROM', L. N. PLUMMER', T. M. L. WIGLEY' T. J-WOLERY' 
T W BALL'. E. A. JENNE'. R. L. BASSETT'. D. A. CRERAR*. T. M. FLORENCE'. 
B. FRITZ". M. HOFFMAN". G. R. HOLDREN, JR.". C. M. LAFON". ^„^^, .^^. . 
S V MATTICOD", R. E. McDUFF". F. MOREL", M. M. REDDY". 0. SPOSITO". 
and j . THRAILKILL" 

The Interpretat ion of chemical processes In aqueous 
systems requires the use of modern electronic computers, par
t i c u l a r l y in the calculation of multicomponent, multiphase 
e q u i l i b r i a . Commonly, the f i r s t concern of solution chemists 
and aqueous geochemists is to calculate the d is t r ibu t ion and 
ac t i v i t i e s of species on the assumption that equil ibrium exists 
throughout the aqueous phase. Species d is t r ibu t ion can then be 
used in several areas of analytical and applied chemistry, e.g. 
to examine the ava i lab i l i t y of free and reactive ions, to test 
so lub i l i t y hypotheses, and to determine the potential 
b ioava i lab i l i t y of nutrients or toxic substances. Species 
d i s t r i bu t ion also forms the basis for more complex computations 
involving solutions which change composition by reaction with 
other solutions and with gases and sol ids. Equil ibrium calcu
la t ions of th is type are par t icu lar ly helpful In solving 
in terpret ive problems encountered in such f ie lds as chemical 
and environmental engineering, geochemistry, biochemistry and 
aquatic ecology. 

This symposium demonstrates quite c lear ly that we depend 
heavily on chemical models, especially computerized models, to 
in terpre t aqueous chemical processes. Several computer 
programs which solve problems of simultaneous chemical 
equ i l i b r ia are being used by a rapidly increasing number of 
investigators and i t is necessary to review the inherent 
assumptions and l imi tat ions of these aqueous models. There Is 
a temptation to use these models as ready-made interpretat ions 
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of reality without a clear understanding of their weaknesses. 
These programs and-models are usually developed for specific 
purposes and taken together they represent a wide rangej)f 
capabilities and features. This paper reviews the state-of-
the-art of equilibrium computations by providing a complVatlon 
and description of aqueous models in current use and by exa
mining their consistency through a comparison of species 
distributions and saturation indices for two hypothetical t es t 
cases: a river water sample and a seawater sample. This 
review will also serve to complement the review on machine com
putation efficiency by Leggett (1) and the review by Perrin 
(2) on the applications of digitTl computers to analytical 
chemistry. 

The Chemical Equilibrium Problem and I ts Thermodynamic Basis 

An "aqueous chemical model" needs to be defined separately 
from the computer program which executes calculations based on 
the model. Such a model can be defined, as a theoretical con
struction which allows us to predict the thermodynamic proper
ties of electrolyte solutions. There are several ways of 
constructing an aqueous model, e.g. from the Bjerrum ion asso
ciation theory (3), or the Fuoss ion association theory (4,,^) 
or the Reilly, Wood and Robinson mixed electrolyte theory 
[6). The choice of inodel must be made on the basis of the 
problem to be solved and each model carries with i t i t s own set 
of assumptions and res t r ic t ions . Nearly all computerized 
models are based on the ion association theory and within this 
•framework the species distribution problem can be formulated In 
two dist inct but thermodynamically related ways: the equi
librium .constant approach and the Gibbs free energy approach. 
Both approaches are subject to the conditions of 1) mass 
balance and of 2) chemical equilibrium. The mass balance con
dition requires that the computed sum of the free and d e r i v e 
(complexes) species be equal to the given total concentration. 
Chemical equilibrium requires that the most stable arrangement 
for a given system be foundi, as defined by the equilibrium 
constants for all mass action expressions of the system, or 
through the use of Gibbs free energies for all of the com
ponents and derived species. In the equilibrium .constant 
approach the mass action expressions are substituted into the 
mass balance conditions resulting in a set of nonlinear ' 
equations which must be solved simultaneously. The Gibbs free 
energy approach is simply a transformation of variables through 
the thermodynamic relat ion: 

^G =AG° •»• RTlnK = 0 

which allows a different numerical approach. The total Gibbs 
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free energy-function 1s then minimized for a given set of spe
cies and their mole numbers subject to the mass balance require
ment. In the former approach equilibrium constants are needed 
for the data base whereas in the la t te r approach free energy 
values are needed. This difference in the data base can often 
be an Important limitation. At the present time there are more 
rel iable and available equilibrium constants than free energy 
values. 

By either thermodynamic approach the problem can be stated 
numerically as one of finding a solution to a set of nonlinear 
equations. I t is usually not feasible to simultaneously solve 
these equations in exact form for a multicomponent, multiphase 
system and therefore an iteration procedure must be u t i l ized. 
The standard method of solving the problem by the equilibrium 
constant approach is to use linearized matrix inversion. 
Convergence assumes, of course, that the solution not only 
exists but that i t is unique. If a system can have several 
thermodynamically metastable states (local minima in the Gibbs 
function) then several nonunique solutions are possible. 
Recent papers by Othmer {]) and Caram and Scrlven [Q) have 
pointed out that uniqueness is characterist ic of ideal sys
tems whereas for non-ideal systems a solution may occur at 
the global minimum (most stable equilibrium point) but i t also 
may occur at a nonunique local minimum. For applications in 
aquatic chemistry the problem of nonuniqueness 1s particularly 
important in the interpretation of solid precipitation and 
dissolution processes. 

The choice of the thermodynamic approach dictates the 
general category of numerical techniques î o be used. 
Optimization techniques such as pattern search, linear 
programming, steepest descent and gradient methods are all 
appropriate to the Gibbs function approach whereas Newton-
Raphson, successive approximations and nested Iterations are 
best suited to the equilibrium constant approach. These tech
niques and several other mathematical methods have been docu
mented along with the thermodynamic formalism In the excellent 
reviews by Zeleznik and Gordon [9) and Van Zeggeren and 
Storey (]Q). In this report we prefer to describe the main 
features and capabilities of current models rather than digress 
on the mathematical details of each since " . . . any inethod of 
calculation that can be made reliable Is a good method when 
equilibrium compositions are the only concern" (9). 

Chemical models can be further characterizeoT by their 
application. The intended ut i l izat ion of a model usually 
directs the developmental stages of choosing the type of model 
and the mathematical method. We have grouped current com
puterized models into "major schools" according td their point 
of origin and their application. Since the second generation 
models frequently used the same basic numerical approach as 
thei r predecessors, the classification into schools also tends . 
to separate different mathematical formulations. 
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Major Schools of Computerized Models 

Generalized Method of the Equilibrium Constant Approach. 
The basic mathematics of the equilibrium constant approach was 
derived in general form by Brinkley (11,12) and Kandiner and 
Brinkley (_12)' "I'he development of the equations was well 
suited for adaptation to digital computers and Feldman, et al. 
(14) utilized the approach to calculate the equilibrium com
position of high temperature gaseous mixtures. This approach 
has been strongly favored by geochemists. For example, Crerar 
(15) has revised this method so that arbitrary Independent 
equilibrium constants can be used. He employed Newton-Raphson 
iteration with curve-crawler techniques { } 6 ) for rapid con
vergence and applied his routine to problems of l\ydrothermal 
chemistry. It should be pointed out that these methods are 
completely general, in the mathematical sense, so that only the 
reactions taking place in the system under Investigation need be 
coded for computation. This routine can be useful for laboratory 
and experimental systans where most of the species and associated 
data base of non-general programs are unnecessary. 

Generalized Method of the Gibbs Free Energy Minimization. 
The mathematical formulation of the free energy approach was 
pioneered by White et al. (17) who pointed out the advan
tages of using alternative numerical techniques such as 
steepest descent and ill near programming. Dayhoff et al. (18) 
computed equilibrium compositions for prebiological and plane-
tary atmospheres with this approach and showed how these com
positions changed at different temperatures and pressures for 
systems containing C, H, 0, N, P, S and Cl. Holloway and Reese 
(19) have solved the equilibrium composition of the system 
.C-O-H-N at high temperatures by a computerized free energy 
minimization model and Karpov and Kaz'min (20) have computed 
the distribution of species in seawater using a dual algorithm 
technique. For relatively simple systems where the free 
energies are available and reliable, the Gibbs minimization 
approach is convenient and dependable. For large complex 
systems, however, the equilibrium constant approach is pre
ferred. If and when an accurate and internally consistent set 
Of thermodynamic data becomes available, the Gibbs minimization 
will likely find greater use. We now present a brief review of 
non-general computerized models which uses the equilibrium 
constant approach and Incorporates individual reactions as part 
of the program. • 

Specific Programs in Analytical Chemistry. Following the 
lead of Brinkley and others, several programs were Indepen
dently developed to solve problems involving aqueous equilibria 
in analytical and physical chemistry. One of the earliest 
programs, HALTAFALL, came from the work of Sillen and his 

|:l 

•'̂  

• ^ 

38. NORDSTROM CT AL. Comparison of Computerized Ch'emiail Models 861 

colleagues ( 2 1 , ^ ) . This program was designed to calculate 
species distrTbutlon in an aqueous phase from a knowledge of 
the appropriate s tab i l i t y constants and total concentrations. 
The program is general enough to handle mixing problems such as 
t i t r a t i o n s involving separation of gaseous or sol id phases and 
organic solvent extractions. The computations are carried out 
at constant ionic strengh and constant temperature although 
these rest r ic t ions can be modified.by the programmer. When 
apparent s tab i l i t y constants at d i f fe rent ionic strengths than 
the equil ibr ium problem are used, corrections are made by the 
Davies equation (80). The general method of calculat ion Is by 
successive approximation. A companion program, LETAGROP VRID, 
was wr i t ten to calculate s tab i l i t y constants for aqueous 
complexes from various measurements (23). Both programs 
are wr i t ten in ALGOL. Perrin (2£) a n i f e r r i n and Sayce ( ^ ) 
developed the COMICS program for the calculat ion of the 
equi l ibr ium d is t r iBut l on of species using a type of "brute 
force" successive approximation (see below). COMICS has gone 
through several stages of modification which have been 
discussed by Leggett {V) and w i l l not be further elaborated on 
here, except to mention a more recent version called SIAS (26). 
A similar program named EQBRAT is described by Detar IZJ) a'n? 
i t complements other programs" (a l l in FORTRAN) which can handle 
a wide range of chemical problems. Bos and Meershoek (28) 
Introduced Newton's method to t i t r a t i o n calculations wiTFT the 
program EQUIL, wri t ten in PL/1, which Increased the computation 
ef f ic iency and was protected against non-convergence problems. 

Successive Approximation Programs For Natural Water 
Equ i l i b r ia . Garrels and Thompson (29) were the f i r s t to use 
the method of successive approximation in a hand calculat ion to 
solve an equil ibrium problem in aqueous geochemistry. Their 
analysis of the species d is t r ibut ion in seawater in terms of 
ion association influenced the development of several models. 
Barnes and Clarke (3£) found this approach useful In the 
invest igat ion of the corrosion properties of wells and deve
loped the WATCHEM program to in terpret iron corrosion pro
cesses. This approach was also used to I n i t i a l i z e PATH I. 
(21) by a subroutine called spLSAJ_wh1ch existed as a separate 
program. A recent version of th is program, cal led EQUIL, has 
evolved from the work of Fr i tz (32) and Droubi (33) and i t is 
used with the programs _DjSSOL anT^VAPOR. mentionia" below. The 
most general first-genera'ti"on programs of th is type are WATEQ_ 

. (3£,35), ^OLMNEQ,(3£), and £Q3 (37). Al l three programs have 
been~?es1gned"to'accept water anTTyses with on s i te values for 
pH, Eh and temperature. There is no proton mass balance con-' 
d i t i o n , only mass balances on cations and anions are carr ied 
out. SOLMNEQ carries a data base in the form of a table of 
equi l ibr ium constants for the range 0-35G°C and EQS contains 
a simi lar data base for O-SOO'C whereas WATEQ uses the Vant . 
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Hoff equation or analytical expessions for equilibrium 
constants as a function of temperature and is considered 
reliable for the range O-IOO'C. SOLMNEQ has additional 
features such as the silica and Na-K-Ca geothermometers for 
evaluating geothermal reservoir temperatures and includes 
several more trace element species than WATEQ. SOLMNEQ has 
been expanded to include organic complexes and ion exchange 
equilibria and uses the pressure dependence of the equilibrium 
constants. EQ3 also uses pressure dependent equilibrium 
constants. WATEQ was originally written In PL/1 and has been 
revised and translated into FORTRAN by Plummer et al. (38) in 
a program called WATEQF. Manganese speciation has been iJded 
to WATEQF and the successive approximation procedure was 
revised to give much faster convergence. 21 aqueous species 
and 17 minerals of uranium have been added to WATEQF in a 
recent modification ( Z 9 ) . The advantages of using PL/1 opti
mizing code with reorganization into several subprogram blocks 
•along with the expansion of the data base to include several 
•trace elements and the rapid convergence bf WATEQF have been 
incorporated into WATEQ? (j4£). A shorter version, called 
WATSPEC, which is preferrable for handling routine water analy-
ses'has been published by Wigley (41). 

-The method of successive approximations has been con
veniently described by Wigley (41) where either a "brute 
•force" method or a "continued fraction" method can be used. 
The brute force method is the classical approach where mass 
^action expressions are substituted directly into the mass' 
balance conditions and solved for total concentrations which 
are then compared to the analytical values. In the continued 
fraction method, the non-linear equations are rearranged to 
solve for free ion concentrations which are initially assumed 
to be equal to the total concentrations, as detailed by Wigley 
(42). These two methods are best illustrated by a simple 
example. Assume a solution which contains free Ca2+ ions, 
free CO?" ions, and only one ion pair: CaCOS. The mass 
balance conditions are given by 

mCa(total) = mCa2+•^ mCaCO!^ • (1) 

mC03(total) = mCO "̂ + mCaCOj (2) 

with the res t r i c t ion that (assuming an Ideal solution) '•' 

mCaC03 
or mCaCOj » K(mCa2+)(mC0§-) (3) 

{mCa2+)(mC05+) 

Substituting equation 3 Into equations 1 and 2 gives 

mCa(total) » mCa2+ 4- K(mCa2+)(mC05-) (4) 
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and mC03(total) = mCOj" + K(mCa2+){mC05-) 

Using the brute force method, 

mCa2+ = mCa(total) - K(mCa2+)(mC05~) 

• mCO§- = mC03(total) - K(mCa2+)(mC0§-) 

(5) 

(6) 

(7) 

where mCa2+ and mCO?" are assumed equal to iTCa(total) and 
mCOj^total) for the f i r s t estimate. Equations 6 and 7 
give new values for the free ion concentrations which are then 
used in the next I te ra t ion . Using the continued f ract ion 
method equations 4 and 5 are rearranged to 

mCa2+ 

mC02-
3 

mCa(total) 
1 4- KmCO§-

mC0.,( to ta l ) 

1 + KmCa2+ 

(8) 

(9) 

As before, the f i r s t estimate is made by assuming that free ion 
concentrations are equal to total concentrations but the second 
estimate comes from equations 8 and 9 which vary less than 
equations 6 and 7 because of the form of the- equation. 

This alternate form of the equations produces a faster 
convergence as shown in an example given by Wigley (41) and 
also converges more rapidly than Newton-Raphson. EQ3~employs 
an additional control on the continued f ract ion method which 
generates monotone sequences (£3,44^). I t s chief virtues are 
s t r i c t error bounds and Increased s t a b i l i t y with respect to a 
range of analyses of aqueous solutions used as input. 

Other programs of this general type include SEAWAT (45) 
which was speci f ica l ly designed for seawater calcula
t ions , MIRE iiA6) which was spec i f ica l ly designed for anoxic 

'marine pore waters, lONPAIR and NOPAIR (47) and CALCITE ( ^ ) 
which were designed for freshwaters in c"arbonate terrains and 
KATKLE 1 (49) which has been used for soi l water geochemistry. 

Newton-Raphson Programs for/Experimental and Natura|l Water 
Equ i l ib r ia . Morel and Morgan i A ^ developed the FORTRAN 
program REDEQL for the calculation of multicomponent metal-
ligand equ i l ib r ia with considerable f l e x i b i l i t y and Includes a 
large number of metal-ligand complexes. The program is based 
on the equil ibrium constant approach and uses Newton-Raphson 
i te ra t ion to f ind the solution to a function-which compares the 
difference between the total calculated component concentration 
and the total analytical component concentration. REDEQL has 
the capabi l i ty of imposing mineral saturation to allow dissolu
t ion and/or precipi tat ion of various so l ids. Another option is 

wide 
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the calculation of Interaction Intensit ies and capacities 
(50,S1_,^). This program and i t s subsequent modifications have 
^'e3 to several "second generation" programs which are widely 
used by environmental engineers: REDEQL2, MINEQL and GEOCHEM. 
This family of programs can simulate adsorption behavior using 
the James-Healy approach, the Schlndler-Stumm complexation 
approach or a combination of surface complexation and e lect r ic 
double layer (53-59). These programs also contain a data base 
for a constant temperature of 25''C, other temperatures cannot 
be calculated without changing a l l the equil ibrium constants to 
those temperatures. MINEQL ( ^ ) has greater c l a r i t y and f l e x i 
b i l i t y in a more compact program which u t i l i zes Gaussian e l im i 
nation to solve the matrix equation. GEOCHEM (61_, unpublished 
data) has a greatly expanded data base covering over 800 organic 
species and more than 2000 inoroanic species and i t includes ion 
exchange reactions for simulatina soi l water reactions. Convergence 
problems are occasionally encountered with Newton-Raphson 
methods which are commonly caused by poor estimates of I n i t i a l 
concentrations supplied by the programmer. However, several 
numerical techniques Including under-relaxation, curve-crawling 

•and pre- i terat ion optimization of start ing estimates can 
.greatly increase the r e l i a b i l i t y of the Newton-Raphson method 
.(15,37.62). A good example 1s provided by the program EQUIL 
i ( ^ ) which u t i l i zes matrix scaling, eigen vector analysis, 
'matrix modifications and a convergence forcer to achieve rapid 
.and rel iable convergence. 

Reaction Path Simulation. The f i r s t application of com-
;puter techniques to problems- of mass transfer in geochemistry 
began with the work of Helgeson and colleagues (63,6£). The 
general approach of the program PATHI (31_) is tolTescribe a 
part ial equilibrium reaction path (e.g. mineral dissolut ion 
and rock weathering) in terms of ordinary d i f fe ren t ia l • 
equations which are l inear and can be solved by matrix algebra. 
The i n i t i a l condit ion, which consists of an aqueous f l u i d , must 
be calculated by a species d is t r ibut ion i te ra t ion scheme such 
as the successive approximation method. Progressive reaction 
states can be computed by incrementing the progress var iab le ,^ 
(65), i te ra t ive ly and checking the aqueous phase for saturation 
at each step and then dissolving or precip i tat ing the required 
mass{es) of the appropriate mineral phase(s) to retain 
equil ibrium. Thus, by integrating a set of d i f fe ren t ia l 
equations a reaction path can be followed progressively unt i l 
overall chemical equil ibrium is reached by the specified • 
system. This method has been applied to the study of 
weathering reactions, diagenesis, metamorphism and hydrothermal 
metasomatism (64), in the formation of ore deposits (66) and 
scaling of con'Bu'its caused by precip i tat ion from geotTi?rmal 
brines (67). PATHI has been revised and modified to simulate 
granite weathering (32)and evaporation of closed basin lakes 
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(36) with the programs DISSOL and EVAPOR which use a related 
program, EQUIL, to calculate species d i s t r i bu t i on . These 
programs have been applied to the predict ion of so i l sa l in i t y 
and optimal I r r iga t ion doses as well as the general evolution 
of soil water during evaporation (68,69). 

Several d i f f i c u l t i e s with PATTu" Ted to very long execj;tion 
times and occasional abnormal program termination. Claude 
Herrick and others (67) greatly Improved the ef f ic iency by 
adopting high-order "EFar integration techniques (70,71). 
However, d r i f t error Incurred in the integrat ion remaTns an 
annoyance, and the d i f ferent ia l equation approach cannot be 
applied i f the start ing solution is supersaturated with any 
so l ids . 

Wolery (_37.) has wr i t ten a PATHI-like program, EQ6, which 
uses the Newton-Raphson, method to solve the system:of algebraic 
equations instead of the i r d i f fe rent ia l counterparts at each 
stage of reaction progress. The d r i f t problem Is thereby 
avoided. Taylor's series expressions, based on f i n i t e 
dif ferences, are u t i l i zed to follow the course of the simula
t ion and to predict start ing estimates at each new point of 
reaction progress. EQ6 has some a f f i n i t i e s in I t s numerical 
approach to the REDEQL school and Crerar's (1_5) program and 
i t can precipi tate an equilibrium assemblage of precipi tates 
from.an in i t ia l ly-supersaturated solut ion. 

Another program well, suited for reaction path simulation 
is MIX2 (22̂ ) which uses a regression technique on the charge 
balance condition for the aqueous phase in computing pH af ter a 
reaction step. MIX2 can solve problems in mixing and t i t r a t i o n 
of aqueous solutions (72,74), evaporation, heterogeneous 
equi l ibr ium, and non-equiTTbrium heterogeneous reactions (75). 
Although MIX2 avoids the d r i f t problems associated with PATHI, 
the aqueous model is l imi ted to the major species in the system 
CaO-MgO-NapO-KpO-HjSO^-HpCOj-HCl-H-O and considers only 
one phase oounoary at a time. More advanced mass transfer 
programs using a log l inear izat ion technique for simultaneous 
solution of mass act ion, mass balance and charge balance 
equation are in preparation (76) which have broad applications 
to mass transfer problems. 

Test Case Results 

Col lect ive ly , the programs mentioned above represent the 
"state of the ar t " In the calculation of the equi l ibr ium 
d is t r ibu t ion of species in aqueous systems. As a means of exa
mining the consistency of these programs, two test cases (a 
d i lu te r iver water and an average seawater analysis) were com
pi led and mailed to more than f i f t y researchers who have been 
active in the f i e l d of chemical modeling. These test cases may 
overlook many of the features of specif ic programs, but they 
provide a common basis by which most of the programs can be 
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compared. One approach to the comparison of aqueous models Is 
to tabulate and examine the thermodynamic data, activity coef
ficients, choice of complexes, etc. Alternatively the 
approach taken in this survey has been to examine the results 
predicted by the aqueous models, an approach that integrates 
all the aspects of each model. In this manner the differences 
between models can be seen In terms of the actual results which 
are of value in applications to specific problems. Differences 
will always be apparent between the thermodynamic data base 
used in different models but it is difficult to ascertain 
whether a certain difference has any effect on the final result 
unless the results are all compared. It should be emphasized, 
however, that any type of comparison will always be inadequate 
because any criterion that is chosen as a basis for comparison 
is usually not given the same priority by another model. For 
example, models that are developed for reaction path simulation 
may sacrifice computation efficiency on a species distribution 
•calculation If more efficiency is gained in the reaction 
•progress calculation. In this instance, as in many others, the 
computerized model is developed for a specific purpose and 
design priorities are assigned accordingly. 

Each researcher was asked to complete a questionnaire 
describing the details of their program and to return the com-
,puted results on the two test cases. The responses received 
include representatives of most of'the major aqueous models 
known. Table I identifies the.programs and researchers who 
supplied the information for the particular program and inclu
des general Information on types of computers used, number of 
cards in the source deck, primary and secondary references and 
availability. 

Table II gives a general description of the program 
features such as total number of elements, aqueous species, 
gases, organic species, redox species, solid species, pressure 
and temperature ranges over which calculations can be made, an 
indication of the types of equations used for computing acti
vity coefficients, numerical method used for calculating 
distribution of species and the total number of iterations 
required by these models for each of the two test cases. The 
chemical analyses for the two test cases are suimarized in 
Table III. The seawater compilation was prepared in several 
units to assure consistency between concentrations for proper 
entry into the aqueous models. 

The results of the river water and seawater test cases 
computed by the aqueous models listed in Table I are summarized 
in Tables IV-X. Tables IV and V compare selected major and 
minor species computed for the river water test case, and Tables 
VI and VII make a similar comparison for the seawater test case. 
Table VIII compares activity coefficients computed for the major 
species in seawater and Table IX and X tabulate saturation indi
ces for selected minerals in the river water and seawater test 
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cases. The saturation Index, SI, is defined as log lAP/Ksp where 
lAP is the ion activity product for the mineral and Ksp Is the 
thermodynamic solubility product constant. 

Discussion 

• The remainder of this paper Is a plea for caution and 
restraint in Interpreting the results of the test cases shown 
here, and in the use of computerized chemical models in 
general. Tables IV-X show both remarkable agreement and 
disagreement. In general, there is better agreement between 
the major species concentrations.than the minors and the 
results for the river water tend to agree better than those for 
seawater. We would expect better agreement in the river water 
test case because of the smaller amount of complexing in the 
more.dilute solution and the more consistent and reliable acti
vity coefficients which can be obtained at low ionic strength. 

There are several limitations which lead to the discrepan
cies 1n Tables lY-X. First of all, no model will be better 
than the assumptions upon which it is based. The models com
piled in this survey are based on the ion association approach 
whose general reliability rests on several non-thermody'namic 
assumptions. For example, the use of activity coefficients to 
describe the non-ideal behavior of aqueous electrolytes reflects 
our uncertain knowledge of ionic interactions and as a con
sequence we must approximate activity coefficients with semi-
empirical equations. In addition, the assumption of Ion 
association may be a naive representation of the true interac
tions of "ions" in aqueous solutions. If a consistent and 
comprehensive theory of electrolyte solutions were available 
along with a consistent set of thermodynamic data then our 
aqueous models should be in excellent agreement for most 
systems. Until such a theory is provided we should expect the 
type of results shown in Tables IV-X. No degree of com
putational or numerical sophistication can Improve upon the 
basic chemical model which is utilized. 

The second limitation, almost a corollary of the first, is 
the reliability of the equilibrium constants (or free energies) 
used in the model; It is quite common for solubility pro
duct constants and complex stability constants to vary by 1 
to 3 orders of magnitude and have been observed to vary by that 
much in these models. Quite clearly this amount of uncertainty 
can cause large differences in the computed results and pro
bably contributes the largest single source of error. The ther
modynamic properties of substances are currently in a state of 
refinement by many researchers and continual updating of the 
aqueous models is needed. This situation is quite frustating 
for Investigators who are Involved in solute transport modeling 
since they need a general chemical model with a fixed data 
base. An internally consistent data base can be obtained 



Table I 
General Information 

Progran 
Name 

Language 

Computers 

Mum6er o f 
Cards 

P r lea ry 
Referencels 

Secondary 
Referencels 

Ava i lab le2 
Froa 

EOUIL 

FORTRAN 

UKIVAC 

nio 

3300 

(32) 

(33) 

B. F r l t i * 

E03 

FORTRAN 

COC 
6 4 0 0 / 6 6 0 0 

7600 

3048 

(37) 

(43.44) 

T . J . 
Vo le ry* 

(^OCHEH 

FORTRAN 

IBM 
3 6 0 / 5 0 

3630 

(50) 

(85) 

S.y. 

Mat t igod* 

Sposi to* 

lONPAIR 

FORTRAN 

IBM 
370/ 
U S I I 

606 

(47) 

(87,88) 

J . 
T h r a l l -
k i n * 

MINEQL2 

FORTRAN 

COC 
CTBER 

74 

1500 

(60) 

(85) 

M.R. 
Ho f f -
u n n * 

MIRE 

FORTRAN 

IBM 360 

420 

(16) 

(86) 

C R . 
Koldren 
J r . * 

MINEOL/ 
REOE0L2 

FORTRAN 

IBM 370 

150O 

(50) 

(85) 

F.M.M. 
Morel 
R.E. 
McDuff* 

IE0EQL2 

'ORTRAN 

COC 
CYBER 

74 

4 0 0 0 

(JO) 

(85) 

M.R. 
Ho f f 
man* 

SEAMAT 

FORTRAN 

COC 6 4 0 0 
IBH 360 
IBH 3 7 0 
IBM 7094 
DEC 10 

184. 

( 4 5 ) 

G . M . 
L a f o n * 

SOLMNEQ 

PL/1 

IBM 370 

2000 

(36) 

R.L. 
Basse t t * 
Y.K. 
Kharak«3 

WATEQF 

FORTRAN 

IBM 3701 

1857 

(34,35) 

(381 

L . N . 
P l u n d e r * 

WATEQ2 

P L / 1 
( op t l s iU Ing ) 

IBH 37U 
Honeywell 
60/68/80 

3000 

(34,35) 

(40) 

J.W. 
B a l l * 
E.A. 
Jenne* 

WATSPEC 

FORTRAN 

ICL 19U3 
IBM 370 

423 

'il> 

(42) 

Geo 
Ab
s t rac t s * 

SIAS/ 
COMICS 

FORTRAN 

IBM 36U 

253 

(25) 

(26) 

t . n . 

r ior.Dca* 

IWATEQF Is also available for use on 
tables are 
Cast AngI 

I ? d l ^ ? n . i ' ' ^ M [ ' ' « ; " . T J" ""i/i*^ 1110 coinputer by contacting M.M. Reddy. Zcoauthors who contributed data given In this and subse<,«nt 
1. i ^ r L i r l y ^ i S i r " V - . " • ^ • fS^'^S'^Sl ^ • " " " ' - " ^ H l W H e l O "O'f. Henlo Park. M 94025. <Geo Abstracts Ll.=lted. University of 
1«. Morwich HR4 7TJ. England; price 11..70. WATSPEC calculations on subsequent tables were contributed by T.M.L. Wigley. 
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0 0 

Program 
Name 

Elementsl 

Aqueous Sp. 

Gases 

Organics 

Redox Sp. 

Minera ls 

A c t i v i t y 
C o e f f i c i e n t s ^ 

Temperature 
Range "C 

Pressure 
range 
bars 

I t e r a t i o n 
•nd con
vergence 
•e thod 

EQUIL 

20 

93 

3 

0 

9 

120 

B-dot 

0-300 

V 

e x p l i c i t 
equat ions 

F'reih Water ' 

Seawater' 

<10 

<30 

1 

E03 

18 

140 

8 

0 

14 

130 

. B-dot 

0-300 

t o steam 
sa tu ra 
t i o n or 
SOO bars 

Monotone 
sequences 
and secant 
oethod 

S 

s 

GEOCHEM 

44 

2000 

2 

889 

20 

185 

D a v i e s 
or B-dot 

2S 

1 

Mewton-
Raphson 

-
156 

lONPAIR 

8 

26 

1 

0 

0 

S 

COH 

0-25 

1 

Free Ion 
m o l a l i 
t i e s by 
d i f f e r e n c e 

7 

-

HINEQL2 

38 

* 
« 
« 
* 
« 

Davies 

25 

1 

Newton-
Raphson 

t 

t 

Table I I 
Descr ipt ive Program 

MIRE 

11 

49 

0 

1 

Q 

var iab le 

EOH 

25 

1 

continued 
f r ac t i on 

1 

S 

MINEQL/ 
REDEQL2 

. 

. 
• 
« 
• 
• 

Davies 

25 

1 

Newton-
Raphson 

t 

t 

Features 

REDEQL2 

44 

266 

2 

35 

24 

154 

Davies 

25 

1 

Newton-
Raphson 

32* 

57» 

SEAWAT 

7 

23 

1 

0 

0 

v a r i a b l e 

B-dot 

0-100 

1-1000 

cont inued 
f r a c t i o n 

-
4 

SOLMNEQ 

24 

181 

3 

10 

12 

158 

B-dot 

0-350 

1-1U00 

con t l n jed 
f r a c t i o n 
fo r anions 
only 

7 

11 

WATEQF 

19 

IOS 

3 

U 

8 

lUI 

B-dot or 
Davies 

U-1U0 

I 

c o n t l n j e d 
f r a c t i o n 

1 

4 

WATEU2 

29 

22U 

3 

12 

12 

3U9 

B - d o t o r 
D a v i e s 

0 - 1 UU 

1 

cont ln jed 
f r a c t i o n 

2 

4 

WATSPEC 

16 

69 

2 

0 

6 

40 

B - d o t o r 
D a v i e s 

0 - 1 UO 

I 

conttnied 
f r ac t i on 

1 

i 

SIAS/ 
COMICS 

• 

* 
• 
• 
• 
• 

•« 

2S 

1 

brute 
force 

t 

29 

' txcluding those of water. ĈOH - extended Oebye Huckel, B-dot 
'Number of I t e ra t ions where one I terat ion i t defined as one pass 
"Constant Ionic medium, tdepends on In i t i a l guess by user . 

- extended Debye Huckel with added B'l term. Davies - Oavles equation. 
through the mass action equations of the aqueous model. *depends on dati base. 
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OIV CaCEMICAL MODEUNC IN AQUEOUS SYSTEMS 

R i v e r Wat^^ 

Spec ies 

Na 
K 
Ca 
Mg 
SI 
HCO;** 
Cl ^ 

B"' 
Br 
I 
F 

NOJ 
NO 

reh i l 
F e l l l l ) 
Mn 
Al 
Zn 
Cd 
Hg 
Pb 
Cu 
Co 
Nl 
Cr 
*9 
Mo 
A) 

"of 
£h (V) 
DOC 
T'C 
pH 
Density 

mg/l 

12. 
1.4 

12.2 
7.5 
3.52 

75.2 
9.9 
7.7 
0.050 
0.006 
0.0018 
0.10 
0.210 
0.898 
0.DI9 
0.144 
0.015 
D.0007 
0.0044 
0.005 
0.00049 
0.0001 
0.00001 
0.00003 
0.0005 
D.DOOS 

o.ooie 
O.0O05 
0.00004 
0.00D5 
0.002 
0.002 

10.94 
• 0.440 

2.5 
9.5 
e.oi 
1.00 

s p e c i e s 

Ca 
Kg 
Na 
K 
Cl 
SO, 
Al{«1.'» 
Br 
Sr 
S 

r̂  
Ba 
I 

NO, 
NO, 
NH| 

Mn 
Al 
Zn 
Cd 
Kg 
Pb 
Cu 
Co 
Nl 
Cr 
Ag 
Sb 
Ho 
As 
L i 
Rb 
Cs 
DO 
Eh (Yj 
T'C 
pH 
Density 

Table U I 
Test Case Oata 

. . . s e a f » ' - * 
—— —" s e f l r 

mg/kg t o l n 

412.3 
1291.6 

1076B. 
399.1 

19353. 
2712. 

141.682 
67.3 

8.14 
4.45 
4.28 
1.39 
0.02-
0.062 
0.06 
0.29 
0.02 
D.03 
U.002 
0.0002 
0.002 
0.0O49 
0.0001 
0.00003 
0.00005 
0.DOD7 
0.00005 
D.0017 
0.0003 
0,00004 
0.00033 
0.005 
0.004 
0.181 
0.117 
0.0004 

0.500 
25.0 
6.22 
1.02336 

muoi/kg H7O 

10.6617 
55.08565 

485.4435 
10.5794 

565.7625 
29.2615 

2.40659 
0.87294 
0.096285 
0.42655 
0.073828 
0.075829 
0.000151 
0.0005064 
0.000655 
0.004847 
0.000451 
0.00172 
0.0000371 
0.00000377 
0.0000766 
0.00007768 
0.000000922 
0.000000155 
O.OOD0002SU 
0.0000114 
0.000000879 
0.00002056 
0.00000598 
0.000000384 
0.000002809 
O.0Q0Q54U 
0.0000553 
0.027027 
0.0014168 
0.00000312 

mmol/l 

10.5272 

mS/l 

121.931 
54.39113 1321.976 

479.3230 11019.54 
10.4461 108.423 

556.6293 19805.09 
28.8926 2775.35 

2.37625 
0.86194 
0.095071 
0.42127 
0.072897 
0.074873 
0.00U149 
0.0005000 
0.000647 
0.004766. 
0.000445 
0.0017U 
0.0000366 
0.00000373 
0.0000759 
0.00007670 
0.000000910 
O.OOUU00153 
0.000000247 
0.0000112 
0.000000868 
0.00002030 
0.00000590 
0.000000379 
0.000002774 
0.0000533 
0.0000546 
0.026686 
0.0014009 
0.00U003IB 

44.992 
68,872 

6.3302 
4.5540 
4.3800 
1.4225 
0.0205 
0.06345 
0.0614 
0.2966 
0.0205 
0.0307 
0.00205 
0.000205 
U.00205 
0.005014 
0.000102 
0.O0U03U7 
0.0000512 
U.OU0716 
0.0000512 
0.001740 
0.000307 
0.0000409 
0.0003377 
0.0U512 
0.000409 
0.18523 
0 . I I973 
0.00409 
6.6 

GFW 

40.06 
24.305 
22.9898 
39.0983 
35.453 
96.0576 
61,0171 
79.904 
87.62 
10.81 
60.0843 
18.9964 

137.33 
126.9045 
94.9714 
62.0049 
46.0055 
18.0383 
55.847 
54.9380 
26.9815 
65.38 

112.41 
200.59 
207.2 
63.546 
58.9332 
58.71 
51.996 

107.668 
121.75 
95.94 
74.9216 
6.941 

85.4678 
132.9U54 

•Dr lg ln i t data i r« In ppa, except total t i t r a t i o n a lka l in i t y which I t 2.322 aeq/kg to ln . Al l other u n l t l 
M i t been derived I r w these values u s U ; : density • g/cc, sa l in i ty • 35.. /oo, kg soln/kgH^O • 
1,0}6427}|, and the values of Grai Fonula Weight given. The derived units are given to a>o additional 
t l ; n l f l c a n t f igures. * *T l t ra t lon a lka l in i t y ai HCOJ. ' Total t i t r a t i o n a lka l in i t y I t 2.322 neg/kg soln, 
( i p r t t i e i l here as HCO;. The total t i t r a t i o n a l ka l i n i t y Includes carbonate at well as non-carbonate a l k a l i n i t y . 
In i t tad of total a l ka l i n i t y , the Input may be expressed as total Inorganic carbon which Is 2.022 mo l / kg saln.or 
123.377 ppa, U(.2S9 a g / 1 , 2.06924 m o 1 / 1 , 2.09566 mol/kgH.O, ts HCO:. Alternat ively to ta l Inorgintc cirbon 
•1} he t iprctsed t i H-CO! (H.COt • K.CO: • CO;) • K O : l t o t a f ) * CO i ' l t o t a l ) . In this case, H.Co! I l 

% 0.)«2030 ppa, 0.1S936( I i j / l , ' 0 . d l 2 2 t i 9 A w l / l f 0.0123992 mol/kgH.O: IC0 ; l to ta l ) I t 109.469 pPa,'* 
112.026 a g / l , 1.83S98 m o l / l , 1.S5942 BMl/kgHjO; and CoS' l tbtal I ' l t 12.9598 ppa, 13.2625 a g / l , 
0.22122B a n o l / l , 0.223831 BwlAgHjO. ' ' 

38. NORDSTROM CT AL. Comparison of Computerized Chemical Models 871 
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table V • j:̂  

p(m), - Log Molality, of Selected Minor Species in River Water Test Case 

PROGRAM EQUIL EQ3 lONPAlR 

Cr3+ 

Mn2+ 

MnOH+ 

MnSO^ 

Fe2+ 

FeOH+ 

Fe3+ 

Fe(OH)j 

Ni2+ 

NICO^ 

Cu2+ 

Cu(OH)° 

Ag* 
AgHS* 

2n2+ 

ZnCO| 

Zn(HS)J 

C<J2* 

CdOH+ 

-

7.100 

-

9.166 

6.711 

7.075 

19.04 

-

-

-

10.15 

-

-

-

8.131 

-

-

-

-

-

8.205 

11.403 

10.383 

6.639 

7.428 

16.212 

8.072 

-

-

8.763 

-

9.660 

-

8.129 

- • 

-

-

-

IINEQL2* 

20.02 

7.14 

9.28 

9.18 

15.18t 

15.82t 

20.88t 

10.44t 

7.59 

-

9.67 

13.68 

-

-

8.15 

-

-

9.10 

10.15 

MIRE 

7.138 

9.804 

9.213 

6.896 

6.855 

. 

-

_ 

-

_ 

-

_ 

-

. 

-

-

_ 

. 

REDEQL2 

16.15 

7.13 

9.28 

9.18 

15.18t 

15.83t 

20.640t 

10.35t 

7.93 

7.76 

10.42 

13.22 

15.51 

-

8.48 

8.51 

-

9.41 

11.46 

SOLMNEQ 

7.099 

_ 

9.289 

8.389 

26.711 

25.811 

18.172 

_ 

-

14.772 

-

9.651 

-

7.129 

-

-

. 

WATEQF 

. 

7.119 

10.264 

9.864 

12.167 

14.257 

17.635 

6.989 

. 

. 

-

-

. 

. 

. 

-

-

. 

_ 

WATEQ2 

. 

7.119 

10.347 

9.864 

6.579 

8.669 

18.596 

8.34U 

8.892 

7.539 

11.293 

9.045 

15.891 

9.432 

8.SU4 

8.720 

8.790 

11.612 

12.651 

WATSPEI 

_ 

. 

-

11.953 

13.860 

17.408 

7.028 

. 

-

^ 

-

_ 

_ 

_ 

-

-

. 

p 
r 
2 o o 

o 
2 
> 
/O 

.-fT:"iaF»»^^^»w«.»rî ,? î̂ ..̂ ---̂ -̂t̂ -:̂ tr>~' grf'.r-.^ti^..- g-<-

CdHS* 

Hg2+ 

Al3+ 

Al(OH)^ 

Pb2+ 

PbOH+ 

PbC0| 

NO3 

NH-*̂  

PO^-

HPO|-

H^PO^ 

HAsO|-

H2ASO4 

S2-

HS-

H^S-

-

-

15.69 

7.090 

9.845 

-

-

4.839 

5.098 

10.03 

5.818 

6.694 

-

-

- • 

-

-

-

16.875 

13.697 

6.732 

14.380 

-

9.839 

-

-

-

-

-

-

-

17.140 

7.268 

8.076 

9.078 - » 

z 
§ 

4.84 

21.07 

17.49t 

8.66 

12.07 

11.21 

9.89 

-

5.14 

11.41* 

7.07t 

7.78t 

-

-

_ 

. 

. 

-

_ 

-

_ 

-. 

-

-

-

-

5.773 

6,654 

-

-

_ 

-

. 

20.15 

17.164t 

8.37t 

11.93 

11.68 

9.86 

-

5.13 

11.40t 

7.16t 

e.06t 

. 

-

. 

_ 

41.872 

13.598 

6.765 

9.843 

. 

-

4.839 

5.105 

10.189 

5.813 

6.622 

13.990 

15.046 

16.489 

7.299 

8.071 

-

13.908 

6.741 

-

-

-

4.839 

5.106 

10.156 

5.793 

6.625 

-

-

12.613 

7.288 

8.146 

-

15.565 

8.406 

11.749 

10.378 

10.025 

4.839 

5.1U6 

10.156 

5.793 

6,625 

7.595 

8,885 

12.870 

7.544 

8,403 

-

14.77B 

6.733 

. 

. 

-

4,839 

10.392 

-

-

-

-

-

12,615 

7.288 

8.146 

o 
2: 
El 
> 
r 

O o 

• I 
3-o 
3 

? 
3 
•a 
c 
n 
2. 

