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PROCEDURE FOR ESTIMATING THE TEMPERATURE OF 

A HOT-WATER COMPONENT IN A MIXED WATER BY 

USING A PLOT OF DISSOLVED SILICA VERSUS ENTHALPY 

By A. H. TRUESDELL and R. 0. FOURNIER. Menlo Park. Calif. 

A'bgtracl.—.\ grnphlcal method USIIJR .T plot of dl.ssolvod slliea 
versus enlhalp.t- allows quick (letcrniinatinn of the teniiiornturc 
of the hol-waler coaipournt of a iioultuiliiig Ihrrmnl sprint;. 
The met-liod Is npplicublc to warm npriiig watern that either 
have nol \ni>t hoat before znixiog or have lost beat b.v separ.T-
tion of steam before mixing. 

Foumier and Truesdell (1.974) published friapliical 
and analytical proccdui-c.'; for estiiiiafiny tlic tciiipeiti-
tiire and proportion of a liot-watcr componoiu tni.\('<l 
with a cold water. These procedures, valid for warm 
springs of large flow rate, were based on luat iin<l 
silica balances. This paper presents siinplifietl ^iiaplii-
cal procedures for obtaining those resiilf.c. The metliod 
makes tisc of the dissolved silica-versits tcm])eratiti-e 
graph of Fournier and Rowe (196C, ftp.. 5), i-ci)lottod 
in figure 1 as dissolved silica ver.siis enthalpy of liiiuid 
water in equilibrium with steam. To .simplify the pro
cedure, we have chosen to plot enthalpy in Tntcina-
tional Table calories (calir) per gram (above 0°C) 
rather than joules per gram because the enthalpy of 
liquid water is numerically approximately the same 
as the temperature. 

In using figure 1, one may assume either that no 
steam or heat had been lost from the hot-water com
ponent before mixing or that steam had separated 
fiom the hot-water component at an intermediate 
temperature before mixing. In either event, it is nec
essary to a-ssume that no loss of heat occurs after mix
ing, that the initial silica content of the deep hot 
water is controlled by the solubility of qiiai-fz, and 
that no further solution or deposition of silica ocelli's 
before or after mixing. These assumptions are dis
cussed in greater detail in Fournier and Truesdell 
(1974). 

PROCEDURE 
Assuming no loss of steam or hejit before mixing; 

then do the following: 

1. Detennine or est iinate the temperature and .silica 
content of iiontliennal ground water in the re-
^rion ntKl plot as a point in figure 1, the silica-
verstis-eiithalpy giaph. Plot teinperature in de-

, grer-s Celsius tis oalorie.s. This is shown as point 
A in figure 2. 

2. Plot Ihe tomperatiirc and silica.content of the warm 
s))i-iiig water as anoflior point on the graph, 
point B in figure ii (again plotting temperature 
as caloiios). 

3. Draw a .straight line thiough the two points and 
extend that lino to inter.sect the quaitz solubility 
curve, i^oiiit C in figure 2. Point C is the enthalpy 
and silica coiifcuf of the deep hot-water compo
nent. 

4. Obtain the teiiipprattiro of the hot-water component 
from its enthalpy by using steam tables (Kee
nan and others, lf>69) or figure 3. 

5. Determine the fraction of hot water in the warm 
. spring by dividing the distance AB by AC. 

It is possible that point B may plot, at too high a 
silica value for the extension of line AB to intersect 
liie quartz solubility curve. This may be due to the 
assumption of too low a value for the silica content 

. 5f the nonthdnnal water, and this value may be in
creased if it seems reaso/iable. Alternately, the hot-
water component may have lost heat, but not silica, 
before mixing. If heat was lost by separation of steam, 
it is possible to evaluate the situation. 

Assuming steam loss from an adiabatically cooled 
liquid before mixing with cold water; then do the fol
lowing: 

1. Plot the temperature and silica contents of the 
warm and cold watei-s as in the above procediitc 
(fig. 4, points A and D). 

2. Draw a straight line between those points (A ami 
D) and extend that line to the liquid-water en
thalpy equivalent of the teinperature at which 
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FiGTTBE 1.—Dissolved silfca-enthalpy graph for determining temperature of a hot-water component, mixed with cold 

water yielding warm spring water. 

steam is assumed to have escaped before mixing 
(point E for lOQ-C in fig. 4). 