8 
o, 
o 

I - . . . 7.785 - 7,86 " - - - ^ 
•Calculated at 25*C. tMiHEQL2 and RE0EQL2 resu l ts were calculated (n such a way that the solut ion was equi l ibrated | -
Mlth supersaturated phases. P.'Ca, Fe, Al and SI species are not exactly comparable to the same species from the a_ 
other programs because of th is equi l ib ra t ion process, and, of course, a l l species have been affected to some degree. ^ 

5 
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Table VI 

p(m), -Log M o l a l i t y , of Selected Majol- Species in Sea Water Test Case 

§ 

MINEQL/ . 

PROGRAM EQUIL EQS GEOCHEM K+K* HINEQL2 MIRE REDEQLZ REDEQL2 SEAWAT SIAS SOLMNEQ WATEQF WATEQ2 WATSPEC 

C a 2 * 

CaSOJ 

CaHCOJ 

CaCOj 

CaCl + 

Mg2* 

MgSO* 

MgHCO* 

MgCO* 

MgC1 + 

Ha* 

NaSO^ 

HaHCOJ 

K* 

KSO^ 

C l -

so|-
HC03 

"§-
B(0H)5 
B(0H)^ 

B r -

2 ,013 

3.062 

4 ,261 

4 ,636 

-
1,304 

2 . 3 0 5 

3.777 

3 ,619 

-
0 .336 

1.964 

3 .873 

1.982 

3 ,839 

0 ,257 

1,906 

2 ,884 

4 ,419 

3 ,435 

4 ,226 

. 

2,027 

2 ,928 

4 .234 

4 .540 

-
1,319 

2 . 1 7 5 

3 ,554 

3 ,940 

-
0.320 

2 ,208 

. 
1,983 

3 ,748 

0 ,247 

1.823 

2 .816 

4 , 3 7 1 

-
-
. 

2.21 

3.12 

4 ,48 

4 ,59 

2,46 

1.46 

2 .47 

3.83 

4.14 

1.79 

0 ,41 

1,94 

3,40 

2 ,04 

3.76 

0 , 3 3 

2,11 

2,87 

4 .48 

3.51 

4 , 2 3 

3 ,06 

2 .024 

3.046 

4 .504 

4 .755 

-
1.328 

2 . 1 9 0 

3 ,405 

3 ,745 

-
0 ,328 

2 ,286 

3.466 

2 ,007 

3 .802 

0 , 2 5 

1.804 

2 ,792 

4 ,622 

. 
-
-

2 . 1 2 t 

3 .00* 

4 , 9 2 * 

5 , 3 0 t 

-
1,34 

2 , 1 1 

4 ,14 

4 ,32 

-
0 ,34 

2 .18 

-
2 . 0 1 

3 .45 

0 . 2 5 

1 .91* 

3 .56 

4 . 9 1 

3 .49 

4 , 0 6 

3.07 

2.074 

2,744 

4.366 

4 ,734 

-
1,322 

2 .299 

3.676 

3.684 

. 
0.335 

2.716 

3.851 

2 .000 

3,789 

0 .265 

1.836 

2.815 

4 ,415 

-
-
-

2 .03 

2 .97 

4 .26 

4 . 6 3 

-
1,33 

2 .17 

3 .60 

3,67 

-
0 , 3 3 

2 ,20 

3 ,84 

1,99 

3,67 

0 . 2 5 

1.84 

2 .90 

4 ,46 

3 .45 

4 , 2 0 

-

2 , 1 1 * 

3 .00* 

4 , 8 4 * 

5 .30* 

-
1,34 

2 . 1 3 

4 , 0 6 

4 , 3 2 

-
0 ,34 

2 ,19 

-
2 , 0 1 

3 ,46 

0 , 2 5 

1,89!' 

3 .39 

4 , 8 9 

3 ,48 

4 , 1 0 

3 ,07 

2 , 0 5 3 

2 , 7 6 4 

4 , 2 4 2 

4 . 7 1 5 

. 
1.347 

2 . 0 0 8 -

3 .588 

4 . 1 2 1 

. 
0 . 3 2 1 

2 ,107 

-
1.981 

3 ,916 

0 , 2 4 7 

2 , 0 0 9 

2 . 8 0 8 

4 , 3 6 9 

-
. 

3 ,059 

2 .058 

2.781 

4 ,285 

4 ,365 

-
1,357 

2 ,080 

2,684 

4.664 

. 
0,314 

-
-

1,976 

. 
0 ,253 

1,723 

-
5,507 

. 
-

3.065 

. 2 . 0 1 3 

3 .056 

4 .261 

4 .635 

• . 
1,299 

2 , 3 6 0 

3.834 

3,689 

. 
0,336 

1,965 

3,860 

1,982 

3.871 

0 .256 

1.881 

2 .885 

4,484 

3 ,506 

4 .234 

_ 

2 .024 

2 .940 

4 ,481 

4 .649 

. 
1 , 3 1 1 -

2 , 2 3 5 

2 ,655 

4 .045 

_ 
0,32U 

2 ,178 

3 .785 

1,983 

3 .768 

0 ,247 

1,811 

2 .825 

4 ,422 

3 .430 

4 ,257 

3,U59 

2 ,025 

2 .938 

4,44y 

4,616 

-
1,312 

2 ,222 

3.624 

4 .014 

. 
U,32U 

2 ,195 

3,752 

1,983 

3 ,766 

0 ,247 

1.U08 

2 .836 

4 ,566 

3 ,431 

4 , 2 5 5 

3.US9 

2 ,023 

2,947 

4.46S 

4 .665 

. 
1.310 

2 .241 

3 ,597 

4.U62 

-
0 .323 

2.146 

3.B07 

1,985 

3,736 

0 ,249 

1,822 

2 ,845 

4 ,443 

3,4H1 

4.U15 

3.Ub» 

Q 
S 

z 
0 
r j 

0 

5 
> •0 

c 
in 
cn 

1 

^̂ ^̂ 'sjyrfs -S--r-*r-*^tf^y;if: 

F-

MgF* 

Sr2* 

H^SiOj 

H+ 

OH-

lonic 
Strengh 

4 .228 

4 ,792 

4 . 0 1 6 

4 ,155 

8 .125 

5.603 

-
-
-

4 ,159 

8 ,126 

5,606 

4 .36 

4 .53 

4 . 2 8 

4 ,16 

8 ,15 

5.65 

-
-
-
-

7,966 

6 ,038 

4 .39 

4 .56 

4 , 1 3 * 

4 .19* 

-
5.46 

0.663 0.6772 0.5298 0.65 

5.552 

0.65S 

4 . 3 8 

4 . 5 8 

4 . 1 1 9 * 

4 . 1 7 * 

-
5.54 

. 
-
-
. 

8 . 0 9 5 

5 .613 

0,65 0.659S 

4.411 4,379 

4 .464 

4 . 0 4 5 

4 ,161 

8,125 

5.601 

4.41U 

4 .442 

4 . 0 1 6 

4 , 1 4 5 

8.U93 

5 .660 

4 .410 

4 , 1 4 3 

4.U16 

4 ,14b 

8.093 

b.t i6u 

. 
-

4.U16 

4 , U 7 

8.U9U 

5.571 

0.6662 0.6801 0.679y 0.677U 

•Karpov and Kaz'min (1972) using Gibbs f ree energy minimizat ion on a s i m i l a r seawater. *MINEQL2 and REDEQL2 r e s u l t s were calculated In 
such a way tha t the s o l u t i o n was e q u i l i b r a t e d w i th supersaturated phases. S I , A l , Fe, Ca, Sr, Ba, Zn SO., and PO, species are not 
exac t l y comparable to the same species from the other prograras because of t h i s process, and, of course, 311 species have been af fected to 
some degree. 
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T a b l e V I I 

p ( m ) , - L o g M o l a l i t y , of S e l e c t e d M i n o r S p e c i e s 1n S e a w a t e r T e s t Case 

PROGRAM EiJUIL EQ3 GEOCHEM MINEqL2 HIRE HEDEqL2 SIAS SOLHHEg WATEQF WATEQ2 WATSPEC 

'3 

4 . 5 7 3 4 , 5 7 3 4 . 5 7 3 

5.848 

8.506 

Li* 4,572 - 4.66 - - - - 4.568 

Bb* - - 5,87 - - - -

CS+ - - 6,55 - - - . . 

9,2+ - - 6.93 8,03* - 8 .01* - 6,857 6.821 6.821 6.821 

Cr3* - - 25.63 28.34 - 24.55 - - , _ . 

m ^ * 8.456 9.287 9.33 8.96 3-592 8.94 _ - 8.478 8,654 8.654 

MnCl* - - 10.26 8.74 9.067 8.7S . 29.376 B.SBti ' 8,881 

Fe3* • 18.740 17.466 22.94 20.71* - 20.26* - . j ^ g g y 1.7.897 17,714 

F e ( 0 H l | - - • 11.28 17.10* - 24.14* . . ^ ^ ^ ^ 3^^^^ ^ ^ ^ ^ • 

F e t o m i - 7.439 12-41 9 .96t - 9.94* . . ^ g g , ^ ^^^ ^ ^ g S 

N)Z* - - 9.23 7.77 - 7.92 7.834 - , 8.013 _ | 

H1C1' - - 9.74 - - 8-10 - . 9-335 
H1C0' - - _ 7 . 9 1 - S-75 - 8.61 - . _ j _ ^ ^ ^ _ ^ 

Cu2* i3- lS2 9.0S6 11.21 11.35 - 11.32 9.579 .- _ ^ Q ^ ^ ^ _ g 

CutOHi; - - 12.40 3.22 - 9 .06 - . _ ^[ggg | 

CuCO' - - 10-01 10.82 - 10.80 - , _ g ^^g _ • o 

Ag+ - 14.797 16.79 16,82 - 16.79 - 14.477 . 14.354 , 2 

A g C l | - - 9-517 12.48 12.08 - 12-05 - 5,617 _ g 53^ _ > 

2n2+ 7.323 7.346 8.35 7,74* - 8,06* 7.690 7,321 . "̂  

ZnCO^ -r - 7.33 - - 8.95* -

Cd2* - - 11.11 10.59 - 10.70 10-606 

CdEl* - - 9.99 9,47 - 9.41 - , _ 

7.547 - g 

7.894 - ^ 

11.257 - rf 

9-371 

Al3* 15.963; 16.076 16.37 16.67* 16.IS* 

Al iOH) ' 7.6O0' - 7.72 - - 7.58* 

A1(0H)= 7.287 7 . U 4 7.25 7.53* - 7-3Z* . lO.SU ^ ^ ^ 5 ^ ^ 5 9 7.114 S 

pbZ* 10.446 13.746 11.68 

PbCl£ 10.380 13.591 11.41 - - - - 0,372 , II.017 - p 

pbCO| - 9-602 10.09 

NO3 5.315 - 5-30 - - - . . 5_3i5 ^^3^^ 5 3 ^ 5 

P03- 9,979 - 10.48 U . 3 i + - 11.7S* n 
o 
3 

6,858 - 7.02 8-48* 6.673 e , « * - fi.ssj g ggQ K gnfl . "« 8.474 - 8,49 9-93* 8.295 lO.K* 
HPO|-

As03- - - 11-01 • -

HAsoJ- - - 8.45 
I - - - 6-30 6.30 - 6.31 

23.42£ 

9-%5 

19.277 

-
10-sii 
ig.az 
0-372 

9-7*2 

-
10.126 

6.S57 

e.«i 
-
-
-

_ 
_ 

15.956 . 

-
7.115 

-
-
-

5.315 

10.482 

6.989 

8.382 

. 
-
. 

_ 
_ 

. 16.091 

7.665 

7.259 

11.335 

11-017 

9.743 

5.314 

10.480 

6.988 

8-381 

10.007 

7,264 

6.Z96 

16.996 

ases. tMlNEQL2 and REDEQL2 r e s u l t s were e a l c u a l t e d In such a way U ^ t the aolution «,s ea;11fbrated with supersaturated ph, 
S I , A l . Fe , Ca, Sr . Ba. Zn. SO., and PO, species are not e « : t 1 y comparable u -% saiive species from the other prSgrams 
because of t h i s process , and of c o u r s e , a l l species have beer affected to s-jn; * j - e e . 

S 

CdCl" - - 9-94 9-34 - 9.46 - - . g^jgg 

Hg2t - . 23-310 

HgCLj - 9-816 " , " " " " 9-965 - - ' " - | 

p 

Cl 

3 
ts 
E: 
ra 

f 

^ 
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Table VIII 

Activity Coefficients of Selected Major Species In Sea Hater 

PROGRAM EQUIL Eq3 HIRE SEAWAT SOLMHEQ MATEQF WATEQ2 

Ca2+ 

CaSO^ 

CaHCO,* 

CiCQ^ 

Mg2+ 

MgSOj 

MgHCOj 

MgCOj 

Ha* 

•HaSO^ 

NaHCO| 

K+ 

KSO^ 

ci-
soj-
HCO; 

co | -

B(0H)5 

B(OH)J 

Br-

F-

HgF* 

Sr2+ 

"4SI0; 

H* 

OH-
! oni e 
Strength 

0.245 

1.172 

0.714 

1.172 

0.315 

1.172 

0.671 

1.172 

0.671 

0.683 

1.172 

0.626 

0.550 

0.627 

0.618 

0.690 

o.iee 
1.172 

0.671 

-
0,650 

. 
0.207 

1.000 

0,804 

0.650 

0.S63 

0.245 

1.000 

0.714 

1.000 

0.315 

1.000 

0.670 

1.000 

0.670 

0.682 

-
0;62S 

0i647 

0.626 

0.167 

0.690 

0.187 

-
r 

-
-
. 
-
-

0.805 

0.649 

0.677 

0,231 

0.507 

0,589 

1.123 

0.296 

1^23 

0.589 

0.387 

0.631 

0.539 

1.123 

0.589 

0.589 

0.589 

0.I5B 

0.631 

0.195 

-
-
-
it» 

-
-

1.123 

-
0.S39 

0.655-

0.245 

1.150 

0.669 

1.160 

0.314 

i.iso' 
0.669 

1.150 

0.688 

0.669 

1.150 

0.625 

0.669 

0.625 

0,167 

0.669 

0.190 

-
-

0.625 

-
-
-
-

0.750 

0,635 

0.660 

0,244 

1.180 

0,737 

1.180 

0.253 

1.180 

0.670 

h lSO 

0,670 

0.720 

1.180 

0.626 

0.720 

0.626 

0.167 

0.72Q 

0.222 

1.180 

0,605 

-
0.649 

0.689 

0.207 

I.IBO 

0.804 

0,649 

0.666 

0,249 

1.170 

0.747 

1.170 

0.289 

1.170 

• 0,747 

1.170 

0.706 

0.747 

1.170 

0.622 

0,747 

0.622 

0.181 

0,675 

• 0.207 

• 1.170 

0.747 

0.747 

0.747 

0.747 

0 .3U 

1,170 

0.747 ' 

0.747 

0.680 . 

•0.249 

1.170 

0.747 

1.170 

0.286 

1,170 

0.747 

1.170 

0.706 

0*747 

1.170 

0,622 

0.747 

0.6ZZ 

0.181 

0,747 

0.311 

1.170 

0.747 

•0.747 

0.747 

0.747 

0.311 

1.170 

0.747 

0.747 

0.680 
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through the approach offered by Haas and Fisher (22.) but I t 
w m take some t-tme to compile and evaluate the appropriate 
data. In the meantime the lack of carefu l ly evaluated ther
modynamic data w i l l continue to be the most serious l im i ta t i on 
fo r any type of chetnical modeling. 

Th i rd ly , another corol lary of the f i r s t l i m i t a t i o n . Is the 
Inconsistency and inadequacy of ac t i v i t y coef f i c ien t equations. 
Some nwdels use the extended Delbye-Huckel equation (EDH), 
others the extended Debye-Huckel with an additional l inear term 
[B-dot, 78, _7ii snd others the Davies equation (some with the 
constant~TF.2 and some with D.3, SO). The ac t i v i t y coef f ic ients 
given In Table V I I I for seawater'~show f a i r agreement because 
seawater ionic strength is not far from the range of appl icabi
l i t y of the equations. However, the accumulation of errors from 
the consideration of several ions and complexes could lead to 
serious discrepancies. Another related problem is the calcula
t ion of ac t i v i t y coeff ic ients for neutral complexes. Very 
l i t t l e re l iab le information is available on the ac t iv i ty of 
neutral ion pairs and since these often comprise the draflinant 
species in aqueous systems their ac t i v i t y coeff ic ients can be an 
important source of uncertainty. 

The fourth l im i ta t ion is the assumption made about the 
redox state of aqueous systems. The d is t r ibu t ion of redox spe
cies depends on what redox potential is assumed tp dwninate the 
chemical equil ibrium. The possible al ternat ives include the 
Fe2+/Fe3-^ couple, the s2-/S02- couple, the On/HnO couple, the 
0,/H,Oj couple, the NO;MH+ gouple and the redox, potential 
mlasDrid with a platinom eTectrode. The wide range of values 
fo r i ron, manganese, chromium and arsenic species is part ly .due 
to the inherent redox assumptions. To examine how d i f fe ren t 
redox controls affect the d is t r ibut ion of species while other 
factors are kept constant, several redox options were computed 
on WATEQ2 for both test cates. These results are shown in 
Table XI . The redox elements, iron and arsenic, can be d i s t r i 
buted according to several imposed redox potent ials given total 
concentrations of iron and arsenic. Ferrous and fe r r i c ions 
along with the two dominant forms of oxidized and reduced arse
nic were computed by a l l the possible redox options. The range 
of concentrations of these species is several orders of magni
tude and includes most of the values l i s ted In Tables V and 
V I I . I f the application of a chemical model Is to Interpret 
natural water chemistry. Including redox reactions, then 
individual redox elements such as tota l ferrous and total 
f e r r i c should be analyzed separately when, possible rather than 
assuming that they can be distr ibuted according to some other 
equi l ibr ium. Homogeneous redox equil ibrium may not be often 
obtained in real systems {81} and imposed redox equ i l ib r ia may 
not represent a rea l i s t i c 'HTstribution of species. 

A f i f t h factor Is the total number of complexes con
sidered by an aqueous model. I f one model has 2 or 3 times as 
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Table XI 
Variations in the distribution of selected redox species 

lin ptm)) caused, by changing the imposed redox potential. 

River Water Test Case 

Imposed Redox 
Potential 

Pt Eh 

O2/H2O 

s2-/sof-

Fe2+/Fe3+ * 

Pt Eh 

•O2/H2O 

O2/H2O2 

KO3/NO2 

NOj/NH* 

Implied 
Eh(voltsl 

0.440 

0.783 

0.141 

0.445 

0.328 

-0.532 

0.073 

Fe2+ 

11.78 

•' 17.89 

6,81 

11.87 

9.78 

6.56 

6.58 

Seawater Test Case 

0.550 

0.731 

0.133 

0.390 

13.94 

17.85 

7.94 

12.08 

Fe3* 

17.25 

17.25 

17.61 

17.25 

17.25 

29.36 

18.50 

17.90 

17.90 

18,09 

17,90 

HgAsOl 

25.80 

38.03 

15.14 

25.98 

21.81 

7.59 ' 

12,72 

29il7 

36.98 

16,76 . 

25,45 , 

HAeOj-

• 7,60 

7.60 

./ 7.60 

7.60 

7.60 

24.04 

; 7.60 

7.26 

7.26 

7.26 

7,25 

0.269 10.04 17.90 21.36 7.26 

many metal-ligand complexes as another model then i t w i l l have a 
lower concentration of free l igand, assuming negl igible d i f 
ferences in the data base. For example, the inclusion of the 

.calcium and magnesium chloride complexes by GEOCHEM tends to 
lower the free calcium, magnesiura and chloride ion con
centrations below those of the other models. 

A sixth source of di f ference, which was unavoidable In 
preparation of the test cases, is the various ways each program 
handles the carbonate system.. From a practical standpoint, 
the inorganic carbon system of natural waters is usually deter
mined from the t i t r a t i o n a l ka l i n i t y . Because the t i t r a t i o n 
a lka l in i ty includes'both carbonate and non-carbonate a l k a l i 
n i t y , the t i t r a t i o n a lka l in i t y must-be corrected for non
carbonate a lka l in i t y , - Most models correct for the presence of 
HjBO^ and H^SiOj but many other minor species should 
bl considered arid there is no general agreement as to the pre
cise correction for non-carbonate a l ka l i n i t y . In devising the 
correction used or ig ina l ly in WATEQ, Truesdell and Jones also 

38. NORDSTROM ET AL. Comparison of Campuierized Chemical Models 883 

considered the poss ib i l i ty that some non-carbonate a l ka l i n i t y 
species were k ine t ica l ly slow to react in the t i t r a t i o n and 
thus were not included in the t i t r a t i o n a l k a l i n i t y . Even I f we 
could agree on which species to subtract from the t i t r a t i o n 
a l k a l i n i t y , the computed carbonate system is s t i l l dependent on 
the equil ibrium constants and ac t i v i t y coef f ic ients used by the 
model to compute the actual concentrations of non-carbonate 
a l ka l i n i t y species. 

Some aqueous nwdels accept only to ta l inorganic carbon 
rather than t i t r a t i o n a lka l in i t y or carbonate a l k a l i n i t y . For 
th is reason, the sea water analysis of Table I I I includes total 
inorganic carbon which was calculated from pH, tota l a l ka l i n i t y 
and sa l in i t y using the apparent sea water constants of Mehrbach 
et aV.(82) fo r the dissociation of carbonic acid and the boric 
acid dissociation constant of Lyman {831, as expressed by Li 
et a l . (84). ~ 

Certainly, there are differences in aqueous models In 
current use and,the carbonate calculations w i l l depend in 
part on whether the source of carbon data was total a l ka l i n i t y • 
or to ta l inorganic carbon from Table I I I . For example, using 
the program WATEQF and data in ppm from Table I I I , Table XI I 
compares some computed parameters of the carbonate system, of 
seawater using total a l ka l in i t y and tota l Inorganic carbon from 
Table I I I . • 

T a b l e XII 

Comparison of carbonate parameters computed by 
WATEQF in Seawater tes t Case 

Computed Total A lka l in i t y 
Parameter (- 141.682 ppm as HCOj) 

Total carbon (E) 2.1421 x 10-3 

1,4961 X 10-3 
3.7880 X 10-5 

-3.399 

Inorganic Carbon Data Source 

Total Inorganic Carbon 
{= 2.09565 X 10-3m} 

2.0957 X 10-3 

mHCOr 
mCO?-^ 
log-̂ P 

GOj 

SI ca lc i te 0,7418 

1.4636 X 10-3 
3,7057 X 10-5 

-3.409 

0.7323 

The differences shown in Table XI I are real ly quite small 
and well within the uncertainties of the thermodynamic data of 
the aqueous model. The close agreement shown in Table XI I 
Indicates that the carbonate system of WATEQF is reasonably 
compatibl6"with the apparent constants of Mehrbach e t a l . • • 
{%!) and Lyman (83^). However, in comparing results in the car-

'tonate system computed by other aqueous models, there is a 
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potential for differences depending on the compatibi l i ty of the 
equilibrium constants and ac t i v i t y coeff ic ients used, with the 
apparent constant approach for seawater. 

A seventh l imi ta t ion is the fact that not a l l of the 
aqueous models compute temperature corrections. The programs 
of the REDEQL school and those, used in analytical chemistry con
tain a data base of equilibriura constants at 25''C' and are not 
as rel iable at other temperatures. Since the r iver water test 
case was given a temperature of 9.5''C there w i l l be some d i f 
ferences between programs that correct for temperature and 
those that do not. The temperature correction can cause sub
stant ial changes in computed results when interpret ing the 
chemistry of natural waters because these systems .commonly vary 
both di urnal ly and seasonally over a. large range In teniperature 
and because many equilibrium constants are strongly tem
perature dependent. 

I f a i l of these l imi ta t ions were overcome., the aqueous 
models described, here should give consistent resul ts . To 
reeraphasize, the largest single source of discrepancy is the 
thermodynamic data base used by each model. This l im i ta t ion Is 
not apparent among the major species in a d i lu te solution but 
as. the ionic strenth Increases and/or the concentration of the 
constituent decreases, the discrepancies markedly increase. 
This problem becomes par t icu lar ly acute for trace elements 
where apparently small changes in equilibrium constants'or pH 
or redox potential or temperature may produce very large 
changes in trace element speciation. 

The effect of the thermodynamic data Is par t icu lar ly 
s t r ik ing from a comparison of saturation indices in .tables IX 
and X. The mineral showing the best agreement in both test 
cases is calci te which would be expected since i t s properties 
have been extensively studied, especially i n the marine en
vironment. Using the apparent constant method the SI of ca lc i te 
in seawater varies from 0.558 to 0,674 depending on the choice 
of data. The low value is that of Berner (9£) which is com
patible with the apparent dissociation constants for carbonic 
acid in seawater of Lymani(.83). The high value is from Ingle 
et a l , (88) which is eompatWl e wi th the dissociation con
stants oOehrbach e t a l . [8Z). In the r iver water test 
case gypsum SI values show very good agreement but for many 
other minerals there is considerable disagreement of one order 
of magnitude or more, SI values for several minerals show both 
supersaturation and undersaturation and these conditions are 
par t icu lar ly str ik ing for hydroxyapatite, goethite, hematite 
and kaol in i te . In the seawater test case gypsum does not show 
as good agreement as in r iver water with values ranging from 
-0,35 to -0.84. Many minerals again show more than an order of 
magnitude difference in SI values. From an examination of 
these tables i t should be clear that any interpretat ion of 
mineral saturation states in an aquatic environment depends 
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greatly on the chosen chemical model which. In tu rn , depends 
upon the r e l i a b i l i t y of the thermodynamic data base and any 
inherent assumptions of the behavior of e lect ro ly te solut ions. 

Summary 

In th is review over 30 computerized chemical models haye 
been described which can calculate the d is t r ibu t ion of species 
in an aqueous system at equi l ibr ium. Every computerized rrodel 
was developed for somewhat d i f ferent purposes and there is no 
general purpose inodel which can be used for a l l of the applica
t ions described in this report. However, an attempt has been 
made to point out the major differences between models as a 
guide to researchers interested in chemical modeling. The 
applications include t i t r a t i o n simulation, so lub i l i t y tes t ing , 
adsorption modeling, ion exchange modeling, and progressive 
mass transfer reactions in heterogeneous systems. Two hypothe
t i ca l test cases: a di lute r iver water analysis and a seawater 
analysis were run on a total of 13 d i f fe ren t prograins to deter
mine the d is t r ibut ion of species and the saturation indices for 
several rainerals. A comparison of these results demonstrate 
generally good agreement for the major species and rather poor 
agreement for the minor species. The major source of discre
pancy is the thermodynamic data base used by the various 
models. Other important l imi tat ions include the nuitiier of 
complexes in each nwdel, the form of the ac t i v i t y coef f i c ien t 
equation, the'redox assumptions, the form of the a l ka l i n i t y 
input and the non-carbonate a lka l in i t y correct ion, and tem^ 
perature and pressure corrections, the discrepancies in the 
test case results indicate that a great deal of caution must be 
exercised when'interpreting aqueous chemical equ i l ib r ia by a 
chemical modeling approach. More attent ion should be paid tb 
the assumptions of a model and a great deal more work is needed 
on the evaTuation of thermodynamic data in order to prov.ide a 
consistent set of values. 

Abstract 

A survey of.computer programs which are current ly being 
used to calculate the d is t r ibut ion of species In aqueous solu
t ions , especially natural waters, has been made in order to 1) 
provide an inventory of available programs with a short descrip
t ion of the i r uses, 2) compare the consistency of the i r output 
for two given test solutions and 3) ident i fy major weaknesses 
or problems encountered from thei r use. More than a dozen 
active programs which can be used for d is t r ibu t ion of species 
and ac t i v i t y calculations for homogerieos equ i l ib r ia among the. 
inajor anions and cations of natural waters have been inven
to r i ed . Half of these programs can also accept several trace 
elements including Fe, A l , Mn, Cu, N i , Zn, Cd, Pb, Ag, Hg, As, 
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Ba, Sr, and B. Consistency between programs was evaluated by 
comparing the Tog of the molal concentrations of free ions and 
complexes for two test solutions; a hypothetical seawater analy
sis and a hypothetical r iver water analysis. Comparison of 
the free major ion concentrations in the r iver water test case 
shows excellent agreement for the major species. In the 
seawater test case there is less agreement and for both test 
cases the minor species commonly show orders of magnitude d i f 
ferences in concentrations. These differences primari ly 
ref lect differences in the thermodynamic data base of each chemi
cal model although other factors such as ac t i v i t y coef f ic ient 
calculat ions, redox assumptions, temperature corrections, 
a l ka l i n i t y corrections and the number of compliexes used a l l 
have an af fect on the output-
Literature Cited 

2. 

3. 

4, 

5. 

6, 

7. 

8. 

9. 

10. 

n 

12, 

Leggjett, D, J. Machine computation of equilibrium concen
trations - some practical considerations, Talanta •.24•, 
535-542 (1977).. " 
Perr in, D.D. Recent applications of d ig i ta l computers In 
analyt ical chemistry, Talanta 24.' 339-345 . (19771.' 
Bjerrum, H. Ionic association I , Influence of i'onic 
association on the ac t i v i t y of ions at moderate degrees of 
association, Kgl, Danske Videnskab. Selskab. Math-fys. Medd.-
7, 1-48 0 9 2 6 r —^^^— • i 
Fuoss, R. M. Properties of e lectrolyte solut ions, Chem. Rev. 
U.; 27-42 (1935). ' 
Bockris, 0. O'M, and Reddy, A. K; N. "Modern Electrochem
i s t r y , " 622 p. Plenum Press, New York, 1970. 
Re i l l y , P, J . , Wood, R. H, and Robinson, R, A. Prediction 
of osmotic and ac t i v i t y coef f ic ients in mixed-electrolyte 
solut ions, J . Phys. Chem. 7^, 1305-1315 (197T}. 
Othmer, H.- If. nonuniqueness of equ i l ib r ia in closed re
acting systems, Chem. Eng, Sc i . 31 , 993-1.003 (1976). 
Caram, H. S. and Scriven, L, E. Tbnunlque reaction equ i l ib 
r ia in non-ideal systems, Chem, Eng. Sci . 3 1 , 163-168 
{1976). • 
Zeleznik, F. J . and Gordon, S. Calculation of eomplex 
chemical equ i l ib r ia , Ind, Eng. Chem. 60_, 27-57 (1968). 
Van Zeggeren, F. and. Storey, S. H, "The Computation of 
Chemical Equ i l ib r ia , " 176 p. Cambridge University Press, 
London, England, V970, 
Brinkley, S. R. totes oh the condition of equil ibrium for 
systeras of many constituents, J . Chem. Phys* 14, 563-564 
(1946). ^ — ' 
Br inkley, , S. R., Cajculation of the equil ibrium com
posit ion of systems of many consti tuents, J . Chem.' Phys. 
15, 107-110 (1947). ^ 

38. NORDSTROM ET AL. Comparison of Computerized C}iemical ^iodels SST 

15 

13. 

14, 

i s : 

16. 

17. 

18. 

19. 

i . / : 20. 

21, 

22. 

23, 

24. 

25. 

26. 

27, 

Kandiner, H. J . and Brinkley, S, R. Calculation of 
complex equil ibrium re la t ions, Ind. Eng. Chem. 42, 850-855 
(1950). " 
Feldman, H. F., Simons, W. H. and Bienstock, D. 
Calculating equilibrium compositions of multicomponent, 
multiphase, cheraical reacting systems, U.S. Bur. Mines Rep. 
Invest, 7257, 22 p, (1969). 

D7 TC method for computing multicomponent chemical 
on equil ibrium constants, Geochim. 

(1975), 

GreAr, 
equilibria based 
Cosmochim. Acta 39, _ 1375-1384 
Acton, f . ' ^ . ^Numerical Methods that Work," 541 p. 
Harper and Row, New York, 1970, 
White, W. B., Johnson, S, M. and Dantzig, G. B, Chemical 
equi l ibr ium in coraplex mixtures, J . Chem. Phys. 28, 751-755 
(r958), ~ " 
Dayhoff, M.O., Lipplncott , E. R., Eck, R. V. and 
Nagarajan, G. Thermodynamic equi l ibr ium In prebiological 
atmospheres of C, H, 0, N, P, S and C l , HASA SP-3040, 
Washington, D.C, 260 p. 1967. 
Holloway, J . R. and Reese, F. 0, The generation of 
No-CO -̂HpO f lu ids for use In hydrothermal experimentation 
IT EXpefimental method and equi l ibr ium calculations in 
the C-O-H-N system, Amer. Mineral. 59, 587-597 (1974). 
Karpov, I . K, and Kaz'min,. L. A. Calculation of geochemi
cal equi l ibr ia in heterogeneous multicomponent systems, 
Geochem. In t . i , 252-265 (1972). 
I n g r i , M., Kakolowicz, W., S i l l e n , L. G. and Warnqulst, 
B. High-speed computers as a supplement of graphical 
methods - V. HALTAFALL, a general program for calculat ing 
the composition of equil ibrium mixtues,, Talanta I f ; , 1261-
1286 (1967). 
Dyrssen, D., Jagner, D, and Wengelin, F. "Computer 
Calculation of Ionic Equi l ibr ia and T i t ra t i on Procedures," 
250 p, John Wiley , New York, 1968. 
I n g r i , N. and S i l l en , L. G. High-speed computers as a 
supplement of graphical methods IV. An ALGOL version of 
LETAGROP VRID, Arkiv. Kemi 23, 97-121 (1965), 
Perr in, D. D. Multiple equTTlbrIa in assemblages of metal 
ions and commplexing species: a model for biological 
systems, Hature 206, 170-171 (1965). 
Perr in, D. 0, and Sayce, I . G. Computer calculat ion of 
equi l ibr ium concentrations in mixtures of metal Ions and 
complexing species, Talanta 14_, 833-842- (1967), 
Fardy, J . 0, and Sylva, R, N, SIAS, a cmputer program 
for the generalized calculat ion of speciation In mixed 
metal-l igand aqueous systems, AAEC/E44S, Lucas Heights, 
Aus t ra l ia , 20 p. (1978). 
Detar, 0. F. ''Computer Programs for Chemistry," Vo l , I I , 
260 p. W. A, Benjamin, New York, 1969. 



888 

28. 

29, 

30. 

31. 

32. 

33, 

34. 

35. 

36. 

37. 

38. 

39. 

40. 

CHEMICAL MODEUNC IN AQUEOUS SYSTEMS 

Bos, M. and Meershoek, H. Q. J . A computer program for the 
calculation of equil ibrium concentrations in complex 
systems, Anal. Chim. Acta 6 l , 185-194 (1972). 
Garrels, L H. and ThompsonT^i. E., A chemical model for 
seawater at 25 C and one atmosphere to ta l pressure, Amer. 
*J. Sci . 260, 57-66 (1962). ' " 
Barnes, TTand CUrke, F. E., Chemical properties of 
g.round water and their encrustation effects on wel ls. U.S; 
Geol. Survey Prof. Paper 498-D. 58 p. (1969). 
Helgeson, H, (,,, Brown, T. H,, N ig r in i , A, and Jones, T. 
A. j Calculation of mass transfer in geochemical processes 
involving aqueous solutions, Geochim, Cosmochim. Acta. 
34, 569-592 (1970). — " ' 
F r i t z , 6. "ttude thermodynamique et simulation des reac
tions entre mineraux et solutions application a la geoche-
mle des alterations et des eaux'continental es." PhiD, 
Thesis. Univ. Louis Pasteur, Strasbourg, France, 152 p. , 

Droubi,, A. Geochimie des seis et des solutions con
cen trees pars evaporation. Modele thermodynamique de 
simulation. Application aux sols sales du tchad... Ph.D. 
Thesis, Univ. Louis Pasteur, Strasbourg, France, 177 p. , 
1975. 
Truesdell. A. H, and Jones, B. F. • WATEQ, a computer 
program for calculating chemical equ i l ib r ia of natural 
waters, NTIS Tech. Rept. PB2-20464 .Springfield,VA 77 p. (1973). 
Truesdell, A. H. and Oones, 8. F. WATEQ, a computer program 
for calculating chemical equ i l ib r ia of natural waters, 
J . .Res. U. S. Geol. Survey 2. 233-274 (1974). 
Kharaka, Y. K, and 8arnes> T . , SOLMNEQ: Solution-mineral 
equil ibrium computations, NtiS Tech. Rept. P8214-899, 
Spr ingf ie ld, VA 82 p, (1973), 
Wolery, T. J . , Some chemical aspects of hydrothermal pro
cesses at mid-oceanic ridges - a theoretical study. I . 
Basalt - sea water reaction and chemical cycling between 
the coeanic crust and the. oceans, I I . Calculation of 
chemical equilibrium between aqueous solutions and 
minerals, Ph.D. Thesis., Northwestern Univ., Evanston, 
IL. 1978. 
Plummer, L N., Oones. B. F. and Truesdel l , A. H., WATEQF 
- a FORTRAN IV version of WATEQ, a computer program for 
calculatino chemical equil ibrium of natural waters, U.S. 
Geol Surv.ey Water Resour. Invest. 76-13-, 61 p. (197¥T7" 
LuecK, S, LV, Runnells, 0. D. and Markos, G., Computer 
modelling of urnaium species In natural waters: applica
tions to exploration,, Geol. Soc. Amer. Ann. Mtg. Abstracts, 
1978. : 
Ball. 0. w., Jenne, E. A, and Nordstrom, D. K._, WATEQ? - a 
computerized chemical model for trace and major element 
speciation and mineral equilibria of natural waters, in_ 

n 

38. NORDSTROM ET AL. Comparison of Computerized Chemical Models 88E 

. C vl . 41 i 
0 '\ \ , ' [ 

V^-" ' -

^K 

42. 

43, 

44, 

45. 

46, 

47. 

48. 
49. 

. ^50 . 
I - .iL 

/ 5 1 . 

(52) 

-53 . 

Jenne, E. A,, ed. , "Chemical Modeling in Aqueous Systems. 
Speciation, Sorption, So lub i l i t y , and K inet ics , " Amer. 
Chem. Soc., 1978 (This volume). 
Wi'gTey, T.M.L. WATSPEC: a computer program for (teter-
mining the equi11brium speciation of aqueous solut ions, 
B r i t . ' Geomorph. Res. Group Tech, Bull.. 20 ,̂ 48 p. (1977). 
Wigley, T. M. L., Ion pairing and water qual i ty measure
ments. Can, J . Earth Sci . 8., 468-476 (1971),. 

"and Wai ters , * "L . J „ , J r . , Calculation of 
of chemical species in aqueous 

sequences, Math,Geol 
;s:^ 

Wolery,'T. J , 
equi l ibr ium distr ibut ions 
solutions by means of monotone 
7_, 99-115 (1975). J / ^ j , /^^^^ ^ mirr l i . ^CttS, ^ 

1 Walters, L, J . , J r . and Wolery, T. d . , A monotone-
sequences algorithm.and FORTRAN IV program for calculat ion 
of equil ibrium distr ibut ions of chemical species, Compr*"' ' 
Geosci; 'T. 57-63 (1975). — ^ 
Lafon, G, M,, Some quantitat ive aspects of the chemical 
evolution of the oceans,. Ph.D. Thesis, Northwestern Univ . , 
Evanston, IL . , 136 p. , 1969, 
Holdreni. G, R., J r . , Dist r ibut ion and behavior of manga
nese in ' the I n t e r s t i t i a l waters of Chesapeake 8 ^ sedi
ments during early diagenesis, Ph.D. Thesis, The Johns 
Hopkins Univ., Baltimore, MD, 191 p. , 1977. 
T h r a i l k i l l , 0 . , Solution geochemistry of the water of 
limestone terra ins, Univ-- Kentucky Water Resour. Ins t . Res. 
Rept 19, 125 p { \ m T . 
Van BeelT, C. G. E, M., personal communication. 
Van Breeman, N. Calculation of Ionic ac t i v i t i es In 
natural waters, Geochim, Cosmochim,' Acta 37, 101-107 (1973) 
(1973). 
Morel, F, and Morgan, J . J . A numerical method for com
puting equi l ibr ia In aqueous chemical systems, Eny. Sc i . 
Tech. 6_, 58-67 (1972). 
Morel, F., McDuff, R. E, and Morgan., J . J . Interactions 
and chemostasis in aquatic chemical systems: Role of pH 
pE, so lub i l i t y and complexation, p. 157-200, in Singer, 
ed, , "Trace Metals and Metal-Organic Interact'Io'ns in 
Natural Waters," .Ann Arbor Science Publishers, Ann Arbor, 
Michigan, 1973, 
Morel, F., McDuff, R, E. and Morgan, J , J , Theory of 
interact ion in tens i t ies , buffer capaci t ies, and pH s tab i 
l i t y In aqueous systems, with appl icat ion to the pH of 
seawater and a heterogeneous model ocean system. Mar, 
Chem. 4, 1001 -1028 (1976). 0 / , ^ , M e Cfi-€/f)f^ r^^ 
James, R. 0. and Healy, T. W, Adsorption of hydrolyzable 
metal ions at the oxide-water in ter face, I . Cobalt ( I I ) 
adsorption on s i l i con dioxide and t i tanium dioxide as 
model systems I I . Charge reversal of s i l i con dioxide and 
t i tanium dioxide colloids by adsorbed cobalt ( I I ) , lantha
num ( I I I ) and thorium (IV) as model systems I I I . 

Kc. 



CHEMICAL MODEUNC IK AQUEOUS SYSTEMS 

i 

Thermodynamic model of adsorption, J . Col loid Interface 
Sci. 40, 42-81 (1972). -
Schin'^er, P. W. and Gamsjaeger, H. Acid-base reactions 
of the titanium dioxide (anatase) - water interface and 
the point of zero charge of t i tanium dioxide suspension, 
Kolloid - Z. Z. Polym. 250, 759-763 (1972). 
Schindler, P. W,, Fuerst, B., Dick,- R., Wolfe, P. U, 

.Ligand properties of surface sHanol groups. I . Surface 
complex formation with iron (3+), copper {2+), cadmium 
(2+) and lead (2+), J . Colloid Interface Sci . 55. 469-475 
(1976). 
Schindler, P. W., Waelti, E. and Fuerst, B. The role of 

of metal surface i\ydroxyl ofoups In the surface chemistry 
oxides, Chimia 30. 107-109 (T976). 
Hohl, H. and Stuimi, W. Interaction of lead (2+) wi th 
hydrous-alumina, J . Colloid Interface Sci . '55, 281-288 
(1975), • ' — 
Westall, J . and Hohl, H. A general method for the cran-
putation of equi l ibr ia ahd determination of equi l ibr ium 
constants for adsorption at hydrous oxide surfaces,' 'ui^ 
"Abstracts of Papers," Amer. Chem. Soc. Meeting, Miami 
Beach, FL., 1978, 
Davis, J . A., I l l and Leckie, J,0,.. Surface ionization 
and complexation at the oxide/water in ter face, in_Jenne, 
E. A. , ed, "Chemical Modeling in Aqueous Systems^ Speciation, 
Sorption, So lub i l i t y , and Kinet ics." Amer. Chem, S o c . 19.78 
(This volume), 
Westall, J . C , Zachary; J . L. and Morel F. M, M. MINEQL, 
a computer program for the calculat ion of chemical equil ibrium 
composition o f aqueous system. Tech. Note 18, Dept.Civi l Eng. 
Mass. Inst . Tech., Cambridge, MA., 91 p. , {1976).. 
Mattigod., S. V. and Sposito, G. Chemical modeling of trace 
metal equ i l ib r ia in contaminated soi l solutions using the 
computer program GEOCHEM", jjri_ Jenne. E.A., ed . , "Chemical 
Modeling in Aqueous Systems. Speciation, Sorption, Solubi l i ty , 
and Kinet ics." Amer. Chem. Soc , 1978 (This volume). 
I , T.-.P, and Nancollas, G.H. EQUIL - a computational 
method fo r the calculation of solut ion .equ i l ib r ia . Anal. 
Chem. 44, 1940-1950 (1972). 
Helgeson. H, C. Evaluation of i r revers ib le reactions in 
geochemical processes involving minerals and aqueous solu
tions - I . Thermodynamic re la t ions , Geochim, Cosmochim. 
Acta 32, 853-877 (1968). 
HeVgeson, H. C , Garrels, R. M. and Mackenzie, F. T. 
Evaluation of i r revers ib le reactions in geochemical processes 
involving minerals and aqueous solutions - I I . Appl icat ions, 
Geochim. Cosmochim. Acta 33, 455-481 (1969), 
DeDonder, Th. and Van Rysselberghe, P, "The Thermodynamic 
Theory of A f f i n i t y , " Stanford University Press, Stanford, 
CaTifornia. 1935. 

38. NORDSTKOM ET AL. Comparison of Computerized Chemical Models 891 

d ^ ^ ^ ^ 

66. 

^ 6 7 . 
i 

\ • 

68. 

69. 

' 70. 

71 . 

72. 

73. 

74. 

75. 

75. 

^ 77. 

78. 

79. 

80. 

Helgeson, H. C, A chemical and thermodynamic nwdel of ore 
deposition in hydrothermal systems. Mineral Soc Amer. 
Spec, Paper h 155-186 (1970) . 
M i l l e r , 0. G., Piwinski i , A. J . and Yamauchi, R, The use 
of geochemical-equilibrium computer calculat ions to e s t i 
mate precip i tat ion from geothermal brines, UCRL-52197 
Livermore, Ca l i f , , 34 p., (1977), 
Droubi, A,, Cheverry, C,, F r i t z , 8, and Tardy, Y. 
Geochimie des eaux et des seis dans les sols des polders 
du Lac Tchad: Application d'un modele thermodynamique de 
simulation de 1'evaporation, Chem. Geol. 17., 165-177 
(1976). 
Droubi, A., F r i t z , 8. and Tardy, Y. Equilibres entre 
mineraux et solutions; Programmes de ealcul appliques a la 
predict ion de la sahire des' sols et des doses optimales 
d ' i r r i g a t i o n , Cah. ORSTOM. ser. Pedol XIV,. 13-38 (1976). 
Gear, C, W, The automatic integrat ion of ordinary d i f 
ferent ia l equations, Goirmunications Of the ACM 14, 176-179 
( 1 9 7 1 ) . /) L i a c c ^ y . ^ . , fer { 'o/t-fu-i-r /I'-y / f l i i t ^ L ' 1 Pf y 

Gear, C. W, Algorithm 407-DIFSU8 for solution of ordinary 
d i f fe ren t ia l equations, Communications of the ACM 2 1 , 18b-
T9Q (1971). 
Pluimer, L. K,, Parkhurst, D. L, and Kosiur, D. R. MIX2: 
A computer program for modeling chemical reactions in 
natural waters, U.S. Geol, Survey Water Resour. Inv. Rept. 
75-61. 73 p, (ISTFTT: 
Plummer, L, N. Mixing of sea water and calcium carbonate 
ground water, Geol, Soc. Amer. Mem. 142, 219-236 (1975). 
Wigley, T, M. L. and Plummer, L. H. 'M'lxing of carbonate 
waters, Geochim. Cosmochim. Acta 40. 989-995 (1976). 
Plummer, L. N., Defining reactions and mass transfer In 
part of the Fl or i dan aquifer. Water Resour. Res. 1_3;, 801-812 
(1977). 
Parkhurst, D, L. Plumraer, L. N. and Thorstenson, D, G. 
Chemical models in ground-water systems, Geol. Soc. Amer. 
Ann. Mtg. Abstracts 1978, 
Haas, J . L., J r . and Fisher, J . R. Simultaneous eva
luat ion and correlat ion of thermodynamic- data, faner. J . 
Sci , 77^ , 525-545 (1976). 
Helgeson, H, C. Thermodynamics of hydrothermal systems at 
elevated temperatures and pressures, Amer. J . Sc i . 267, 729-
804 (1969). 
Helgeson, H, C. and Kirkham, 0. H. Theoretical predict ion 
of the thermodynamic behavior-of aqueous electrolytes at 
high pressures and temperatures I I . Debye-Huckel parame
ters for ac t iv i ty coeff ic ients and relat ive part ia l molal 
propert ies, Amer, J . Sci . 274. 1199-1261 (1974) 
Davies, C. W"̂  "Ion Association," 190 p. 
Washington, D,C., 1962. 

Butteniorths., 



CHEMICAL MOOEUNC IN AQUEOUS SYSTEMS 

Morris, J . C. and Stumm, W. Redox equ i l ib r ia and measure
ments of potentials in the aquatic environment, p.270-285, jn^ 
Gould, R. F., ed., "Equil ibrium Concepts in Natural Water 
Systems," Adv. Chem. Ssr. 67, 1967. 
Mehrbach, C., Culberson, C. H,, Hawley, J . I . and 
Pytkowicz, R. M, Measurement of the ^parent dissociation 
constants of carbonic acid in seawater at aianospheric 
pressure, Limriol. Oceanogr, 18, 897-907 (1973).. 
Lyman, J . Buffer mechanism of seawater, Ph.D. Thesis. 
Univ. Ca l i f . , Los Angeles, CA,» 195 p., 1956. 
L i , Y, H,, Takahashi, T. and Broecker, W, S.,- Degree of 
saturation of CaCG., in the oceans, J . Geophvs. Res. 74, 
5507-55'25 (1969). ^ ~ 
McDuff, R. E. and Morel, F. H., Ctescriptlon and use of the 
chemical equil ibrium program REDEQL2, Keck Lab. Tech. Rept. 
EQ-73-02,.Calif, Inst , Tech., Pasadena., LA. / b , , ( i9 /J7 . 
Holdren, G. R., J r . and Bricker, O.P.., Dis t r ibut ion and 
control of dissolved iron and manganese in the i n t e r s t i 
t i a l waters of the Chesapeake Bay, p. 178-196. jin_ Drue ker, H, 
and Wildung, R. E., ed. , "Biological Implications of Metals 
in the Environment." ERDA S.ymposium Series 42. 1977. 
T h r a i l k i l l , 0 . , Carbonate chemistry of aquifer and stream 
water i'n Kentucky, J . Hydrol. l i , 93-104 (1972), 
T h r a i l k i l l , J . , Carbonate equi l ib r ia In.lcarst waters, p. 745-
7 7 i r i n : Yev.jevich, V,, ed . , "Karst Hydrology and Water 
Resources," Wdl. 2., Water Resources Pub,, Ft. Co l l ins , CO., 
1976. 

L., Plummer, L, N,, and Pearson, F, J . , J r . , 
and carbon isotope evolution in natural 
Geochim. Cosmochim, Acta 42. 1117-1139 (1978). 

INDEX 

Wigley, T. =M, 
.Mass transfer 
water system, 
Berner, R, A., The so lub i l i t y of ca lc i te and aragonite In 
seawater at atmospheric pressure and. 34,-50/oo sa l i n i t y , 
Amer. J . Sci . 275, 713-730 (1976). 

ECEivED November 18,1978, 

JDepttrtmenl of EnvironinefiUl Sciences, ,UtiiverEtty of Virginia. Ghailottesville, VA 22903. 
'U.S. Ceological Survey, NOHOTIBI Cenier, MS 432, Reston, VA 22092. 
'Climiitic Research Unit, University ot East Anglia, Norwich, NR4 7TJ, England. 
' Lawrence Livermore liboritbiy, Unlveraity of California, P.O. Box 308. Livermore, CA 945S0. 
'U.S. Gcolosical Survey. WRD, 345 MldrJIefleld Hd., MS 21, Menlo Pnrk, CA 94015. 
' U.S. GcoloBical Survey, iDenvcr Federal Center, MS 416, Bojt 25046. Lnkewood, CO 80223, 
' Department of Ceological 4 Geophysical Sciences, Princeton Unlversi^, Princeton. NJ 08540, 
' Australion Alomic Energy Commission Reiearch Establishment, Lucai Heighti, N.S.W., Atuttsllfl, 
" InsUtul de Geoibgie \, rae Biesslg, 670B4 Stiasbouig. France. 
"De'partment'of Glvll and Mineral Engineering, Univerjlty of Minnesota, Hlnneapolli, 

MN 55455, 
" Deportment of Ceological Sciences, Uaiverslty of Rochester, Rochester, NY 14Q27, 
" Deiiartnient of Eartli & Planetary Sciencesi The Johns Hopkins Univeriity, Baltimore, MD 21218. 
" Depnrtnient o( Soil & Envirorimental Sciences, University of California, Riverside, CA 62521. 
" Departmenl Civil Engineering. Massachiise tts Institute of Technology, Cambridge, MA 02139. 
" State of New York Dept. of Health, New Scotland Avenue, Albany, NY 12201. 
" Departmenl of Geology, University of Kentucky, Lexington, KY 40506. 



SUBJ 
GCHM 
CDG 

, .j^... 'i.i:ai-,-..i)r-.:iXSL'-.U.iyii.Jiii.,-i-t!!T.ii^iiA.iiia^.i,:-.f..M-:,^i^^ 

i " RESEARCH 

1 
I Con'"''. Mineral. Pclrol. 59, 281-292 (19V7) Mineralogy and 

Petrology 
•© by Springer-Verlag 1977 

Caldte-Dolomite Geotliermometry 
I for Iron-Bearing Carbonates 

The Glockner Area of fhe Tauern Window, Austria 

M.J.Biclcleand R.Powell 
Department of Earlh Sciences, University of Leeds, Leeds LS2 9JT, England 

Abstract. The effect of the addition of iron on the calcite-doloniite solvus 
in the system CaCOj -MgCOj is predicted from an approximate thermo
dynamic description ofthe systems C a C O j - M g C O j and CaCOj — FeCOj. 
Coexisting calcites and dolomiies in 15 samples from the Glockner area ofthe 
.Tauern Window have been analysed to estimate metamorphic lem peratures. 
These range from about 410° C al the top ofthe Matrei Zone, on the southern 
margin ofthe Tauern Window, to about 490° C al Hochror in lhe centre ofthe 
Glockner Depression, implying a geotherm.al gradienl of about 25° C/lcm 
during metamorphi.sm. 

rnfroducfion 

Tbe caicite-dolomite solvus in the system C a C O j - M g C O j was first investigated 
in 1955 by Marker and Tuttle (1955) and Graf and Goldsmith (1955), and they 
recognised that the temperature dependence of the amounl of MgCOj in calcite 
in equilibrium with dolomite is potentially a precise method of estimating meta
morphic temperalures. However, natural carbonates frequently contain signifi
cant amounts of other elenients, particularly iron. Although there have been 
some experiments performed in the ternary system C a C O j - M g C O j —FeCOj, 
these are insufficient to delineate the tie lines between calcite and dolomite', 
although the approximate positions of the phase boundaries are known. 

In this paper, the efiect of the addition of Fe on the calcite-dolomiie solvus 
in the sysiem C a C O j - M g C O , is estimated, and a new geotherincmeler devel
oped. This is then applied to coexisting carbonates from a 3 km structural section 
south of Hochtor in the Tauern Window, Austria. This allows estimates of meta
morphic conditions and the geotherma! gradient during metamorphism. 

' Dolomite is used here for ordered earlionalcs in CaCO^-MgCOj-FeCOj on or near Ihe join 
CaMi;(C0.,)2 -CaFctCOj)^ 

- ^ 1 " ^ . ^ f e 
^ ui.;'.^,si.''. .t?v?r.'.T "1--"^ i^-^-r-

where .Vj,g ,,̂  is the mole fraction of Mg iiTcalcite'firrequiribriuniwitn aoiomiie;- -

T in K and P in bars. 

The experimental data lie within +0.35 mole % of these curves, giving an uncer
tainty of belter than ±20" C on the geothermometer. 

The addition of FeC03 to this simple endmember system results in the distri
bution ofthe iron betvveen the calcite and the dolomite. Further addition of iron 
eventually leads to the instability of dolomite and coexisting calcite and siderite 
is the stable assemblage (Goldsmith et al., 1962). If this distribution of iron can be 
predicted by a thermodynamic description of the calcile-dolomite solvus (in the 
system CaCOj - MgCOj) and the calcite-siderite solvus (in the system CaCOj -
FeCOj), then an iron correction can be made to the caicite-dolomite geolhermo
meter of Goldsmith and Newton (1969). At least for the addition of small amounts 
of iron to the carbonates, an iron correction is likely to be linear. There are two 
ways of expressing this 

-x, Mg. cc ~ ^Mi , cc + M •'^Fe, 

'''̂ Mg, cc — -•̂ 'Mg. cc + ^7 X 2 '^Fe. dol (2) 

Fe, cc where x ...... f....,...̂ .. ui m.- .̂tllvllv,, wmic -ijijg (.(. 
is the hypothetical mole fraction of magnesium in the calcite in the iron-free 
system, which is given by (1). Ŷ  and 5̂2 are temperature and pressure dependent 
constants, being the rate of change of magnesium in calcite with the addition of 
iron to the calcite and to .the dolomite respectively. The thermodynamic analysis 
beiow attempts to find I'l and Kj to calibrate these geothermometer Equations 
(2). 

For at least some thermodynamic models of solid solutions it is possible to 
predict ternary phase relations from a knowledge ofthe constituent binary phase 
relations. A detailed Ihermodynamic description of CaCOj-MgCOs —FeCOj 
is hampered by the complexity of the equilibria involving dolomite. A model 
involving at least nearest and next nearest neighbour interactions in dolomite 
is required to describe the second order order-disorder transformation at about' 
1200° C in CaMg(C03)2 and the first order transformations reflected in the caicite-
dolomite and dolomite-magnesite solvi. Further, the dolomite solid solutions 
depart progressively from the CaMg(C03)2-CaFe(C03)2 join with the addition 
of iron (Rosenberg, 1967). 

However, a complicated analysis is impossible because the ternary phase 
diagram is insufficiently well known. 

^ Siricily a miscibility gap as the .siruciures of calcite and dolomite arc different 

1 

and -v^g.cc refer to the actual coniposition of the calcite, while -x*,g „ | 
hel ica l mniR frflrfinn r>r nnn.T.^. ; . .« . : - " - - - > •• • .. • 

CaCO 3 -MgCO i 

The CaCOj —MgC03 diagram, can b<j 

CaMg(C03)2-CaiMg(C03)2. 
dolomite calcite 

Using an ordered standard slate for 

- ^ G ' ' = 0 = «Tln -^Ca. cc -^Mg. cc 

where W^MS 

•'^Ca,.M2-^,Mg,Ml 

is the regular solulion n | 
The Ml and M2 subscripts refer to 
in dolomite. 

With the above assumptions, this| 

/?rin.Vc,(l-.VcJ 
» 'CaMg=-

( l - V c J ' + X̂ a 

where .x̂ ., refers to calcite. This equ£ 
solvus daia of Goldsmith and Nevvll 

"'cMg = 5360 - 0.032 P cals/mole 

with a probable uncertainty of aboi 

CaCOi -FeCOi 

The calcite-siderilc solvus is asymmt 
dynamics ofthe calcite, little error i: 
trie and using the calcite limb of th| 

CaC03 = CaC03 
calcite siderite 

for which the equilibrium relatio 

.'^Ca. cc 

^/jt»'»«Ktv.^.tTXH»S.^Vg^w,i,t:feN^^^^ 
•^^SSSJ'SSW 
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A simplistic approach is taken using the regular solution model and certain 
approximations concerning sile distributions in the phases and the geometry of 
the ternary phase diagram. We assume that calcite is effeclively disordered, while 
dolomite is effectively ordered at the temperatures of interest here (greenschist/ 
amphibolite facies) (Goldsmith ei al., 1962). Dolomite is Iherefore taken to have 
two sites, M2 filled with Ca and MJ filled with Mg and Fe; this further implies 
that dolomite does not depart significantly from the join CaMg(C03)2 — 
CaFe(C03)2. 

C a C 0 3 - M g C 0 3 

The C a C 0 3 - M g C 0 3 diagram can be considered with the reaction 

CaMg(C03)2 = CaMg(C03)2. 
dolomite calcite 

Using an ordered standard state for both components, the'equilibrium relation is 

•AG' = 0 = RT\n ^''•" ;" ' •" -i-.VcaM.((t--Vca)^^^-^, 
-^ 'Ca.M2' ' 'Mg.Ml 

where ŵ a.Mg is the regular solution model interaction parameter for Ca and Mg. 
The Ml and M2 subscripts refer to the mole fractions on the Ml and M2 sites 
in dolomite. 

With the above assumptions, this reduces to 

' C a M g -
- R r i n x c , ( l - . x c j 

( l - X c a ) ' + 4 a 

where Xĉ  refers to calcite. This equation allows the calculation of iVĉMg from the 
solvus data of Goldsmith and Newton (1969) in the region 400° C to 600° C as 

u'caMs = 5360 - 0.032 P cals/mole with P in bars 

with a probable uncertainly of about + 100 cals. 

CaCOi-FeCOt,-

The calcite-siderite solvus is asymmetric, but if we are only interested in the thermo
dynamics of the calcite, little error is introduced by considering the solvus symme
tric and using the calcite limb of lhe solvus in the calculation. Thence, for 

CaC03 = CaC03 
calcite siderite 

for which the equilibrium relation is 

- .dG' ' = 0 = /?rin-i^i^-fWo„,(.v,i..M-.vPc.cc) 
' '•Ca.cc 
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RTln 
1 -x Fe 

W C a F c = -
^Fc 

1-2.XK. 
where .Xp, = AV,. ,... = .v, ^ C a . s i d -

Given the concordance of the high pressure data of Goldsmith et al. (1962) and 
the lovver pressure data of Rosenberg (1963), the solvus, and thus WQ^̂ ^ appears 
to be independent of pressure. In the temperature range 400° C to 600° C 

*̂ caFc = 3S00 cals/mole 

vvith a probable uncertainty of about + 100 cals. 

/WgC03-feC03 

Complete miscibility characterises the MgC03 —FeCOj join to the lowest 
experimentally achieved temperatures (295°C, Rosenberg, 1967). No M g - F e 
solvus has been reported in any mineral group, and so the assumption df ideal 
mixing of Mg and Fe, or WMgFc = 0. seems reasonable. 

M g C 0 : i - F e C 0 3 - C a C 0 i 

Two reactions are considered for dolomite-calcite equilibria in the ternary systeni 

CaFe(C03)2 =CaFe(C03)2 
dolomite calcite 

CaMg(C03)2 = CaMg(C03)2. 
dolomite calcite 

Applying the ternary regular solution equations, and noting that u'j,,gf.<, = 0, 
the equilibrium equations are 

_ ^ C ° = 0 = RTln '•"^""''^'^•" + Wc„Mg( 1 -XFC-2.x^g.VcJ. 
Xca..\l2XMg,.Ml 

+ VVc„FcXFc( l -2 -Xca)cc 

- J C . O = 0 = R T I n ^Ca.ccXFc.cc + w ^ , „ ^ X M g ( l - 2 - X c J 

-^Ca.NU'^Fc.Ml 

+ WcaFc(l - ^Mg - 2 X M g X c J . 

(3) 

(4) 

As we are only interested in these equations at lovv temperatures (below 600° C) 
where Xp̂  „ 'i"*^ x^g.cc ^re small (below 0.04), these equations can be drastically 
simplified 

X , r . 

^ F e . M l . d o l 
- = exp(-H'o,Fc/R7^) (5) 

^ i£ 

%tVlgC03 '" t^^lclte 

Fig. I. XFeCOj in calcite plotted against "/, 
contoured for temperature in °C, at 5 kb 

/ ^ ' ^ • " =exp(-Wc3Mg/RT) 
XMg, .Ml ,do l 

combining (5) and (6) and combinin 

X'Mg. cc = -^Mg. cc + X p e . c c ^ ' ' P (O^ 'caFe 

and thus the effect of iron on the sc 
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X.Mg, cc — ^.Mg, cc + X p c , .MI. dot exp(-
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/6MgC03 in calcite 

Fig. L %FeC03 '" calcite plotted againsi XMgCOj in calcite for the assemblage calcite + dolomite 
conloured for lemperalure in °C, al 5 kb 

^Mg, cc 

^Mg, Ml.dol 

= exp(-Wc,Mg/^7') (6) 

combining (5) and (6) and combining with (2) 

X M B . CC = X M J . „ + .Xpc. cc e x p ((lVc3F, - U'caMg)/^ 7^) 

and thus the effect of iron on the solvus is predicted from the phase diagrams of 
the endmember binary sysiems. Alternatively, from (6) and (2) 

(7) 

^Mg.cc — Xnig (.,. + .Xp,. Fo.Ml 
,doiexp(-u'c,Mg/PT"). (8) 

The two geothermometers (7) and (8) are not thermodynamically independent 
within the model, yet they will only give the same temperature if the calcite and 
dolomite vvere in equilibrium and if the model works. Hovvever bolh these asser
tions are necessary but not sufficient. The two geothermometers can be represented 
in diagram form. Figures 1, 2, relieving the necessity of solving (7) and (8) for each 
carbonate pair. 

The probable uncertainly in the Fe-free calcile-dolomite geolhermometer is 
about +20° C. The main uncertainty in these nevv geothermometers comes in the 
validity of the assumptions used in the thermodynamics as the uncerlainlies in 
the values of Wc-Mg. ''̂ "̂  "'caFc contribute temperature uncertainties of less than 

' L'J,-.*-'JL.'.^u., t iCTt-j'.V'UV^.J IwtB.liy. i.,iii,J ' *^^. i . i ,n^. .Ty ..IL'.I.. J i..i..'.\m-i,- -,. '1-1 jm ' i '^^^r-r^fiitr.ssliil.ij-.: ti,.Kq--- "^^^g'cy ir*^'^^';-'.'." J T T ^ 

' ' >u 
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Fig. 2. % F e C O j in dolomite plotled againsi % M g C O j in calcite for the assemblage calcite + dolomite 

conloured for lemperalure in "C, at 5 kb 

+ 5°C. Clearly the uncertainties increase as the iron correction gets larger, 
although it is impossible to say by how much. We hope they are no larger than 
+ 30° C for the carbonates in this study. 

Geology of the Glockner Area 

The geology of the Glockner Depression in the Tauern Window has been de
scribed by Cornelius and Clar (1939) and Frasl and Frank (1966). The nomen
clature of Oxburgh (1968) and Cliff et al. (1971) is used here. The Peripheral 
Schieferhulle and the Matrei Zone (Fig. 3) consist of mainly Mesozoic metasedi
ments and metavolcanics deformed beneath the overthrust amphibolite facies 
metamorphics of the Altkristallin SheeL 

Il is likely that a thrust unit as large as the Altkristallin Sheet would be em-
placed along a near horizontal plane (e.g. Hsij, 1969) so that the prominent foliation 
in the underlying highly deformed units, vvhich is parallel to the base ofthe Sheet, 
probably records the horizontal at the time ofthe overthrusting (see Norris et ai., 
1971, for further discussion). Foliation attitudes reveal that subsequent uplift 
has arched the thrust units exposing deeper levels in the centre of the Tauern 
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Fig.3. Mapof the ccniral Tauern Window, Au.<tria. compiled from Frasl and Franck (1966) and Bickle 
(1973). Rock units are: A) Riffle deckc, B) Trias Carbonaie Series, C) Brenkogcl Facies. D) Glockner 
Facies, EJ Matrei Zone, F) Altkristallin Sheet. Units B-D are part ofthe Peripheral Schieferhulle a.s 
defined by ClilTcl al. (1971). Sample localities: Hochtor (Ho) SVV56, SW77, SWgi, SWIOO, SP8I2, 
SP8I6, SP827; Berger Tori (I) SP637, SP639; (2) SP783; (3) SP466, SP468; (4) SP367; (5) SP61; 
(6) SP 754. The line X-Ho marks the line of the section in Figure 4 
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feJiJjJI Matrei ^orie 

GlocJtner /^oaes 

BrennAoge/ FacieS 

Trios Cor6onote 

\ Fig. 4. Cross section across the southern margin of the Tauern Window, line X-Ho on Figuie 3, drawn 
^ from the map of Cornelius and Clar (1939) 

Window. Using these foliation attitudes and sections from the margin to the centre 
ofthe window allows relalive structural depths at ihe time of overthrusting lo be 
estimated (Fig. 4). 

This structural profile can be used as a depth profile during metamorphism 
if uplift of lhe Central Tauern betvveen overthrusting (c. 65 my) and the peak of 
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Table 1. Carbonate compositions and calculated temperatures for the Glockner area of the Tauern WinJ,.,, 

Calcite-Dolomile Gcolhermomciry 

Sample Calcite 
No. 

Dolomite Struc- Temper- Tempcraiu;. 
luraP ature corrected 

No. MgCOj 3 x S l No. FcCOj 3xSl No. FcCO, 3xS t height uneor- for FeCO, 
anal- mole error anal- error anal- error metres retted '.. 
yses % yses yses for FeCOj in cc in J,s 

"C °C X 

SW 58 
SW 77 
SW 81 
SW 100 
SP812 
SP8I6 
SP827 
SP 61 
SP367 
SP466 
SP468 
SP637 
SP639 
SP754 
SP783 

12 
20 
19 
15 
18 
11 
16 
7 

17 
16 
18 
16 
10 
15 
12 

3.31 
3.55 
3.60 
3.66 
3.26 
3.70 
3.49 
2.48 
3.49 
2.34 
2.59 
2.72 
3.09 
2.34 
3.42 

0.20 
0.10 
0.09 
0.10 
0.12 
0.12 
O.IO 
0.23 
0.13 
0.14 
0.13 
0.19 
0.09 
0.11 
0.20 

20 
27 
19 
15 
18 
16 
16 
7 
15 
18 
18 
17 
10 
19 
15 

2.26 
1.26 
3.09 
0.83 
3.11 
2.49 
2.05 
1.52 
0.58 
1.60 
1.08 
0.51 
0.1 
0.42 
0.87 

0.21 
0.18 
0.10 
0.06 
0.13 
0.13 
0.10 
0.18 
0.07 
0.14 
0.06 
0.06 

0.07 
0.08 

5 
5 
9 
6 
7 
10 
10 
6 
16 

2 
4 
16 

15.1 
7.0 
14.9 
5.7 
16.3 
12.5 
15.3 
10.05 
4.8 
10.8 
7.7 
3.5" 
O.I 
2.7 

0.98' 

1.8 
1.1 
0.6 
1.2 
1.3 
1.0 
2.0 
0.4 
1.0 
0.24 
0.38 

0.58 
0.9 

-3066 
-3300 
-3300 
-3300 
-3300 
-3300 
-3300 
- 700 
- 600 
- 200 
- 200 
+ 360 
+ 360 

0 
- 400 

422 
435 
438 
441 
420 
443 
432 
380 
438 
370 
387 
395 
416 
371 
434 

474 
456 
503 
464 
488 

47'J 
•iM 

495 
466 
4,S1 

496 491 
478 490 
416 
451 
409 
412 
409 
420 
384 
452 

411 
454 
405 
411 
40S 
419 
3S: 
467 

' Structural height relative to the base ofthe Altkri.stallin Sheet 
'' Insufficient dolomite analyses. Value inferred from FeCOj content of calcite 

Total range of FeCOj in dolomites from this rock ranges from 0.5 lo 5 mole "/„. This sample is a breccia wiih 
dolomite fragments in a calcile-dolomile matrix. Measurements low in FeCOj may be on clasl material ncl in 
equilibrium with the matri.x 

metamorphism (c. 35 my) is not significanL The rocks ofthe Peripheral Schiefer
hulle and the Malrei Zone as well as the basal kilometre ofthe Altkristallin Sheet 
have been metamorphosed to greenschist facies after overthrusting and this 
heating can be related to burial under a thick overburden (Oxburgh et al, 1971; 
Oxburgh and Turcotte, 1974; and Bickle et al., 1975). The geothermal gradient 
during this meiamorphism can be estimated using carbonate thermometry on the 
caicite-dolomite bearing metasediments and the relative structural deplhs. 

The compositions of calcites and dolomites from rocks in the Glockner 
Depression (sample localities. Fig. 3) which show little variation of vvithin sample 
calcite compositions are presented in Table I. Details of carbonate analysis by 
electron probe are given in Appendix 1. Manganese contents of the carbonates 
are ignored because there is less than 0.7 mole % MnC03 '" '̂̂ ^ calcites and less 
than 1.4 mole % in the dolomites. The magnesium contents of the calcites arc 
presented as histograms in Figure 5. The scatter of compositions to low MgCO^ 
values is probably due to reequilibralion of some of the calcites during cooling 
of the metamorphic complex. The rejected samples show these reequilibralion 
effects without a well defined maximuin in MgC03 content in a histogram. A 
problem with sample SP783 is lhat dolomite occurs in clasts whereas calcite 
occurs in the matrix, and there is lhe possibility lhat the calcite never equilibrated 
with the dolomite. A few anomalously high values may have resulted from small 
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1 
res for the Glockner area of the Tauern VSin.j... ' 

Struc
tural' 

Temper- Tcmpc,a,..,, . 

FeCO, 3xS. height unYor- Z'^i, ' 

15.1 
7.0 

14.9 
5.7 

16.3 
12.5 
15.3 
10.05 
4.8 

10.8 
7.7 
3.5" 
O.I 
2.7 
1.98' 

error 

1.8 
1.1 
0.6 
1.2 
1.3 
1.0 
2.0 
0.4 
1.0 
0.24 
0.38 

— 
0.58 
0.9 

metres 

-3066 
-3300 
-3300 
-3300 
-3.300 
-3300 
-3300 
- 700 
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- 200 
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-h 360 
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0 
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for FeCO 
"C 
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Fig. 5. Histograms of MgCO^ donicnls of calcites. Arrows delineate range of MgCO, contents used 
to calculate means and standard devialions quoted in Table 1. All analyses on one probe .section from 
each sample e.xcept SW 77 for which two sections were used 

dolomite inclusions within calcite crystals. These apparently anomalous values 
are excluded from the calculations of means. 

Temperalures calculated from (1), ignoring the iron in the natural carbonates, 
and from (7) and (8), utilising the iron content of the ealcile and dolomite are 
given in Table 1. Temperatures are calculated assuming a lithostatic pressure of 
4.25 kb at the Berger Tori locality and 5 kb at the Hochtor locality. The uncer
tainty in choosing the carbonate composiiions for a sample contributes a smaller 
temperature uncertainty than is inherent in the geolhermometer. 

The uncorrected temperatures for the Hochtor locality of about 425° C 
certainly seem too low for the presence of oligoclase and garnet in basic and pelitic 
assemblages (Hock, 1974), while the corrected temperatures of about 490° C 
seem more reasonable, if still on the low side. The scatter of temperatures from 
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400 450 
Temperature Ĉ 

500 

Fig. 6. Calcile-dolomite temperatures plotted against structural height inferred from Figure 4. Tem
perature uncertainties of ±20° arc included for reference 

samples which should have formed at more or less the same temperature may 
reflect that at least some ofthe samples show some reequilibralion effects, and so 
a more realistic metamorphic maximum temperature may be about 500° C. Hovv
ever as the uncertainty on the geothermometers is probably at least +30°, this 
temperaiure is vvithin the uncertainty limits of the temperalures for many of the 
Hochtor samples. 

The corrected temperatures for the Berger Tori area, in the Matrei Zone and 
at the base ofthe Altkristallin show scatter, suggesting again that reequilibralion 
effects are important. In these areas, the basic assemblage is albite-epidotc-
actinolite-chlorite-calcite-sphene, supporting the conclusion of a lower meta
morphic temperature here than at Hochtor. 

The temperatures for samples listed in Table 1 are plotted against structunil 
height in Figure 6. Allhough there is scatter in the temperatures from the two 
areas, the geolhermal gradient of about 20° C/km predicted by thermal modelling 
(Bickle et al., 1975) is consistent wilh the carbonate thermometry. 
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Appendix 

Microprobe Analy.sis of Carbonates 

Operating conditions for carbonate analysis b; 
carbonates are unstable under the electron bear 

1. 120 s counts (no change in cps over 401 
2. 25 nanoamp specimen current 
3. 20 kv accelerating poleniial 
4. 12 lo 15 micron electron beam diameter 
5. mylar window between sample and spci 

spectromeler) 
6. Ca siandard-wollastonite. Fc and Mg 

(using the ZAF correclion procedure of Sweain 
Totals bolh for calcites and dolomites v 

respectively; lhe reason for this is unknown. 
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.Appendix 

Microprobe Analysis of Carbonates 

Operating conditions for carbonate analysis by electron probe have to be carefully cho.scn because 
tarbonaies are unstable under the electron beam. The following operating conditions were employed: 

1. 120 s counts {no change in cps over 400 s) 
2. 25 nanoamp specimen current 
3. 20 kv accelerating potential 
4. 12 to 15 micron electron beam diameter 
5. mylar window between sample and spectrometer (wilh the absence of an electron trap on the 

spectromeler) 
6. Ca standard-wollastonilc, Fe and Mg standard-St. Johns olivine, Mn standard-Mn melal 

(using the ZAF correction procedure of Swcalman and Long (1969)) 
Totals bolh for calcites and dolomites were consistently low, 97.25 + 1.5% ahd 98.0+1.0% 

respectively; the reason for this is unknown. 
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The Dislocation Structure 
of Experimentally Deforme 

C. Goetze' and D.L. Kohlstedt^ 
' Department of Earth and Planetary Sciences. 

Cambridge, MA. 02139, U.S.A. 
- Departmenl of Materials Science and Engine 

Abstract, Five specimens deforme 
980 bar were selected Ibr a transn 
suite of Yule Marble specimens c 
micrographs show twinning, cui 
loops, and small angle boundari' 
boundaries contain dislocation 
Burgers vectors i<1^02> and T] 
dislocation densities of specimens i 
than the starting densily and fil th 
the dislocation densities of specimc 
only partially vvith respect to thi 
experiments and thus are larger th 

Introduction 

Under a range of conditions of great 
of minerals proceeds by dislocation 
structures of specimens deformed um 
requisite for understanding these meet 
which provide transmission electron 
quartz and olivine aggregates defoi 
conditions (McLaren etal., 1967; Mi 
1972; Ardell et al., 1973; Bacla and A 
Radcliffe, 1972; Phakey etal., 1972; 
we are aware of only one such papei 
1973). Barber and Wenk published 
microscopy (TEM) views of Solnhof 
medium apparatus over a range of 
usually high dislocation densities sl 
deformed al relalively low differential 
below. ; 
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Analysis o f l l 2 deep ocean basalts reported in the literature show systematic chemical trends in major elements 
with distance from ridge spreading centers. These same trends are observed in the weathering of single pillows and 
produce a chemical composition similar to volcanic alkali basalts. Upon hydration by sea water, tholeiitic ridge 
basalts give off silica, calcium, magnesium, and gain potassium, iron, titanium, manganese, sodium and phosphorus. 
Aluminum shows no apparent change. The yearly contribution to sea water in 10' grains of the major elements per 
cm^ of basalt is estimated at Si=+7.4, Ti=-1.6, Fe=-3.3, Mn=0.06, Mg=+2.3, Na=-0.21, Ca=+2.1, K=-0.9, and 
P=-0.14. 

1. Introduction 

The concept that the major element chemistry of 
basalt rocks varies systematically with distance from 
lhe major oceanic ridge was first documented by 
McBirney and Gass [ 1 ] who showed that basalts from 
Volcanic oceanic islands decrease in silica saturation 
*ith distance from the ridges. They correlated the 
ilecreasing silica content with diminishing heat flow 
>way from the ridge. 

Engel and Engel [2] noted that basalts dredged 
from the ridge axis are uniformally tholeiitic in nature 
*hile samples taken on seamounts at a distance from 
•he ridge are more likely to be alkali basalts. They 
attributed the phenomenon to a process of crystal 
<^ferentiation in the magma chambers of sea floor 
"olcanoes; however, since the work of Yoder and 
tilley [3], crystal differentiation is no longer con
sidered a viable mechanism for producing an alkali 
oasalt from a tholeiitic magma. In order to explain 
chemical variation of basalt samples from the Con
federation Peak region of the Mid-Atlantic Ridge, 
Aumento [4] suggested a process of progressive 
•degrees of partial melting ofa pyrolitic melt following 
from the work of Green and Ringwood [5]. The con-
•^pt of decreasing partial melting was correlated to 
Progressively greater depths with distance from the 

ridges by Kay, Hubbard, and Gast [6] and generalized 
to apply to all major ridge systems. 

With the general acceptance of the sea floor spread
ing theory of Hess [7] and Dietz [8] and the magnetic 
stratigraphy theory of Vine and Mathews [9], it is 
now possible to suggest that systematical chemical 
trends correlatable with distance from ridge axis are 
also related to increasing age ofthe sea floor that has 
moved out from the ridge spreading centers. 

Simultaneously with observations of variations in 
magma types across the oceanic ridges, vrarious authors 
have noted the effects of sea water waathering on 
basalts extruded on the sea floor. One of the most 
important and consistent observations made is that as 
alteration proceeds the water content ofthe sample 
increases due to the formation of hydrated alteration 
minerals. Engel et al. [10] reported that alteration 
of ridge basalts causes an increase in H2O, and Fe203 
contents of basalts and a loss in MgO and total iron. 
Nichols [11] found a decrease in the percentage of 
calcium, magnesium and sodium and attributed the 
losses to leaching by sea water. Moore [12] showed 
that palagonization of.basalt glass resulted in a-lgss 
gLCaP,,.aJess£rJo5S..a01a,.and ehrichtnen t in K a^d 
Fe. Hart and Nawalk [13] reported that the CaO and 
Si02 contents of basalts from the Puerto Rico trench 
decrease with increasing water content. Hart [14] 
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showed lhat K, Rb and Cs are enriched in altered 
portions of ridge basalts by factors of 2, 5, and 20 
respectively. Myashiro et al. [15] showed that tlie 
Fe203 content of basalts increased with the H2O con
tent. There seems to be some agreement among the 
authors that the Fe203 and K contents of basalt are 
enriched while the CaO content is depleted upon 
weathering. There is disagreement among the authors 
as to whether total iron goes up or down. The loss of 
Na, Mg, and Si02 has been suggested but has not 
yet been confirmed or contested by the above men
tioned authors. 

A more recent approach to the problem of sea 
water weatJiering of ocean fioor basalts has been to 
study the concentric zones of alteration visible within 
single boulders and pillows. There is still some dis
agreement as to whether the zones are produced by 
sea water weathering after the magma has cooled or 
produced by deuteric alteration during the magmatic 
stage. 

Myashiro et al. [15] reported three zones.of 
visible.weathering in..a_singleJiasalLbould£i:. The outside 
rim is weathered to a yellow brown zone that grades 
into a transitional grey-brown zone surrounding the 
unaltered dark grey core. They show that the outer 
weathered rim is enriched in MnO, Ti02, Fe203, P2OS 
and total iron while depleted in Si02, FeO, MgO and 
CaO relative to the core. Myashiro's analysis shows no 
conclusive trends for Al203,Na20, or K. Paster [16] 
recognized three distinct zones of alteration within 
indiaduaLbasalLpiUows dredged from the South 
Pacific: I) an.outexzone oLh.>Ldration depleted.in 
magnesium and calcium and enriched in total iron and 
potassium; 2)jL^Qa£_QLsexpen.tinization-adja.cent_tp. 
joints and fractures attrib.uted-to-deuteric-alteration 
between sea water and the cooling lava body; 3) a 
zone of chloritization in the core of the sample with 
depletion of magnesium and total iron attributed to 
high temperature deuteric alteration. Paster [16] 
suggested that chemical alteration of basalt might 
have a major impact on the geochemical budget of 
the major elements in sea-water. He particularly 
emphasized the enijehment of sea water in iron and 
mangarifise.in an effort to provide a source for manga
nese nodules. His results also show.alteration of ba-
salts_ejuJdie.s.sea w^ter in silica, calcium, and magne-

_silini. Paster's [16] emphasis on deuteric alteration is 
in opposition to the interpretations of Myashiro et al. 

[15] and Hart [14] who show that the alteration is 
most intense in the outer zones rather than fhe inner 
zones and therefore most likely due to sea water 
weathering as opposed to deuteric alteration. The 
importance of deuteric alteration cannot be dismissed 
particularly in thick lava bodies, but in small pillows 
the weathering effects of Miyashiro et al. [14] and 
Hart [13] are probably superimposed over the deuteric 
effects particularly in samples that have been in 
contact with sea water for some time. 

Very little work has been done in the petrology of 
the weathering processing. In addition to Paster's 
[16] observations of chloritization and serpentiniza
tion, Nawalk [17] reported the replacement of 
plagioclase by smectite and sericite. Nawalk [17] feels 
that at least part ofthe alteration he observed is 
deuteric in nature. Engel and Engel [18] reported 
olivine altered to iddingsite and limonite and reported 
the presence of chlorite and iron oxides. 

2. Results 

Fig. 1 shows a plot of the percent potassium con
tent versus age for 112 analyses of ridge basalt. The 
sample location and literature source are indicated 
for each analysis. The magnetic reversal ages were 
determined by plotting sample locations on maps of 
ocean floor residual magnetic field reversals of Vogt 
et al. [32], Hiertzler et al. [33] and Hays and Pitman 
[34]. Potassium argon ages were assigned to the 
reversals back to 4 mybp by Cox et al. [35] and ex
tended to 80 mybp by paleontological dating of the 
oldest sediment in JOIDES cores by Maxwell [36]. 
Some samples could not be assigned ages because of ' 
lack ofrnagnetic data and were not included in this • 
study. The estimated age uncertainty for most samples 
i s l 1 my. 

Samples with a large number of plagioclase or 
. olivine phenocrysts were not included in order to 
exclude crystal differentiation effects. In an effort 
to avoid confusing true alkali basalts with weathering 
effects, alkalic samples with less than 1% H2O were 
judged to be fresh alkali basalts, and not included in 
this study. 