3. Move horizontally across the diagi-am parallel to 
the abscissa until the maximum steam-loss curve 

is intei-sected (point F in fig. 4). Point F gives 
the enthalpy of the hot-water component liefore 
the onset of boiling, and point G gives the orig
inal silica content before loss of steam occurred. 
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FiouBE 2.—Dissolved silica-enthalpy graph to be used when 
assumption is made that no steam ur lieat has been lost 
before mixing. See text for explanation. 

4. Detennine the fraction of hot water (after steam 
loss) in the warm spring by dividing the distance 
AD by AE. The weight fraction of original hot 
water lost as steam before mixing, «, is given by 
the formula 

silica value at point G 
x = l — 

•I I 1 1 I J t 1 I I ' • ' I I I I I I I I I I I I I I I I I I I I I 

200 r 

silica value at point F 

If steam is lost at temperatures above lOO'C, point 
F will lie on an intermediate steam loss ( ISL) curve o 
between the 100°C maximum steam loss (MSL) curve d 
and the quartz solubility (QS) curve. The relative 
distance of the ISL curve from the QS and MSL IIJ 
curves is in the proportion ( Z ^ Q S - ^ I 8 L ) / ( / ^ I 3 L - ^ I O O ) -" 
where HQB is the enthalpy of liquid water at the quartz </> 
soltibility cui"ve at a given value of silica, II^sj. is the Q 
enthalpy of liquid water at the actual teinperature of 
steam loss, and Hioo is the enthalpy of liquid water at 
100°C. I 

If steam separates at less than 1 atmospheric pres-i, 
sure, the enthalpy of the residual liquid water will be 

lOO 200 100 400 
eul--<lLI'< Cl SCIURCUO LlOUlO, IK iNTtRNAIIONtL HBLE CALORICS Pm 

cniu 

FIGURE 3.—Temperature-enthalpy relatiou.s for liquid water In 
equilibrium with steam. 
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FIOURE 4,—Dissolved silica-enthalpy graph to be used when 
assumption Is made that steam separated at 100°C from the 
hot-water component before mixing. See text for explanation. 
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IcHS than I'X) cahx/g. Point F will then be positioned: 
on a different maximum steam-loss curve located 
.slightly to the left of the maximum steam-loss line 
.-iliown in figure 4. However, the change in position 
of the maximum steam loss c u n e as a function of the 
atmaspheric pres.sure (altitude) i.s generally trivial. 

DISCUSSION 

The maximuin enthalpy of tho hot-water component 
that can be reliably determined is set by the point at 
which an extended line, such as AB (fig. 2) . would be 
tangent to the quartz .solubility curve. For most rea-
^onable .silica contents of nonthermal water, this will 
lie at about 300 cahx/g (~2S.0=C). Higher initial en
thalpies of the hot-water component Mould cause an 
extended line to intersect the quartz .solubility curve 
at two points, anrl the lower enthalpy point probably 
would be erroneously selected as the solution to the 
mixing problem. Altliough this prc.-;ents a problem in 
interpretation, another problem inhei-(:;nt in dealing 
with very high enlhalpy wafers (alwve •27r» to 300 
calix/g) is probably more serious. Quartz precipitates 
i-elatively quickly from such waters, and. therefore. 

tempei-atiires derivetl froiu any relation as.'-iiming no 
silica precipitation are likely to be in error. . • -

Tills method does allow easy evaluation of the effects 
of variafions in assumed silica content and temperature 
of nonthermal water. The method also allows results 
obtained assiuning no steam loss to be compared, 
quickly with results obtained assuming steam loss at 
various intennediate temperatures. Similar giaphical 
methods can be used to accommodate other silica phases 
such as chalcedony and cristobalite. 
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Partition geochemistry of sediments from 
DSDP 424 in the Galapagos Hydrothermal 

Mounds Field 

S. p. VARNAVAS* AND D . S. CRONAN 

Applied Geochemistry Research Group, I>epartment of Geology, Imperial College, London 

[Paper read 8 November 1979] 

ABSTRACT. Sediments frorii DSDP 424, a core taken in 
a hydrothermal mound in Ihe Galapagos Mounds Field, 
comprise biogenic oozes, siliceous ash-rich layers and 
two varieties of hydrothermal precipitates, an Fe-rich 
clay (nontronite), and Mn oxides. Compositionally, these 
sediments difi'er considerably from one another and vary 
in proportion down the core to basement. Geochemical 
partition studies on the sediments have, indicated a 
variable, fractionation of the elements that they contain 
between clays, carbonate, and Mn oxides with the hydro
thennal phases tieing strongly depleted in trace elements. 
The hydrothermal sediments are thought to have been 
forraed as a result of the fractional precipitation of Fe 
silicates and Mn oxides from a.sceiiding hydrothermal 
solutions which are depleted in trace elemenis due to 
subsurface precipitation of sulphides, and have had 
insufficient time to scavenge trace metals from sea water 
due lo their rapid precipitation 