The most striking feature of fig. 1 is the systematic 
increase in the scatter of potassiiim values with age. 
Another important feature is that the median potas-



jBfia j j k ima i 

CHEMICAL EXCHANGE BETWEEN SEA WATER AND DEEP OCEAN BASALTS 271 

I.a 

1.6 

I.* 

1.2 

^ 1.0 

0.8 

0.6 

0.4 

0.2 

0,0, 

[ 

• 

^ 

L 
1 °^ 

I °2 
1 °2 a-

•3 02 

1 °^ 
°3 ,3 

1 9 JJ-.-8 ! i8 

12; p2 |i» 
a o i 2 ° i t O i7 

1 ft ft. 

a l 2 

D13 

i 

iu 

• 14 

.14 

• 14 

Dl8 
• 14 

| 14 

Ir' 
ag 
D16 
ol 

• 16 

• 19 

•IS 

• 1 

ft ft ft 1 

• RIDCE BASALT 
• WEATHERED RIDGE BASALT 

m:\CLUDES 

25 MID-ATLANTIC RIDCE : 4 " - 3 0 ' N 
I .M.A. RIDCE i r n 
3 M.A. RIDCE 4 5 ' N 
1 MID-INDIAN OCEAN RIDGE 
7 GORDA RIDGE 
5 MID-INDIAN OCEAN RIDGE 

1 1 EAST PACIFIC RISE 

1 M.A. RIDGE 2 4 * - J O ' N 
2 M.A. RIDGE 29 'N 
3 M.A. RIDCE 45-N 
4 MID-INDIAN OCEAN RIDGE 
5 GORDA RIDGE 
6 MID-INDIAN OCEAN RIDGE 
7 EAST PACIFIC RISE 
8 .M.A. RIDGE 2 2 ' N 
9 EAST PACIFIC RISE 

10 H.A. RIDGE 30*N 
11 M.A. RIDGE 22"N—52*N 
12 M.A. RIDCE I O ' N - 3 0 ' S 
13 CARLESBURC RIDCE 
14 BALD MOUNTAIN 
15 NORTHEAST PACIFIC 
16 HENDERSON SEAMOUNT 
17 JUAN dc FUCA RIDCE " 
18 MID-ATLANTIC RIDCE 2 8 * — 3 0 ' N 
19 WEST COCOS SEAMOUNT 

•# S 3 to 12 14 ts 
AGE (MAGNETIC REVERSAL) 10'YEARS 

tB 2 0 

Fig- 1. A plot of percent potassium versus residual magnetic field reversal age for 112 analyses of ridge basalts. The ages of the 
amples were determined by plotting the sample locations on residual magnetic field reversal maps of Vogt et al. [32] for Northern 
Atlantic, Hiertzler et al. [33] for Indian Ocean and Southern Pacific, and Hays and Pitman (34| for Northern Pacific. The general 
sample locations for each analysis are indicated and taken from the following literature sources: 1) Miyashiro, Shido and Ewing 
I'SJ; 2)Muir andTiUey [19]; 3) Aumento [20)-,4) Engel, Fisher and Engel [10]; 5) Kay, Hubbard and Gast [6); 6) Engel and 
Fisher (31J; 7) Bonatti [22]; 8) Melson, Thompson and Van Andel {231; 9) Engel and Engel (24); 10) Muir and Tilley (25|; 11) 
Nichols, Nawalk and Hays [261; 12) Engel and Engel [27); 13) Cann and Vine [27); 14) Aumento and Loncaveric [29]; 15) 
Engel and Engel [18]; 16) Poldervaart and Green [301.; 17) Kay, Hubbard and Gast [6); 18) Kay, Hubbard and Gast [6]; 19) 

Engel and Chase [31). 

sium value of ridge basalts appears to increase with 
age. 

Two interpretations of this plot immediately come 
to mind. The first interpretation follows from the 
^ggestionsof McBirney and Gass [1], Aumento [4], 
and Hubbard, Kay and Gast [6] that basalt magma 
•changes its chemical composition with distance from 
"le ridges and that a plot such as fig. 1 indicates 
additions from a single progressively changing magma 
^Urce, or from numerous sources ofa different nature, 
the other interpretation is that fig. 1 is the result of 

samples progressively altered with time and that the 
high potassium values represent samples with a higlier 
percent of altered material, while the low potassium 
values come from samples or sections of samples such 
as the center portions which are relatively fresh. In 
order to emphasize the importance of weathering in 
producing the plot shown in fig. I, samples that were 
identified as altered by the authors are shaded. 

The means and standard deviation for all twelve 
major elements, plus total iron are shown in fig. 2. The 
plots come out remarkably close to straiglit lines for 
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Fig. 3. A plot of the total alkalis versus silica for ridge basalts and core-to-rim weathering trends. The ridge basalts are contoured 
according to age to show how progressive weathering ofa tholeiitic basalt produces a basalt of alkali nature. 

most major elements for 18 my. The oxides of silicon, 
magnesium, and calcium, show good trends decreasing 
with age; the increase in standard deviations demon
strate a similar increase in scatter as shown in fig. 1 
for potassium. The slopes ofthe lines are relatively 
steep compared to the standard deviation. The oxides 
of titanium, potassium and phosphorus, plus total iron 
as FeO amd water all increase with an expanding 
standard deviation fields and mean slopes that are 
significant. The oxides of aluminum, manganese and 
sodium do not show significant trends, although a 
case can be made for small increases in manganese and 
sodium. Ferric iron replaces ferrous iron as would be 
expected during the weathering process. The increase 
"1 H2O is also indicative of weathering. 

All the trends shown in fig. 2 can be interpreted as 
feathering trends when one makes a comparison of 
"esh ridge basalts with weathered ridge basalts as in 
'able 1. The weathered ridge basalts in table 1 are 

typified by concentric zones of brown discoloration, 
and alteration minerals such as chlorite, iddingsite and 
smectite replacing primary olovine, clinopyroxene 
and plagioclase. An average alkali basalt composition 
is given in table I to emphasize that a weathered 
ridge basalt can be confused with an alkali basalt 
with the exception of the low water and oxidized 
iron contents found in fresh alkali basalt. 

The single sample core to rim weathering trends of 
Miyashiro et al. [15] and Paster [16] can be correlated 
with the ridge basalt age trends of fig. 2. This is done, 
first of all, in a plot of total alkalies versus silica in 
fig. 3. The single sample trends of Miyashiro et al. 
[15] and Paster [16] are plotted along with all the 
analysis of ridge basalts used previously to plot fig. 1. 
The ridge basalts are contoured according to age and 
follow the core to rim weathering trends. The dividing 
line between alkali and tholeiitic basalts first used by 
McDonald and Katsura [35] but now of questionable 
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Table 1 
Comparison of fresh ridge basalt with ridge basalt identified as altered by the authors. 

Chemical constituent 
Average of 45 
fresh ridge 
basalt 

Average of 24 
weathered ridge 
basalts 

Average of 178 
alkalic basalts* 

.V. 
- C 

- j i 

3 i. 
•": 1 

Si02 

TiOj 

AI2O3 

Fe iOj 

FeO 

MnO 

MgO 

CaO 

NaiO 

K2O 

H2O 

P2OS 

49.92 

1.53 

15.63 

1.65 

8.19 

0.17 

7.65 

11.17 

2.75 

0.16 

0.95 

0.13 

47.92 

1.84 

15.95 

4.58 

6.05 

0.19 

6.38 

10.73 

2.91 

0.53 

2.19 

0.25 

46.9 

3.0 

15.5 

3.1 

8.6 

0.16 

6.9 

10.4 

3.0 

1.3 

0.8 

0.39 

From Manson [40 ] . 

usefulness, is included only as a reference to point 
out that a basalt of apparent alkali nature can be 
produced from a tholeiitic basalt by interaction with 
sea water. 

The core to rim weathering trends of Miyashiro 
[15] and Paster [16] are compared to ridge basalts in 
a plot of eleven major elements plus total iron versus 
water in fig. 4. In the core to rim trends, the water 
content is always greatest on the outside emphasizing 

Table 2 
Basalt weathering exchange with sea water in 7 X 10* years*. 

Units = 10-^ g/cm'. 

Constant Lost to sea water Gained from sea water 

A1 = 0 Si02 = 5.2 
MgO = 2.9 
CaO =2.1 

Total lost 10.2 

Ti02 = 1.1 
FeO =2.6 
MnO = O.OS 
Na02= 0.2 
KjO = 0.9 
P2Os=0.08 
H2O = 2.6 

Total gained 7.53 

' Assuming constant aluminum composition and a constant 
specific gravity of 2.60 for ridge basalt. 

interchange with sea water as opposed to deuteric al
teration. The ridge samples are contoured to age and 
if can clearly be seen that they pick up water and ex
change elements as they get progressively older. The 
ridge basalts trends generally show good correlation 
to the core-rim trends. 

Since the chemical changes reported here are all in 
percentages it is virtually impossible to estimate 
absolute gains and losses in the exchange between sea 
water and basalts. The percentage change of one 
element may only be an apparent change brought 
about by the change of a different element. An 
attempt to discuss the real chemical changes going on 
between sea water and basalts can be made by assunn 
ing Uiat aluminum is constant, and that all changes 
relative to it are real. This assumption is supported 
by the common observation that aluminum is the 
most immobOe cation during subaerial weathering of 
silicate rocks as discussed by Loughnan [36]. By 
fitting straight lines to the age plot in fig. 1, an estimis 
of weight change can be made for each element assum
ing a specific gravity of 2.60 g/cm-'for ocean floor 
basalt. Fig. 2 shows the net gains and losses estimated 
for a period of 7 X 10^ years. The net loss is 
2.67 X 10'2 g/cm^ greater than the net gain suggest
ing that either the density of the rock decreases, the 
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(Bives of fig. 1 are inaccurate, or the assumption of 
constant aluminum is incorrect. 

The loss of silica and magnesium may be a result of 
(Jie alteration of olivine and clinopyroxene to chlorite 
gid clay minerals. The loss of calcite may come from 
(be alteration of anorthite to smectite which is then 
converted to illite extracting potassium from sea 
water. The increase in iron may be a result of iron 
(Bide deposition as oxide coatings and cavity fillings. 
Titanium may go into the formation of ilmenite. 
Ibtassium probably goes into illite. Phosphorus, 
ianganese and sodium are probably picked up in 
'fnall amounts but it is difficult to predict which 
literation minerals they would favor. Water is probably 
sided to the rock both in the formation of clay 
minerals and as absorbed interstitial material. 

The number of available analyses is inadequate and 
ene of the purposes of this paper is to point out the 
oeed for more analysis of the deep ocean floor, parti
culariy in regions removed from the spreading centers. 
Furthermore, in future studies of oceanic rocks, the 
rffects of weathering must be taken into account. 
Further studies should also clarify the relationship 
between deuteric alteration and weathering. In the long 
range balance of ocean chemistry, the effects are most 
likely additive. Efforts should be made to distinguish 
between true alkali basalt and a weathered ridge 
oasalt of alkali composition; and the underlying 
''asons explaining two apparently different processes, 
one magmatic and one weathering, producing rocks of 
''milar composition need to be further studied. 

'• Geochemical implications 

The importance of the chemical exchange between 
*a Water and basalts in the overall geochemical budget 
"'the major elements depends largely on the depth 
° which sea water weathering penetrates the ocean 
"Oor. Preliminary results in the JOIDES coring 
P'ogram have revealed altered basalt at a depth of ten 
'^'•Considering the hydrostatic head provided by 
• ^ 0 m of sea water and fiuxing ability of water in 
^'neral reactions, it seems likely that sea floor basalt 
•eathering will extend to significant depths. 
. In Order to judge the importance of basalt weather-
~^ On the geochemical budget of the major elements, 

^ annual contribution per cm^ of ocean fioor of a I 

cm deep layer of basalt is compared to annual dissolved 
stream supply in table 3. The basalt weathering values 
were derived frdm the age curves in fig. 2. Column 3 
gives the depth of basalt weathering necessary to 
equate the weathering contribution to stream supply. 

The effects of sediment cover in preventing the 
chemical exchange between sea water and ocean 
basalts must be further studied. In the long tenm 
balance ofthe oceans, sea water may only be an 
intermediate reservoir for cations exchanging between 
basalts and sediments; the net end effect would be 
the same whether cation exchanged directly between 
sediments and basalt or entered active oceanic circula
tion. For the present time, since we know one third 
of the ocean floor is virtually free of sediments, the 
figures for basalt weathering contribution to sea water 
in table 3 can be cut by one third in order to get an 
idea ofthe maximum effect of sediment cover. 

Titanium is the element most likely to be controlled 
by the basalt weathering process, in fact, given the 
present estimates of stream supply, it is difficult to 
provide a source for the amount of titanium apparently 
enriched in basalts during the weathering process. 
The iron balance ofthe oceans is certainly strongly 
influenced by sea water action on basalts and a source 
of iron must be looked for. Manganese and phosphorus 
require greater weathering depths than do either 
titanium or iron; but they too may be strongly 
governed by weathering of basalt. Silica, magnesium 
and potassium all would apparently require still 
greater depths of basalt weathering and our present 
lack of knowledge ofthe ocean floor prohibits us 
from making further elaborations on these elements. 
The calcium and sodium concentration of sea water 
seem the least likely to be affected by basalt weather
ing. 

4. Conclusions 

Deep ocean basalts act as sources for silica, mag
nesium and calcium and act as sinks for titanium, 
potassium, phosphorus, manganese, total iron and 
sodium relative to sea water. Aluminum shows no 
conclusive exchange with sea water. Ferric iron re
places ferrous iron. 

The chemical exchange between sea water and 
basalts should be considered in petrologic theories for 
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Table 3 
Comparison of basalt weathering and stream supply. 

• 3 

c, 

i ; ! 

Chemical 
constituent 

Annual weathering 
contribution from 1 cm 
layer of basalt 

Si02 

Ti02 

(Fe) 

Mn 

Mg 

Na 

Ca 

K 

P 

+ 7.4 

-1.6 

-3.3 

-0.06 

+ 2.3 

-0.21 

+ 2.1 

-0.9 

-0.14 

Annual stream* 
contribution 

+ 1.3 X t o ' 

+0.3 X 10^ 

+(0.6 XIO') 

+0.7 X 10^ 
+0.4 X lO' 

+6.3 X lO" 

+ 1.5 X 10^ 

+2.3 X 10" 

+0.2 X t o ' 

Weathering 
depth in cm 

17 600 

18 

182 

1 166 
17 400 

300 000 

71500 

25 500 

1 430 

Plus (+) indicates addition to sea water, minus (-) indicates extraction from sea water. Units 10' g/cm of sea floor. Fourth 
column indicates depth of weathering required to equate stream supply and weathering contribution. 
* From Turekian (39). 

the origin of oceanic rocks and in theories concerning 
the geochemical mass balance of the oceans-
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Abstract—DiiToroatiol oquatioiia providing for eiinultanoous dissolution of tnuUipIe reactant 
minorals, procipitation of min'oral ossonnblagos, variablo activity of HjO, oxidation-reduction 
reactions, biiiar}' solid solution, and changes in activity coofficiont^ in both opon and closed 
eystotns aro incorporated in a grand matrix oquation describing moss transfer in goochomioal 
processes. Computer evaluation of this eqtiation affords quantitative prediction of tho extent 
to which minerals are produced and/or destroyed as well as changes in the composition of phases 
and.distribution of species in geologic systems in which an irreversible reaction takes place 
between a given mineral or minera) assemblage ond on aqueous solution a t constant temperature 
and pressure. Computers {uid thermodynamic dato currently available permit mass transfer 
calculations to bo carried out for systems involving more thon 60 components, phases, and chemi
cal species a t tomporotures up to SOO^C. 

IKTRODUCTION 
MOST geochemical processes involve the transfer of material from one set of phases to 

, another as a result of chemical reactions caused by changes in temperature aiid/or 
...pressure, of by introduction of an aqueoiis phase into a mineralogic environment with 
"which it is not in equilibrium. Weathering, diagenesis, metaraorphism, and hydro-
thermal hictasomatisin ara familiar examples of such.processes. I t has already been 
demonstrated that matrix-equations (HELOESON, 1968), therinodjma'inic data (ROBIE 
and WALDBAUM, 1968; WACMAN ei al., 1968,1969; HELGESON. 1969), and modem 
computers permit theoretical prediction of equilibriura states (HELGESON, BRONVN 
and LEEPER, 1969) and mass transfer among phases in geochemical processes 
involving large numbers of components, phases, and chemical specieslit temperatures 
from 0° to 300°C (HELGESON, GARRELS and MACKENZIE, 1969; HELGESON, 1970c). The 
purpose of the present communication is to amplify, extend, and supplement the 
theoretical approach emploj'ed in these .calculations, particularl}' with respect to 
geochemical processes involving' minerals of variable composition and those in 
which the activity of H2O and/or activitjr coefficients change significantly. Only 
isothcrmal-iisobaric processes are considered below; mass transfer sis a fimction of 
temperature and/or. pressure will be the subject of a later communication. 

TJIEOKETICAL CONCEPTS 

A geochemical jirocess can be represented bj ' an array of chemical reactions 
describing the transfer of mass from reactant minerals to other phases in the system. 
These phases include the aqueous solution as well as minerals precipitated as reaction 
products. Gcolo.^ic systems arc coininonly in a state of partial eguilibrium during 

• Prcsont aililrcss: Canadian Geological Survey, 601 Booth.Struct, Ottowo, Ontario, Canada, 
t Present adilrcss: lisso Production Company, P.O. 5 ° ^ 2189, Houston, Texas 77001 
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acot»>g*»<>l pfOOSt<S» t;e. cue systems arc, ir̂  equilibrium with respect to a t least 
one chemical reaction or process, bu t out of equilibrium with respect to others 
(BARTON et cU., 1963; HELOESON, 1968). The equil ibrium'states in the aystem 
may include homoa;eneou3 equilibrium (e.g. equilibrium among species ih the aqueous 
solution) as well as equilibrium amOn^ product minerals and the aqueous phase. A 

'. geochemical process thus involves both reversible and irreversible chemical reactions. 
• The theoretical approach to mass transfer calculations summarized below is based 

in par t on tlie assuraption thatthomogcneous equilibriun; prevails in the system and 
tha t equiUbrium is raaintained among the aqueous phase and the minerals precipi ' 
ta tcd as reaction products in geochemical processes. This assumption has a Idnctic 
corrolary in that the rates of reversible reactions representing these equilibria arc 
assumed to be a t least aa fast as those of the irreversible reactions involved iri the ' 
process. Thp <;|is.snliil,inn pf reactant minerj^la jp I*'" aqueous phase is tlius rcgardcd_as 
the rate-limiting step. Both kinetic considerations (HELOESON^ 1970a) and compar
ison of theoretical predictions with the characteristics of geologic systems (HELGESON, 

GARRELS and MACKENZIE, 1969; , ,HELGESON, 1970c) aujiport this assumption. 

Resuini of theririodynamic relations 

Changes in the distribution of components in a system resulting from reaction of a 
mineral or n:uncrals with an aqueous phase can be described in terms of reaction 
coelficients itt an irreversible chemical reaction describing the process. These reaction 
coefficients, which are negative for reactants and positive for products, are defined 

by • • . . . • 

or 

n, = 

n . = 

dw, 

d? 

d ^ 
d l ' 

(1) 

(2) 

where n , and n^ are the reaction coefficients for tho sth aqueous species, (5 = 1, 
2, . •. . , ^) and the ^ th mineral (^ = 1, 2, . . . . <I)) relative to one kgm of HjO, x^ 
represents the number of moles per kgm of HjO of tlie ^ t h mineral in the system, 
VI, refers to the molality of the subscripted species in the aqueous phase, and I is tho 
progress variable for the irreversible reaction ( D E D O N D E R , 1920; PRIGOGINE and ' 
D E F A Y , 1954; HELOESON, 1968)r .. 

If an aqueous phase is involved in a geochemical process, all equilibrium states 
in the sj'^stem can bercprescntedby a set of independent reversible reactions (reactions 
tha t cannot be derived by summing other reactions in the set) involving a mineral 
and/or aqueous species. For each such reaction a stiitcmcnt. of tho Law of ^lass 
Action can be writ ten; i.e. 

n<v' = K, (3) 

where a , / r e f e r s to tho activity of tlio i th species (which may be an aqueous siiccics 
or a mineral; i = 1, 2, . . . , {) involved in tho j t h reversible reaction (j = 1 , 2 , . . . , 
3)t ''«.< represents tho coefficient of tho subscripted species in the reversible reaction, 
and K; is tho equilibrium constant for thcjtl i reaction. The coefficient / I , , in equation 
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(3), wluch is a constant, is aesigned a ncgtitive valuo for roaotants and a positive 
valuQ for products in the rovorsiblo reaction. 

The activities of minerals tha t exhibit less than fivo or ten por cent solid solution 
(doponding on tlic departure from ideality of tlio solid sol ution) can usually be 
asaigned a constant value of uni ty in oquation (3) without introducing aignificant 
6rror in mass trajl.sfer calculations. Similarly, the activity of HjO in many geo
chemical processes can be regarded as a constant with a value Of one (HELOESON, 

19G7b, 1903, 19 70b). These obscrv'ations permit us to write tho following close 
approxitnation o f the derivative of equation (3) with respect to tho progress variable, 
I ; provision for solid solution and variable activity of H^O are discussed in detail 
below: 

2 " . . i ( d l n a . / d i ) = 0 (4) 
t - 2 

wJiero the subscript $ again refers to the,aqueous species in the system. The sum
mation in equation (4) is taken from s = 2 to provide for s = 1 as the designation 
for HnO. T/Ct us now recast equation (4) iii terras of tho reaction coefficients defined 
by equation (1) and take its derivative with respect to the progress variable. 

The activity of the Bth aqueous species is related to its molality b y ' 

a, = y,m. (5) 

Mhcrc y, is tho activit}- coefTieicnt of the subscripted species. The logarithmic deriva
tive of equation (5) appeaK as 

d i n a, - d l n m , -dln.y, 

' '̂  ~ w " ~ d ^ ' ^ ' ~ d r " 
Taking account of eqiiation (6), we can -vvritc equation (4) as 

, 2 <./ i^ In^hlm + 2 .̂:i (d In yJdS) .= 0. • 

which fcan be combined with equiation (1) to give 

2 ^ . .AK + 2 ^».,/(d iil n/df) = 0. 

Combining equations-(1) and (6) leads to 

. - 'dm/ / d i n a, d l n y A . • 

•.:' . ' ' ' ^ • ' d F = : ' " * \ - d r ~ ~ d r ) ' 
which can be difFereutiated to • ' 

; d^/», YdMna, d^ lnyA _ . / d l n o , d l n V A 

''• = -W = "!' l"df^ " ~dKl + "".' l "d r ~ "dT/ 
Accordingly, the derivative of equation (8) can be written as 

' ' ^ + 2«./^'"^ 
•m. »-.2 d | 2 -=2 

K.fnj" 
- 2 -m. 

(6) 

(V) 

m 

(9) 

(10) 

(11) 
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Before discussing the appUcation of these equations in a geologic context, let us first 
consider conservation irV'geocheinical processes. 

Conservation of mass can be expressed as ... • ' 

2"..*^* + 2"*.*% = 0. (12) 

where v,,; and v,;̂  corresporid to the number of moles of the eth chemical element 
(e = 1, 2, . . . , £) in one mole of the sth aqueous species and one. rnoIe of the ^th 
mineral, respccfcivcly. Because electrical neutrality is maintaiiicd in the aqueous 
.phase,,we can write ' 

• . * 2Z,»f. ^ 0 , • (13) 
.„ , t . . ' ' . ' . • 

where Z, represents the chargfe on the sth aqueous species. The derivative of equation 
(13) can be combined with equation (I) to give 

••' : • • ' " ' ' X Z A - O . . ' •• • . • • ' 

Note that the derivatives of equations (12) and (14) can be written as 

and 

2 ''...«.' + 2 n.*™/ = 0 . . . * . 

2ZA'=o. 

(U) 

(15) 

(16) 

'where u,' and H/ are defined by equation (10) and the derivative of equation (2), 
respectively. 

If equiUbrium is maintained among aqueous species and the niinerab produced 
in a geochemical process-, the nuiiiber of unknowii reaction coefficients in aii irrever
sible reactton representing the process at a given titne is always equal to or less than 
Oiie plus the sum of the utimbcr of chemical elements involved In the reactioii and 
the number of independent reversible reactions that can be written to describe the 
equilibrium states in the systera, i.e. 

a -f<i> ^ t -\-S + 1. • (17) 

The nuraber of specific statements of equations (8), (12), and (14) is thiis ahvays equal 
to or greater than the number of unknown reaction coefficients, and the number of 
derivatives of these equations' (equations 11, 15, and 16) ia equal to or greater than 
the number of derivatives of jtlic unknown reaction coefficients. All variables and 
constants other than the reaction coefficients in these equations are known or can be 
calculated (sco below), which permits the unknown reaction coefficients and thcif 
derivatives to be computed for any stage of reaction progress by simultaneous soluttun 
of sets of thesQ equations. Because tho equations are all linear in the derivatives of 
Tttj,tlus can bo done expediently by employing matrix algebra and computer tech
niques (HELOESON, 196S), which arc discussed furtlier in tho pages that follow. Noto 
that the number I in equation (17) refers to the conBcrvation of cliargc cxpre.Hscd by 
equation (14), which must bo included in tho matrix only when oxidation-rctluction 
equilibria are considered. 

Mass transfer calculations for gcochcmituil processes can bo carried out with tho 
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aid of tho reaction coefficients nnd their derivatives .computed from the equations 
discussed above. These calculations define the changes in the molalities of aU 
aqueous spoeies, and the number of moles (per kg of HaO) of "each mineral produced or 
destroyed as a result of successive increments of progress in an overall irreversible 
chemical reaction representing a given process. DifFercnce equations of the form of 
a Taylor's expansion arc suitable forthis purpose; i.e. 

Am, = H,Af -H n ; 
^ , ( A f ) s 

2! 
and 

M^ = re^Af -\- n^ 
2! 

+ n/ 

4-n. 

3! 

(Ai)" 
3! + 

(18) 

(19) 

where AĴ  refers to a small increment of reaction progress, TC, is the reaction coefficient 
of the sth aqueous species, and •n,' and n , ' are the first and second derivatives of n^ 
with respect to f. Note that in niost cases equations (18) and (19) can be truncated 
after the quadratic terms without causing significant error in the calculations. Eval-
uatibn of the equations for a given small increment of reaction progress defines a 
new solution composition, which is then used to compute new reaction coefficients 
(and their deriyatives}.from the equations summarized above. Becatise the reaction 
coefficients are .rarely constant during reaction progress, small values of Af are 
used tb evaluate equations (18) arid (19). In practicej increments of f ofthe order of 
10"^ or tess insure accuracy in the calculations. 

The theoretical equations summarized above arc applicable to many, but not all 
geochemical processes involving an aqueous phase. To generalize these relations we 
innst take into account factors such as changing activity coefficients, variable 
activity of HjO, and solid solution among reactant and product minerals. Toward 
this end let us first derive expUcit expressions for the derivatives of the activity 
coefficients of aqueous, species in equations (8) and (ll)i 

. • A C T I V I T Y G O E F F I C I E N T S • .'i?;. 

. The total mole transfer of ionic species to or from the aq'ueous phase in a geo
chemical process is commonly several orders of raagnitude smaller than the ioiiic 
strength of the solution;,(HELGESONj 1968; HELGESON, GAiRREi^.and MACKENZIE, 
1960), Many aqueous solutions involved in these processes cpntain relatively high 
concentrations (>0;5ffi) of alkali and alkaline earth chlorides; consequently, their 
ionic strengths remain essentially constant during reaction progress.. When the ionic 
strength of a solution is constant the activity coefficients of aqueous species are 
constants, and therefore d In j/,/df and d* In y^/dl^.iii equations (8) and (11) reduce to 
zero (HELGESON, 1908). In.contrast, where significant evaporation takes place, or 
the mole transfer of ionic species to or from the aqueous phase is of the order of 
magnitude ofthe ionic strength of the solutioni provision should be included in mass 
transfer calculations for' the efi'ect of changing activity coefficients oh reaction 
coefficients. . • • . 

The solute in many natural electrolyte solutions consists predominantly of 
NaCl, CaClj, NaHCO^ or a similar simple binary salt, which we shall refer to as the 
supporting elcctrol^iie; i.e; the salt presentin relatively large.concentrations compared 
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to t he concentrations of other dissolved solids. Activity coefficients of both charged 
and neutral species in sucK solutions can be approximated closely for a given tempera
tu re b y (HELOESON and J A M E S , 1908; HELGESON, 1969) ' 

Jog y. - : ._= . . . + o)J. (20).. 
1 -IT 4 3 P ' 2 

where Zt refers to tlie charge on the s th species, A and B arc t he molal Dcbyc-Hiickel 
parameters , d , is the'ion size parameter for the subscripted species," w, stands for one 
of two constants (explained below) characteristic of the supporting electrolyte, and 
I is the t rue ionic strength of the solution defined b y . 

I=i22/ m. (21) 

True ionic strength (I) differs fromstoichiometric ibriic strength (I) in that it depends 
on the distribution of species araong complexes in the aqueous phase, 

VMien an activity coefficient is computed from eqtiation (20) for a charged species, 
ftjj in t h e equation is equal t o t he deviation function for t he supportlrig electrolyte 
( H E L O E S O N and J A J I E S , 1908; H E L G E S O N , 1969); when the species is neutral, the 
fij^t t e rm on the right side'of t he equation reduces to zero and co, is either regarded 
as zero or assigned a value consistent with the activity coefficient of CO'̂ dttii in tby. 
supporting electrolyte, depending on the nature of the neutral species (HELGESON, * 
1969). . . " 

. The derivative of equatioii (20) with respect to the progress variable, f, can be " 
•written as 

-V d In y, -
^ ' = 2-303 (w, - C,) I ' , 

where 
d i 

(7.= 
AZ, ' 

2 I '« (1 -f- dJJI"«)='-

and I ' is defined by the dcriyativo of equation (21); i.e. 

I ' 

The derivative of equation (22) can b e wri t ten as 

(23) 

(23) 

(24) 

(25) 

where C / and I ' are defined by the derivatives of equations (23) and (24), respectively; 

I.e. 

and 
d-I I ' = — h 2 z; 

a d°//t, 
iJZ^n:. 

(20) 

(27) 
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I t can bo seen by inspection t h a t equations (22) and (25) are linear functions of 
n, and n,' respectively. All variables and constants other than tho reaction co
efficients and their derivatives in these equations are cither knbwn or ean be com
puted directly from thermod3Tiamic data (HELGESON, 1'969). Consequently, 
equations (8), (22), (23), and (24), and equations (11), (25), (20). and (27), respectively, 
can be combined to permit explicit calculation of n, and (subsequently) n, ' from 
matrix equations for cases in which activity coefficients vary significantly during 
reaction progress. The equations in the matrices ean bo represented by 

2..(4u. + !i|5=!2..„,„. _<;..,,)=„ 
« - 2 VW, ^ » - 2 / 

(28) 

and 

^ - , / » . . / , 2-303Z.' \ ' . ( n , , , n , 2-3032.8 \ 

(29) 

The summations in equations (28) and (29) are again taken from .a ^ 2 to pro'vide 
for designation of s = - 1 as H2O. Simultaneous evaluation of sets of these equations 
is discussed below. 

.* - A C T I V I T Y OF H O O 

The "activity, of HgO changes insignificantly in most isothermal-isobaric geo
chemical processes. As indicated above, the activi ty of HgO in such processes often 
can beregardcd as a constant equal to one (HELGESON, 19C7b, 1968,1970b). However, 
where evaiioration is involved, mass transfer calculations should .include provision 
for "the eflects of changing activity of HjO on reaction coefficients." This requires 
modification of some of the preceding differential equations. 

The activity of HjO rarely decreases below 0-7 during evaporation of natural 
electrolyte solutions, and it is relatively insensitive to compositional variatioifpf the 
solute. For example, addition of CaClg to an NaCl solution lowers the activity of 
HoO, bu t the change is of the order of a tenth of the molality of CaClg added. For 
this reason, and because the solute in many natiiral electrolyte solutions consists 
predominantly of a simple binary salt such as NaCl, the activity of H2O in such 
solutions cah be approximated closely by the activity of HoO in a pure solution of 
the supporting electrolj'tc. 

• The activity of HjO in a binary eleetrolyte solution a t a given temperature and 
pressure is related to the total molality of the solute (wi,) by 

In^ii .o = -0-018>'±.,»w,9 (30) 

. J ' ^ ' ' . 
j : ' . where 0018 is equal to the molecular weight of HjO (in grams) divided by 10^ 
" "i grams of HoO, v±., refers to the stoichiometric number of moles of ions in one mole 
> J - of the eth electrolyte (i.e. the number of moles of ions appearing in the formula for 
I -tr! the salt; e.g., v±., = 2 for NaCl 'and 3 for CaClj), and ^ , is the molal osmotic co-
'':..j,v efficient of the electrolj'te. The osmotic coefficient of an electrol^j'te a t a given tem-
, "̂-" perature and pres.siirp. can 'bo fomputod frnm fin o-rfonrl.-fl "r)„v->-r,„TT.,".,N<-„i ~. 
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function of the stoichiometric ionic strength (I) of the solution (LIETZKE and 
STOUGIITON, 1961; HELGESON, 1967b, 1969); i.e. . .-

where D , and J , arc defined, respectively, by 

2-303 A |Z.,..Z_..| 
D . = 

and 
b - ' l . 

J , = . : l -1- M r - 2 In (1 -f b,V/') - j — r j ^ . 

(31) 

(32) 

(33) 

The syrabols 6 ,̂ 62. ^3. &nd 64 in equations (31) through (33) refer to constants (fit 
pararaeters) in the power function, and Z+ , and Z _ , staiid for the stoichiometric" 
charges on the cation and anion in the eth electrolyte. 

• The stoichiometric ionic strength of an elcctrolj-te solution in which the solute 
consists of a binary salt is defined by 

7H 
•• ^ » = - ^ ("-^..Zi.. + v_;.Zi.,). (34) 

where »>.(._, and r_,, refer to the stoichiometric number of moles of the cation and 
anion, respectively, in one mole of the solute. The molality of the solute can be 
expressed as " . • • 

• • • 1 „ • ' . • 

" ' . = 2 "-H...."'-. " (35) 

where v^^ ,- refers to the number of moles of the cation in the formula of the eth 
supporting electrolyte in one mole of tlic stli acjueous .species. Combining equations 
(34) and (35) leads to 

• = \ ^ r )2' ' .H...,"^- (30) 

. The first and second derivatives of equation (30) with respect to the progress 
variable, | , are given by ' 

d h i a „ ^ o 

d l 
= -001Svi..(c?,»». ' -h w , $ : ) 

and 
d ' 1" «it.n 

df-
= -0 -OlS r^. . (.,V«/ -F 2,„:<fi: -H ni , :^;) . 

(37) 

(38) 

wlicic rfij, ^ / , -tn,' and in," ate dcfiiiixl by the derivatives ofcriiiations (31) and (35). 
The first two derivatives of cqualions (31) can be written, respectively, ajt 

^ ; = ^ = _ ^ . . ; _ . . ^ ; + i ;(^+lM. + 0 ^ ) (39) 
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and 

1/ = T I = - D . J : - 2^.'^.' - -̂ .-D." + de 

i 

) • • ' 

* " . - . 

s i • - . 

v(^^-|5=H-2^V"--K^ + ¥ ) '"' 
where the coefTicients D,', J, ' , D,", and J," are given by the derivatives of equations 
(32) and (33); i.e. 

I.. (36) 

1 respect to the progress 

K') (37) 

"r - ^ • 
1 

s. 
I" -i-. 

D : = -2-

fc,"!." I. • 

/ I ' 2(1 ')*\ D l " 2D ( I ' 

303A,Z...Z...l(-^,-i-4)=-^+-^ 
• fci'i.'li'-

J : = 2(1 -f 6,Ii'-)2 ' 

and 

^ . - - / . y i t + 21.(1-f 6ji '^); • 

(41) 

(42) 

(43) 

(44) 

...Taking account of equations (9) and (10), the first and second derivatives of equations 
•"'(35) and (30) can be written as 

dm, 1 
"m. = -^-^ = — 2 »'-i-....... 

•*'- i-.« • df 

d-m, 1 _. 

dV-

and 

T ' ^^' v^...Z^., -F v_.,Zi.. 

T - _ ^^^' - *'-i-.Zi., + v-..Zi., 

(45) 

(46) 

(47) 

(48) 

I t can be seen b}' inspection that equations (39) a,nd (41), and equations (40) and (42) 
are linear functions of I, ' and I / , respectively. Accordinglj', we can write equations 
(39) and (40) as 

and 

^ / = ^ = I / ( : ^ - D.Vr-W, + L ) - ^ : 

( l j f [ D , ( w \ ^ , + Y ) - ' ' r l i ) + Q ) , (50) 



678 •. H . C- HELGESON, T . H . BROWN, A. NIGRINI and T. A. JONES 

where • . ^• : ' ' 

W.= K' J : 
• 2{l+.b^V,i'-)\ l.'VJ'V 

Y _ ^1 

' ' . - i + b , i T ' " 
' *2 . 463I. , 9&Jr 
-̂ ^ = "2 + ~ r + ~T~ • , • 

and 

- Q. = . ^ -h 
96J. 

(51) 

(52) 

•(53) 

(54) 

Because I , ' and I," are linear functions of w, and Tt,', respectively, equations (37) and 
(38) can be combined with equations (45); (47), and (49), and (40), (48) and (50) to, 
give linear expressions in which all variables and constants other than the reaction 
coefficients and their derivatives are known or can be computed; i.e. . 

d In o 11,0 

df = -^. 2 "-h....^. 

and 

(55) 

(50)' 

where 

"(57) 

• ^ ^ = t l v,.,.A' -;^.(2 v,...4: . 

and 

.. . H. =.o-ois V,., L (itZ^±j:zZLfY X .. 

Equations (55) and (50) can now b(> combined with equations (28) and (29), respec
tively, to give differential equations for icvctsibic reactions in geochemical proces.ses 
in whicit bo.th activity coefficients and the activity of I L O vary ; i.e. 

5; ,x. K ' + ^J^!}1I^ l { n . . A c o . - C.,)) -h n . . . , J . v ^ . J = 0 (50) 
• ~-2 Vi l l , I t - 2 / 

and . • 

2 ,T;(!k^ + 1 ^ ^ 2 rt,Jo>, - C„,)-\- n . . J ' \ v , J = 

.?. " ' l ^ ' + ' - ^ ^ ' .?, <"- 'M + «.-../'.(2 VK...<J. (60) 
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Equations (59) and' (00) represent revcnsiblc reactions involving minerals of 
fixed composition and/or acjueous species in matrix equations describing geochemical' 
proccs.scR. Before setting up the matrix equations, let us ..first consider briefly tho 
consequences of removing H^O from the s^'stem, and examine the efTects of solid 
solution On mass transfer in geochemical processes. ' .. 

Evajwralioii and conservation of mass 

As a general rule, calculation of mass transfer per kilogram of HjO can be carried 
out without making explicit provision for changes in the mass of solvent accompanpng 
reaction progress. This is t rue as long as the ma.ss of HjO contributed to or removed 
from the aqueous phase bj" reaction is small compared to the mass of HjO in the 
sj'stem. Accordingly, few prpcesses other t han dilution or evaporatioii require modi
fication of the. mass transfer equations summarized above. 

Material balance per kilogram of H , 0 in a S3'stem in which the mass of solvent 
H2O is changing can be expressed by 

n , . = 
55-5n-l, 

' H , O 
(61) 

where n ° , represents .the total number of moles of the eth element in the system, 
TT°, refers to the totalViuinbcr of moles of the eth element in the sj'Stem per kilogram 
o i solvent HgO, TJJJ Q is the number of moles o i solvent H , 0 in the systerii at a givc-n 
stage of reaction or evaporation progress, and 55-5 is equal to 1000 grams of HoO 
divided by the molecular weight of HjO in grams. Note t ha t equation (61) is 
writ ten for a system in which the aqueous phase contains one kilogram of HgO 
initially. . . . . 

If we now regard all evaporated H2O as well as all HjO produced or consumed 
by reaction as a" par t p f the systera (i.e. total HjO remains constant as solvent HjO 
changes) and specify a constant mass for all other components in the system, «f, is a 
constant for all elements. The derivative of equation (61) with respect to the progress 
variable, f, can then be written as ' . . f i 

d?l, , . 55-5 Ti?.Ti,, n 
J , . _ ,'•• " ' ° (62). 

d | • Tlu^o. . 

where TI,,, represents the change in the total number of raoles of the eth clement per 
kilogram of solvent HoO, and «jr,o refers to the reaction coefficient of solvent HjO 
(i.e. dnjjjo/df). I t foUows from equation (62) tha t where the mass of the solvent is . 
changing, equation (12) is no longer equal to zero. In contrast, conservation of mass 
pei- kilogram of solvent HjO in the s^'stem is now expressed by • . . 

555n°.Ti„ ,o 

"fi.o 

The number of raoles ofsolve-nt HjO in the sj'stem a t any given stage of reaction or 
evaporation progress can be computed from a Taylor's expansion analogous to 
equations (18) and (19); i.e. . "• 

+ "n.o ^ s .+ „, 1-

2 ''..A + 2 »'., #?^# T l , . = — (63) 

'UjO = Tl JI.O 91 
(64) 
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where TIJJ ^ is the number, of moles o i solvent HjO a t the end of the preceding incre
ment of reaction pr evaporation progress, and •n.'â o stands for dTTjf̂ o/df-

. SOLID SOLUTION 

Solid solution minerals reacting irreversibly with an aqueous phase arc treated in 
mass transfer calculations as minerals with fixed compositions. I n contrast, when a " 
solid solution inineral is a product o f the reaction, provision must be included in the 
calculations for changes in its composition. Conipoijitional variation in a product 
muicral can be taken into account by writing reversible reactions between the 
mineral and the aqueous phase in terins of the activities of aqueous species and a, 
given end member in the solid solution scries. Fpr the purpose of deriving differential 
equations corresponding to siich reactions, let us consider a binary solid solution of 
end members represented by the subscripts h and I, respectively. Equilibrium be
tween the solid solution mineral and the aqueous phase can.then be represented by 
a statement of equation (3) written as 

« * - ^ n « ; - ' = K,- . . • ..' . • (65) 
' J 

The activity o f the end member designated as h in the solid solution is related to its 
mole fraction (Xft) by --j, 

••- -' a A " = 4 A \ . . ..(66) 

where ?.̂  is the activity cdcfficient ofthe subscripted end member in thcsolid sblution. 
The first aiid second logarithmic derivatives of equation (60) appear a.s. 

and 

d In Oft 

df 

d^ In Oft 

d In 4 
d.̂  

d^ hi 4 

-f-

-1-

d hi A",, 
d.̂  

d- In A', 

dr- dr- df-

(07) 

(08) 

. For the moment let us omit provi.sioii for changing activity of H.̂ O and retain the 
designation of s = 1 for this species. Taking account of cciiiations (1), (5), and (07) 
wo can then write the first and second derivatives of equation (05) as 

d In A-, 

• d l 
d i l l 4 , ^. . , .> 

dl 

ri, „ , d lu y. 
• + 2 "../ —TT- = 0 

. - o III, ,t:-i d i 
and 

d= in A\ d= In 4 

d i - dr- + 2 
m. 

-I-2'V/ 
d - 1 " y, ^ ^ !^../.'L!-

V . - 2 • " ' , " 

(0!)) 