T H E Galapagos Spreading Center (fig. 1) forms 
part of the global mid-ocean ridge system. It is 
spreading at a half rate of 35 mm/yr (Klitgord and 
Mudie, 1974) and heat flow and bottom-water 
temperature measurements show an increase of 
these parameters in this area relative to that 
surrounding (Sclater et a i , 1974; Detrick ei al., 
1974) indicating that it is hydrothermally active. 

Hydrothermal mounds are located within an 
area of high heat flow, between 18 and 25 km from 
the spreading axis. Their height varies from less 
than a metre to over 20 m, the small mounds having 
gentle f.lopes while the larger ones have steeper 
slopes. Within the mounds, black Mn-oxide crusts 
have been ob.scrvcd overlying orange Fe oxides, 
which in turn overlie green nontronite (Corliss et 
al., 1978). The chemistry of these deposits showed 
that Fe and Mn were strongly fractionated. Fc was 
found almost exclusively in the nontronite or Fe 

•Present addrcs.s: Department of Geology, University 
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oxides while Mn formed a separate phase consist
ing of todorokite and birnessite (Corliss et al., 
1978). 

In the present study, some hydrothermal deposits 
drilled at .DSDP 424 in a sea-floor mound field 
22 km south of the Galapagos Spreading Center 
have -beeri investigated as follows: (1) The bulk 
chemical composition of the deposits has been 
determined, and the profiles of the vertical distri
bution of their metals studied. (2) The phases , 
present in the sediments have been' separated 
chemically and the proportional distribution of 
metals in each determined. (3) An attempt has 
been made to deduce the process of formation 
of the deposits. 

Lithology—stratigraphy 

The general lithology of the sediments drilled at 
DSDP 424 has been summarized by Hekinian et al. 
(1978). The following material was recovered: hydro-
thermal deposits, foraminifer-nanofossil ooze, sili-
ceous-nanofossil ooze, and siliceous-ash-rich layers^ 
The hydrothermal deposits can be divided into 
two classes; (a) green smectite of nontronitic com
position, and (h) Mn oxides. 

The lop of the core down to 13.8 m consists of 
hydrothermal sediment, made tip essentially of 
green nontronitic mud intermixed with Mn oxide. 
At 13.8-14.2 m, a thin layer of foraminifcr-nano-
fossil ooze occurs, in which Mn oxides are present. 
Hydrothermal sediments similar to those found in 
the upper part of the sediment sequence occur in 
the core at I4.2-.I5.1 m and 15.5-16.2 m, with 
foraminifer-nanofossil ooze between them. Between 
16.2 and 19.0 m there is a layer of carbonate 
sediments which is followed by another horizon of 
green nontronitic mud (19.0-19.5 m). From 19.5 m 
down to the bottom of the sediment column the 
core is composed of foraminiferal- nanofossil oo-/.e. 

P 
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FIG. 1. Location of the Galapagos Spreading Centre. 
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From the presence of radiolaria, which are abun
dant and well preserved in a large part ofthe core, 
the age ofthe basal sediments has been determined 
to be not greater than 1.2 Ma. 

Chemistry ofthe deposits 

Bulk chemical composition. Chemical analyses of 
nineteen samples from various depths of DSDP 
424 were carried out by Atomic .Absorption Spec
trophotometry for Mn, Fc, Ni, Co, Pb, Zn, Ca, 
Mg, and Al. The results are given on a carbonate-
free basis in Table I. The attack used was a total 
HF-HCIO4 dissolution leaving no residue. The 
accuracy of the determinations was checked by 
analysis of international standards, and the pre
cision of the determinations were better than 
+10%. The Atomic Absorption instrument used 
was a Perkin Elmer 403, and the readings it gave 
were corrected for Ca interference in high-carbonate 
samples. Silica was determined separately. 

The chemical composilioii ofthe deposits shows 
that certain sediment hori'/.ons occur which are 
markedly ferruginous, whereas in other layers the 
concentration of Fe is lower and in some ca.ses is 
similar to that in normal pelagic clays. Fe is 
depleted in Ihe Mn crusts at the top of the sediment 
sequence while its concentration in the underlying 
green hydrothermal sediments ranges between 21 
and 22.5%. Mn is depleted in the.se latter sediments. 