(70) 

Noto that equations (09) and (70) arc analogoii.s to equations (S) and (11). 
I'rcdictioii of tlio extent to which i\ mineral of variablo eoinpojsitioii i.s jirodiiccd 

during a geochemical process requires cquation.s ru-latiiig tho change in tho inolo 
fractions and activity cocfficioiitsof tho ond inciubcrs in the solid solution to the chango 
in tho mass of tho solid solution in thu system. 
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Jilole fraction 

The mole fractions of tho ond members in a binary solid solution mineral are 
related to each other and to the mass of the end members by 

A', = 1 - X i = ^ 
Xt + X, 

and 

A' - I - X - ' 

(71) 

(72) 

where x^ and i , refer to the total number of moles of the subscripted end members in 
the solid solution (kg of HgO)"^. Equations (71) and (72) can be combined to give 

X, JC, • 
(73) 

Note t ha t the first derivative of equation (73) with respect to the progress variable, 
I , ean be written as . 

1 IdxA _ J^/dx,\ _ dlnXft _^ d l n Z , 

..xX^) ~ fjldF/ ~ ~dl d f 
l i we now let the subscript hi designate the solid solution, we can write 

'y^ X|^ -{- Xl = Xi^i 

from Avhich it follows t h a t . 
dz j d i , ^ dxy 

• df "^ d£ d l ' . 

Taking account of equation (2) we can also express'equation (76) as 

; . ^A + " « • = «Ai- • " 

For a binary solid solution we can \\Tite ..̂ ^ 

_ d X j , _ d X i - ^ -

• : ' • • - . d | ~ d | 

and thus 
. _ X J d l n X A _ d In X, _ _ 1 - X , / d l n Z A 

xA dl / ~ d| ~ ." X, V d| / • 

(74). 

(75) 

(76) 

(77) 

(78) 

(79) 

Equat ion (74) can npw be rearranged and combined •with equations (73) and (79) to 
g ive . • • - ' . ' . . ' . . -

d In X , XftTC, — X,nft 

I t then.also follows tha t 
d l , X, • 

d l . X. 

(80) 

(81) 

I t can be seen by inspection t h a t equations (80) and (81) are linear functions of % 
and 71,. Consequently, these equations are well suitedfor miass transfer calculations. 

file:////Tite
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bu t to use them for this purpose we must first derive explicit difFurential equa
tions for the activityj'c'oefficients of the end members in. the soUd solution mineral. 

Activily coefficients • - . 

The activity coefficient of an end member in a solid solution scries can be described 

^ ^ ' . , • • . . • . ' : " 

t*e-xct%i.h In ;., = 
R T 

wbere B is the gas constant, T is the absolute temperature, and /<„«.«.« 
excess chemical potential of the Ath end lucmbcr; i.e. 

(82) 

refers to tlie 

•• • . (83) 

where fî  is the chemical potential of the subscripted end member in the solid solution 
a.nd'/.ti^tai.ii is its ideal counterpart . The exce.ss Gibbs free energy per mole 
of the solid solution (^'„C<,„.A,) can be expressed in the form of the integrated Gibbs-
Duhem equation as . • > 

"excos j .M — ^hf^cxccts . t i + - ^ l^^ tz tc t t . l - (84) 

Note tha t we can also write 

-. dd. U „ . M _ , (^\i {̂ \ 
d i ~ f '̂"'"'" \ d | / - " « " " • ' V d | / • 

(85) 

Equations (72), (78), (84), and (85) can now be combined to give a difTcrcntial 
equation relating the e.xcess Gibbs free energy (ofthe solid solution) to its derivatives-
Combining this expression with equation (82) leads to 

I ] (•'ercesa.tit , • ^ I / dC',j.cg«».Al j 

. *" • " " ~ R T ~ + R T I dA' / • 
(SO) 

The excess Gibbs function for a biiiar\- solici solution can be reiJfcsoiited by a 
Maclaurin exi'jansion (e.g.-see TilOMi'SON, 1907); i.e. ' -

W " Y 2 W " V 3 

91 3! 
(87) 

where W^ is the intercept and W^', W^", and Wj[' arc equal to the fir.st, second, and 
third derivatives of (r,„^„^^, with respect to. A', a t A", = 0. Noto, however, that when 
Xl = 0, (?„„ji.Ai = WA = 0. Taking accoiuttof this identity and tho fact that WV, 
Wft", W^", etc. arc constants, the derivative ofcqualion (87) with respect tp A'̂  can bo 
combined with ccjiiation (78) to give 

dCi, 

dA\ 
- - ^ ^ ' -

2W, 'A , 3\V;"A,a 

21 3! 
(.S.S) 

Efltiations (87) and (SS) can now be cpmbined with equation (SG) to give 

, , 1 AV/A',a 2\V;"A',» \ 
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The Gibbs-Diihem equation for a binary solid solution at a given temperature 
and pressure ean be \vritten as 

< XAd/ iA= - i . d , / / , ' • (90) 

or 

X^dfi^ = - X l dfti. -. (91) 

•Note that if we now combine appropriate statements of tho derivative of 

fii = fii" -1- RT In o, 

with equations (67). (79), (90) and (91), we can write 

dfi^ d In Oft d In Xft -I- d In 4 d In X^ d In 4 

(92) 

d/t, d i n e , dIn X, - t -d In A, d l n X , dliiA, 
X , 

X A 

(93) 

Equation (89) represents a general power function for activity coefficients of 
end members in a. binary solid solution series. When such solutions are ideal, aU 
coefficients (W^', WJI", etc.) in the expression are equal to zero, and Â  is then equal 
to one. A sj'mmetrital (regular) solid solutioh is represented by equation (89) when aU 
coefficients, other than Wft'are zero. 

Th^ first derivative of equation (89) with respect to the progress variable, I, 
can be written as " . 

dlnA* 
d l 

/ d l n X , \ 

\~drl 
where 

•*'* = ~ R f (^^'ft'-^i' + w;"z.3 + . . . ) . 

(94) 

(95) 

(96) 

If we now combine equations (07), (80), (81) and (94), we can write 

d lnca _ 7i„{X, - a^X^) ni(ci^X^ - X,) 
d | ar* x , 

The derivative of equation (90) with respect to the progress variable, | , appears as 

n^^X,-tr,X^) dMna, V ( X , - <rA) . %/dX. dX, X 
X . 

• niJa^X^ - X,) , Tl, Tl,/ dXft d X , ,\ ; n,' H<J,X, - Xl) 
(97) 

.where â  is defined by eqtiation (95) and . 

: " • • = ! ' = - ^ ( ^ w ^ ' + 3 w w f + . . . ) • ; ,08, 

file:///vritten
file:///~drl
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Combining equations (80), (81) and (97) leads to 

d ^ l n a 
- • ' 'A d|= 

* - , (X, ---tfAXA) , - , {(x^x^-Xi) , , „ „ . / V » A 
= ns + Wl S + (<^AAA - -^ •« ) \^2 . -^ £ 2 ) X , 

(99) 

Equations (59), (67), (69), and (96), and (GO), (68), (70), and (99), respectively, 
can now be combined to give difTcrcntial equations representing reversible reactions 
involving minerals of variable, coraposition (ih binary solid solutions) and aqueous 
species in which provision is included for variable actix-ity coefficients and changing 
activity of HjO. These equations appear as 

.5-(^ + (^^JM--M"^.-''M , 
«A(.X'I — ^A-^A) ^lia^X^ ^ X,) 

= 0 (100). 

and 

(101) 

I t can be seen by inspection tha t equations (IOO) and (101), respectively, are linear 
functions of the reaction coefficients (of the species) and their derivatives. These 
expressions are thus suittiblo representations of reversible reactions involving solid 
solution minerals in the grand matrix equations derived below. However, to render 
the equations applicable to the general case of ma.s3 transfer in geochemical 
processes, we must first determine the stage of reaction progress a t which a given 
solid solution mineral appears, and define the equilibrium composition of tho pha.sc 
a t saturation. 

Prcdiclion of saturation compositions 

Before solid solution minerals ajipear aa reaction products, hypothetical activities 
of tho end members designated by h in all possible solid solutions can bo calculated 
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at each stage of reaction progress from expressions of equation (05). The computed 
hypothetical activities of tho end members (a,,) can then be used to predict values of 
XA from connbined expressions of equations (00). (72). and. (89). i.e. 

- . . . 1 . (102) 

expressions 

aA = X A e x p ( - I ^ . -x,r-
RT 

21I'7(1 
3 IRT 

* • ' 

Iterative computer teclmiques can be used to solve equation (102) for hypothetical 
values of XA in all soUd solutions for which explicit activity coefficient power 
functions have been defined. After.computing the hypothetical values of XA, the 
coire.sponding values of X, can be computed from equation (71). whicii permits 
calculation of A, from an expression analogous to equation (89), and thus a, from an 
expression analogous to equation (00). These values ofa, can then be used m con
junction with the activities of aqueous species to compute hj-pothetical values ofthe 
equilibriura constant (Ky) for reversible reactions corresponding to statements of 
equation (65) written iri terms of c,. The actual values ofthe equilibrium constants 
can be computed independently from thermod3Tiaraic data. If the hypothetical 
values of the equilibrium constants fail to exceed the values computed from thermo
dynamic data, the solution is undersaturated with respect to the sohd solution phases; 
if one of thera is equal, the solution is saturated and the composition of the splid 
solutipn mineral is sp'icified by the corresponding value of XA defined by the calcu
lations. Appropriate statements of equations (100) and (101) can then be entered in 
•the graijd matrix equations (derived below) to compute reaction coefficients and their 
derivatives for all species involved in the precipitation of the solid solution phase. 

GRAND MATRIX EQUATION FOR THE GENERAL.CASE 
The general case includes ]Jrovision in mass transfer calculations for dissociational 

equilibria "in the aqueous phase, congruent and incongruent reactions, simultaneous 
dissolution and/or precipitation of more than one mineral, oxidation-reduction 
equilibria, binary solid solution minerals, varjing activity coefficients, evaporation 
of the solvent, changing activity of H20, and multiple reactant minerals in either 
open or closed systems. Grand matrix equations for the general case]i'ean be 
constructed with the aid of appropriate statements of equations (14), (03) and 
(100), ahd (16), (101), and the derivative of equation (63), respectively. These 
equations can be wTittcn in terms of the index i, which refers to both product 
minerals arid aqueous species {i = I, 2, . . . , t; i = S -\- Op). Lotus again reserve the 
designation t = 1 for HjO and retain the indices e and j . which refer, to the chemical 
elements in the sj'stera (e = 1, 2, . . . . E) and the reversible reactions taldhg place 
during the process t? = 1, 2, . . . , j ) , respcctivel}'. Binary solid solutions are indexed 
by ? (fif = 1. 2, . . . , g), and. A and I again refer to the respective end members in a 
given solid solutipn mineral. The symbols/, „_< and/,„_, represent switch constants; 
fh.a.t = 1 if» refers to an end member designated by h in the gth solid solution, and 
/ , , < .= 1 when t refers to an end member designated bj-1; otherwiisc both constants 
are zero. Similarly, £A j.>or ^-j^ y is a.ssigried a value of unity when the j th reversible 
reaction involves the subscripted end member in the gth. soUd splution; otherwise 
these constants arc zero. The symbol X-, is also a switch constant; ^, = 0 when » 
refers to a mineral and t-{ = 1 when t denotes au aqueous spe.cies. The symbol Sf is 
an hitcger equal to one iff = 1, otherwise 5, = 0. Reactant minerals are designated 
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. . by the subscript r (r =.pr.2, - • • , r) , and v,/? refers to the relative reaction rate of 
' t he r th reactant mmerai with respect to the r th (HELGESON, 1908; HELGESON. 

GARRELS and MACKENZIE, 1969). With tliis notation we can now represent tho 
grand matrix equations by a single expression; i.e. 

• 

II 
1— 

i 
H> 
H> 

+ 
t - t 

V j . 

li 

^ 

» = 

» 

.~ 

1 — 

«!...« ; 

. 

«2.e-l-l,< 

• 

* 3 . i , * 

— V i 1 

•'•. v. 

«5,i 

«4,i =. ote.i -f 1 . (103) 

«7.* 

A matrix equation of this form can be constructed for the reaction coefficients as well 
as for each of their successive derivatives. However, only two such matrices are norm
ally required for accurate mass transfer calculations.' The following definitions apply 
td all of the matrix equations: . 

• -V . " . «j . t , . = v « + ^ . . ' (10-*) 
^ii.o 

«2.E+1.« = Z„ (105) 
f [ri, I /2-303 Z,* / . ^ \ , - 1 

f jfii.t.t (1 ~ Af.g — a^„X,„) fi,s.i{Xt_g — On.g (1 — Xf J)"^ 

^ •'•i.it ^ i . a I . 

_ JC- //'-,;,<( 1 - A'f.„ - tyt.,X^„) /A.,.f(l - Xf., - g,., (1 - X<.,))\ 
V i ' j . j X | ; , / 

and 
«6,E+1 = 0. 

The remaining elements of the first matrix equation aro defined by 

-

and 

Tho remaining elements of the 

a,.< = n<, 

"S,. = "2 Vr/;''.,r. 

a,., = 0; 
second matrix equation aro given by 

«!.< =• « / . 

26,n?..Tlfj.o 

"ir,o 

(107) 
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<ĉ  f . In , i'n, /2-303 Z,* ^ v ^ , \ \ 

+ ^ . i . . ^ . ( 2 ^•iV,...,n.)V ( •A . , . ' {nA. , (x . . , ( - ^ - ' " ' ; J ^ ;y ' ' " - - ) 

- g ^ A f - aA. .A 'A. , (^ ' ' ^ ' ' ' . 7 ^ '^• ' '^ ' • ' ) ) + n . i g * A f 
XA.B ^ XA.J • / / \ x,„ 

1 V (X,.jnA.5 — XA„n, , \ (XA.»"«.9 ~" A,„nA.B\\ 

. . . ^ " * ' ^ * : ' V X A . A , -./ " ' A ^ . I I 
•.r, /X,.„ — ^A.IJAA.A _ o /CA.PAA.J — A/"A I 

"M—:w.—i~"'^\~~n,—^J • 
i f I - I IT I AI.BTIA ,, — XA.^n, „ \ O i g X t g 

+K,j[ni.,[x,,,[ •X..,XA..—-j-"irr 
• - ffl.»A,.,l; p j / ' ' ' " * - ' ' l ^ -

, : - j / /AAi^»i.» - A:,.,nA.A ^ /A,.,TiA,» ^ A A . A . A ^ 

(113) 

. Each grand matrix equation derived above can be solved by evaluating 

fi=r-').. .;; . (114) 
where the F denotes the matrix, )5 refers to the column vector of unknown reaction 
coefficients, and X stands fdr the reactant mineral (or known coefficient) column vector.. 
Equation (114) can be used in conjunction with cqiiations (18) and (19) to cgmpute 
the changes in molalities of species and the number of moles of minerals prodiSrced or 
dcstroj'ed in geochemical processes. 

For evaporative processes, the reactant is designated as HjO with •n^ Q specified 
as — 1, vv/f is set to zero,'aiid the i .= 1 colurnn becomes the known coefficient column 
vector, OL̂ ,: Note tha t for evaporation n'̂ ^Q == 0 so t ha t a.^, in the second derivative 
matrix = 0. 

MASS TRANSFER CALCULATIONS 

The procedure used in carrjnng bu t mass transfer calculations for the .general 
case can be summarized as foUows: 

1. Define the initial compositipn of the aqueous phase by specifjong the total 
molalities of components in solution. Anal3'ses of natural aqueous solutions 
may be used for this purpose. ' . . 

2. Compute molalities, activity coefficients, and activities of all species in solution 
by simultaneous solution of mass action, mass balance, and activity coefficient 
equations (e.g., see HELGESON, 1964; GARRELS and CHRIST, 1965; HELOESON, 

1969). 
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I 

3. Specify thcvidentity, composition, and relative reaction rates of the reactant 
minerals; "for evaporative processes,. specify the reactant as. HjO •with a 
negative reaction coefficient. 

4". Set up and evaluate the grand matrix equations. 
5. Increment | and solve for new molalities and activities of species in solution. 
6. Test to determine if the solution has become saturated wil̂ h respect to any 

rnineral in the system. If not, repeat the above calculations. 
7. If saturation occurs, add to the matrix equations appropriate differential 

• - equations representing reversible reactions between the product rainerals and 
the aqueous phase, and repeat the abpve calculations until overaU equilibriuni 
is established. ... 

The matrix in equatfon (103) will be square and nonsingular as long as the total 
nuraber of species (minerals, complexes, molecules, and ions) is equal to the number 
of independent differential equations in the matrix. If oxidation-reduction equilibria 
are Tioi.involved in a geochemical process, conservation of charge is implicitly main
tained by conservation of raass (HELGESON, 1908). For such proces.ses, «2.£-n.<and 
*6.£+i ''•re oraitted from the matrix, which should then include proA-ision for only one 
oxidation state of each element. At least two differential equations (one for each 
end member) are entered in the matrix for each binary solid solution reaction product. 
Either one or two such dual entries are made in each matrix for tlie solid'sblution 
mineral, depending on the process being investigated. If a "zoned" crystal is to be. 
produced, the inass of the solid solution produced in preAious increments of reaction 
progress is not permitted to react with the aqueous phase a t later stages; this requires 
bnlyonc dual entry. Two dual entries provide for continuous equilibriura between the 
solid solution and the aqueous phase by allowing the earlier-formed solid solution to 
cliange its composition in response to the change m coniposition of the aqueous 
phase. 

Reactant niinerals. may or may not be considered to be present in excess. If 
calculations arc carried out for systems in wliich the aqueous phase is moving through 
a reactive rock, minerals produced a t early stages of reaction progress may not be per
mitted to react with the aqueous phase later in the reaction process. For example, 
gibbsite precipitated as a reaction product during the hydrolysis of K-feldspar in a 
closed system should react a t a later stage with K-feldspar to produce kaolinite 
{HELOESON, GARRELS and MACKENZIE, 1909). In contrast, if the increment of 
solution under consideration passes out of the locale in which gibbsite precipitated, 
the earlier-formed gibbsite will not bo destroyed, and a zonal distribution of reaction 
products (gibbsite and kaolinite) 'wiU result. Such options can be exercised con
veniently with the aid of a computer. 

Contpitter techniques 

High speed digital computers with memorj' storage capacities of tho order of 
65,000 decimal word locations (at 60 binary bits/word) or morc are required for rapid 
and accurate evaluation of ma.ss transfer in geochemical processes involving multi-
component systems. With tho exception of evaporative processes and provision for 
changmg activity of HjO, tho theoretical equations and procedures outlined above 
have been programmed (in Fortran IV notation) for machine computnlion by a 
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CDC 0400 computer. Copies of this program (Program No. 1000) along with a master 
array of cheraical and thermodynamic data for geologic systems (HELGESON, 1909) 
and an explanatory summary have been deposited with the American Society for 
Information Science (ASIS; NAPS Document No. 00774). Ten other computer pro
grams, which are employed to calculate thermod^Tiamic vaiucs used in mass transfer 
calculations (HELGESON, 1909), have also been deposited with ASIS (NAPS Docu
ment No. 00775). Program descriptions accompany all of the prograras. Copies of 

• this material may be obtained from ASIS at a cost of Sl.OO for microfiche copies, or 
S3.00 for photocopies. Orders should be sent to ASIS National Auxiliary Publication 
Service, c/o CCM Information Services, Inc., 22 West 34th Street, New York, New 
York 10001. 

ABSTRACTS OF PROGRAMS 
Program No. 1000 

Title: P A T H I 
Object: Compute tho number of moles of minerals produced and/or destroyed and the changes 

in the molalities ond activities of species in 'multicomponent solutions of electrolytes 
as thoy react with o given' mineral asserablage at o specified temperature and pressiwe. 
Tho method and approacli used in the calculations is .that presented above—see also, 
HELGESON (1968, 1970c) and HELGESON, GAREELS and MACKIJNZIE (1969). 

• Pritgram No. 0802A' • . 

.„Title: K E L L E Y C O B •' ' 
'Object: Compute equilibrium constonts and standard entropies, enthalpies, and free energies 

of reactions at specified temperatures using heat capacity power functions of the 
form a -f bT -\- cj.T^ (KELLEY, . 1960) and/or average heat capacities (GRISS. and 
COBBLE, 1964) for tho reactants and products (HELGESON, 1969). 

Program No. 0405AR )?, 

r."lfc: D Q U A N T 
Object: Compute values of dissociation constants for a given aqueous species and standard 

entropies, enthalpies, free energies, and heat capacities of dissociation at specified 
temperatures using an clectrostatic-nonoloctrostotic model (HELOB.SON, 1967a— 
equations (14), (17). (18). and (19); HELGESON, 1969). ^ 

Progratn No. 0407A " • 

Title: CUR\ 'F IT 
0&jcc<: Compute least squares fits of dissociation corLstants for a given aqueous species at 

• difTerent "temperatures using the theoretical equations employed in Program No. 
0405AB to define the fit coefficients rcquircd'to compute dissociation constants a t 
other teinperatures. 

Program No. 0405R . _ ' _ 

Tille: DQUANT 
Object: Compute values of dissociation constants for o given aquepus species, and standard 

entropies, enthalpies, free" energies, and boat capacities of dissociation a t specified 
temperatures from a modified eloctrostatic-nonolcctrostatio model (HELOKSON, 
1967—equation 21; HELOESON, 1969). 

Program JV^O. 0407R • 

Title: C i m \ T I T -i •' 
Qlijcct: Computo least squares fits of dissociation constants for a given aqueous species a t 
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different temperatures using the theoretical equations employed in Program No. 
0405R to define the stondard enthalpy" and entropy of dissociation at tho reference 
temperoture, ond (from Program No. 0405R) dissociation constants at other temper
atures. 

Program No. 0404 

Title: LOGCALC . 
Object: Compute equilibrium constants ot specified temperatures assuming the 's tandard 

heat capacity of reaction to bo constant and/or zero (HELGESON, 1909). 

Program Ni>. 0805 

Title: COCPIvFIT 
Object: Compute least sqiiares fits of equilibriiiin constants for a given reaction ot different 

temperatures assuming o constant heat capacity of reaction to define the enthalpy of 
reaction a t the reference tomporaturo (HELGESON, 1909). 

Program No. 0417 

. Title: HTOPFIT 
Object: Compute least squares fits of statidord heat capacities of dissociation for a given 

aqueous species a t different temperatures using an ele'ctrostotic-nonelectrostatic 
model (HELGESON, 1967o—equation 19) to define coefficients for program 0405.-VR. 

m 

Progratn No.'0101 

Title: GAaiAL\. . . 
Object: Compute acti\'ity coefficients of aqueous ioiis a t three concentrations of a specified 

supporting electrolyte. Calculations aro carried out for o sequence of charges, a 
•-•. vaiucs, and temperatures using a deviation fimction for tho supporting electrolyte 

to extetid Debye-Huckel calculations for individual ions (HELGESON ond JAMES, 
1963; HELGESON, 1969). 

Program No. 0702 . . 

TilU: DISTRIB 
Object: Compute stoichiometric individual ion octtvity coefficients for ions in o 1:1 supporting 

electrolyte. Provision is included for the effects of comploxing, ionic interaction, and 
hydration (HELGESON and JA&CES, 1963; HELGESON, 1909). 

• CONCLUDING REJLVRKS 

The amount of pertinent thermodynamic data available, ahd the size and degree 
of sophistication of modem coraputers are the only Umiting factors in the theoretical 
approach to mass transfer calculations discussed- in tho preceding pages. Current 
capabilities perrait evaluation of geocheraical processes involving more than 60 
coraponents, phases, and chemical species. Such calculations can be carried out 
at present only for idealized hypothetical models of geologie systems and geochemical 
processes, but continued progress in thi.s area should ultimately enable evaluation of 
their actual counterparts. Work is now in progress in this laboratory to increase the 
versatility of tho PATHI computer program and to further generalize the approach 
disciLsscd abovo to include provision in the grand matrix equation for changing 
teraperature and pressure, and to incorporate differential equations describing flow 
rates, reaction kinetics, and diffusional flux constraints in geologic systems. 
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Tlie Character of Nî "*" as Demonstrated by Solid Solutions 
in the Ni-Fe-Zn-S System ° 

GERALD K. CZAMANSKE AND FRASER E. GOFF ' . .„ . 

Abstract 

At 755 ± 5° C, the m.-i.xinmm solubility of NiS in ZnS (sph.-ilcrite) is 1.16 ± 0.2 mole 
percent NiS. Unit-cell ê ljjc values, .i., for these Ni-l)c:iring splialeritcs difi'er jittle, and 
unsystematically, frorn those for pure sphalerite. Addition of FeS to ZnS diminishes the 
solubility of NiS in ZiiS. Conipositions of coexisting- Ni-S and Fe-Ni-S phases do not 
precisely agree with those determined in previous studies of those systems; negligible 
ZnS is soluble in these phases. 

The results are interpreted in terms of crystal-field tiieory. The number of electrons 
in the 3rf orbitals of Ni'-̂ ^ is such that tetraiietlr'al coordination is virtually precluded for 
Ni=\ This .accounts for the fact that the solubility of NiS in ZnS is markedly lower th.an 
the solubilities, in ZnS, of MnS, FeS, and CoS. 

Run 
No. 

N4 

N5 

N5A 

N5B 

N8A 

Experimental and Analytical Procedures 

Z N S , FeS, NiS, NiSo, and Ni^Sa were prepared 
from high-purity elements by reaction at.elevated 
temperature in evaaiated silica glass tubes. Ma
terials of -99.999 + purity were used as follows: Zn 
and S, American Smelting and Refining Co.; Fe and 
Ni sheet, Johnson and Matthey and Co. The syn
thesized sulfides were confirmed by X-ray diffraction 
and served among the homogeneous electron micro
probe standards used for the analytical part of our 
study. 

Charges were weighed into silica tubes (3 mm ID 
and 5 mm OD) , sealed, and twice held at 755° ± 
5° C for a two-week period. At the end of each 
period, the tubes were removed from the furnaces, 
quenched in ice water, and opened; the contents were 
ground in an agate mortar, returned to their respec
tive tubes, and the tubes were resealed. After this 
procedure for assisting development of homogeneous 
reaction products, the charges were held at 755° ± 
5° C for 4 months, then quenched in ice water prior 
to X-ray and niicroprobe an.ilysis. 

Bulk compositions were chosen to explore 
thoroughly the limits of NiS solubility in ZnS, in 
both the 'Fe-free and Fe-bcaring sy.stems. Runs con
taining excess S as NiSo and excess Ni as Ni.-iSj 
were included to preclude any difficulties stemming 
from iiiicoiitrolled fs™ such as those that plagued early 
workers in the ZnS-FeS system (e.g., Barton and 
Toulmin, 1966). 

All X-ray d.nfa were obtained using Ni-filtercd, 
CU K « I radiation (X = 1..54050 A) . Prelimin.iry 
identification of run products was accompli.shcd by 
scanning smear mounts on glass slides from 2(i° to 

* Pulilicatioii aulliorizcd by lhe Director, U. S Gcolojiical 
.'itirvoy. 

70° 2(9 at a speed of 1° 2(9/m)n. Unit-cell edges 
were determined by mixing in CaFj (a^ = 5.4633 K) 
as an internal standard and oscillating across the 
sphalerite and fluorite (422) peaks at a scanning 

. speed of 1/4° 2^/min. Two oscillations across pure 
ZnS on each of three separate occasions resulted in 
a unit-cell edge of 5.--W90T ± 0.0003 A, slightly lower 
than the generally accepted value of 5.4093 ± .0002 
A (Skinner, 1961; Barton and Toulmin, 1966). 

All reaction products were analyzed with an ARL 
EMX-SM electron microprobe, using an accelerating 
potential of 15 K'V.and a sample current of 0.02 
micro amperes on brass. Synthetic sulfides used as 
standards included: ZnS, NiSa. Ni.-iSa, Feoi.oSao.o, 
Nlo.9sFeeo .02S39.oo , Ni] .88Fer,9.2oS;is .() i , N io .89Fe51 .87-

S.S8.24, Fe.';.79Znoo.n8S,33.2.s, and Fe2.<i.RaZn4i.89S,')4.2r„ 
where decimal subscripts denote weight percentages. 
Typically, 10 separate grains of each standard and 
unknown phase were occupied, and counts accumu
lated for appro.ximately 10 seconds while using the 
instrument in the mode for fixed beam current 
termination. However, all product ZnS phases 
were reanalyzed according to a scheme in which 20 
areas were analyzed ancl the 10 lowest Ni values used 
tn provide the vaiucs of T;ibles 1 and 2. This pro
cedure was arbitrarily cho.sen to minimize the pos
sible influence of subjacent Ni-rich phases on these . 
v.-ilues. Raw count data for .standards and un
knowns were reduced usiu.i; the U. .S. Geolo,£;ical 
Survey liS90 Curve Calibration (Linear) Computer 
Program. Backgrciiind corrections u-cre niadc, <lrift 
was nef;ligible, ;ui<l ni.'ilrix corrcciions were not 
attempted because of jircvious .satisfactory e.x])erience 
using standards carefully matched in cnin]insition to 
unknnwiis. In this study, fnr example, the Ni con
tent of Ni.S, run twice as an unknown, was deter-

N8B 

Ni l 

Run 

N o . 

F5 

F I O 

F14 

F17 

Fi'.m 
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N5B 

N8A 

N8B 
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TAUI.E 1. Clic-mical Data (or Runs in the Ni-Zn-S ..iysUuu at 755 ± 5° C 

ZnS 

S t a r t i n g A s s e m b l a g e (mg) 

NIS N i S -

N4 1 4 9 . 6 2 

N5 1 8 9 . 0 8 

N5A 1 8 8 . 4 4 

1 8 9 . 2 2 

4 0 . 5 6 

40.87 

34.38 

12.12 

24.02 

23.94 

24.04 

11.93 

12.02 

18.02 

9.84 

9.84 

m^s^ 

— 

— 

10.08 

~ 

9.91 

— 

— 

MiS c o n t e n t o f 
" Z n S " p h a s e s 

( w e i g h t p e r c e n t ) 

1.07 + 0 .13 

1.05 + 0.07 

1.23 + 0.12 

0 .93 + 0.07 

0.92 + 0.09 

1.30 + 0.23 

1.06 -1- 0 .12 

Nl c o n t e n t of 
K '1 - . su l f i de p h a s e s 
( w e i g h t p e r c e n t ) 

63.8 

63.6 

64.2 

70 .3 

46.7 

61 .3 

64 .3 

70 .3 

47 .2 

60.6 

64 .0 

+ 0 .5 

+ 0 .5 

+ 0 .5 

+ 0 .3 

•1- 0 . 4 

+ 0 .5 

+ 0 .5 

+ 0 .3 

+ 0 .3 

+ 0.7 

•f 0 , 4 

( N S A ^ 

(N5A,) 

(N5B^) 

(NSB^) 

(N8A^) 

(NSAj) 

(N8B^) 

(N8B2) 

% 
•4 

i f i t 

p' 

' t 

^ 

mined as 64.69 and 64.85, compared to the ideal were calculated by the B890 program and correspond 
value, 64.68 weight percent. to one standard deviation. Indication of the validity 

of these values is provided in Table 2 for sample F14 
Kesui s . jj^ which results are presented for duplicate analyses 

Electron-microprobe analyses of all reaction phases of the "ZnS" phase, 
are listed in Tables 1 and 2; rejiorted error values Consideration of Table I shows that for the Ni-

TABLE 2. Chemical Data for Runs in the Ni-Fe-Zn-S Systein at 755 ± 5° C 

Rvm 
No. ZnS 

Scare int! A.ssi-nbl/ijo (m^\) 

FoS NiS NtS^- ^V2-

Composicion of 
"ZnS" p h a s e s 

(weight p e r c e n c ) 

FeS NiS Fe 

Comno.si c ion of 
N l - s u l f i d e p h a s e s 
(v;eighc p e r c e n t ) 

Ni 

VS 

FIO 

F14 

160 .78 

78.-29 

77 .79 

51 .81 

20. va 

1 5 . OA 

10 .70 

10.42 

15 .53 

2 1 . 3 + 0 .4 0 .h7 + 0.04 

1 5 . 8 + 0 .4 0 .87 + O.Oh 

10 .75 + 0.2.S 0 .96 + 0 .05 

10 .82 -K 0 . 2 3 1.01 + 0 .05 

32 .2 + 0 . 6 3 1 . 2 + 0 . 7 

24.3 + 0 . 3 3 0 . 5 + 0 . 5 

17.6 + 0.5. 46.3 + 0.4 

'.) 

F17 

F19 

3 8 . 0 2 

3,S.47 

4 . 9 0 ' 

2.43 

1 0 . 1 2 

1 2 . 3 0 

7 . 1 + 0 . 3 1 . 0 0 + 0 . 0 9 

3.7 + 0 . 2 1.15 + 0 .13 

12.1 + 0 . 2 49.9 + 0 . j ; 

6 .1 + 0 . 2 58.3 + 0.6 (F]9|^) 

4.4 + 0.4 64.6 + 0.9 ( F i y „ ) 

FI9..\ 

FI')H 

3 7 . 7 5 

•J 7.09 

2.4 3 

: .43 

12.56 

12.54 10 .10 

9 .S1 3 .2 _•+ "•"•^ l . 2 4 + 0 . 0 , S 5 .5 + 0 . 2 59.1. + 0 . 3 ( F l U A ) 

3.7 + 0.3 65. ! + l . . i (F ! "A , ) 

— • 1.9 + 0 - 0 7 l.I.H + 0 . 2 3 •0.6-1 + O.dA .'.6.4 + 0 .4 (KI'iH j 

5 .3 + 0 . 2 5 6 . 5 + 0.4 (Fl 'nt , , ) 
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TABI.E 3. Unil-cell edges, a„. for Ni- and Ni -1- Fc-
Sphalcritcs (A) 

: i o l r Porc<.nt 

Hi'J f u S 
PflScd on l f J 7 l ~ 

Z n i 

rM 

l.> 

N^A 

NSH 

N6» 

N6U 

N-l 1 

f.. 

FIU 

F l i 

F I 7 

F l » 

f IV* 

n i b 

i ,' 
— , a i 

I . O 
utf !> 

o r 

1 . l i 

1 . 1 3 

i . y i 

1.00 

1.00 

1.3> 

I . K 

0.7O 

IJ.-32 

1 . 0 5 

I .Ol -

1 . 2 3 

1 . 3 3 

1 . 2 t 

-
* 0 . M 

» O.OB 

^ 0 . 1 3 

^ O.OB 

»̂  0 . 10 

i 0 . 2 5 

i 0 . 1 3 

^ 0 . 0 4 

* O . J o 

» 0 . 0 5 

• C. 10 

• 0 . 14 

*_ O . O i 

• 0 . ' 2 5 

r i . n r , j i . . . nT f o u r 
If irf te I . « ( . a r d l e 

2 3 

n 
11 

7 

4 

3 

2 

— 
---
--
" . 
-
--
-
--

1 « 0 . 4 

2 ._ 0 . 4 

8 i 0 . 3 

0 • 0 . 3 

l' • 0 . 2 

5 • 0 . 0 3 

1 i 0 . 0 6 

T,„dSur<rr.i 'r.i 5 .^aci- t roi* 
CJCC6S o n s . 

; . . 4 u y i 

i . 4 0 8 5 

5 . 4 0 7 9 

b . 4 U B I 

• 5 . 4 0 7 5 

5 . 4 0 7 7 

5.40111 

5 . 4 0 d O 

5 . 4 1 6 7 

5 . 4 1 6 5 

5 . 4 1 4 5 

5 . 4 1 2 7 

5 . 4 1 0 4 

5 . 4 100 

5 . 4 0 9 0 

OOC i 1 1 a l i o r . s on 

Avcr t i oe e r r o r f o r a i l d a t a I s e s t i na t o e 

Zn-S system (N-series) the solubility of NiS in ZnS 
at 755° C may be estimated at 1.16 ± 0 . 2 weight 
percent. There are no significant dififerences among 
this overall average, the value 1:08 representing the 
average of the two NigSo-bearing runs, and the 
value I.I2 representing the average of the two NiS2-
bearing runs. Table 3 shows that the efTect of the 
small and apparently variable NiS content on the 
unit-cell edges of the. N-series sphalerites is also 
sinall, and irregular with respect to composition. The 
average value, 5.4084 A, is 0.0007 A smaller than the 
value we report for ZnS and is thus compatible with 
the slightly smaller radius of Ni^* (Table 4) . 

The monosulfide solid solution (mss) in the"^Fe-S 
system is known to show a very sharp drop in the 
activity of FeS as pyrrhotite becomes more deficient 
in iron (Toulmin and Barton, 1964). This change 
ill activity completely explains the wide range in FeS 
content of.sphalerite (at 755°, frpm 54 mole percent 
to 13 percent) capable of being in equilibrium with 
pyrrhotite (Barton and Toulmin, 1966). One might 
ask whether such a relative change might also occur 
in the Ni-Zn-S system. Rosenqvist (1954) gives 
data for 600° C for the H2/H2S ratio in equilibrium 
with various conipositions of the nickel monsulfide 
solid solution; these permit the computation of the 
activity of NiS across the .solid solution and show 
that it drops to only about 0.87 for the most sulfur-
rich comjiositions. Thus, to a fir.st approximation, 
S])halfritc in cciuilibrium with the sulhir-rich mss 
sliould contain about 0.87 tinies as much NiS as that 

ill equilibrium with the metal-rich mss. A tem
perature change of 150° will probably not change 
this result drasticallj-. The 0.S7 term is close enough 
to unity, and the experimental uncertainties suffici
ently large that the present results do not appear to 
disagree with the thermodynamic data lor Ni-S 
system. 

Analyses for runs in the Fe-Ni-Zn-S systeni (F-
series) are presented in Table 2. They show lhat the 
NiS content of ZnS diminishes as the FeS content of 
ZnS increases (Fig. 1). Because the analyses of 
these phases were done twice and because the error 
estimates appear realistic (e.g., see duplicate analysis 
of F14), this trend is not in doubt. As was true for 
the N-series runs, the presence of the ternary assem
blages involving NiS2 and NisS" has no detectable 
efiect on the solubility of NiS in ZnS. As a group, 
the unit-cell edges for the iron-bearing sphalerites 
obey a relation (Fig. 2) much like that reported by 
Barton and Toulmin (1966, Fig. 2) , but show the 
effect of NiS content. 

-Analyses of reaction products in the systems Ni-S 
and Fe-Ni-S are presented in Tables 1 and 2 and 
plotted on a Fe-Ni-S ternarj- diagram as Figure 3. 
Zn contents of the Ni-sulfide and Fe-Ni-sulfide 

0.8 1.0 1.2 1.4 

NiS IN ZnS (MOLE PERCENT) 

Tic. 1. The effect of FeS conlent upon the NiS content 
of sphalerite. 
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])liascs ;irc cs.sentially nil, although :i real solubility 
of 0.015-0.03 percent Zn m,ay occur. Vaiucs nioa-
•.sured for re.iction ])roilncts were permissibly that 
much above the 0.003 percent mea.sured lor our NiS 
standard as an unknown. Our composiiions on the 
Ni-S binary (in-Ni-Zn-S) and these of Yund and 
Kullerud (1962) do not agree. Our values for 
weight percent S of 29.7 for the S-rich limit of 
Ni.ii:iS2, 35.75 for the Ni-rich limit of Nii_xS, and 
39.05 for the S-rich limit of Nii_xS compare with 
their respective values (as read from their Figure 
2) of 30.6, 35.3, and 37.95. It is puzzling, that com
positions N5B,, N8Bi, and F19Bi (see Fig. 3) ap
pear to be slightly more S-rich than our NiS:; 
standard, but we have no explanation or concern 
here for this fact. 

Comparison is good between published reports by 
Kullerud (1963) and Kullerud et al. (1969) and the 
data of Table 2 and Fig. 3 for products of runs' in 
the system Fe-Ni-Zn-S. The Fe-Ni-S phases pro
duced in runs F5 through •F17 lie within the field of 
the monosulfide solid solution (mss) that spans the 
ternary from about 300° to 992° C (see also Craig, 
1971). Run F19i3 shows the expected tie-line be
tween the S-rich limit of the mss and a (Ni,Fe)S2 
phase with minor Fe. Some (Ni,Fe)s-.^iS2 has 
developed in run F19, so that F19i and F192, as well 
as F19Ai and FI9A2, provide tie lines between the 
(Ni,Fe)3_iS2 field and the Ni-rich limit of the mss. 
The indicated shape of the upper part of the 
(Ni,Fe)3_iS2 field, with compositions FI92 and 
FI9A„ more S-rich than N5A2 and NSA.,, cannot 
readily be compared to the .studies by Kullerud or 
Kullerud, Yund, and .Moh. which inovide diagrams 
for temperatures about. 100° C lielow and above that 
of this study. Becau.se an" (Ni,Fe).s_jtS2 phase 
initially develops within the ternary at 862° C and at 
lower temperatures must widen in the direction of 
increasing metal-to-sulfur ratio and simultaneously 
approach the Ni-S boundary, our configuration at' 
755° C seems reasonable. 

The distribution of Ni and Fe between the ZnS 
phase of the F-series runs and the coexisting Ni-Fe 
sulfide phases is presented in Figure 4. Data have 
been plotted in terms of weight percent metals to 
allow botli the plotting of the disulfide ph.i'ses and 
the nonstoichiometric mss phases. From data in 
Table 2, values may be calculated for mole percent 
FeS in the coexisting phases. For the two phase 
runs, the ratio 

Mole percent FeS in Ni-Fe sulfide 
. Mole percent FeS in ZnS 

is F5-2.2-5 ; FlO-2.33 ; FI4-2.54; and F17-2.70. The 
preference of Fe for the Ni-Fe sulfide phase is a 
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FIC. 2. Sphalerite unit cell edges, ao, as a function of 
mole percent FeS in ZnS. Note that the-plotted F-series 
sphalerites contain NiS as well as the indicated amount of 
FeS. 

reflection of the octahedral-site preference energy of 
Fe-*, as discussed later. 

Discussion 

•Numerous studies have been published concerning 
the solubilities in ZnS of the five transition metals 
just preceding Zn in the periodic table of the ele
ments (see Table 4) . The solubihty of MnS in 
ZnS is about 52 mole percent at 1,180° C and 46 
mole percental 900° C as reported by Kroger (1938, 
1939). Kullerud (1953) attempted to quantify the 
extensive solubility of FeS in ZnS as a geothermom
eter, but unforeseen experimental problems inter
vened, and it remained for Barton and Toulmin 
(1966) to determine satisfactorily that the maximum 
solubility of FeS in ZnS ranges from 52 mole percent 
at 380° to 56 mole percent at 850° C. The solu
bility of CoS in ZnS has been determined as 33 mole 
percent at 850° C by Hall (1961). These writers 
and others, e.g.. Skinner (1961) and Skinner and 
Bethke (1961), have established that substitution of 
these other transition metals for Zn in the ZnS 
structure causes re.gular changes in the ZnS unit-
cell edge and that in ternary substitutional schemes 
the effects of the substitutional ions are additive. The 
Cu-Fe-Zn-S system has been studied by Toulmin 
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FIG. 3. Representation of reaction phase compositions in the ternary Fe-Ni-S. 
To Ni 

FIR. •!. Iv'tprfscnl.-ilinii of Ihc p.irtitioiiinp of Ni .ind Fe 
hctu'i-cii i<nS and h'c-Ni-S |>h.-i.-fi-.s in the li-riiary '1-y-Ni-Zn. 

(1960), whose report in abstract is necessarily brief. 
He indicates that the solubility of CuS in ZnS is 
"very small (<0.5 percent)" at temperatures up to 
600° C. At 666° C, sphalerite in equilibrium with 
pyrite-pyrrhotite and chalcopyrite has an approximate ' 
composition Zno.si.-,Feo,i7Cuo.oir,S. Thus, the solu
bility of NiS in ZnS refxirted in this study places 
NiS aud CuS in sharp contrast to MnS, FeS, and 
CoS with respect to their solubilities in ZnS. An 
explanation of the.se ]>henoniena, based on considera- ; 
tibn of crystal-field theory, is offered in the following j 
section of this rejxirt. ,' 

At this point it is ]icrtineiit to consider the possible/ 
sites for foreign ions, and specifically Ni, within the/ 
ZnS structures. Traditionally, the ions, here dis-j' 
cussed, as well as others such as Cd"*̂  and Hg-*; 
which have an extensive solubility in ZnS, have 
logically heen considered to .substiditc for Zir ' in the 
Iclrahedral metal ion sites in the ZnS .structures. 
However,' there are also octahedral holes in the 
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TAIII.I: 4. liinic Radii, Cnvahiil kadii, and Elcclroncgalivity ValiU's for SilccUd Tran.sition Mi'lal Ions (Courihiiation 
indicated parenthetically) 

Ion 

Mn"^ 

Fe^ 

Co-^. 

M ^ 

Cu-^ 

Zn^ 

Ionic 

Radius^^ 

0.91 

0.86 

0.83 

0.77 

0.81 

0.83 

Covalent 

Radius— 

1.23 (Oct.) 

1.32 (Oct.) 

1.39 (Oct.) 

1.35 (let.) 

1.31 (tet.) 

Mean Atomi 

. Distance, Me -

— 

— 

2.31 (Oct.) 

2.34 (Oct.) 

2.34 (Tet.) 

2.33 (Tet.) 

: E l e c t r o -

. 3 / •. . 2 / 
>— n e g a t i v i t y ^ 

1.4 

1.65 

1.7 

1.7 

2 .0 

1.5 

1 
.{ 
1 
i 

ll 
I 

'\ 
i 

-t 

— High-spin values for octahedral coordination from Whittaker and Muntus (1970). 

2/ 
- From Fyfe (1964, Tables 5-2 and 6-2), 

3/ 
- From Nowacki (1971) . 

structures that are normally unoccupied. Occupancy 
of these sites by "interstitial" inet.il ions is some
what unfavorable in terms of energy because they 
are surrounded by a tetrahedron (sjihalerite) or an 
octahedron (wurtzite) of near-neighbor metal ions, 
which lead to repulsive forces. 

Manning (1966, 1967a) has made spectrophoto-
metric studies of sphalerites doped with Cu and Fe 
and has interpreted the absorption-band spectra to 
indicate the presence of Cu-* and Fe^* in octahedral 
coordination, i.e., in interstitial rather than substitu
tional sites. However, Cabri (1969) does not con
firm the occurrence of significant interstitial Fe"*̂  in 
sphalerite. From spectrophotoiuetric studies of CdS 
and ZnS (wurtzite) doped with minor Ni (0.005 to 
0.018 percent), Pappalanlo and Dietz (1961) and-
Weakliem (1962) concluded that the Ni-"̂  is domi
nantly in tetrahedral sites. AN'cakliem notes th.nt if 
some of the cation sites bordering the octahedral 
holes were unoccupied the.octahedrai-site preference 
energy of Ni'-̂ ' would help to make occupancy of the 
octahedral sites morc favorable. He concludes that, 
for his crystals, undetectably sinall amounts of Ni-̂ * 
may in fact occupy these octahedral sites. 

Iir an attempt to determine if(the slightly different 
wurtzite structure would accept morc NiS in solid 
solution than the sphalerite structure and to grow 
crystals suitable for spectrophotoiuetric study, we. 

have made two runs at 1,120 ± 5° C and obtained 
chemically liomogeneous single crystals of wurtzite 
containing 1.90 and 2.32 weight percent NiS. We in
terpret the greater solubility to be due predominantly 
to the 360° C temperature interval and cannot evalu
ate possible differences between the solubility of NiS 
in the two ZnS polymorphs. The crystals obtained 
have been sent to P. G. Manning for study. Mann
ing (oral commun., 1971) has in progress a spectro-
photometric study of Ni-doped ZhS. 

Study of the wurtzite crystals produced during this 
work should be particularly interesting because the 
concentration levels are much liigher than those 
typical for spectrniihotnmetric studies of doiied .semi
conductors. In fact, the concentration levels arc 
such that, until spectra are obtained and interpreted, 
it may be assumed that Ni"* dominantly substitutes 
unwillingly in tetrahedral sites, with minor substitu
tion in octahedral sites favored by crystal-field stabi
lization but restricted by the fact that the octahedron 
near-neighbors are metal ions.' The probability of 
pl.acing more than 1 weight percent Ni-' in interstitial 
sites is low (P. G. Manning, oral, commun., 1971). 

Comment on the Character of Ni-*̂  

It is not diflicult to understand that Ni.S has a 
solubility in ZnS much smaller than that of MuS, 
FeS, or CoS if the problem is considered in terms of 

• 1 
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TAII I .F . 5. Ciys ta l - fa ' ld T h m r v D a t a for Solicloil Tr.-in.-iition Mota l Ions 

Number vf 

3d I ' l c c c r o n s 

Kopriisi!nt,-it ion ol 3i^, liij;li-

. spin . o r b i c . i l occupancy 

1/ Sl . i b i l Iz.-n ion . ki-.-il /mi'U— 

Occ ailed r a i Tet r.ilHdr;il 

Or taho( l r . i l - s i I o prof c r c n r t ' 

fncr.i;y, k r . i ! /molo 

Fe 

Co 

Ni 

Cu 

Zn 10 

®®©©© 
dD©®®® 
dD®®®® 
dD®dD®® 
dD®di)®® 
®®®®® 

0.0 n.o 

1 1 . 9 ( 1 1 . 4 ) - 7 . 9 ( 7 . 5 ) 

2 2 . 2 ( 1 7 . 1 ) 14 .8(15. .0) 

29.2(29.3) 8 .6(6 .5) 

2 1 . 6 ( 2 2 . 2 ) 6 . 4 ( 6 . 5 ) 

0.0 0.0 

0 . 0 

4 . 0 ( 3 . 9 ) 

7 . 4 ( 2 . 1 ) 

20.6(22.8) 

1 5 . 2 ( 1 5 . 6 ) 

0 .0 

— Values f o r t r a t x s i c l o n me ta l o x i d e s from Duni tz and Or(>el ( 1 9 5 7 ) ; f i g u r e s i n p a r e n t h e s e s from McClure ( 1 9 5 7 ) . 

crystal-field theory, or the more comprehensive-
molecular orbital theory. The problem cannot readily 
be interpreted in terms of a simple model involving 
ionic or covalent radii, radius ratios, or electroneg
ativity (see Table 4) . On the other hand, whereas 
molecular orbital theory permits a more elegant 
portrayal of sulfide bonding (e.g. Burns, 1970), it is 
not essential to understanding the present probleni 
and is not here invoked. The importance, of crystal-
field concepts in understanding the structural chemis
try, stability, and solid solution limits among the 
transition metal disulfides has been demonstrated by 
Nickel (1968, 1970). By focusing on Ni-* and con
sidering ZnS along with the more metallic, transition 
metal mono-.sulfides, an unusually striking reflection 
of the importance of an orbital approach to crystal 
structure evolves. 

The pertinent transition metal ions and char
acteristics of them iin]iortant to this discussion are 
listed in Table 5. The v.alues for site stabilization 
energies, based on hydrates and generally applied to 
oxides, must be considered relatively, though not 
absolutely, correct for sulfide stmctures. Because S"' 
has a large radius but the same charge and bonding 
electron configuration as O'-'", crystal-field splitting' 
and ab.soluic stabilization energies are cx])ected lo be 
smaller according to crystal-field theory. However, 
Burns (1970, Table 7.1) e.stimates that these vahies 
arc Larger for the .sulfides of transition metals than 
for their oxides, an indication of the importance of 
covalencc in the stabilization an<l the ultimate im-
jiorlaiice of considering moleciil.ir orbital theory for 
fuller undcr.standing of .sulfide honditig. The simi
larity in size and eleclroneg.'itivily of the transition, 
metal ions may be clearly visualized when one con

siders that to become divalent ions the transition 
metals simply donate 4s electrons (Cu-''' excepted) 
leaving partially filled 3d electron orbitals occupying 
roughly equal space regardless of the degree of or
bital occupancy. (The contraction produced by in
creased nuclear charge is a relatively less important 
consideration.) The indicated distribution of elec
trons among the 3rf orbitals (Table 5) is for the high-
spin situation in which Hund's rule is. obeyed. That 
is, electrons within orbitals of the same sublevel tend 
to have the same spin; they thus will occupy empty 
orbitals if available, rather than spin-pairing. 

Ill order lo appreciate the following discussion, il 
is essential to visualize the three-dimensional shapes 
of the perinent d orbitals as shown in Figure 5. 
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Vir.. S. Representation of the honndary surfaces of the rf 
electron orhilals. 
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Eiich of the.se d orbitals, when full, contains two 
eleclnius of nppiisite spin. The ])l;iciiig of cither one 
or two electrons in cieli 'of the. five rf-orhitals cor
responds to a symmetrical ion which has no electro
static preference for one or another structural co
ordination; this is reflected in Table 5 for the ions 
.Mn'-̂ '" and Zn"*. In such examples, ionic size con
siderations become predominant, the smaller size of 
Zn-* dictating the tetrahedrally coordinated spha
lerite and wurtzite structures, whereas Mn"* has a 
size relative to S*', which permits it lo occur in both 
the four-coordinated wurtzite and si.x-coordinated 
.sodium chloride structures. Clearly, the fact lhat the 
valencies in chalcopyrite, a sphalerite (zinc blende) 
.structure, and in the relaled bornite structure must 
be considered Cu* and Fe'* (Wells, 1962, p. 883; 
^fanning, 1967b) is related to the fact that those ions, 
iu contrast to Cu'-"* and Fe"*, have spherically sym
metric electronic configurations identical to Zn"* and 
Mn"-*, respeclively (Table 5). 

Table 5 .shows that Ni"* possesses the largest 
octahedral-site stabilization energy and largest octa
hedral-site preference energy of any ion listed. In 
terms of crystal-field theory, Ni"* is thus markedly 
different from ions such as Mn"* and Zn"-"'* with 
which it is closely related by the periodic lable. The 
significance of the fact that Ni"* has eight 3d elect
rons, in terms of its octahedral-site stabilization 
energy, is perhaps most readily visualized in Figure 
6, which shows relative orbital energy levels for 
various coordinations. The mulliple, orbital energy 
levels for- an ion in a particular structure reflect rela
tive stabilization and destabilization of orbitals by 
the presence of anions or ligands coordinated with 
liie ion. The levels are a representation of crystal-
field splitting, the prerequisite for crystal-field stabi
lization. Again, it must be emphasized that the 
spatial geomelry of the orbitals (Fig. 5) must be 
perceived. Furthermore, consider that with respect 
to the three-dimensional coordinate system, si-xfold 
coordination of a transition metal may be visualized' 
as i)lacemeut of anions or ligands in positions along 
the positive and negative axes; undistorted tetrahe
dral coordination requires placement ot anions or 
ligands in space between the axes; and square 
planar coordin.ation may be visualized as placement 
of anions or ligands in the x-y plane along those 
axes. Finally, the mosl slable arrangement of anions 
or ligands about transition- metal orbitals is that in 
which repulsive interactioiLS are minimized; in short, 
anions are located about cations in areas of low 
orl:)ital electron density. 

If Ni-* is octahedrally coordinated, two spin-
p.aired .electrons are found in each of the stabilized. 
t-B. orbitals (d^y. d.v7,. and i\xr.), and one electron-in 
each of the destabilized, e ,̂ orbitals ((lx=,,-> and d,;). 
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Fic. '6. Relative energy levels of d orbitals of a transi
tion metal ion in tetrahedral, octahedral, and square-planar 
coordinations. NOTE: dx-, square planar should read d,,-. 

This arrangement is relatively symmetrical (has no 
orbital angular momentum),' and if the six anions 
are visualized to lie along the axes, they are readily 
perceived to be interacting with the fewest electrons 
possible. 

If Ni^* is tetrahedrally coordinated, the relalive 
orbital stabilizations are reversed (Fig. 6) . For 
tetrahedral coordination, only two orbitals are .stabi
lized, dx'.f' and dj:, and only four electrons can be 
placed in them. Hence, the remaining four electrons 
must be unequally distributed among the three or
bitals that lie belween the coordinate axes and with 
which the anions or ligands most intimately interaci. 
Several comparisons wilh octahedral coordination 
may be visualized: (1) only four of eight electrons, 
rather than si.x of eight, are in stabilized orbitals, 
and, given the same bond di.stance and ligand type, 
the crystal-field splitting parameter, A,, is only 4/9 
A„ (Fig. 6) ; (2) four anions or ligands must closely 
interact with four electrons, ralher than six anions 
or ligands with three, electrons, resulting in con
siderably greater net interaction lor tetrahedral co
ordination; (3) the diy, d,.̂ , and d.,:: orbitals are 
asymmetrically filled and thus will provide an angular 
orbital momentum to the tetrahedral arrangement, 
which will effectively attempt to distort it (the Jahn-
Teller effect). These three factors, whether viewed 
here from the standpoint of crystal-field theory or 
viewed from more complete molecular orbital theory, 
account lor the large oclahcdral-sile preference 
energy of Ni"'. 

If Ni'-'.* is to be four-eoordinated, it much prefers, 
and is in fact particularly noted for, square planar 
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complexes (e.g.. Wells, 1962). In terms of the pre
ceding argument, sijuare pkinar coorilinatiun may 
he ei.insidcred lo he grossly distorted telrahedral co
ordination. I'igure 6 shows the more com]ilcx, or
bital energy configuration for square jilanar co-
ordin.'ition, \N-h)cli .-illows all eight electrons to be 
.spin-paired into only four orbitals, leaving the 
(1.̂ =.,.= orbital eniiit)'. It is only in this comple.x lhat 
a low-spin Ni"* ion may he formed, becau.se only for 
square-planar cooi'dination is there a crystal-field 
splitting energy, Â p of Figure 6, acting to pair the 
unpaired electrons. With dx=.y2 unoccupied, one can 
visualize that four' anions or ligands are able lo ap
proach closely along the "x" and "y" axes wilh 
minimal electron interaction to form a structure with 
no asymmetry, or orbital moment. Figure 6 in
dicates that the stabilization energy for Ni"* in this 
type of site would be greater than that in octahedral 
sites, given the same ligands. 

It is relevant to extend the preceding discussion 
one slep further to discuss these concepts specifically 
in tenns of the ZnS jiolymorphs. The ZnS poly
morphs must be considered to have more rigid bond
ing, than structures of the sulfides of the associated 
transition metals. Although ZnS is often ciled as an 
example of.a dominantly homopolar or covalent com
pound, Tille (1963) and Berlincourt et al. (1963) 
show that the bonding is more nearly 80 percent 
ionic and 20 percent covalent. All of the Zd electron 
orbitals of Zn°* are fiilled, as are the ip orbitals of 
S". (In contrast, the partly unfilled orbitals of other 
divalent transition metals, and the resultant electron 
mobility, impart to their sulfides a component of 
metallic bonding and the accompanying metallic ap
pearance.) Thus, because Ni-* will accept four-co
ordination only if it may exert significant Jahn-Teller 
distortion to deform the tetrahedron and because the 
ZnS polymorphs are quite resistant lo distortion by 
substitutional cations, the solubility of NiS in ZnS 
is markedly lower than that of MnS, FeS, or CoS. 

Preceding discussion has established the fact that 
Mn-* has no preference beivveen octahedral and 
tetrahedral sites; hence the extensive solubility of 
MnS in ZnS is readily explicable. The appreciable 

.stabilization energies of Fe"* and Co"*'in octahedral 
and telrahedral sites (Table 5) reflect the fact that 
these ions are not symmetrical in the sense of the 
Mn=* and Zn"* ions. Note, however, that Fe"* and 
Co-* have relalively small octahedral-site preference 
energies. This factor, in addition, of course, to their 
pennissive ionic radii, accounts for the fact that -Fe"* 
and Co"* will readily enter the tetrahedrally co
ordinated ZnS structures. In tcnn.s of orbital oc-
ciqiancy, tetnihedrally coordinated, high-.spin cations 
wilh si.x or .seven d-clcctrons will place single elec
trons in each of the d,,-, d,-j, and djtj orbitals. This 

.•irrangemcnt is thus symmetrical for those orbitals 
that iiileracl mosl closely wilh the aiiioiis or ligands 
and alh.iws lhe anions to experience only slightly 
more electron repulsion than thev would if they were 
octahedrally coordinated to the cations. Considera
tion of Cll"*, a 3//" ii?ii, iu terms of the concepts 
utilized here, reveals a hilly adequate explanation of 
the low solubility of this ion in ZnS. 

The effect of FeS in dimiiiishiiig the .solubility of 
NiS in ZnS (Fig. 1) demands comment. In the 
absence of .stable ternary phases, the fact that none 
of the transition metals di.scussed form a complete 
.solid solution series with ZnS indicates lhat sub-
.slilulioii causes .strain in the ZnS structure. Several 
characieristics of an ion may be related to its po
lential for inducing strain, but for the transition ions 
discussed here, crystal-field influences (3rf electron 
configuration) almost certainly are more important 
than ionic size. In order lo maintain the strain at a 
minimal level, one may think of the structure as 
preferentially accepting a less perturbing ion at the 
expense of a more strain-inducing ion. In this case, 
Fe"*, an ion which has a lesser octahedral-site pref
erence energy than Ni"* (Table 5) and is thus more 
readily accepted in telrahedral sites, is found to re
duce the solubility of an ion which is relatively less 
stable ill tetrahedral coordination. 

Conclusion 

Neither the appreciation of the peculiar geochemi
cal behavior of Ni"* in comparison with its transi
tional metal neighbors, nor discussion of this phe
nomenon in terms of crystal-field theory, is novel, 
but apparently the special situation of Ni'* has not 
been so dramatically demonstrated for sulfide sys
tems. Because the common disulfides and related 
minerals formed by these metals generally have the 
pyrite structure, or a related octahedrally coordinated 
structure, the sludies by Nickel (1968, 1970) only 
slightly reflect the .special character pf Ni°*. Similar 
comment applies to the observation of Burns (1970) 
regarding the relalive distribution of Ni"* and Co^* 
belween pyrile and pyrrhotite. Dunitz and Orgel's 
(1957) pa))cr aud the nearly simultaneous repori by 
McClure (1957) clearly present the profound im
portance of cry.stal-field theory in understanding and 
predicting the distribution of tiie transition metals 
between the octahedral and tetrahedral sites of the 
sjiinel .structures. Burns and Fyfe (1964) use cry.s
tal-field theory to jiredict phase diagrams ;uid ex-
])laiii the selective uptake of transition melals from 
a magma, hut the.se authors (1966) were obliged lo 
re-ein|)hasize that repealed attempts lo explain the 
behavior of Ni during magniatic crystallization were 
inadequate becau.se the importance of the Ni"* octa
hedral-site jirefereiice energy and the (listribution of 
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octahedral and tetrahedral sites in crystals and melts 
had not been considered. 

.Sullide mineralogists are encouraged to approach 
liroblems of .structure .stability, solid .solution, and 
element co-distributiou from the viewi)oint of the 
crystal-field or molecular orbital theories. The sue- ' 
cess of this approach, evidenced by this report, those 
just ciled. and others, e.g., Kajamani and Prewitt 
(1972). Hulliger (1968), and iManning (1966, 
iy67a, 1967b) makes it clear lhat this is a field of 
iinport.-ince not limited to sludies of oxide antl silicate 
mineralogy and emiihasizes that more traditional ap
proaches to these problems can sonietimes fail com
pletely. This conclusion was presaged by FleLscher 
(1955. p. 974) prior to the first (Burns, 1970) 
recognized application of cr}'slal-field theory to geo
chemistry in 1959. 

Nickel analyses for n.-ilural sphalerites are not 
])lenliful. The mosl comprehensive published survey 
i:il trace-element data for sphalerites is lhat of Fleis-
ciier (1955). Of 117 references cited fpr sphalerite 
analyses, only 20 mention Ni, and many of these 
present no quantitative (or even numerical) data. 
Fleischer's .summary (Table 5, p. 989) shows that Ni 
is the least abundant of any sphalerite trace element 
lhat he considers. For 254 reported analyses of 
ZnS polymorphs, 171 show no Ni, 49 show less than 
50 ppm, and the maximum concentralion reported is 
300 ]ii)m. Kullerud (1953) presents analyses of 54 
.sphalerites, of which 17 contain both Xi and Co at 
average concentralion levels of 24 ppm Ni and 181 
ppm Co. Of 213 sphalerite analyses published by 
Burnliam (1959). 59 samples contained both Ni and 
Co, yielding similar average concentrations of 20 
ppm Ni and 154 piim Co. For sphalerite from 
Central district, New iMexico, in which bolh Ni and 
Co have heen determined, the average concentrations 
are 9.6 and 200 i>pm, respeclively (Rose, 1967). 
Comparing tliese data for the two elements and con
sidering the fact that Co concentrations are tj-pically 
(|uite low de.s])ile a considerable solubility of CoS in 
ZnS, one would not readily, have predicted the 
marked difference in the maximum solubilities of NiS 
and CoS in ZnS that are now established. 

The most u.seful d.ata would, of course, be those 
I'or sphalerites deposited in association with Ni-
suUides, for in such examples, the availabilily of 
nickel would not be in question. This situation is 
realized in the Upper Mississippi Valley lead-zinc 
district in wliieh millerite is widespread, and more 
complex Xi-sulfides arc being identified (.\. "V. Heyl. 
or.il commun., 1971). .Available analyses (Hall and 
Heyl, r..'(.i8) and Heyl (written coiiimun.. 1971) con
firm the concentration distributions reported by 
Fleischer. It would clearly he of interest lo com
pare Ni and Co concentrations in sphalerites from 

higher temperature deposits containing Ni- and Co-
sulfides. 

Arnold ct al. (1962) present one of the few op
portunities lo compare Ni and Co concentrations in 
sphalerite w-ith tho.se in as.sociated pyrile and pyrrho
tite. For mean values based ou S lo 23 determina
tions, they report: sphalerite—Ni-0.0018, Co-0.0052; 
pyrrhotite—Ni-0.027, Co-0.0075; and pyrite—Ni-
0!035, Co-0.0732. The fifteen- to'Iwentyfold con
centration of Ni in the Fe-sulfide phases reflects the 
preference of Ni for octahedral coordination. The 
picture for Co is complicated by a high-spin, low-
spin crystal-field consideration for Cij'-̂ * but is readily 
interpreted in terms of crystal-field theory. 
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DEPENDENCE OF THE B E G I N N I N G OF MELTING OF GRANITE 

A N D THE ELECTRICAL CONDUCTIV ITY OF ITS MELT 

O N H I G H WATER V A P O R PRESSURE 

E. B. Lebedev and N. I. iaiitaro.y^.^ 
V. I. Vernadskii Institute of Geochemistry 

and Analytical Chemistry 
Academy of Sciences, USSR, Moscow 

(ABSTRACT) 

The electrical conductivity (a) of melted El'dzurta granite was studied at HjO vapor pressures 
up to 9000 atm and temperatures to 1200°C. One sample was studied dry up to 1600"C. 

As the partial pressure of water increases the temperature of beginning of melting of the granite 
decreases, but the beginning of melting becomes- almost constant above 4000 atm at G40°C. With 
increasing vapor pressure llie electrical conductivity increases by several orders of magnitude 
until, at aboul 4000 atm and I000°C, the pressure effect on the conductivity is diminished. In the 
range PH.,O = 1000-8000 atm at-1200°C the valuo ot o varies from 6- lOMo 3- 10"' ohm"' cm"'. 

U the Considerable change in electrical conductivity ot granitic rocks on melting could be de
tected by geophysical meihods, the relations between plastic flow, metamorphism, and tectonic 
processes could be elucidated. — D. B. Stewart 

Discussion of many geochemical and geo
physical problems is difficult because of the 
scarcity of data on tlie eleetrical conductivity 
of various materials under plutonic conditions. 
For this reason in our experimental investi
gations of the effect of partial vapor pressure 
of water on the beginning of melting of gran
ite, we made use of the conductance method. 

Many investigations In the region of rela
tively low teinperatures and pressures have 
been made by Volarovich [ 1, 2,.-..3), a pioneer 
In Oie application of the conductance method 
tothe study of geological materials. The re
gion ol higher temperatures and normal pres
sures has been Investigated largely by for
eign scientists, but there are practically no 
Investigations of the simultaneous effect of 
high temperatures and pressures on molts, 
aad no data at all on the eleclrical conductivity 
of melts containing volatile components. 

In the presence of volatiles, the electrical 
conductivity will depend not only on tempera
ture and pressure but also on tlie contents of 
the volatile components and their nature. The 
most abundant volatile component of magma is 
water, and Its behavior In granitic melts has 
been studied up to temperatures of 1200°C and 
pressures of 7000 atm f 4, 5). It appeared 
worthwhile, therefore, to Investigate the ef
fect of partial pressure of water vapor on tho 
melting temperature of granite by the conduc-

. tance method, obtaining at the same time data 
on the electrical conductivity of hydrous gran
itic melts for a broad range of temperatures 
and pressures. 

The experiments were made In an Internally 
heated high pressure apparatus | 4). The 

measuring cell was placed In the high pressure 
chamber,, and was calibrated by a standard 
0.01 N KCl solution at 20°C and a pressure of 
1 atm, and was connected to a bridge circuit. 
The conductance measurements were made at 
100 cycles per second. 

The finely powdered samples were pressed 
into the measuring cells under a pressure of 
20; 000 kg/cm'. The scatter of results ob
tained at different pressures amounted to only 
5-10% despite tlie parasitic capacity /jenerated 
by placing the cell in the high pressure cham
ber and ascribable to various causes. The 
conductance isobars showed satisfactory re
producibility. The loss of current from the 
pressure chamber was controlled and did not 
exceed 5%. 

Temperatures were measured with a Pt -
PtRh (10% Rh) thermocouple pressed into the 
sample. Pressures up to 5000 atm-were mea
sured with a Bourdon gage ( class 1), and 
higher pressures were measured with a man-
ganin gage. 

The electrical conductivity of dry granite 
at a pressure of 1 atm was measured for ref
erence. The rock used In the experiments was 
the El'dzurta granite (Northern Caucasus), 
whose composition is given in Table 1, to
gether with Norltomi's analyses of two gran
ites I 0), and Murase's analysis of obsidian f 7). 

Noritoml measured the electrical conduc
tivity of granites at 1 atm pressure and tem
peratures up to 1050°C, while Murase ob
tained the values of a for obsidian at tempera
tures up to 1400°C. Our data lor the El'dzhura 
granite, Norltomi's, and Moiseyenko and Isto-
min's data | 8] for granites, and Murase's data 
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Table 1 

Chemical Composition of Granite Used to 
Determine Electr ical Conductivity Dry at 1 atm 

Component 

SiO, 
TiO, 
A l ,0 , 
Fe ,0 , 
FeO 
MnO 
MgO 
CaO 
Na,0 
K,0 
P , 0 . 

.S' 
F 

H , 0 -
H , 0 -
COi 

Total 

granite 

72,58 
0.35 

14,11 
0,.S7 
L.-ia 
0,0-i 
0,65 
1,72 
3,17 
0,8!) 
0,11 
0,03 
0,0fi 
0,08 
O.-'.il 
0.02 

99.88 

Noritoml 

;ranlte 
1 

67,50 
0,25 

15,77 
2,01 
2-, 25 
0.10 
1,8'2 
4,49 
1.99 
2,80 
0,02 
— 

0,06 
0,14 
— 

99,78 

granite 
3 

76.95 
Trace 
12,59 
1,31 
0.12 
0,02 
0,22 
i .08 
1.02 
5,99 
0,03 
— 

0,06 
0,10 
— 

99.49 

obsidian 

74,41 
0.05 

13,33 
0,08 

• 0,8G 
0,05 
0.43 
1.90 
2,!)9 
4,30 
0,23 
— 

0,29 
0,23 
— 

99,15 

Note: All commas are equivalent to decimal points. 
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Fig. 1. Electrical conductivity of epranltes and 

obsidian 

El'dzhurta granite at 1200*C and one atm 
pressure; -x-x- and Norltoml'B data for 
granites 16); Murase's data for obsidian 
|71; . Moiseyenko and Istomln's data 18] 

for obsidian a r e shown In Fig. 1. Our data 
agree well with Norl tomi ' s . The Unear de
pendence shown on the graph indicates that the 
e lect r ica l conductivity var ies according to lhe 
equation CT = o„- e - E / R T , where E is the acti
vation energy, k is the Boltzmann constant, 
and o^ Is a proportionality consldinl.. 

The e lecl r ica l conductivity of obsidian in the 
interval 750-900°C differs sharply from Norl
tomi ' s and our data for grani tes , probably be
cause of differences in Uie experimental p ro 
cedure. In the interval 900-1160°C the curve 
tor obsidiaii approximately para l le ls the curves 
for the grani tes , but passes through the c o r r e 
sponding values of conductivity at lower tem
pera tu res , probably because of the glassy state 
of the sample. The sharp change in the slope 
of the curve at the temperature of fusion Is 
charac te r i s t i c . At about 970°C dG/dT = t - IO"' 
o h m ' ' c m - ' / ° C , and at 1250°C the value ot o Is 
almost ten thousand t imes higher than at 970°C. 

Norl tomi 's two grani tes have nearly the 
same elect r ica l conductivity in spite of a con
siderable difference In composition. It is very 
likely that the differences in the conductivity 
curves must be ascr ibed not only (o the differ
ences In the method of investigation but also to 
the mineralogy of the rocks. Unfortunately, 
Noritoml does not give the modes of his granites. 

lo4 . ^ ohm-lcm" 
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Ftg. 2. Electrical conductivity of granite at 1200''C I 
aa a function of partial pressure of water vapor up ^ 

to 9000 atm \ 
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ELECTRICAL CONDUCTIVITY OF GRANITIC MELTS 

ii 

The second s e r i e s of determinations of con
ductivity was made in the presence of water. 

• The dependence of the conductivity of granites 
on Uio partial p r e s s u r e of water vapor and l em
perature is shown in Fig. 2 together with the 

• conductivity curve for dry granite. 
The increase in e lect r ica l c'onductivity v/ith 

pressure and temiierature is not regular, for 
the curves have a number of inflexions. The 

, first low temperature break corresponds to the 
: early stages of reaction bel"wecn water and 

granite, and formalion of the first alkal i-bearing 
aluminosilicate mel ts causing an Increase in 
conductivity. As heating continues, the mel ts 
accumulate and .lid in Uie melt ingof Uie r e 
maining granite, hi the region of relatively low 
partial p r e s su re s of water, not higher than 
1000 atm, there Is another break on the conduc
tivity isobars corresponding lo the homogen
ization of the molt. The quenched melts from 
the region directly abovo ihis break show only 
a few relict c rys ta l s of quar tz . 

As can be seen from the trend of the con
ductivity isobars , Ihe tempera ture of the be
ginning of melting of granite is lowered con
siderably by increase in the parti.Tl vapor p r e s 
sure of water. In the 500-9000 atm Interval 
the temperature is lowered by about 155°C. 

As pressure increases , i ts effect on the 
value of the e lec t r ica l conductivity diminishes, 
and starling at 4000 atm the isobars come close 
together. At approximately this p re s su re the 
temperature of the beginning of melting of 
granite beconies stabili'zed. 

In the presence of water Uie electr ical con
ductivity of granite increases sharply as the 
pressure r i s e s to 4000 utm. The values of the 
electrical conductivity in.this p re s su re range 
are several o rde r s higher than for dry granite . 

The grea tes t differences in-electrical con
ductivity a re observed at t empera tures up t o 
1000°C. At about 1200°C the conductivity 

}e 

IS 

iB 

t i 

I t 

s 

% mol 

iOOO 

6, ohm-^cm-l 
1 1 l l l l i l l I I 

10' w 
Pig. 3. Dependence of electrical conductivity on 

the solubility of water In granitic melt 

Isobars form abundle within a relatively narrow 
range of values of o. 

•The change in electrical.conductivity with 
part ial p r e s su re of water vapor i s intimately 
related to the solubility of water In Uie granit ic 
melt. The conductivity Isobars and isotherms 
shown in Fig.' 3 reflect the dependence of o on 
Uie solubility of water In the mell. Increase in 
wafer content in the melt with increasing p r e s 
sure promotes dissociation and lowers the total 
.value of the activation energy of the system 
(Fig . 4) . 

As a result the conductance of the Ions In
c r ea se s , and hence the e lectr ical conductivity 
increases . The sharp decrease in the act iva
tion energy of the granit ic melt with increase in 
P H Q reflects a g rea te r mobility of the ions 
wnfcn is proportional to the activation energy 

I? 
o = exp [ - p j r ] - Judging by the values of o In 
molten alkall chlorides and in grani t ic melts , 
it may be supposed tha t the degree of dissocia
tion in the melt is high and that water increases 
the electr ical conduciivity of the melt. 

In the absence of water, most rock-forming 
minera ls have low elect r ica l conductivities 
( 1 • 1 0 " ' o h m ' ' c m " ' and lower) | 10]. Ground 
wate r s cause aji increase In the e lect r ica l con-
-ductlvity of rocks, the amount of increase de
pending on the composition of the waters , their 
salinity, and their content In the rocks. The 
electr ical conductivity of ground waters ranges 
broadly from 1 ohm"' cm" ' to 0.66 • .10-< 
ohm"' c m " ' . 

The experimental data on the e lect r ica l con
ductivity of granite In the presence of water 
i l lustrate only Uie simplest case of association 
of rock and pure water. Complications in Ihe 
composition of the water have a considerable 
effect on the values of o. 

It is significant that beginning with 1200°C 
the effect of increase in the part ial p r e s su re of 

f cv 

S -

* >-
I 

/ -

tooo Jtet iofft real p,atm 

Fig, 4. Dependence of activation energy (E) on the 
partial pressure of water vapor In the Interval 

900''-1200-C 
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vapor on e lect r ica l conductivity dec reases , and 
In the 1000-8000 atm lnter\ 'al the value of g 
var ies from 6- 10"' to 3 - 10"' o h m " ' c m " ' . 

The conductivity curve of dry granite has a 
sharp bend at 1250°C. Judging by the investi
gated region, up to leOO'C Uio electr ical con
ductivity curve has Uie same trend !is the 
bundle of conductivity isobars for hydrous gran
itic melt, and all curves fall Into a relatively • 
n:irrow interval of conductivity values differing 
by no more than one order of magnitude. 

Thus, the difference in tho e lect r ica l con
ductivity of a dry granite melt ut normal p r e s 
sure and a hydrous granit ic melt at different 
part ial p r e s s u r e s of waler vapor dec reases 
considerably wiUi increasing tempera ture and 
p r e s su re . The difference between an extr:ip-
olated value of o for a melt at T = 1350°C and 
PfUO = '000 a'ni wiUi the value of o for a di7 
gr.TliUo melt at the same tempera ture is about 
One half order . 

It Is Important to bear these facts in mind 
in Uie Interpretation of geophysical data on 
deep-seated rocks. Thecons ide rab le change 
in the electr ical conductivity at the tempera
ture of the beginning of molting of granite might 

Table 2 

Activation Energy (E) and a^ of Granit ic Melts 
at Different Values of PH.^O 

be of considerable Interest If it could be de
tected by geophysical methods. It would reveal 
the boundary ot the plast ic state of rocks an'd 
the zones of active metamorphism at depth, 
and would throw light on the connection belween 
the plastic state of rocks and some tectonic 
p rocesses . 

In the experimentally investigated p ressure 
range up to 9000 atm, the temperature of tho 
beginning of melting of granite became almost ' 
stabilized at 4000 atm (Fig . 5). This indicates 
that the most favorable conditions for the mcta-
niorphiam of granit ic bodies in the presence of 
a sufficient supply ot water may be expected at 
different depths depending on the geothermal 
conditions. If s imple relations between tem
pera ture and depth a re assumed, the beginning 
of melting will be determined by the position 
of points corresponding to different values of 
Uie geothermal gradient as shown in Fig. 5. 
Synchronous chango in viscosity will cause 
s t ruc tura l changes in the rocks and relative 
increase in their mobility. 

rc 
7il\ 

''11,0. 
atm 

8000 
7000 
4000 
2.500 
1000 

. 500 
Dry 

0 , , 0 * - ' C t l - ' 

5.3 
4.8 
4.2 
1.2-10 
8.2-10 
1.4^10» 
6.0-101* 

£.ev 

0.38 
0.385 
0.385 
0.547 
0.876 
1.95 
4.85 

«•/»•», J 3 - U , i r ' K , 

n A/i'atm 
; / ; / j i i I J J J ;•; '.''-.-

Fig. 5. Dependence of the temperature of beginning 
of melting of granite on Pn^o according to the cim-

duclunce mciCsurcmenls 

Table 3 

Values of Elect r ica l Conductivity (o) and Activation Energy ( E) 

Hock. 

Granite 
Grtinlte. 
Obsidian 
Granite 
Granite 

Molten alkali • 
chlorides 

tH,0. 
a-T M 

Dry 
Dry 
Dry 
1000 
8000 

r , ' C 

1200 
1000 • 
1400 

• 1200 
1200 

800-900 

tr. o i t - i e i t - i 

i.s.io"-' 
i.o.io-> 
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CRYSTALLIZATION IN THE SYSTEM: 

N q 2 C 0 3 - ZnO - S i02 - H2O '..•m 

B. N. Litmin and O. K. Mel'nikov 
Instituto of Crystallography 

Academy .of Sciences, USSR, Moscow 

(ABSTRACT) 

Charges of ZnO, SiO,, Nii^COj, and HjO were reacted In steel bombs at 35O°-500° Cand 600-2000 atm for 
150 hours . Crystals.of willemite, quartz , and N.i^ZnSi.jO, were recovered. Physical and optical 
properties and unindexed X-ray powder pat terns a"i-c given. Synthesis fields of the phases a rc 
shown below; the yield, of N.-uZnSi^jO, increases as Uie content of N.T.,CO, in the charge increases . — 
D. D. Stewart - ' 

ZnD/SiOj 

J t 40 
Na2C03 solution. 

riR. 5, Fields of crystallization of phases 
Q = quart-/., A = Na2ZnSi308, .ind W = wil

lemite (;IGO-GOO''C). 

To obtain a copy of the complete t ranslat ion of this a r l ic le , o rder document GI2-2-64, "Lltvln 
and Mel'nikov, " 15 pp . , $2 .25 . Payment must accompany order . Send to Translat ions Office, 
American Geological Institute, 1444 N St. N. W. , Washington, D . C , 20005. 
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Diffusion Flow Laws in Metamorphic. Rocks 

2646 D. ELLIOTT 

ABSTRACT 

Rocks which deform by pressure solution 
obey a diffusion flow law with a linear viscous 
or Newtonian stress to strain-rate relation. 
Undeformed relics of original grains preserved 
within newly grown crystals at grain boundaries 
under tension aod presolved surfaces, together 
with accumulation of inert particles at grain 
boundaries under compression, are diagnostic 
evidence of a diffusion flow law. At a given 
stress, strain-rate is inversely proportional to 
the grain size to a power of two or three. A 
geologically useful plot has inverse temperature 
versus the logarithm of grain size as co
ordinates. Such a graph is separated into fields 
by three boundaries which meet at a triple 
point; within each field, either lattice diffusion, 
grain-boundary diffusion, or a dislocation flow 
law is predominant. It may be possible to 
calibrate this graph from naturally deformed 
rocks. Photomicrographs of isoclinally folded 
greenschist-grade quartzites and rhyolitic flows 
from the Sourh Mountain-Blue Ridge area in 
Maryland demonstrate a diffusive mass transfer 
deformation mechanism, but estimates of ef
fective diffusion coefficient compared to cur
rently available laboratory diffusion data are 
insufficient to identify the diffusion path with 
certainty. However, the comparatively low 
ratio of metamorphic temperature to melting 
temperature and the physical nature of grain 
boundaries in metamorphic rocks, particularly 
concentrations of low-density impurities at 
grain boundaries, suggest the grain-boundary 
diffusion flow law-

INTRODUCTION 

.\ major obstacle to the understanding of the 
development of geological structures is our 
lack of knowledge of the fiotv lati's—or the 
relations between stress and strain-rate at the 
time of deformation. 

Regardless of the dimensions considered in a 
problem, ductile rocks deform as aggregates of 
crystalline grains, and the flow laws are decided 
on the scale of grains. An illustration of the 
importance of this problem is the controversy 
over the mechanisms and material properties 
which allow plates of lithosphere to move over 
the surface of planets through geological time. 
The question is: does a diffusion flow law hold, 
giving a Unear stress to strain-rate relation as 
maintained by Gordon (1965, 1967), Mc
Kenzie (1968), and others; or is a dislocation 
flow law more appropriate, so that the astheno
sphere is a power law material, as advocated by 
Orowan (1967), Weertman (1970), and others.? 
Our lack of knowledge of the flow laws is not a 
special feature of the inaccessible mantle. The 
flow laws of crustal rocks, readily available for 
direct observation, are just as much of a 
mystery. 

Have most of the grains in a thin section of 
naturally deformed rock changed shape by 
diffusive mass transfer or by dislocation 
motion? One point of this paper is to demon
strate that familiar "pressure solution" is ^ 
equivalent to diffusion creep, and to show that 
direct microscopic observation can distinguish 
diflusion from dislocation flow. Another 
purpose is to clarify the theoretical relations 
between the different mechanisms of granular 
readjustment to deformation and to examine 
them in a geological context. Many of the 
ideas on these subjects are not found in the 
usual geological literature; a partial review will 
be attempted. 

As we shall see, purely diffusive mass transfer 
is referred to in geology as "pressure solution," 
expressing-the general idea that crystals dis
solve where intensely stressed and grow where 
the stress is less. This idea is at least 100 yrs old, 
for Sorby (1863, 1879, 1908) presented con
vincing thin-section evidence of pressure 
solution and discussed its importance for 
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diagenesis and metamorphism. while Van Hise 
(1896) and Becke (1903) considered pressure 
solution of major importance in the formation 
of schistosity. 

Morc recently, the outstanding textural in
terpretations of Voll (1960) suggest that pres
sure solution combined with growth in the 
stretching direction is a niajor mechanism of 
deformation in the greenschist-grade rocks of 
the Welsh and Scottish Caledonides, the 
Rheinishes Schiefergebirge, the Northern 
Molasse basins, and the phyllite zones of the 
Swiss Alps. Durney (1972) illustrates nice 
e.xamples from the Morcles Nappe. Many thin 
sections of deformed low-grade metamorphic 
rocks which I have seen show clear evidence of 
extensive pressure solution. 

The theoretical understanding of pressure 
solution is in a much more unhappy situation. 
Work by Riecke (1895) was predated by 
Sorby, and his results are generally misinter
preted (reviewed by Turner and Verhoogen, 
1960, p. 476). Clearly pressure solution should 
not be referred to as "Riecke's Principle." A 
theoretical treatment by Weyl (1959) was 
entirely concerned with pressure solution in a 
diagenic context. Fundamental and often over
looked work was done, however, by Correns 
(1939, 1949). 