From 19.5 m down to the basemenL where car
bonate sediments occur, the concentration of Fe 
tends to decrease and at the basement it reaches 
values which are comparable with those of normal 
pelagic "sediments. It is observed that at the top of 
each of the ferruginous horizons a thin Mn-rich 
layer occurs, whereas at greater depths the whole 
of each ferruginous horizon is exceedingly depleted 
in Mn. 

The trace-element data for the highly ferruginous 
and mangaiiiferous horizons show that these sedi
ments are extremely depleted in trace metals such 
as Ni, Co, Zn, and Cu, when compared with the 
average composition of Pacific surface pelagic clays 
and especially Mn nodules and mid-ocean ridge 
metalliferous sediments at large (Cronan, 1969, 
1976a). In the'upper Fe-rich clays (0-13.8 m) the 
concentrations of these metals do not show any 
significant variation wilh increa.sing depth. In con
trast, there is a tendency for their concentration to 
increase with depth in the carbonate sediments (fig. 
2). The maximum concentrations of Ni, Co, and 
Zn occur at 17.4 m (346,60,418 ppm, respectively), 
while Cu shows its highest concentration at 30.6 m 
(324 ppm). In both cases these depths fall wiihin 
the foraminifer-nanofossil ooze layers. The vertical 
variations of Ni, Co, Cu, and Zn arc, in large parL 
positively correlated wilh each other. 

In contrast to the other trace metals, Pb does 
not show any depiction in the Fe-rich sediments. 

siaf#.^^^?^^i!^. igfjy^!^j^j i i^ 
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ariations of Ni, Zn. Cu, and Co with depth in 
DSDP 424. 

its concentrations being similar to the average 
concentration of Pb in normal pelagic clays. Fur
thermore, the vertical variations of Pb show a 
different pattern from that produced by the vertical 
distributions of Ni, Co, Cu, and Zn. A decrease in 
the concentration of Pb with increasing depth 
within the upper ferruginous horizon occurs which 
continues into the carbonate sediments below. The 
two peaks in the concentration of Pb which have 
been found at depths of 1.20 and 19.10 m are 
a.ssociated with the Mn-rich layers occurring at the 
tops of the ferruginous horizons. 

The F'e- and Mn-rich sediments are characterized 
by a very low Al content, while in the other 
sediments the concentration of Al varies wilh that 
of CaCOj. The concentration of SiO^ ranges 
between 39.03 and 47.32% on a CFB. There is a 
tendency for its concentration to decrease with 
increasing depth in DSDP 424. A positive linear 
correlation (lig. 3) between Si02 and Fe concentra
tions was found. 

The average chemical composilion ofthe Galapa

gos green hydrothermal clay material shows simi
larities with those of clay-rich sediments described 
from the Gulf Of Aden (Cann el al., 1977), and from 
transform fault A in the FAMOUS area (HolTert er 
a i , 1978). 

Partition analysis. The use of partition analysis 
has become an.important tool iti the elucidation 
of the distribution of elements between various 
coexisting phases of marine sediments which are 
too fine-grained for it to be possible to physically 
separate their individual constituents (Goldberg 
and Arrhenius, 1958; Chester and Hughes, 1967; 
Cronan, 1976a). In the present investigation, par
tition analysis has been carried out on ten samples 
in order to investigate the distribution of Ca, Mn, 
Fe, Ni, Co, Pb, Zn, Cu, and Al between their 
constituent phases. The method used was a modifi
cation of that of Chester and Hughes (1967), 
described in detail by Cronan (1976a). The samples 
were leached first with acetic acid to remove 
carbonate phases and adsorbed ions, secondly with 
hydroxylamine HCI to remove reducible Mn and 
ferromangancse oxides, thirdly with HCI to remove 
iron oxides and attack silicates, and finally with 
HF, HCIO4. to take up the residue resistent to the 
previous attacks. The partition data are summarized 
in Table II, where the sediments have been divided 
into Fe-rich clays, carbonates, and Mn-rich sedi
ments. The relatively pure manganese oxide crust 
from the top ofthe core was not subjected to par
tition analysis because insufficient material was 
available. 
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Tablet: Chemical coniposition of sediments from the r.aropagos spreading center (Leg S^*, Hole 'tZ't),. 

CKpressed on a carban,-\te-free basts. 