In metallurgy, it was not until Nabarro 
(1948) that diffusive mass transfer as a possible 
flow law was suggested, and both Nabarro 
(1948) and Herring (1950) considered the bulk 
lattice as the diffusion path and derived a 
Unear stress to strain-rate flow law. The 
possibiUty of the grain boundary as the dif
fusion path was first proposed independent
ly by Coble (1963) and Lifshits (1963). 
Direct observation of metals deforming by dif
fusion creep was not reported until 1963 
(Squires and others, 1963). .\t the outset, the 
reader is invited to compare the illustration ofa 
metal deformed by diffusion creep (Fig. 3) 
vvith the photomicrographs of deformed meta
morphic rocks (Figs. 7 and 8). 

As shown later in this paper, each diffusion 
and dislocation flow law occupies a sector of an 
inverse temperature versus grain-size graph, 
and the sector boundaries meet at a triple 
point. The position of this triple point varies 
with certain fundamental properties of the 
rock, and it is possible to locate its position by 
observations of thin sections of naturally de
formed rocks. 

With a number of different processes op

erating to produce a final result, how is it 
possible to find the rate-determining step.? This 
question crops up throughout this paper; in 
essence, it is similar to determining the 
"critical path" for a whole number of difterent 
processes, where all rnust be finished to ac
compUsh a given job. The various processes 
may be classified into two types, dependent and 
independent. 

Two events, A and B, are dependent if A 
cannot proceed until B has taken place, so that 
the processes occur in sequence. The over-all 
rate is the slower of the dependent processes. 

Rates of independent processes are not re
lated to one another, and each may proceed at 
its own speed. The events can occur concur
rently and nonsequentiaUy. The over-all rate is 
the simple sum of all the independent rates, and 
in a sense, each process is free to compete for 
the largest share. The independent process with 
the fastest rate effectively dominates the over
all rate. 

There is the matter of suitable names for the 
various flow laws, because they aU involve some 
diffusion in one way or another (Orowan, 
1967). In this paper, a diffusion flow law 
means one dominated by purely diffusion mass 
transfer, as opposed to dislocation flow laws in 
which the grains change shape by dislocation 
movement. The diffusion flow laws are sub
divided according to the type of path—lattice 
or grain boundary—through which the dif
fusion occurs. 

To discover what observations are necessary 
to prove diffusion flow, a brief review must be 
made of the assumptions underlying the 
derivations of the diffusion flow laws and of the 
available experimental evidence. 

SI units are used throughout this paper. 

DIFFUSION FLOW LAWS 

Discussions of pressure soluuon in the 
geological Uterature occasionally refer to an 
equation worked out by Correns (1939, 1949). 
What is the relation between pressure soluuon, 
Cbrrens' work, and diffusion creep.? We will 
now draw aU these different ideas together, 
keeping the treatmeht as simple as possible to 
emphasize the physics of the processes. 

The parual molar volume v,- of a component 
/"at temperature Tand number of moles «,- can 
be written 

'"^{^)T,n, 
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where fii is the chemical potential of com
ponent / a t a normal stress P. Integrating with 
respect to P, keeping T and n, constant, and 
neglecting elastic compressibility, the chemical 
potential at normal stress P is 

, , M / = f̂ i"-1-»f.-P̂  ^ 

here: fii" isanintegratiortconstaiit, the-chemical 
potential of ra t P = 0. 

: . t i i^^-H^^ = Pi{Pi-Pi) (1) 

The above equation holds.within the crystal 
proper. For material within'I he diffusion path, 
assuming ideality at- a given T, P, 

p / ^ tii' -f RTInc/ 

wliere c,--is the concentration of component i, 
R is the gas constant, and /i,-' is the chemical 
potential at the .standard state. 

RTlnCi^i -RTtnCiPi t i / ^ - tif^ (2) 

Now cqutiibrium holds between material in 
the crystal and in the .adiacent diffusion path, 
so (1) and (2) may be equated 

L-Pl - H.J'i = Pi{Pi ^ Pi) 

--© 
This equation describes the equilibrium dif

ferences in concentration of cbriifwrient / under 
different normal stresses at oppc«ite ends pf a 
diffusion path. It is the modified form of van't 
HdBTs Law derived by C:orrens (1939., 194?), 
who correctly recognized that his equation 
described the driving: force for "soiution 
transfer" between crystal faces under different 
normal stresses. 

Let the reference state be the stress free.onc, 
Pi =.0, and the tiormat stress at a local spot on 
the grain be Pi = irn. If sve coiisider only a 
siiigle component material with (n, ,Cf as the 
cheriiidit pbtential and equilibrium eoncehtra-
tiohs.of the component at the reference state,' 
then Correns' equation becomes; 

fusion path'to another. A Sphottky defect is an 
anion vacancy balanced by sufficient cation 
vacancies to maintain charge balance. It is 
the only kind of point defect (1) created and 
destroyed entirely at the grain boundary, per
mitting mass transfer, (2) whose concentration 
is'sensitiie to the state of stress existing at the 
grain boundary, and (3) which have a self-
regulating mechanism for the-ionic flow so that 
nevvly deposited crystal retains stoichiom
etry. Consequently,, Schottky defects are 
responsible for pressure solution and diffusion 
creep, and it can \x shoWn that it is possible to 
consider the problem eritirely in terins of the 
sublattiee with the slowest moviog vacancies, as. 
if this component made up" the entire crystal, 
by defining,the effective atomic volume £1 as 
the volurne of 1 Schottky delect divided by 
the number of. slow moving vacancies in the 
defect (Fryer. 1972). In silicates, this is prob-' 
ably a vacancy in an oxygen sublattiee. It is 
customary to discuss vacancies in tertns of 
atomic quantities, and so Correns" equation (3) 
becoraes, withfr^as Boltzman's constant, 

Qom ^ { - V = / I 1 4_ f - Z ^ \ --. "̂  ~ â-
'^ ^T \Co/ \ • Co ) Ca 

The error in this approxitnation is less ~tha'n 

10 percent when ( T ^ ) is less'ttian 2 X 10~'. 

For typical geological conditions with a normal 
.stress of 35 IX Wnm~^ (3.5. kb), temperature 
625''K, and a vacancy the size oJ 0~' we find 

^that 
/ai7«\ 

is 10~', so that the approxirnation 

appears to be good. 
If 2 points on- a grain boundary have a dift 

"ference in concentration Ac as a result of a dif
ference in normal slress Acrni 

Ac tlAgn 
Ĉ) 

• Now we can proceed to derive the diffusipn 
.flow law more or less'along the"lines set out by 
Nabarro (1948) and Herring (1950). The flow 

fi — fio = van = RT 
fGm., 

(3) 

/ T r \ j ^ \ 
But is it possible to approsimate complex 

rock-forming minerals b y a one-com ponent 
material? Certain conditions must be met to 
permit mass transfer froni one part of a dif-

D' -r- from Pick's first 
dx 

rate of vacancies/ = 

,.law at the quasi-steady state, where D ' is the 
diffusion coefficient of vacancies. The vacancy 
influx is equal to the ion outdux, so D' c„ = 
••~ D in terms of the ionis diffusion coefficient 
iD. 
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number of vacancies £i 
Now concentration c •= ; rr-. — 

number of sites fi 

volume of vacancies 

volume of crystal 

As a result we are able to i n t e r p r e t / as the rate 
of volume Row of vacancies; The velocity v. 
with which a.crystal face of unit area moves out 
is equal t o t h e yolume,rate of ions added on to 
the face, which is in turn equal to the volume 
rate of vacancies which leave this.spot, s o f = 
/ . Thes t ra in- ra te e is equal t o the spatial ra teof 
change of velocity, 

. _ a^ _ dT _ D S ^ DAf, 

dx dx ca.dx^ citK^ 

where X is the diameter of ari, equant grain,-
Substituting'in equation (4) 

on 
X^kT 

Aa-n 

The mas flow of vacancies.from one f«tnt 
to another withtna, given grain in rMponsi: to 
the gradienl in normal stress around the grain 
boundary changes the shape 'of' the grain. 
Gradientsin local normal stress around a.given. 
grain consist of components' of" both "local 
mean stress and local deviatoric streB. It is 
necessary however lO relate the strain rate to 
the stress on'the scaleof the fxily crystalline ag
gregate rather than the local stresses arqund an 
individual grain of changing shape. Choose a 
volume of rock big enough to coiitain large 
num ters of grains yet small enough that the 
macroscopic stresses and strains on the bounda
ries of the volume are hompgeneous. If the 
boundaries of the polycrystalline specimen 
were subjected to an entirely hydrostatic stress, 
the local normal stress gradients.around grains 
would quickly relax asla, result of diffusion, and 
the diffusion process would then'^Cease. The 
local noirmal stress gradientsare proportional to 
the larger-scale rnacrpscopic deviatoric stress'tr 
acting on a polycrystalline "Sample. If A? is a-
proportionality constant, 

a- = KAirn 

. KDQ 

The purpose of "the above treatment was to 
show that ciiere are only a few steps from the 
work of Correns on the geological problem to 
the work by Nabarro and Herring from the 
metallurgisial point of view. 

If the diffusion path is through the bulk 
lattice, as originally suggested by Nabarro 
(1948) and Herring (1950), then 

K D i ^ 
(5) et 

While if the diffusion path is along the grain 
boundary'as Gobble (1963)", Lifshits (1963); and 
Gifkins (1967b) suggested, then-

K TT DehhiQ: 
(6) X ^ t ^ ' ^ T 

In these flow laws, lattice andgrain-boundary 
strain-rales are ei, egb and difFusioii cdef&cients 
arc Dl, Dsb; r is ratio of the grain's longest to 
shortest dimensions, and TT has its usual value. 
For grain ratio r up to about 3 :1 , Kis 21, but 
for extremely elongate grains, K is Sr, 

What measure of strain rate and stressare wc 
using in these equations? The intensity of the 
deviatoric stress acting on the polycrystalline 
sample may be measiired by the octahedral 
shear stress a. In terms of the principal values of 
the stress; tensor cri, ,tri, tr ,̂ the octahedral shear 
stresses: 

<T = k[{tn - ffif -h 'itm - :a i f 4- (ffs - t rO l ' 

Similarly, the,deviatoric strain-rate can be 
represented in terms of the 'Octahedral shear 
strain-rate 

e= 'i[(ei - 62)=' -i- (ea - 0 + {h - ei)=l» 

The' stress er and strain-rate i are always 
positive. 

The diffusion creep equations-(5 and 6) have 
been rederived at least a doien times in the past 
25 yrs. We are using here results of t h e most 
complete and rigorous derivation to date, by 
Raj and Ashby {1971, equations 24 and '2iS). 

It is instructive to trace the most general 
pbssible history of a vacancy from its creation 
to its annihilation, A vacancy can be created at 
a grain boundary or within the grain, with or 
without interference from impurities or in
clusions. The vacancy then travels through the 
grain in a path alorig which the total niimber of 
vacancies may or may not be conserved at any 
instant". When the edge of the grain is reached, 
the disordered material of the grain boundaries 
collapses into the vacancy, eradicates it, and 
changes the shape of the grain. This sequence of 
vacancy source, diffusion path, and vacancy 
sink is a series of dependent processes so that 
the slowest must be the rate-determining step. 
Diffusion creep assumes that the operation of 
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the vacancy sources and sinks is cnmplcrcly 
unhindered and entirely located ai grain 
boundaries, or in other words. ili:ii grain 
boundaries function as ideal sources .nul sinks. 
The rate-determining step is :issuiucJ to be the 
diffusion between source and sink. 

The conservation of vacancies means that 
the divergence of the flow of v:icancies is zero 
within the crystal, or alternatively that the 
Laplacian of the vacancy chemical potential /i 

is zero: 

vv = o 
The solution of this Laplace's equation must 

satisfy boundary conditions of mechanical 
equilibrium, continuity, and chemical equiUb
rium. The equation of mechanical equiUb
rium is the same as is used in elasticity and 
plasticity and requires no comment, but the 
equations of continuity and chemical equilib
rium lead to some unusual aspects which we 
will now discuss. 

There have been two main ways of dealing 
with the continuity equation. Lifshits (1963), 
Gibbs (1965), Gifkins (1967b), and Raj and 
Ashby (1971) calculate the diffusional strain-
rate using a space-filUng aggregate of grains 
which are deformed in such a way that the 
poly crystaUine continuity is always main
tained. The stress field within the individual 
grains can be calculated (Raj and Ashby, 1971, 
Append. 2) and is found to be variable with 
large stress concentrations—what one would 
expect in natural polycrystalline rock. Another 
consequence of satisfying the continuity 
equation is that there is a coupled and de
pendent relation between diffusive mass, 
transfer and grain-boundary sliding (Fig. 1). 
Diffusional creep could be called grain-
boundary sliding with diffusional accommoda
tion. 

- The other procedure is to avoid the problem 
of mainraining grain-to-grain continuity by 
dealing with a single grain of spherical shape 
(Herring, 1950; Coble, 1963; Green, 1970). In 
this case, a homogeneous stress field is main
tained throughout the grain. The equations 
which result from these unrealistic abstractions 
are nevertheless approximately the same as 
those deduced from the polycrystalline model. 

The equation (3) we have used for the chem
ical potential is 

fl = 410+ v a n . 

Is this equation exact? What is its relation to 
the "theory of nonhydrostatically stressed 
solids"? The full equation for nonhydrostati
cally stressed solids was derived by J. W. Gibbs 
in 1876 and has received attention from Yang 
and others (1959), Kamb (1959, 1961a, 1961b), 
and .McLellan (1970). I find the treatment by 
Li and others (1966) particularly clear. Green 
(1970) applied it to diffusion creep. This exact 
equation is 

; i = Mo -H w - I - »> (Tn . 

Here w is the elastic strain energy per mole, a 
term assumed negligible in equation (3). For 
typical geological conditions, this term affects 
the value by less than 1 percent, and so the 
approximation appears sound. 

Changes in Grain Size and Shape 

At constant stress, both lattice and grain-
boundary diffusion flow laws (equations 5 and 
6) have the general form: 

e = 
K' 

Grain size X" is to a power n of 2 or 3, grain 
shape r to a po%ver of 2/3 or 2, and K' is 
constant for the constant stress. 

Green (1970) and Weertman (1970) sug
gested that this steady-state situation can never 
be the case and iUustrated their interpretation 
with a coaxial deformation path. (Elliott, 1972). 
//"the path is coaxial and grains do not rotate, 
then as the grains get more elongate, r gets 
larger, and the process is apparently self-
exhausting. This combination of assumptions 
would result in the maximum possible de
parture from the steady state, but several 
processes will operate to produce a situation 

• closer to a steady state. 
- 1. Even in a coaxial deformation path, the 

grains will be continuously rotating relative to 
each other as a result of grain-boundary sliding. 
Grain-boundary sliding brings grains together 
and moves them apart and is constantly 
shuffling grains about, bringing different faces 
into contact. The newly picclpitatcd part ofa 
grain can subsequently IK subjected to com
pressive stresses ami di.sMilvi-, icmling to main
tain cquiaxial grains. 

2. A coaxial dcformaiioii path is a very 
special case whicii will only occur at local spots 
in the deforming mik (l-.lli.Mi, 1972). With 

2650 D. ELLIOTT 

Figure 1. Space-filling array of hexagonal grains de
formed by diffusion -accommodated giain-boundary 
sliding. For new crystal to precipitate (-h) at a grain 
boundary under tension, the adjacent grains have to 
move apart. Gtain-boundary sliding to give this grain 
separation must occiu-, and old crystal must be presolved 
(—) at those grain boundaries under compression'. 
Precipitation, dissolution, and grain-boundaiy sliding 
all occur simultaneously and in a certain proportion, 
otherwise voids vrill open and continuity will be 
destroyed. 

general noncoaxial paths, the tendency to 
maintain equiaxial grains wiU be enhanced. 

3. Grain size X may decrease as the grain 
ratio r increases. This happens if the newly 
precipitated crystal forms a new grain, as is 
often observed. Conceivably this could even 
produce a constant ratio K'/X"r'" and lead to a 
steady state. 

It appears that changes with time in grain 
shape and size have a complex effect difficult to 
evaluate precisely and are clearly in need of ex
perimental work with both coaxial and non
coaxial deformation paths. I feel that these 
deviations from a steady-state creep are prob
ably a minor correction, compared for example 
to changes in temperature or chemical environ
ment during the course of a typical geological 
deformation episode. 

Experimental Evidence of Dilfusion Creep 

Experimental determination of the stress-
strain-rate relations for a number of materials 

provides unequivocal evidence of diffusion 
flow. Particularly convincing experiments are 
those of Burton and Greenwood (1970a, 
1970b, I97I; see also Gifkins, I97I), who 
demonstrate both lattice and grain-boundary 
diffusion flow laws and show a linear viscous or 
Newtonian stress to strain-rate relation for 
pure copper. 

Materials consisting of more chan one phase 
can deform by diffusion creep under suitable 
stress levels, but the flow law may be more 
complex. Experimental work on magnesium 
aUoys, polycrystalline corundum, and poly
crystalline bromelUte (BeO) has been re
viewed by Karim (1970; see also Holt, 1970) 
and shown to follow a Bingham flow law for 
diffusion creep. Work by Burton (1971) on 
impure copper also suggests a Bingham flow 
law. Very fine grained, second-phase particles 
appear to inhibit the action of the grain 
boundaries from acting as ideal defect sources 
and sinks (Ashby, 1969; Greenwood, 1970; 
Burton, 1972). The rate of vacancy production 
now becomes the rate-determining step. 

These second-phase particles must be ex
tremely fine grained to have this blocking 
effect on grain-boundary vacancy producuon. 
OpticaUy visible inclusions have a negUgible 
effect on the diffusion flow law (Gibbs, 1965; ' 
Raj and Ashby, 1971). However, one im
portant consequence of optically visible in
clusions is to retard or even prevent grain-
boundary migrauon. 

For more details of experimentaUy deter
mined stress to strain-rate relations, the reader 
is referred to the references cited above. The 
main concern of this paper is the possibiUty of 
demonstrating diffusion creep by direct micro
scopic observadons in metamorphic rocks, as 
will be discussed next. 

DIRECT OBSERVATION O F 
DIFFUSION CREEP 

A clear idea of what precisely constitutes a 
grain boundary at any specific time is essential.' 
Is the grain boundary always made up of the 
same material particles? What hapi>ens when 
p>art of an original grain boundary is presolved 
or a part is added on? 

Imagine a thin marker surface defined by 
inert markers, and let this surface initiaUy 
coincide with the grain boundary and com
pletely enclose a grain (Fig. 2.^). When the 
polycrystalUnc aggregate is deformed, the 
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Figure 2. (A) Undeformed original grain with 
oiaterial points on grain boundary 1, 2, 3, 4. (B) De
formation of grain accomplished by dislocation glide. 
Transformed points 1', 2', 3', 4' still define the gtain 
boundary. (C) Grain deformation by diffusion mass 
transfer. Relic of originat grain boundary with material 
points i, 2, and 3 now inside new crystal which is pre
cipitating at each end. Solution siuf̂ ce cuts across top 
and bonom of old crystal. A material particle of some 
inert phase originally at 4 now accumulated at 4". 
Grain boundary defined by new material particles. 

grains must change shape, but there are only 
two geometric ways by which they can do this. 

In the first method, the grain changes shape 
by a continuous transformation or strain. The 
material parucles defining the grain boundary 
before the deformation Ue on this boundary 
after the deformation (Fig. 2B). The mecha
nisms by which this grain deformation process is 
accompUshed are dislocauon processes such as 
sUp or twinning. 

In the second method (diffusion creep), 
material particles are removed (dissolved) from 
some parts of the original boundary and added 
elsewhere (precipitated) to the outside of the 
grain boundary. Inert particles accumulate at 

places where the crystal is being dissolved; and 
in regions where new crystal is building out
ward, the relict grain boundary may separate 
new crystal from old crystal—the remnants of 
the grain before deformation (Fig. 2C). 

Chemical bonds of the old crystal must be 
broken and new ones formed in the new 
crystal. Sites of deposiuon of new crystal at any 
instant is the grain boundary. It is impossible 
for the old crystal to migrate out to the 
position of the new grain boundary. 

Diffusion creep has been widely observed in a 
magnesium aUoy opticaUy and by transmission 
electron microscope (Squires and others, 1963; 
Rainey and Holt, 1971 and references cited 
there). The original old crystab are peppered 
through with tiny inert particles. During de
formation, grain boundaries undergoing com
pression accumulate inert markers as the old 
crystal is dissolved away, while grain boundar
ies under tension develop zones of new crystal 
which are free of the inert markers (Fig. 3). 

Several authors have suggested that the 
zones of new crystal in the magnesium alloy 
could be formed by grain-boundary migration 
rather than diffusion creep (Vickers and Green
field, 1967; Lee, 1969; Dunlop and TapUn, 
1972). What is the difference between these 
two diffusive processes, and what observations 
could be used to distinguish them? 

Grain-boundary migration is an effort to 
minimize the elastic strain energy stored in the 
crystal or to minimize surface energy, whereas 
the driving force for diffusion creep is a normal 
stress gradient. Grain-boundary migration is a 
short-range diffusive readjustment of local 
atoms, but diffusion creep involves long-range 
transport of material from one side ofa grain to 
another. 

Although both diffusion creep and |rain-
boundary migration could produce opucally 
continuous zones of new crystal, grain-bound
ary migration could not produce new grains of 
new crystal. Dissolved parts of old crystal with 
inert particle accumulations at grain boundaries 
under compression cannot be explained 
by grain-boundary migration—accumulations 
which were observed in the magnesium aUoy 
by Rainey and Holt (1971). 

The microscopic effects of diffusion creep can 
be seen in thin scciions from the Eocambrian 
Weaverton Formation of the South Mountain-
Blue Ridge region in Maryland. These quart
zites were deformed into tight isocUnal re
cumbent folds under greenschist facies at about 

2652 

'K^rSMi 
. \ ' - : - . ' - . ' ' . ' - ' - ' V i ^ . - • - . - " . • • •' .'-• 
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"pressure shadows" is particularly spectacular. 
Wherever magnetite/quartz grain boundaries 
are under compression, the magnetite deeply 
penetrates into the quartz grains (Fig. 7C; 
Elliott, 1972, Fig. II) . 

Not all grains in a thin section show pressure 
solution or new quartz, nor was the depth of 
presolving or the width of overgrowths the 
same in all grains. This is not unexpected due to 
the inhomogeneity of stress on the scale of 
single grains. 

Stratigraphically below the Weaverton 
quartzites is the Catoctin Formation, a pile of 
Precambrian volcanic rocks which includes 
rhyoUtic flows. These flows frequently show 
micropoil{ilitic texture—single crystals of quartz 
which are choked with large volumes of fine 
feldspar inclusions. This texture is easiest seen 
with a gypsum plate, when the whole field of 
the microscope -is broken up into different 
patches of vivid contrasting color, each rep
resenting one micropoikiUtic quartz grain. 

Figure 3. Original old crystal is fiill of finely dis
seminated inert parucles (suppled). At grain boimdaries 
under compression, old crystal is dissolved away leaving 
behind accumulations of inen particles. New crystal 
grows at grain boundaries under tension without inert 
particles (white). Vertical streiciiing direction, devia
toric natural strain e 28 per cent in a coaxial deformation 
path. Drawn from microphoto (of Karim, 1970, Fig. 2) 
of a magnesium alloy which underwent difftision 
creep. 

625°K, under an overburden equivalent to a 
hydrostatic pressure of 3.5 X lO'nwj"' (3.5 
kb). 

In thin section, the dust rings which enclose 
the rounded detrital grains provide a recogniz
able marker surface enclosing the old crystals 
(Figs. 4, 5, 6, and 7). Where grain boundaries " 
are under compression, the grains are presolved 
and the "dust" or "insoluble residue" forms 
zones of inert accumulations. .\t grain boundar
ies under tension, new crystal is formed outside 
the dust ring. This new crystal often has a 
diagnostic fibrous habit and frequently is full 
of inclusions and interleaved with minute white 
micas and chlorites. OccasionaUy, the new 
crystal is a new grain and not optically con
rinuous with the old grain, so that X decreases 
as r increases with time. 

The new quartz growing on the tensile side of 
opaque minerals such as magnetite and forming 

Figtu-c 4. Remnant of a once much larger clastic 
grain still preserving a short gently ciured arc of dust 
ring D. Grain shape a result of massive removal of 
material firom presolved surfaces P. Weaverton Fonna
tion, crossed nicols, (all photomicrograpiis are of thin 
sections cut normal to cleavage and parallel to stretching 
direction). 
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is growing in extension direction outside of dust rings 
Figures 5 and 6. Sides of grainsunder compresuon D marking relic grain boundaries enclosing old crystal, 

show presolved sur&ces oulside of which are accumula- Weaverton Formation Figure 5 (left), crossed nicols; 
tions of inen grains. New quartz and some white mica Figure 6 (right), plane light. 

MicropoikiUtic texture was produced by the 
initial crystallization and hydration of volcanic 
glass at subsolidus temperatures, probably dur
ing deuteric alteration of the volcanic pile 
toward the end of Catoctin volcanism. The 
term and its significance is a result of the 
classic work by Florence Bascom (1893, 1896) 
on the Clatoctin volcanic rocks from the South 
Mountain area (the texture is reviewed by 
Lofgren, 1971). 

Deformed micropoikiUtic texture is par
ticularly informative. The originally sub-
spherical quartz grains are now eUijKoidal 
shapes parallel to the penetrative cleavage (Fig. 
8). How did the deformation of these quartz 
grains come about? The homogeneous ex-
rinction colors with a gypsum plate indicate 
few subgrains and little dislocation glide or sUp. 
The grains have drifted apart with new fibrous 
quartz and white mica growing at the ends. The 
sides have presolved and show occasional ac
cumulations of inert hematite, which is scat
tered throughout the old crystal. 

In both formations, it appears that diffusion 
creep is the mechanism which permits the 

deformation, but microscopic observations 
alone cannot estabUsh whether grain boundary 
or latdce diffusion was dominant. It is necessary 
to specify the various paths along which dif
fusion may occur and discuss the physical 
nature of these paths. 

DIFFUSION PATHS 

What path do the vacancies travel on to ac
complish pressure soluuon or diffusion creep? 
The type of path through which diffusion 
occurs permits a clear-cut distinction between 
the various diffusion processes. Four different 
diffusion paths can be recognized: through the 
bulk volume of the cr^'stal lattice, grain 
boundaries ("high angle" .$.10° unless other
wise designated), dislocations, and through pore 
fluids between the grains (Fig. 9). 

Many pclrologists would agree that paths 
must exist in deforming metamorphic rock 
with a diffusivity very much higher than is 
possible through the interior of the cr^'stal 
lattice. These high difl'usivity paths are impUed 
by the term "dispersed phase" and the 
geological evidence suggesting the existence of 

b ^ ^ ^ 

Figure 7. Hematite-cemented quanz sandstone at 
base of Weaverton, plane light. The dust rings indicate 
well-rounded, ncariy drcular clastic grains. Thin 
section is from upper limb ofa recumbent isoclinal fold 
with local bedding/cleavage angle 14°. Straight fibers 
indicate an approximately coaxial deformation path. 
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(A) and (C) Grains show dust rings D cut by pre
solving surfaces P. New quartz growing outside dust 
rings. (B) Detail of new quaitz of fibrous habit growing 
outside dust ring D. Dust ring cut off by presolved sur
face P at top. (D) Ilmenite grain impressed into and 
pierdng P dust ring D around old quaitz grain. 
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rapid diffusion paths has been reviewed by 
Gresens (1966) and Mueller (1966). 

The nature of grain boundaries- has been 
deduced both from theoretical considerations 
and, in metals, direct observation with the 
field-ion microscope. This work essentially con
firms the island theory due originally to Mott 

, (1948) and sumraarized below (McLean, 1965; 
GiblK and Harris, 1969;, Gifkins 1967a, 1969). 

(I) A grain boundary encloses each crystal. 
(2) The crystal laltice is very much more 
ordered within the gram than at the boundary, 
(3) Tbe grain-lxiundary structure consists of 
"islands" and ""channeb;" The ''islands" are 
three to five atomic spaces thitik with a dis
torted lattice, but comparatively good fit tb 
crystal lattices of both adjacent grains. The 
"channeb" separate the islands from one aur 
other and are regions of very poorfit, aboiit.one 
or two atomic spaces thick. (4) The channels" 
form an interconnecting network lying in the 
grain botindary; the major part, of the grairi 
boundary energy and rapid diffusion b .as
sociated with the channels; which have a very 
high density of vacancy defects. (5) The 
greater the atomic, misfit between adjacent 
grains, the .vvider the grain boundary. lotieifr 
pb&se: grain boundaries have the highest 
atomic disrcgistry and consequently the 
greatest grain boundary width and greater 
pbtential for diffusive mass transport. ,' 

It is found that the zone of enhanced-dif
fusion is' not all concentrated along the chan
neb, and two simple olMcrvations indicate a 
much wider effecrive grain boundary than-pne 
or two atoinic. spaces. : • 

.1. The hardness of a large lead crystal iSi 
constant within the grai,n interior- but aid^ 
deply decUnes by aboul 10 percent at the 
boundary between two grains (Westbrook, 
1968). The width of the zone of decreasing 
hardness is tens of miGrpmeters. 

2. Etched and polished sj^c'imens do .•.adt 
show irtfimlcsimally thin lines at grain boundar
ies, but opticaUy visible bands bf the order of 
microtis vvide (Headley and olhers, 1970), 

-A major difficulty with many crystaUine 
materiab is the extreme sensitivity of diffusidn. 
coeflicienis to even trace impurities in thehost. 
crystal lattice—a sensitivity w great as to 
accounl for orders of magnitude discrepancies 
between laboratories reporting diffusion data 
for the saiBC subslance. These "e'xtrinsic'-' 
effects due to impurities become particuWly 

important at temperatures below about 3/4 
of the absolute melting point. Ionic and co-
valenily bonded crystals are particularly 
sensitive to this effect. The observed enhanced 
diffusion along mic rom eter-wide grain boundar-
ies'in periclase is largely due to impurity con
centrations (Wuensch and Vasibs, 1966). 
These impurities could be In the form of small 
crystab of another phaseor increased impurity 
concentrations in solid solutioh near the grain 
boundary. 

The mechanisms of diffusion processes are 
probably best understood in the halides. In 
haUte, the presence of impurities such as: HjO 
on the grain boundary produces an enorinous, 
increase in grain boundary diffusion rates: 
(Riggs and W'attig, 1969)'. Ions of O H ' con
centrate at grain boundaries and change either 
its'structure or its charge distribution, or both. 

In summary, it appears that grain boundaries' 
have different diffusion properties than do 
grain interiors because of their different struc
tures arid their different chemistry. A sdnduiick-̂  
model of a grain boundary appears to be most 
appropriate (Gibbs and Harris, 1969). The 
center of the sandwich has a thickness of 
atomic dimensions with extremely high dif-
fusivityh and: its structure is described by the 
island ritipdel. The two outer layers of the, 
sandwich, bf micrometer size, have a smaller 
enhancement of diffusion due to impurities. 

Graiii boundaries in metamorphic rocks arc 
frequently peppered with concentratioiis of 
small crystals of second phases,, and interphase 
grain boundaries are common. Micas may be. 
especially important; for although erentially 
inert wheri in contact with quartz, they 
greatly increase the width bf the diffusion' 
paths (Weyl, 1959). Furthermore, it is widely 
held that grain boundaries in metamorphic 
rocks contain many substances nbt admitted 
intb the crystal lattices, typically Hap, COa, 
HCI, HjS, and HF in various fbrms. These 
cbmpouridsalLare well known-.tb be.capable of 
greatly disrupting the structures along crystal
line surfaces. They wbuld produce an effective 
grain boundary wider than normal. Meta-' 
morphic rocks appear to have the conditions 
favoring an enhanced diffusion along grain 
boundaries of the sandwich model. 

Dislocations are believed to act as thin pipes 
of rapid diffusion through a crystal. The tiis-
Ibcatipn core is very poorly ordered and is 
associated with most of the diffusion. This core 

2656 0. ELLIOTT 

is surrounded by an outer layer in vvhich dif
fusion is slower thah in the core, but stiU at a 
higher rate than through the bulk lattice. The 
dislocation can therefore be imagined as a 
coaxial pipe. 

Low angle (.S5.°) grain boundaries and other 
sem ico he rent interfaces can be described by dis
location arrays and their diffusion behavior 
resembles coaxial pipes laid 'side by side in a 
slab. In ordinary grain boundaries, however, 
the dislocations lie so close'together that in
dividual dislocations lose their meaning. Dis-
locatiori pipe diffusion depends upo"n the dis
location density, a quantity which is very 
sensitive to, the elastic strain energy present in 
the crystal lattice and the thermal and deforma
rion history. Consequently, a dislocation pipe 
diffusion flow law is strongly history-dependent 
and diffieull to treat rigprously; 

Pores 

I am unaware of a definition of'what con
stitutes a "pore." In this article, I will define 
a pare as having a radius large enough that the 
bonding forces of the atoms in the surrounding 
crystal have negligible effects on most of the 
pore vplume. The pores are filled with Uquid 
or gaseous phases,- materiab which behave as 
fluids of low •visGpsity and density As a result, 
material within a pore will have negligible 
stress gradients and be essentially in a hydrb-
s la tie state. -

Figures are mdch larger still, but the 
behavior of fiSsure and pore fluids will be 
similar. Pores and -fissures connect with the 
grain'lattices by means of the. high diffusivity 
paths provided by grain bouridaries'.and dis
location pipes. 

Sedimentary rocks may have had a high pore 
space immediately after deppsition; but by the 
time cementation and diagenesis is completed, 
usually there is little pore sface remaining, h is 
weU established that the main pore reductipn 
process during diagenesis is pressure solution 
(for example," Heald, 1955), "This is accom
plished bydiageneticovergrowthsaround the 
clastic grains arid into the pores, filUng them in. 
Presumably under metamorphic condilions, 
pressure solution is alsb an efficient pore reduc
tion process. 

The main distinction between diagenic and 
metamorphic pressure solution is the initial 
abundance of pore.space in sedimentary rocks. 
However, even under conditions of diagenesis 

Figure 8. Dark-gray micropoikilitic quartz graiiu 
stuffed wilh inclusioiis and deformed by di^isipii 
creeps Stretching direction b vertical. Presolved gralti 
baundanes P with acciunulattons' at inclusions at 
boundanes under corapression; Ught-kolorcd new 
fibrous quartz and while mica growing at grain 
boundaries -under tension, for example above N. 
C t̂nctia ihyoliiic flow, crossed nicols. 

and deuteric -alteration, pressure rsolution ap
pears to proceed by diffuslbri other than 
through ppre space; fpr example, styloUtes 
found in dense glassy rhyolites (Bloss; 195,4; 
Golding and Conolly, 1962) cannot have de
veloped with the aid of ati extensive pore 
sfKCe. 

Pores and fissures (that is, yeins) may be 
very effective in allowing mass transport intb 
and but' of a mass of' rock.. Progressive meta
morphism is associated with intensive dehydra
tion and decarbonation, and the large volumes, 
which must be moved over considerable dis
tances do so through a network of pores and 
fissures—but this is a larger scale than that of 
individual grains, with a typical dimension 
measured in meters. 

Fores may v.ery well be present (Brace and 
others, 1972), but I wiU now argue that for any 
reasonable amount of porbsity in a deforming 
metamorphic rock, mass trarisfer via pores can
not be a dominant process an ihe scale of in
dividual grains. Imagine a pore situated at a 
grain boundary (Fig. 9). 

The mass transfer involves three distinct 
stages: (1) movement of material from that 
part of the grain which is under compression to 
the walk of t fe pore through the soUd (via 
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lattice or grain boundary); (2) dissolution of 
the material into the pPre fluid; and (3) move
ment of the material through the pore fluid to 
its site of deposition. There are two mass-
"transport processes involved which arc de
pendent, on one another, and the very much 
smaUer diffusion "coefficients tli tough solids 
than through pore fluids mean that diHusiori 
through the solid will be the ratcrllmitlng,step: 

The effect of pores is to reduce the.length of 
the dlfltision path. This is equivalent to in
creasing the effective grain size at which dif
fusion flow, laws are irhpbr tant. 

It is a common petrological assumptipn that 
large amounts of material are transported as ' 
associated or disassociated solute species of the 
sort found in aqueous solutions. SiUca is often 
considered to nipye in this fashion as species 
such as HjSiOi- These types of particles are 
extremely' large, and 'far too bulky to move 
alorig a grain bpundary or dislocatiori pipe be
cause they would jam' into the crystal iattiee 
(McLean,-. 1965). T/" transport of these large 
species occurs, it-can do so only thrpugh pores. 
Possibly the species present in a pore and in-a 
grain bpundacy' are different because of this 
size control, 

A monomineraUc rock undergoing regional 
metamorphbm. should really be thotight of as 

•having three phases: the interior crystalline' 
lattice phase, the,phase of the grain boundaries, 
and dislocation pipes, and the pore fluid phase. 
Very strong comjf^itional gradierits exist be
tween these three phases. 

Estiinates .of Paths 

- It is important to try to esriniate an effecfive 
diffusion coefficient for the -observed deforma-' 
tibn of the Weaverton quartzite and,Catoctin 

- rhypliticrflovys, 
A general form, of the diffusion flow laws 

{equations 5, 6) for a polycrystalline'aggregate 
iSi . 

•-,.. . ' ' ', _ KD„Si 

. ' ^ ^ Xtr 'kT'^ ' 

In gchefal De, 7r,„ a, X, and 'r- ail vary with 
tirrie. If .lattice diffusion operates, then c = ei 
and De = Oi; while if grain-boundary dlf̂  
fusiofi ppefatesi e = evb, and the-..effective 
diffusion coefBcient 

'F^;ure 9. Possible, diffusuin paths in rocks. 1: 
Sandwich model of grain boundaries; diffusion mainly 
ill channels (heavy supple) bui also llirough distdned 
lattice (open stipple). 2, Interior.latuce of crystals, 3. 
Dislocation diffusion mainly through the core (dotted) 
but also in surrounding distorted latdce (open stipple). 
4. Pore space (black). Here a pore is growing at a tripU 
poinl due to grain-boundary sliding (arrows,), 

In a coaxial deformation, path, the finite 
natural (or iogarithmic) strain 

e = jl;&-dt 

indicace maximum values by small m for Tm, 
'am, rXtti, rm. Maximum diffusion Dcm will occur 
at Tm. Let tm be the time interval from start 
to finish of_the deformation event. _pefin.e 
Dt = Dem-De, a = Um^a, X = Xm-Xj-r = 
rm'f, t = im.i. 

Here De-, a, X, f, /, are normalized nonr 
dimensional quantities with values between 0 
and -f 1. 

Substituting, irito the general diffusion flow 
laiv and rernqving coristaots from behind the 
integral, 

e = 
-KDetnU trmtni 

\ Tm Xm 
/!' Dea 

di. 

De = 
Dgbh rrry 

Now the expression behind the integral is 
; nondiniensional and withiri an order of 
magnitude pfunityvso that 

^ ^ Tm Xm - fm-
Dtm ~ ^7"- ; . 

K O am 'tm 

Finite natural si rains e with coaxial deforma
tion paths are in the order of 20 percent, the 
metamorphic temperature Tm — 625''K, the 

•atomic volume of the rate-determining com
ponent- 0 was probably an Ion of 0^~, the 
maximum tectonic- stress am was, probably in 
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the order of lO'nm-^ (100 bars), and diffusive 
flow.is evident on grains with radii of 0.5 mm. 
The length of time for the deformation event 
responsible for these highly deformed rocks in 
the central Appalachians cannot be stated with 
any precision, but comparable defbrmation and 
•syntectonic metamorphie events from the 
western Alps and New Zealand are no longer 
than 10 m.y. Usirig these figures, the tnaxitnum-
effective diffusion coefficient is 10~'?mm*s~'. 

Tb date, rernarkably few data are available 
for self-diffusion of oxygen through o.\ldes and 
siUcates.- Some mirierab; which may be typical 
are'sumniarize'd in Table L The large oxygen 
ion is usually the slowest mo-ving and therefore 
the rate-deterniiriing comp3nerit,,'andit may be 
reasonable to compare the selfrdiffusion of 
oxygen in different minerals at temperatures 
proportional to their melting points, k meta
morphic temperature of 625°K, is 0.32 of the 
mehing point of pure silica at lO^nm""̂  (1 bar)'; 
cotnparison of diffusion cpefficients at such 
temperatures suggests tlMt lattice diffusion is 
too small by'at least three orders of magnitude 
(Table 1), 

It is probable that water has a grea'fer effect 
on grain-boundary than oU' lattice diffusion,, 
because of concentration of water on grain 
boundaries as disciissed earlier. This water 
probably increases the diffusion coefficient of 
oxygen through quartz: A rough way of esti
mating this might be to compare the minerals 
at 0.46 pf their melting- points, which is the 
ratio of metamorphic temperature to the melt
ing point bf silica.at 3.5 X lO'nm"' (3.5 kb) in 
the presence of -water pTable 1), If this com-
[Mrlson is correct, grain-boundary diffusion is'a 
possible diffusipn path, bu t the poor quality of 
such an estimate must be emphasized. Low 
temjjeratures" alsb fa-vor grain-boundary o-ver 
latrice dlff^usion, as vveshaUsee later, 

.BROKEN-GRAIN DIFFUSION FLOW: 

'The stress within a grain may reach the 
level at which fractures nucleate- and grow, 
breaking up a larger grain into a number of 
smaller ones. Each smaller grain, has its own 
grain boundary which is an ideal defect soiirce 
or sink. Diffusion proceeds and, the strain-rate 
will \x. much enhanced by the reduclion in 
grain size. 

Larger' grains are particularly liable to 
transgraniilar fracture, either because they have 
a greater chance.of containing a.flaw or else 

TABLE 1. DIFFUSION THEOUGH OXIDES^ANO SlLiCflTES 

0 d-tffusion in : 

A lb i te ' 
vlirsDUS s i l i ca^ , 510, 

Ruti le. TiO,' 

Bnmal l i te, BeÔ  

Cupr^tte, Zli l iy 

Bunsen i t e , m t i ' 

At - 0 . 3 2 HP 

ID- ' " < 2.0 

I 'O:" « 2.1 

10-^' 1 H-.i 

1 0 - " « i : i 

1 0 - " ' " l. ' l-

1 0 - " > 3.'6-

itotBi fi'U airi^Js-CTystti dita.^^xcept 
* Herigoax. 1966. 
f Revleu isf.Ssimt, J95», 

At - 0.46 HP 

1 0 - " 
10-'= « I.s; 
10 - " ' ? '6 .8 

10-•• ' - i - l .s 

10-" • 

!•-'> 

fpT s i l i c a . 

because they have a greater chance of forming a 
microcrack from the stress concentrations 
around a pileup of dislocations (reviewed by 
Cotrrell,; 1964,, p. 359). The result is lhat 
within a polycrystalline specimen, stress acts" 
as ail efficient grain-size reduction mill,, sys
tematically cracking .all grains larger than a 
certain critical size. 