1 

2 

3 

II 

5 

6 

7 

8 

9 

10 

I I 

12 

13 

Ik 

15 

16 

17 

18 

19 

Sample 
Number 

6 

15 

39 

U i 

51 

36 

2 

25 

28 

19 

13 

1 

32 

'•7 

12 

S"" 

35 

7 

II I 

Average o f r 

f e r r u g i n o u s 

Depth 
m 

Top 

1.20 

L S k 

9 . 8 7 

10 .97 

11 .33 

12.21 

12.91 

13.72 

13.91 

U . l iO 

15.22 

15.75 

17.111 

19-10 

19 .36 

2 1 . 3 0 

30 .69 

36 .90 

Ine 
samples 

Ca 
Z 

1 .02 

0 . 3 3 

0 . 1 7 

0 . 1 8 

0 . 1 9 

0 . 1 5 

0 .17 

0 . 1 7 

0 .21 

17.25 

0 .22 

15.50 

l<.02 

18 .50 

0 .52 

0 . 2 9 

20 .75 

11.50 

30 .75 

0 . 1 9 

CaCO, 

O.OI 

O.OI 

O.OI 

0 .01 

O.OI 

0 . 0 1 

0 .01 

O.OI 

O.OI 

I I0 .3S 

0 .01 

36 .53 

7.311 

l l ' l . 1 6 

0 .01 

O.OI 

119.89 

2 6 . 3 5 

75 .32 

0 . 0 1 

Mn 

% 
3 3 . 0 0 

3 .80 

0 . 3 5 

0 . 0 7 8 

0 . 0 7 7 

O-OSli 

0 .063 

0 .067 

0 . 0 9 0 

0 .31« 

0 .105 

0 . 3 0 0 

0 . 108 

0 . 4 5 7 

10 .75 

0 .080 

0.<i09 

1.603 

2 . 0 6 8 

0 . 1 0 7 

Fe 
-t 

7 .2 

2 2 . 0 

2 2 . 5 

2 2 . 0 

2 2 . 0 

2 2 . 0 

2 2 . 5 

2 2 . 0 

2 1 . 0 

13.1 

2 2 . 0 

12 .6 

17 .8 

12.0 

18. I l 

2 1 . 0 

9.11 

8 . 9 

5 .1 

2 1 . 9 

NI 
ppm 

81 

17 

7 

12 

7 

17 

12 

17 

27 

101 

17 

82 

IiO 

3/16 

16 

27 

190 

261 

210 

16 

Co 
ppffl 

Pb 
ppm 

1.8 

150 

80 

95 

80 

50 

SO 

50 

50 

35 

50 

46 

45 

II I 

2911 

I19 

37 

71 

75 

62 

2n 

ppm 

126 

35 

39 

28 

29 

30 . 

27 

33 

S"! 

289 

33 

218 

91. 

1.18 

57 

35 

i i lS 

323 

329 

35 

Cu 
ppm 

125 

129 

189 

189 

324 

233 

Mg 

•t 

1.65 

2 .20 

2 . 3 0 

2 .50 

2 .65 

2 . 7 0 

2.1.7 

2 . 4 0 

2 . 7 0 

2 .77 

2 .50 

3 .17 

2 . 8 9 

3.72 

2 . 1 5 

2 .75 

7 .65 

.3 .10 

3 .34 

2 . 5 5 

A l 

« 
0 .15 

0 . 0 9 

0 . 0 6 

0 .03 

0 . 0 5 

0 . 0 7 

0 . 0 5 

0 . 0 7 

0 .43 

2 .19 

0 . 1 7 -

2 .14 

1.16 

4 . 3 0 

0 . 0 5 

0 .21 

4. 19 

3.74 

5 .27 

0 . 1 3 

! " ' 2 
% ' 

13.34 

4 2 . 7 2 

45 .99 

45 .22 

47 .32 

4 6 . 5 6 

46 .32 

4 5 . 0 6 

47 .00 

36 .19 

4 4 . 6 7 

3 9 . 2 8 

44 .57 

42 .65 

3 3 . 0 8 

4 3 . 9 5 

4 1 . 3 5 

35 .66 

3 9 . 0 3 

4 5 . 7 9 

Fe/Mn 

0 .22 

5 .79 

6 4 . 2 

282 

235 

407 

357 

328 

233 

41 .32 

209 

4 2 . 0 

164 

26 .2 

1.72 

262 

23 .1 

5 .59 

2 . 5 0 

Table ir Sunimary of partition analyses, 

of bulk composition. 
The results a r e expressed as percentages 

F e - r i c h 
c l a y s 

M n - r l c h 
sed imen ts 

A 
8 
C 
0 
E 

A 
B 
C 
0 
b 

-A 

e 
c 
0 
E 

Ca 

51 .62 
3 2 . 5 3 

0 . 9 a 
14 .83 
0 . 7 5 

9 5 . 6 5 
1.00 
0 . 0 0 
3 .35 

17.87 

6 5 . 3 9 
19 .23 

1.92 
13.46 

0 .52 

Mn 

31 .06 
2 9 . 7 2 
33 .52 

5 .69 
0 . 6 1 

4 1 . 9 3 
5 .00 

4 9 . 2 3 
3.35 
0 .22 

2 .23 
3 9 . 4 9 

4 . 9 3 
3 .35 

10 .75 

Fe 

1.19 
2 .39 

9 5 - 0 8 
n . 2 i 

21 .07 

1.42 

2 .1 1 
3 0 . 9 7 
14 .78 

7.22 

0 . 7 6 
2 . 7 6 

9 3 . 0 1 
3-47 

18.45 

Ni 

5 .38 
5 1 . 6 4 
J4 .64 

7 .84 
2 0 - 0 0 

13-61 
2 2 . 7 5 
6 2 . 3 0 

1.35 
126-00 

0 -00 

8 1 - 2 5 
0 .00 

1.1-75 
16 .00 

Co 

8 .33 
7 . 5 s 

15 .15 
6 8 . 9 3 
21-00 

12 .50 
I 5 . n o 
7 2 . 5 0 
0 . 0 0 

2 5 . 0 0 

0 . 0 0 
1 1.76 
11.76 
76 .48 
17.00 

Pb 

I .O I 
6 5 . 3 0 

4 : 4 6 
23-74 
6 9 - 0 0 

16.82 
4 . 7 6 

5 9 . 3 7 
19-05 
2 2 . 0 0 

0 . 0 0 
9 4 . 9 0 

0 . 0 0 
5 .10 

294 .00 

2n 

3 .57 
8 .81 

4 3 . 7 8 
4 3 . 8 5 
6 7 - 0 0 

5-44 

5-31 
68 .0 
20 ,17 

202 .00 

1.76 
3 . 7 7 

2 1 . 0 5 
63-42 
5 7 . 0 0 

Cu 

8 . 8 8 

39 -39 
15-27 
36 .44 
21 -00 

18.33 
2 1 . 12 

33 .71 
2 6 . 8 6 
8 9 . 0 0 

7-69 
4 6 . 1 5 

0 . 0 0 
4 6 . 1 5 
13.00 

A l 

13.54 
6 . 3 8 

4 8 . 4 3 
31 .61 

0 . 2 7 

2 .81 
2 .65 

5 7 . 8 3 
36 .67 

1-34 

2 0 . 0 0 
0 . 0 0 

4 0 . 0 0 
4 0 . 0 0 

0-05 

Acetic acid leach (HAc). 

Acid-reducing agent ieach (I.e. hydroxy laiiiine hydrochtor ide). 

HCI leach. 

HCI - insoluble residue-

Bulk composition (Ca, Mn, Fe and Al In wt. 'A, remainder in ppiu). 
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When considered over all, Ihe partition data 
indicate that there are considerable differences in 
the partition of elements between the Fe-rich clays, 
the carbonate sedimcnis, and the Mn-rich sediments 
(Table II). 

In the Fe-rich clays most of the Fc and Al arc 
associated with the HCI-solubJe fraction in the clay 
minerals, Fc in the nontronite and Al probably in 
a non-authigenic aluminosilicate, but Al is very 
low over all. The majority of the Ni and Pb are 
located in the minor hydroxylamine HCl-soluble 
fraction. Cobalt is more concentrated in the HCl-
insoluble residue, while Zn is equally distributed 
between the HCl-soluble fraction and the HCl-
insoluble residue. Other elements show more even 
distributions. The presence of significant amounts of 
Co, Pb, Zn, and Al in the HCI-insoluble residue of 
the Fe-rich clays would suggest the.incorporation 
of some basaltic detrital material in these sediments. 
Since there is little or no carbonate material in 
these sediments, the high proportion of Mn associ
ated with the acetic acid-soluble fraction may 
reflect its removal from adsorption sites on the 
surface of the Fe-rich clays, and hydroxylamine-
HCl-soluble Mn may be present in physically 
admixed oxides. 