The highly selective and systematic cracking' 
of larger grains miay be keeping all grains at a 
small enpugh size that the diffusion flow laws 
can dominate. Only a small percentage bf 
grains would be:Gracking at.any one time. Npte; 
however, that diffusion mass transfer may 
cemeni the smaller fragments,, together, prp^ 
ducing a larger elongate grain. 

Grain fracturing can be seen easily if the 
grain and the fracture iofilUng arc 'different 
tnineraU (Fig; 10). This is "microboudinage," 
important because bf its suitability for mea
surement of deformatipn paths (Elliott, 1972), 
it is rare that grain fragments and fracture 
infilling can be distinguished if they haye-the 
same mineralPgy, but a beautiful example is 
figured by Sander (1970, p. 363; Fig. 40). 
Sippel (1968) has presented,very interestirig 
evidence .using cathode luminescence of wide
spread Internal fracturing within quartz 
grains vvhich is riot visible with the petro
graphic microscope. This technique appears 
very promising, and broken^ gra in diffusion 
creep may be widespread. 

Gataclastic rocks are g;enerally corisidered to 
have developed in zones of particularly high 
stress which by itself would favor dblocation 
flow; but fine grain size is a distinctive feature 
of many of these rocks—is It possible that t t e 
grain size reduction permits such cataclastic 
rocks to deform by diffusion creep with a 
linear stress to strain-rate reUrion? 
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TRANSITION BETWEEN 
DISLOCATION AND DIFFUSION 
FLOW LAWS 

In contrast to diffusion creep, dislocation-
controlled creep has received considerable at
tention in geolpgy (for example, Heard and 
Charter,, 1968). Several different flow laws are 
possible depending upon which of the various 
possible dislocation mechanisins is operating. 
All are ittdependent of grain size, but the stress 
dependence b a power functiori of the general 
form: 

ed 
BDiQ 

m 
when ed is the strain-rate due to dislocation 
creep, n and B are constant for a particular dis
location mechanism, and « takes a -value be-
tween 3 and 6. The dblocation creep laws ap
propriate for rocks have been reviewed by 
Weertman (1970)-, all are special cases of the 
equation (?) above. 

Subgrain boundaries are arrays of disloca-

Figure 10, Tension fratnires in magnetite gTaii:i, 
fraciures infilled with new quanz. Weavenon; cioudl 
nmib. 

tions;and inthese act as good sourcesand sinks 
of defects, then as Lifshits (1963) pointed out,, 
the lattice diffusion creep equation must be 
interpreted \yiththe subgrain radius rather than 
the' grain radius. The subgrain size depends 
upon the stress to a power of 3, and so subgrain 
creep obeys a dislocatioh-type flow law 
(equation 7), Weertman (1970) and Green 
(1970) have suggested that subgrain creep may 
apply to rocks, 

"There is an important objection to the 
premises, with vvhich the subgrain creep law 
was derived. Edge dislocation components pf 
subgrain bouridaries can* in prindplei ernit or 
absorb defects, but to do this, they riiust in-

- crease local elastic strain ehergy and con-
•sequently are fiodi/f^j/defect .sources and, sinks 
• for defect concentrations which are near 

equilibrium (Gibbs and Harris, 1969), In an 
. alloy known to undergo diffusion creep,; no 
new crystal appears to be precipitating at siib-
gtain boundaries-, all occur at grain boundaries 

' (Fig, 3). 
Rpck-formirig minerals generally have fewer 

than the five independent slip systenw'which 
are needed to deform a polycrystalline ag
gregate -compatibly and continuously by: dis
location processes without grain-boundary 
sUding'(the" Von Mises criterion, see review of, 
Paterson, 1969), We saw earlier that grain-
boundary 'sliding was a necessary part of dif
fusion creep; consequently, grain-boundary 
sliding and grain deformation are depetideni 
processes. Grain-boundary sliding Is usually â  
faster and easier process than grain deformation 
(see Gibbs; 1967; Gibbs and Harris, 1969),, so 
that grain defbrmatibn, by dislocation or dif
fusion creep, is the raterdeterrtiining step. This 
is sd eveii though the total finite strain may be. 
composed of abaut 6,0 percent strain due to 
grain-boundary sllditig (Stevens, 1971)1 

Grain-bPufidary sliding and grain deforma
tion are- treated as. independent proce^es by 
Hahn and others (1967), and consequently 
their flow, law is incorrectly derived. 

How does the-transition betyveen diffusion 
creep and one of the "dislocation creep laws 
occur? What is the total strain-rate.affecting a 
specinaen when the diffusion and dislocation 
flow la^ys are all operating on various grains.'' -To 
answer these questions, it is necessary to briefly 
buthne the rules to determine the appropriate 
flow law. 

If a, number,of/'fl^f/jenrf^nr processes (A, B, 

2660 D. ELUOTT 

C . . .) are occurring during creep, then total 
whple-rock strainrrate component e",,- is 

.̂-j = faeaij -\- fbebii + j c i c i j 4- • • • 

where eoiji et-i/i Ccij, are'the strain-rate cora^ 
ponents corresponding to processes A, B, C, 
and so on. The total specimen strain-rate is the 
sum of the strain rates of the independent 
rnechanisms, weighted according to the volu
metric percent fa, fb, fc of the grains domi
nated, by each mechanism (Gifkins, 1970). 

Prpcess A requires both grairi deformation 
and grain-boundary sliding; neither is sufficient 
on its own, so that eotj-are the strain-rate com
ponents due to both.the grain deformation 
raechanism and the grain-boundary sliding 
necessary for cbh erence. 

The Vbtal strain-rate in the cases considered 
in'this article wiU generally be thesum of the 
dislbeatioo, grain-boundary, and iatrice-dif-
fusion creep-rates: 

ea = fd edij -f fab eaba -i- fifiia. 

Ih this relation, ei.^B*, and AJ are determined 
by equations (5),j(6), and (7). 

What is the general field vvithin which one 
flow law dominates the others? How can these 
relations be plotted so as, to' be mpst readily 
usable for naturally deformed rocks? This can 
be answered by establishing the boundaries at 
which the. strain-rates for any two different 
flow laws are equal. For cases when the 
contributions to the over-all specimen strain-
rate e from both dislocation and grain-boundary 
diffusion creep are equal and lattice diffusion 
•creep is negligible, then e = 2/d ed = Ifsb egb 
and from equations (5) and (7) 

Dob fgbK w hr^''' j = 1 m 
Similarry,, when-e ~2fd ed = I f ie i and fsbeaii 
is negligible, 

BX^t^fda"-^ 
Kft (9) 

also, when e = ' 2 / t e i = ifnb eeb and /d ei is 
neghglbly -sniaU, 

DI fl X1 
Deb fsii'ir hr^ 

= 1 (10) 

Diffusion coefficienls (such as D) are strongly 
temperature dependent and it may be shown 
that 

D = Do exp ( - H/RT) ' 

Here Do.and H are constants for a particular 
process and rnaterial but very different for 
different minerals and deformation processes. 
Beta-use of the greater difficulty of forming 
and/or moving, defects in the crystal than on 
tbe grain boundary, Hi > Hsh. 
Now, 

Dab 
Dl 

^ Doab / H i - H , t \ 
O o J ^ ^ V RT / 

[§(1-«..///')] Dogb 

~ D„i 

by substitutirig the above expression into 
equation (8) and taking natutal logarithms, 

Hi_ 
RT 

(Xr) (12) 

(13) 

\ \ - H s h / H i ) " L DoiBa'^-^fd J 

Similarly from equation (10) 

S h - _ ( ' ^ {Ptebirhr^fabl, 
R T ~ \ \ - H e b / H i ) " l Doi/i J 

'^{l-m/Hi)^"' 
and froin equatibn (9) 

For a particular rock type and chemical 
environment, the variables are temperature T, 
grain size X, grain shaf« r, and stress tr: 
Temperature, grain size, and grain shape can be 
ineasured reasonably accurately, and thelat-
dte-diffusion activation energy Hi of a wide 
variety of materiab is available. It would seem 
that the most suitable representation is a semi-

log plot with -;^ for the vertical axb, versus 

grain size and shape ln(Xr) for the horizontal 
axis (Fig. W). 

On such a.graphi'the relation fd ed — fnhesb 
(equation 11) is a straight Une with slope 

-j 77—;—p and intercept with the positive 
1 — Hub/ Hi 
horizontal axis of 

L DolBfda""' J" 

The boundary along which ft ei = fai> igb 

file:///yiththe
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(equation 12) is a line svith slope 77—Trr 

and intercept on the horizontal axis of 

, [DogbTtfathri'] 

' " l Doifi J-

The boundary at which fded = fiei (equation 
13) is a vertical line on the graph. 

If fabegb = fded and fded = ftei, then 
ftet = fobegb, and these three lines intersect at a 
common triple point (Fig. 4). At "the triple 
point, the three equations (9, 10, II) are 
satisfied for a particular rock type (Dol, Doob, 
Hi, Hub, fob, • ft, fd, h, X, r) and metamorphic 
conditions T, but the stress is a difficult 
variable. Equation (12) is independent of 
stress, and so the triple point can only migrate 
along the straight line of equation (12). In
creasing stress moves the triple point down
ward and to the left along this straight line. 

The caUbration pf this semilog plot (Fig. 11) 
is of key importance and could be done by 
laboratory experiments. For example, using 
radioisotope self-diffusion experiments, it is 
possible to measure Hub/Hi, Doi, Dogb, and h. 

Another approach would be to directly 
caUbrate positions of the triple point and slopes 
of the lines by varying temperature, grain size 
and shape, and stress in a series of creep tests. 
This may require faithful dupUcation of the 
chemical conditions of metamorphism, par
ticularly trace impurities and grain-boundary 
concentrations of HjO, CO2, and so on. Parts 
of the graph may be experimentally unattain
able because of difficulties in deciding the 
proportions of grain-deformation mechanisms 

•Ifi ' 

0-

gb 

/ \. 

1 
/ H 

Figure 11. Semi-log plot of inverse temperature as 
Hl/RT versus grain size and shape as In(Xr). Lattice 
diffusion /, grain-boundary diffusion gi and dislocation 
d Sow laws are each dominant in certain fields for a 
particular rock type. 

at the steady state, or not achieving a true 
secondary creep stage. 

It is apparent that direct extrapolation of 
laboratory creep tests to the low deviatoric 
stress levels typical of natural deformation 
under conditions of regional metamorphism 
requires an unjustified assumption of constant 
deformation mechanism, for as the stress is 
lowered, dislocation creep b invariably re
placed by a diffusion flow law. 

Another alternative is to try td calibrate the 
graph by careful observations in naturally de
formed rocks, for the approximate temperature 
can frequently be estimated from the petrology 
of the mineral assemblages, and grain size and 
shape are readily measurable. Such work is in 
progress (see ElUott, 1970). 

CONCLUSIONS 

FamiUar pressure solution is a diffusion mass 
transfer process, and if the grains in a meta
morphic rock have changed their shapes 
mainly by pressure solution, a diffusion flow 
law holds with a linear stress to strain-rate 
relation. 

It was demonstrated that only a few steps 
relate Correns' work on pressure solution to the 
family of diffusion flovv laws of Nabarro-Her
ring type. 

Microscopic observations exist which permit 
a clear distinction between deformation 
dominated by dislocation processes and defor
mation by diffusive mass transfer. 

In photomicrographs of greenschist-grade 
quartzites and rhyolitic fiows, pressure solution 
is the dominant process. But there are no 
microscopic criteria for identifying the path 
along which diffusion occurred. Estimates of 
the effective diffusion coefficient were at
tempted; available data is suggestive but does 
not permit conclusive calculations. On physical 
grounds, because of the low temperatures and 
the effects of water, one would expect grain-
boundary diffusion to dominate. 

The mierostructure of grain boundaries in 
metamorphic rocks probably resembles a 
sandwich, a core of channel networks one or 
two atomic spaces thick having very poor 
atomic fit and extremely high diffusivity with 
micron-wide zones of enhanced diffusion on 
both sides. Diffusion through pores is not the 
rate-determining step i>n the grain scale, but 
may increase the grain si/.c at which diffusion 
flow is effective. 
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Boundaries between the lattice, grain 
boundary, and dislocation flow laws can be 
drawn on a graph of inverse temperature versus 
grain size. Is it possible to calibrate this graph 
from observations of naturaUy deformed rocks 
of varying grain size and metamorphic grade? 

Grain size occurs to a power of 2 or 3 in the 
diffusion flow laws and is an important variable. 
Diffusion flow is faster with small grains, and 
grain-size reduction by fracturing will tend to 
favor diffusion flow laws. Do cataclastic rocks 
undergo a large part of their strain history via 
broken-grain diffusion creep? More specificaUy, 
can the difference in grain-size dependence be 
used to distinguish grain boundary from lattice 
diffusion flow laws in naturally deformed rocks? 

Within an active mountain-building belt, it is 
Ukely that temperature, grain size and shape, 
and- deviatoric stresses vary with time and 
place. No unique flow law is proposed. Pressure 
solution or diffusion creep mighl dominate in an 
area, then grain coarsening combined with an 
increase in deviatoric stress could shift the flow 
law to one dominated by dislocation motion. It 
is emphasized, however, that the triple point in 
naturally deformed rocks is very much farther 
to the right than has hitherto been suspected. 
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ELECTROLYTE ACTIVITY COEFFICIENTS 
INORGANIC PROCESSir 

C. L. K, 

H. P. Meisi 

Calculations of activities, vapor pressures, and. compositions 
of aqueoiJs sblutions of strong electrolytes, such as are encoun-
tered.in leacliing, precipitation, metal pickling, causticizing, 
evaporator opei-ations, ahd inorganic processi'ng, gerierally have 
beeiVhandicapped by a lack of activity coeffieient-data. The 
Debye-HUckel equation for predicting such activity coeiFfi-
cients unfortunately applies pnly iri dilute solutions having 
conceritrations far below those of comrfion industrial interest. 
Activity coefficients at liiglier concentrations often-differ 
greatly from salt tosalt ahd for a given salt vary with coitcen-
tration, temperature, and solution composition. Moreover, 
activity coefficients for an electrolyte in its pure solutions are 
generally not the same as.those.in multicomponent solutipns 
(mixtures) of equal ebneen tration. The object here is to re
view new developments in.predicting diese activity coefficients 
of strong electrolytes over normally encountered ranges of 
leniperatures and concentrates, bpth in pur.eand in,mixed 
solutions. 

Fbr.pure solutions, the variables involved in the cprrelations 
under,discussion are r ° and/which are, respectively, the re
duced aetivity coefficient and the ionic strength of the electro
lyte, These are related to y°, the electrolyte^s mean ionic ac
tivity coefficient, and tp its molality m as follows: 

r=,-/- .- , (J) 

I=-0.5 m,n(v^Zl + v^Zl) (2) 

where the stoichiometric coefficients»., and î j represent the 
number of moles of cations arid anions formed per mole bf 
electrolyte upon complete dissociation, whiJe-Z, andZ, are 

Dr. C. L Kusik is a seiiior staff member at Arthur D. Little, Inc., Cam
bridge, Ma.«achusetts 02140. H. P. Meissner is a Professor of Chemical 
Engineering at tlie Massachusetts Institute of Technology, Cambridge, 

.Massachusetts 02139. 

OO65-88I2-78-8799-0i73-SOO.95., . 
© rhe American Institute of Chemical Engineers, 1978. 

the corresponding absolute values of the.ion charges. Thus 
for cupric chloride, Zi and.Zj are 2 and h, while v, and i-j 
are I and 2, respectively. In a 0.4 molal solution of cupric 
chloride,/is .0.5 (0.40)0 X 2^ + 2X l^)pr,1.2. In thi.sso 
tion, 7° is reported as 0.425 (7i); hence r ° is (0.425)'"^^ 
0.652. 

r vs./ I 

Relations between r ° and/are. based on. the initial findii 
at 25°C (J2) that values of r°'for typical strong electrolyte! 
pure aqueous solutions vary with ionic strength./ as shown 
grajjhically in Figure 1 -, wilK little curve crossover noted. F 
curve may be viewed as representing the activity coefficier 
a.particular pure electrolyte in aqueous soiiition. The da' 
rnost.stroiig electrolytes fall onto this curve family, inch' 
riot only aqueoijs solutions derived froin simple salts liV 
dium (;hlbride, potassium nitrate, etc., but also hydrat' 
like NajSO^- • lOHjO (/2), pblybasic acids and their 
like NaHzPO* ( / / ) , etc. IfwC'Use these curves^ it i? 
that,-knowing a single value of Jog r ° at soinc giver 
tibn, an electrolyte's entire isotheiin ean be iocafe 
i. Thus, activity coefricients for an electrolyte c 
polatcd between known values or extrapolated / 
trations far exceeding tliat of the pure saturate/ 

./ 

ISOTHERMAL EQUATIONS 

. ''l'e "otherms of Figure I can be we/i r& 

i'on-(3). This empirical equation, deve/o/ 

Pijcafipn, involves the parameter^.whi/ 

foreach electrolyte and each tempera/ 

14 
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tonic Strength. 1 

Fig. 1. Comparison of r values calculated ftom Equation (3) with 
earlier published results (72). 

where 

log to 

5 = 0.75 - 0.065<7 

^^_-0.5lOlVT 
\-^Cs/T 

C= 1 + 0.055t7 exp (-0.023 /^) 

(3a) 

(3b) 

(3c) 

The values calciilated from Equation (3) are plotted on log-
log coordinates.in Figure 2 and compared with the curves of 
Figure 1 for representative values of'^. Data points for several 
electrolytes at liigh concentrations and 25°C are included in 
Figure 2 to show that these curves, within the Imiitations of 
precision discussed later, are usable to very high ionic strengths. 

It is again evident that if one value of r ° for an electrolyte 
is known at some concentration, preferably at an ionic strength 
greater than about unity, the associated value of <? can be cal
culated for Equation (3). To illustrate, the value oft? for 
ammonium sulfate will be calculated in an 0.5 molal solution 
knowing that 7° is 0.257 at 25°C for this electrolyte (13). By 
Equations (1) and (2), the ionic strength / is 1.5, and r ° is 
(0.257)''^ or 0.507;hence, from Equafion (3),q is found to 
be -0.255. Estimafion of 7° at 25°C for ammonium sulfate 
solutions at other concentrations now involves merely further 
use of Equafion (3). Thus, by substitution, when / is 9,7° is 
calculated to be 0.134, which compares favorably with the ex
perimental value at this concentration of 0.130 (4). Clearly, 
tho same results could have been obtained by.graphical extrap
olation on Figures 1 or 2. 

Much ofthe Uterature data .on experimental values of r ° is 
reviewed by Hamed and Owen (4) and by Robinson and 
Stokes (13), from which the corresponding average values ofq 

Fig. 2. Comparison of e.xperimental activity coefficients with curves 
derived from Equation (3). 

have been calculated in Table 1. The maximum error found in 
predicting r ° by Equation (3) with q values from Table I is 
generally less than 5% over the concentrations indicated. 

Lacking direct experimental values, r ° can be estimated 
from data on vapor pressure lowering of aqueous solutions of 
the electrolyte in question (6). In the absence of all such data, 
predictions of r ° can be attempted by the method of Meissner 
and Tester (12), or by the method of Bromley (3). 

TEMPERATURE EFFECTS 

Isotherms at temperatures other than 25°C arc again found 
to fall onto the ciirve fainily of Figures I and.2 and therefore 
remain in conformity wilh Equation (3). It is further fpund 
that an electrolyte's isotherm at 25°C usually does not coin
cide with its isotherms at other temperatures. For nonsulfates, 
the nearer an electrolyte's isotherm lies to the dashed reference 
line of Figure 2, the smaller the effect of temperature. On this 
reference line (vi'here q = 1.7), r° appears to be independent 
of temperature; (d.Pref/SO is zero. 

Locatmg an electrolyte's isotherm at any temperature t in
volves determiiiing log Vl^'c for the substance in question at 
an ionic strength of 10. The quantity log r°, again al an ionic 
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TABLE 1. AVERAGE VALUES OF EXPONENTi? IN EQUATION (3) FOR SELECTED ELECTROLYES 

1 :1 
electrolyte Q ' M " 

AgNOs 

CsAC 
CsBr 
CsCI 
Csl 
CsOH 
CSNOB 

HCI 
HNO3 

KAC 
KBr 

KBrOs 
KCl 

KCIO3 
KCNS 
KF 

K H M A L 

KH2PO4 
KHSUC 
K l 
KNO3 

KOH 
KTOL 

. -2.55 b 

5.59 a 
-0.06 6 

0.16.6 
-0.41 a 

7.34 u 
-2 .62 u 

6.69 b 
3.66 a 
5.05 a 
1.15 b 

-2.00 u 

0.92 b 
-1.70 u 

0.61 b 

2.13 a 
-0.72 b 
-2.54 a 

0.02 b 
1.62 b 

-2.33 a 
4.77 b 

-1.75 a 

ABBREVIATIONS 

AC = 

FOR = 
FUM = 

M A L = 
PROP = 

SUC = 
TOL = 

Atietate 

Formate 

Fumarate 

> Maleate 
• Propionate 

- Succinate 
p-toluenc 

sulphonate 

1:1 
electrolyte 

LiAC 
LIBr 
LiCl 
LiOH 

LiNOs 
LiTOL 

-NaAC • 
NaBr 
NaBrOj 

NaCl 
NaClOa 
NaClOo 
NaCNS 
NaF 
NaFORM 

NaHMAL 

NaHSUC 

NaH2P04 
Nal 

NaNOa 
NaOH 

NaPROP 

NaTOL 
NH4CI 
NH4NO3 

RbAC, 
RbBr 

RbCI 
Rbl 

RbNOa 

TIAC 

Q I M ' 

2.81 a 
7.27 b 
5.62 b 

-0.08 a 

3.80 b 
0.84 b 

4.20 a 
2.98 a 

-0.68 u 
2.23 a 

. 0.41 a 

1.30 b 
2.94 a 
0.37 u 

1.83 a 

0.01 6 

0.60 6 
-1.59 a 

4.06 a 

-0.39 b 
3.00 a 
5.54 a 

-0.80 a 

0.82.6 
-1 .15 b 

5.39 a 
0.46 6 

0.62 b 
0.45 6 

-2.49 6 
-0.73 6 

Higher 

electrolyte 

AICI3 

Al2(S04)3 
BaBr2 

BaCl2 

Ba(C;l04l2 
Bal2 
BalNOsl j 
CaCl2 
Cal 2 

CalNOjla 

Cd(N03)2 
CdS04 
CeCla 

CoBr2 
CoCl j 
Col 2 

Co(N03)2 
CrCl j 

Cr{N03)3 

Cr2(S04l3 
CS2SO4 

CUCI2 
Cu(N03)2 
CUSO4 
EUCI3 

FeCl2 
K2Cr04 

K2SO4 

LaCl3 
Li2S04 

M g A C j . 
MgBr2 

MgCl2 

•Calculated values of r compared against experimental data at 25°C u| 

a: I M = 3 t o 4 ; 6 . / A , , = 4.5 to 6; c- t M = 9 ;d . / /v f = 15; u: l imited data 

<7/w' 

• 1.92 
0.36 

. 1.92 
1.48 
1.90 
2.84 

-0 .52 
2.40 
3.27 
0.93 

1.53 

» 
d 
d 

• b 

b 
c 

b 
c 
d 
b 
d 

b 
0.016 b 

, 1.41 

3.08 
2;25 
3.87 

2.08 
1.72 

1.51 
0.43 

0.16 
1.40 

1.83 
0.00 
1.49 

2.16' 
0.16 

-0.25 
1.41 

0.57 

0.83 
3.50 
2.90 

c 

d 
b 

d 

d 
b 
c 

d 

b 
b 

d 
c 
c 

b 

c 
u 

c 

C ' 

c 

d 
d 

Higher 
electrolyte 

Mg(CI04l2 
•.Mgl2 • 
T/lg(N03)2 
MgS04 
MnSO, 

MnCl2 
'Na2Cr04 
N32FUM 

N a j M A L 
Na2S203 

Na2S04 
NdCl3 

(NH4)2S04 • 
NiCl2 
NiS04 

Pb(CI04)2 
Pb(N03):2 
PrCl3 

,Rb2S04 
SCCI3 

SmCl j 

SrBr2 

SrCl2 

Sr (004)2 
Srl2 

Sr(N03)2 
UO2CI2 
U02(CI04l2 

U0 j (N03)2 
UO2SO4 
YCI3 

Zn(CI04l2 

Zn(N03)2 
ZnS04 

Q I M ' 

4.15 
4.04 
2.32 
0.15 
0.14 

1.60 
0.41 

0.88 
0.12 

0.18 
^-0.19 

1.42 

-0.25 
2.33 

0.025 
2:25 

-0.97 

1.40 
• 0.007 

1.68 
1.47 
2.34 

1.95 
2.84 

3.03 
0.30 

2.40 
5.64 

2.90 

0.066 

1.55 

4.30 
2.28 
0.05 

p to ionic strength 1 ^ as indicated below: 

, Q determined usually f rom r ° at highest 

> 
b 
b 
d 
c 

b, 

d 
c 
b 
b 
c 
c 
c 

c 

d 
c 

d 
b 
c 

b 
c 

c 

b 
c 

d 
b 
c 

b 
d 

b 

b 

c 

a 
d 
c 

reported concentration. 

Strength of 10, can now be estimated as follows (10): 

iog(r°/r°5oc)/=.o_ 
r - 2 5 

^alog(r2soc)/=,o+i> (4) 

After finding log (r°)/=,o and locating the desired isotherm, 
we can oblain r ° values at any olher concentration from Fig
ure 1 or 2. Allemalively, if we recognize that log (r°)7=,o is 
almost Unear m values ofq from -2 to +7, it follows that the 
above temperature equation can be wriiten in terms of ^ wilh 
results applicable at all concentraUons: 

Q2S 

t - 2 5 
• a q ^ s •^ •b* (5) 

Here, t/jj and ^, are the indicated solution's temperature.^ in 
degrees Centigrade. Except for sulfuric acid which does not 
obey the generalized correlations of Figures I and 2, the con
stants a and b* for the sulfates are, respectively, -0.0079.and 
-0.0029, while for most other electrolytes (10), a is about 
-0.005 while b = 0 and 6* = 0.0085. To illustrate applicadon 

of Equation (5): when / is 8, P" for hydrochloric acid is re-, 
ported by Akerlof and Teare (/) to be 5.9 at 25°C, resulting 
in (7 = 6.23 from Figure 3 or Equation (3). Substituting into 
Equation (5) and solving at 50°C wilh a = -0.005 and 
b* = 0.0085, we find q to be 5.66. From Equation (3), 
r ° = 4,7 ys, Akerlof and Teare's experimental value for r ° of 
4,5 at these condifions, 

VAPOR PRESSURES 

Havmg determined the appropriate q value in Equation (3) 
. for an electrolyte of interest, the corresponding vapor pressure' 
of water as a funcdon of/ and log r ° can be determined from 
the Gibbs-Duhem equadon (6). Values so calculated were 
overlaid onto Figure 2 for pure solutions of singly charged 
(1 :1) electrolytes and are presented in Figure 3 as dolled lines 
iri terms of the. water acfivily (fl^) . defined in the usual man
ner" as the ratip of the vapor pressure ofwater over the electro
lyte soludon to lhat of pure water at lhe same temperature. 
Thus, fixing r ° and / determines the value of the waler activ-
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Fig. 3. Isotherms of r° vs. /'showing lines of conslant water activities 
for 1:1 electrolytes. For higher electrolytes, (o^)' values read 
from this figure, are used in Equation (6) to determine water 
activities. 

ity (a°v)', regardless ofthe temperature. To illustrate, the ac
tivily coefficient r ° is known lo be 7.41 for a 10 molal hydro
chloric acid solulion at 50°C. From Figure 3*, (a^)' for this 
solulion is 0.44, which compares well wilh the experimental 
value of 0.43. 

Al a given set of values Pf ionic strength / and reduced 
acdvity coefficient P", waler acdvides (and vapor pressures) 
of the higher electrolytes differ from those of the 1:1 electro
lytes. Water activities for these higlier electrolytes, namely 
((7°„), can nevertheless be estimated at any temperatute from 
the I : 1 waler activity curves of Figure 3 by use of the follow
ing equation further derived from the Gibbs-Duliem equation 

(6y 

• l o g ( 0 = ( 0 . 0 1 5 6 ) ( / ) ( l - - ^ ) + l o g ( 0 ' (6) 

To iUustrate al 25°C, nickel chloride is a 2 :.l electrolyte for 
which P° is 1.72 when lhe ionic strerigth / is 12 (a 4.0 molal 

solulion). Al these values of/ and P°, (a° ,̂)' is 0.52 from Fig
ure 3. If we subslitule inlo Equalion (6), log (a°„) for nickel 
chloride is -0.190 or a°̂ , = 0.645, which is in fair agreenient 
with 0.635 calculated from the reported osmotic coefficient 
0 of 2.10. A further comparison of experimental water activ-
ilies and yalties pbtained from Figure 3, with Equation (6) 
used for higher electrolytes, is shown in Table 2. Agreement 
is generaUy seen to be. wiihin a few perceni. 

It is evident thai knowing the vapor pressure ofa solution 
al a given ionic strength and temperaiure, the corresponding 
value of r ° and q can be directly determined from Figure 3 for 
1:1 electrolytes [wilh Equadon (6) first required to determine 
(a°̂ v)' for higher electrolytes]. Tlius, when only the vapor pres
sure of water is known at some value of /, Figure 3 can be used 
for curve identification ofa given electrolyte (6) and lhe ap
propriate valiie of <7 determined for use in. Equation (3). 

ACTIVITY COEFFICIENTS IIM MIXTURES 

At.any given ionic strenglh, the reduced activily coefficient 
of electrolyte 12 iri a multicomponent (mixed) aqueous solu
lion, namely, P|2, is usuaUy different from its pure soludon 
value. In mixed soludons, P12 can be estimated from pure so
ludon values of r ° for the various cadon-anion pairs thai can 
be formed with aU P° values determined al the lemperature 
and total ionic strength ofthe mixlure. Upon identifying the 
cationsi wilh the odd subscripts 1,3,5, etc., and.anions/ with 
even subscripts 2 ,4,6, etc., calculadng /,-, 1/, and V/j values as 
defined in lhe noladon, log P^ is obtained by the following 
equalion, appUcable lo solutions of two, three, four, and by 
extension of any number of ions: 

.logr,2 = 
Z, 

Zl-^Z2 

Z2 

Z , + Z 2 

(F,2/2logP°2+1^,4/4 log. r°4 + ---)//r 

(Vnh log PJ, + 1̂ 23/3 log P2°3 + • • •)IIT (7; 

*With a stamped self-addressed envelope, requests for a full scale 
version of Figure 3 can be.accommodated by addressing either one of 
the authors. . . 

TABLE 2. 

Electrolyte • 

AgN03 
NH4NO3 
NaOH 

HCI 

CaCl2 
Pb(CI04) 

n 

NH4N03 . 

MgCl2 • 
LiCl 

CALCULATED VS. EXP.ERIMENTAL V A L U E S O F 

WATER ACTIVITIES AT 25°C 

Ionic 
strength 

/ 
12 
20 
20 
27.5 
16 
30 
30 

36 
27.5 
17.4. 

19.6 

Bw 
(experimental)* 

0.855 

0.678 
0.136 
0.07 
0.174 . 

0.180 

0.178 

0.113 
0.62 
0.33 
0.11 

ajy f rom Figure 3 
. and Equation (6) 

0.86 
0.67 

0.15 
• 0.06 

0.17 
0.17 

0.17 

0.13 
. 0.60-

0.38 
0.10 

•Largely calculated from the osmotic coefficient 0 {13). 
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or in general, for any specific electrolyte identified by caiion 
numbered /' and anion/.' 

Z,- + Zy 

+ - ^ 4 ^ (Vji h log p;; + Ky3/3 log p;^ + • • •)IIT (8) 
Z; + Zy 

If only ions 1, 2, and 3 are present, then the second lerm con
tained in the first parenthesis of Equadon (7) disappears, since 
U is now zero. SimUariy, if ions 5 and 6 are added to the.sys
tem, then the term V̂ Îf, log r°6 is added in the first paren
thesis of Equadon (7), and K25/5 log Pjs is added in the sec
ond paren thesis. Equadpn (7). is an extended version of that 
originally presenled (7) and is appUcable to all mixtures, re
gardless ofthe magnitude of Zi,Z2, etc. As expected when aU 
cations carry the same charge and all anions the same charge 
(for example, in mixtures of nickel chloride, copper chloride, 
ferrous chloride), Equalion (7) simpUfies to the foUowing 
equadon previously published (8): 

log P,2 ;= 0.5 (72 log T°n + •Ŷ  log P^, + Xi log P?, 

+jr3logP3a) (9) 

In practice, simpUfied Equadon (9) predicts activily coeffi
cienls in three ion soludons of singly and doubly charged ions 
wilh apparently no greaier error, and in some cases less error 
dian the more complex Equations (7) and (8). However, 
Equations (7) and (8) appear superior in predicting activity 
coefficienls for soludons containing either more than three 
ions or having ions carrying more than a double charge. To 
Ulustrate the appUcability of Equadon (7) lo a three-ion sys
tem, consider a mixed solulion saturated at 25°C with sodium 
nitrate, which is 5.30 molal in Na*, 15.84 molal. in NO J, and 
5.27 molal in Ca'̂ '̂ . Il follows by definition that the lotal ionic 
strength/r. for this soludon.is0.5(5.30) (l^)-f 0.5(15.84(1^) + 
0.5(5.27) (2^) = 21.1. Designating Na*, NOJ, and Ca** as ions 
1, 2, and'3, then K12 and F23 are, respecdvely, 2.0 and 2.25, 
while log P°2 and log P°2 are, respectively, -0.60 (7) and 
-0.08 (4). If we subsdtute into Equation (7), P12 for sodium 
niirate in this mixed solulion is 0.45 vs. a value calculated, 
from the solubiUty product of 0.38 (7). 

VAPOR PRESSURES OVER MULTICOMPONENT 
SOLUTIONS 

Corresponding lo lhe above aciivily coefficient equations, 
die water activity for the mixed soludon just discussed can be 
calculated from the pure soludon activities ofwater, (3^)12. 
(o°w)\i, (<'w)32, etc., at the total ionic strength.and temperature 
of lhe mixed solulion. For a four-ion system, log (aH;)mix 
beconies 

log (a,v)mix = ^ n log (a^jij + M/,4 log (a^),4 

•-̂  Wn log (al)i^ + Ŵ34 log (0^)34 + r (10) 

For similarly charged electrolytes such as magnesium chloride 
in calcium bromide, the residue term is zero and Wjj = XjYj, 

which yields the foUowing previpusly pubUshed equalion for a 
four-ion system (5): 

log (aw)mix = ̂ 1 y^ log (aw)i2 + ̂ i Ŷ  log (a^),4 

+ ̂ 3 Y, Jog (fl°̂ )32 + X3 Y, log ( a l ) , , (11) 
•:-,. ' J J . • . 

Wlien the electrolytes are dissimilarly charged, we have gener
ally found the residue lerm r lo be small, and it can usuaUy be 
neglected in Equation (10). 

To illustrate an appUcation, a soludon saturated at 30°C 
with bolh sodium chloride and potassium chloride is 5.09 and 
2.3 molal in these two salts, respecdvely. Since (a^) values for 
sodium chloride and potassium chloride,,namely, sails 12 and 
32, are, respectively, 0.71 and 0.78 at tliis soludon lempera
lure and total ionic strenglh, then the water activity over the 
mixed soludon (fl„,)mix 'S 0.73 by Equalion (10) or (I I) vs. 
an experimenlal value of 0.72 (2). 

Equadons (10) and (II) are again readily extended to 
systems of more than four ions in which case the general 

.expression for log (flw,)mix can be wriiten log (aw)mix ~ 
"Zj Zj Wij log (a°yj)ij + r, where / lakes on odd values 1,3,5, 
7, etc., representing the cations, and / lakes on even values 2, 
4, 6, etc., representing the anions. 

CALCULATION OF SALT SOLUBILITY 

Solubilities of an electrolyte in its pure and mixed solulions 
are related by the so-caUcd thermodynamic solubilily prPduct 
(K,)^p which is constant for a specific electrolyte at a given 
temperature in all its saturated soludons, whelher pure or 
inixed. Thus, for pure and mixed saturated soludons of an 
electrolyte containing «o waters of crystallization per mole 
electrolyte, the solubiUty producis are related as foUows (8): 

(mi)-''(m,)'''(yn)'''^(ai,)"^^„ = (m1)'''(mir^(y°,)''-(al)"o 

(12) 

For- saturated, solutions coniaining electrolytes carrying no 
walers of crystalUzation like sodium chloride, ti^ is of course 
zero, while for salts of low solubilily, like calcium carbonate, 
acdvity coefficients are close to unity. In either pure or mixed 
saturated solulions of low ionic strength, Equadon (12) re
duces to the more familiar form of the solubiUty. product, 
namely 

(>n,y'(m,r^=(myi(tn°,y^ (13) 

As an example ofthe appUcadon of Equalion (12), consider 
two soludons A and B, each saturated with FeClj • 4H2P, with 
solulion A containing no other electrolyte while solulion B 
carries some dissolved hydrochloric acid. Using appropriate 
values of 7,2 and a^,. the solubiUty.of FeCl, • 4H2O in this 
case is (5) . 

[ (m, ) (m, ) ' (y , , ) \ a^ r ]B = (K,)sp 

= [(ni1)(t , t l)Hyny(aiy]^ (14) 

For this ferrous chloride-hydrochloiic acid solution, success in 
using the approximate form ofthe acdvity coefficient and wa-
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ter activity equadon [Equatipns (9) and (II)] has been ..dis
cussed earlier (5). In addition, the relevant spiubiiity prn-ii^'t 
equation for. sys tems in whjch-fhe nurnber, of waters of liyilra-
tion n is not the s^me.in pure and niixedisoludotis is giveh by 

('".-r'(«i.f'(7i2r'"&w);;^ix 
- (^^ ( Jmr^ i l i ^ r^^ lQ ' ' o^ (is) 

The free energy change-between crystals with rt and WQ waters 
of liydrationis accounted for by the term % with examples of 
the tise of the above "equadon given in reference .5. 

The 'above solubiUty product equadons.have beeri further 
extended (P) to-double salts containing three or m.preions 
such as glaserite [K3Na(S04)2]. 

PRECISION 

Errors in estimating acdvity coefficienls for various'-fnixed 
electrolytes in aqueous solutions have been found to Be gener-

.ally within 20%. Further erfbrsVcan be introdiic'Sd when r ° 
values are predicted from vapor pressure lowering, extrapo
lated over large ranges of ipnic strength in .Figure 3, or large 
temperature ranges by Equations (4) or (5). In addition, sig
nificant deviations from these curves'̂ can be found (12) fof 
some electrolytes such as zinc and cadmiurh chlorides, bro
mides; and iodides, sulfuric acid, iihd thorium nitrate. Thus, 
tliii relations shown he re-should beused.pnly when direct ex- • 
pcrimental evidence is not available. 

NOTATION 

a,̂  = acdvity of water, (fl^,)ii being for a pure soludon 
of an electrolyte identi fied, by.subscnpt, (avv)mix 
being for mixed solution. (a° ,̂)' is derived from 
.the Gibbs-Duhem expressioh and is equal to the 
activity of water for 1:1 electiolytes 

exp.(x) = e^ 
F-= molal free energy of forination from the elements 

Fn^ referring to crystals carrying tig moles- water 
of hydration.per mole electrolyte, /^„.referring to 
crystals carrying-n motes water of liydradpn-pef 
mole-electrolyte, and /^^. being the free, energy of 
liquid water, namely, - S6;69 Kcal/g-mole at 2 5°C' 

/ = ionic strengdis indicated -by the subscript. The 
ionic strengths / [ , / j • - •, of the itidividualjons 
are 0.5-m,Zf, 0.5 mjZl, and so forth. Ttie tojal 
ionic strength If equals 0.5 (wijZ| + m-iZ\ + 
tn'%ij\ + • - •). For a pure system, / j - equals 
0.5, wiiji^n^iZi. The cadohic strength I^ of a 
solution; is (/i -t-Zj +•• • •), the anionic strength 

- / ^ - i s ( / 2 + / 4 f • • • ) 

fe^ = e x R ( - A ' F J ^ r ) ' • , - . 
log. In = logarithm to base 10 and base e,'respectively. 

m 7= raolalify, in g-mple/1 ,()00g water. The 'ions or 
electrolyte referred to are indicated bysubscript • 

n = number of moles of waterof hydration per mole 
Pf electrolyte in its crystalline phase, ,HO and n 

being used to distinguish between Crystals iii 
ecju ilibrium with saturated pii re and mixed solu
tions, respectively 

r = residue.term = 0.0156,/j(tV',2X, YdZ^Zj -f 
W^^X', YilZ^Z^ + • • •),- O.Ol 55 \ h m + h lZ \ + 

/ i/zH/4/zi^'"] 
/i-=l.'987cal/(g,mqle-°K) 

Vii = weighting, factor 0.5 (Z,̂  +Zjfj(ZiZj) 
%•= ^[(Z/+2^^/Z,2JX/.//r)fti/(r) 

X = cationic fra'cti on, as indica ted by sub'scri p t;', for 
example, /iHe or /j/Zj, 

Y= anionic fraction, as indicated by'subscript/,T6r ' 
example,/i/Za pr/4//a ' ' . • 

Z = absplute, number of uriit charges on the ion, indi
cated by the subscript. Tlius Z is unity for Na* 
also for NO3, but is 3 for A!̂ *, also for PQi". 
Similarly charged electrolytes are those with simi
lar charges on cations and anions such as mag
nesium chloride in calcium bromide or sodium 
cliloride in potassium "'chlPridc. Dissirhilariy 
charged ele ctrolytesafe those where either a) all 
cations do not IVave the same charge or b) ail 
anions do not have the same charge; examples in
clude a mixture of sodium sulfate in magnesium 
chloriHe or spdium chloride in. magnesium chloride 

7 = mean ipnic activity cpefficient fof ther.electrPlyte 
indicated by the subscript, 7j2 being for the pure 
soludon and 7i2 for the mixed solution 

P - reduced activity coefficient, namely, 7J^^'^'- for 
the electrolyte Indicated by the subscript. The 
term;r°2 refers to pure soludons, P^.to mixed 

* solutions 
A'f c = free energy cliange of crystal hydration = F^ -

/̂ n («o - ")/SJ„ 
-'v = moles pf ions formed upon complete dissociation 

of I mole of.electrolyte, thus, C| is for the indi
cated cation, Pl is for the in dicated-anion, while 
1̂12̂15 the total number of iohs namely (JJ, -I- V^). 
To illustrate, 1̂2 is 2. fPr sodium chloride and 5 
for'akiniihum sulfate! 

0 = osmotic coefficient (6-J3) = -(63.9Z,Z2 log a'DlI 

SUBSCRIPTS 

1, 3, 5 .... = odd numbers refer'tocadohs 
2,4,,6 . . . = even numbers refer to anions 

w = water 
mix- -values for a multicomponent splution 

SUPERSCRIPTS 

0 =-pure electrolyte solution (that is, binary soludon) 
' = for 1 :i electrolyte-see flu, 

OTHER SYMBOLS 

;T-:I =:electrolytes withsingly charged iohs where Zi = 1 
and Zj = 1 

. • M:A''= electrolytes having ion.charges given by Z, rM, 
Zt.= N • 
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