Except for Ca, the majority of the elements 
(Mn, Fe, Ni, Co, Pb, Zn, Cu, and Al) in the 
carbonate sediments are associated with the 
HCl-soluble fraction. This may reflect the processes 
of normal pelagic sedimentation, where these 
elements are incorporated into the non-authigenic 
clay fraction of the sediments. However, the sig
nificant concentrations of Mn, Pb, and Cu in 
the acetic-acid-soluble fraction points to the 
removal of these elements from biogenic cal
cium carbonate or from coatings on carbonate 
material. 

The Mn-rich sediments show partition patterns 
different from those of Fe-rich clays and the 
carbonate sediments, but are more similar to those 
observed for the Fe-rich clays than for the carbon
ates. This is most likely to be due to the presence 
of Fe-rich clay material admixed in these sediments. 
In the Mn-rich sediments, Mn, Ni, and Pb are 
a.ssociated with the acid-reducible Mn oxide frac
tion, while Co and Zn are predominately in the 
HCI-insoluble detrital residue. Copper is equally 
distributed between the acid-reducible fraction and 
the HCl-insolufalc residue. The minor aluminum 
is equally distributed between the HCl-soluble 
and the HCl-in.soluble fractions, with some in the 
acetic acid-soluble fraction. The high percentage 
of Mn associated with the hydroxylamine HCI-
.soluble fraction indicaics the presence of a large 
proportion of reducible Mn oxides in the .sedî  
ments. 

Discussion 

The observations described in this paper support 
discission of a number of problems. What arc the 
reasons for the strikingly different compositions of 
the different hydrothermal constituents of the sedi
ments, and why are they all so low in trace 
elements? Are the deposits primary precipitates, or 
are they diagenetic in origin? Do thedala indicate 
episodic or continuous accumulation of hydro-
thermal precipitates in the Galapagos Mounds 
Area? Where do they fit into the global mid-
ocean ridge hydrothermal fractionation sequence 
(Cronan, 1976/?. 1980), parts of which are being 
found in more and more locations on the sea floor. 

The fact that the Mn-crusts present at the top 
of the sediments contain very little Fe, while the 
underlying Fe-rich clays are depleted in Mn, indi
cates that a fractionation between Fe and Mn 
occurs in the sediments. The experimental con
ditions for the direct precipitation of nontronite 
from solutions containing Fe and Si require a 
reducing environment (Harder, 1976). Therefore 
during the precipitation of the nontronite, Mn 
remains in solution and precipitates later above 
the Fe silicates as Mn oxide when the redox 
potential rises, although some may escape al
together by dispersion through sea water. 

That the Fe/Mn ratios vary vertically down the 
core, indicates that hydrothermal solutio-ns have 
been discharged periodically in the mounds area 
rather than during one continuous process. The 
layers with high Fe/Mn ratios represent sediments 
deposited during the early phases of discharge of 
hydrothermal solutions whereas those having lower 
Fe/Mn ratios are sediments which have - been 
formed from the residual solutions of the hydro-
thermal activity under more oxidizing conditions. 
This is consistent with observations on the San-
torini hydrothermal deposits made by Smith and 
Cronan (1975), where the sediments from close to 
the fumarolic outlets are characterized by high 
Fe/Mn ratios in contrast to those away from Ihc 
fumarolic outlets where the Fe/Mn ratios are low. 
Fluctuations in the Fe/Mn ratios are also reported 
from sediments near Stromboli (Bonatti et a i , 
1972), which suggest a similar process of sedimenta
tion. Likewise, there is a marked fractionation of 
Mn from Fe in the Red Sea hydrothermal deposils, 
where a patlern including Mn- and Fe-rich geo
chemical zones was found around the Atlantis 11 
Deep (Uignell et a i , l976)..Thus, there is evidence 
to conclude that the geochemical conditions which 
occurredduring the precipitation of the Galapagos 
deposils were similar to those occurring in the 
Red Sea and ihe Santorini hydrothermal areas. The 
main difl'erence is that in the Galapagos deposits 
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the results of this process are exhibited vertically, 
whereas in the Santorini and the Red Sea sediments 
they are exhibited horizontally. 

It is notable lhat the concentrations of Ni, Co, 
Zn, and Cu are extremely low in the Galapagos 
hydrothermal sediments, particularly in the ferru
ginous horizons. Two po.ssible explanations are 
envisaged for the depiction of these metals. (1) The 
hydrothermal solutions which are responsible for 
their formation arc depleted in these metals. (2) 
The rapid precipitation ofthe major hydrothermal 
phases does nol allow significant scavenging ofthe 
metals from sea water. Cronan (1916b) suggested 
that circulating sea water within Ihe fractures and 
fissures of the upper part of the oceanic crust could 
mix with hydrothermal solutions and cause pre
cipitation of metal sulphides and possibly other 
phases below the sea floor. This would lead to a 
depletion of sulphide-forming elements, such as 
most ofthe traceelements determined in this work, 
in the hydrothermal solutions at discharge. 

Although sub-sea-floor precipitation processes 
can explain why the Galapagos hydrothermal 
sediments are not enriched in trace metals, they 
are not able to explain why the concentrations of 
trace metals in these sediments are lower than the 
average concentrations which occur in normal 
pelagic sediments, ft is known that 'scavenging' of 
metals from sea water by suspended material and 
transfer of them to the sea floor is an important 
process in the incorporation of trace metals into 
deep-sea sediments (Goldberg, 1954), and is a 
function of a number of factors. The factor which 
is probably most iinportant in explaining the 
extremely low concentrations of trace metals in the 
Galapagos hydrothermal sediments is their rate of 
deposition. In view ofthe young age ofthe deposits, 
their rate of deposition must have been very rapid 
and the time of their residence in the sea water 
was so short that scavenging of metals would have 
been very limited. 

Therefore, it is concluded that a combination of 
two factors determines the low trace-element con
tent of the hydrothermal sediments; the rapid 
deposition ofthe hydrothermal precipitates together 
with the depletion of the hydrothermal solutions 
in trace metals as a resiilt of sub-sea-floor precipi
tation processes. 

An attempt has been made in the present study 
to investigate the form in which Si is present in 
the Galapagos .sediments, and lo determine the 
possible form in which it was precipitated from the 
hydrothermal solutions. The .selective chemical 
analyses indicate lhat Fc is associated chiefly with 
Ihe HCl-soluble fraction, which, along wilh the fact 
that there is a positive linear correlation (fig. 3) 
between Fe and the total SiOj leads to Ihe conclu

sion that the majority of Fe and Si in the sediments 
examined occur in the form of nontronite. This 
could have been formed either by direct precipi
tation from the hydrothermal solutions or from 
their reaction wilh silica-bearing sediments, or 
diagenetically from the reaction, between Fe-
hydroxides and Si02 after their precipitation from 
the hydrothermal solutions as two separate phases. 

To examine the pos.sibility of diagenetic formation 
of an Fe-rich clay mineral, after.the precipitation 
of Fe and Si from the hydrothermal solutions, the 
following reaction should be considered. 

Fe-hydroxides-(-Si02 " ' " " " Fe-rich clay mineral 

If this reaction takes place in the Galapagos 
sediments, then the proportion of Fe present in the 
sediments associated with the Fe-rich clays should 
increase with time. This can be tested by examining 
variations down the core in the distribution of Fe 
between the fraction soluble in HCI and the other 
fractions, because the Fe which is present in the 
form of Fe silicate in the clay minerals will be 
di-ssolved in HCI. There is no tendency for the' 
proportion of the F'e associated with the HCl-
soluble fraction to increase with increasing depth 
in the core and thus it is considered that no 
transformation of one Fe phase to another occurs 
in the present sediments. It is, therefore, reasonable 
to conclude that the Fe-rich nontronitic clays 
found in the Galapagos sediments either precipitate 
directly from the hydrothermal solutions, or form 
by reaction ofthe hydrothermal solution with, and 
replacement of, the indigenous sedirhents of the-
area which are SiOj-bearing biogenic oozes. 

In comparison with other hydrothermal deposits 
on the sea floor, those from the Galapagos Mounds 
Area described here can be classified as sharply 
fractionated deposits. In the global mid-ocean ridge 
hydrothermal fractionation sequence (Cronan, 
1980) they would form after the precipitation of 
sulphides, which, as mentioned, probably occur 
within the oceanic crust below them, and before 
the precipitation of widely dispersed Fe-Mn oxides, 
which probably occur on the sea floor away from 
the immediate vicinity of the Mounds area. Their 
sharply fractionated nature is probably due lo 
rapid cooling, mixing, ahd changes in Eh and other 
properties of the hydrothermal solutions on dis
charge. 

Conclusions 

Hydrothermal sediments from DSDP 424 can 
be divided into an Fc-rich smectite (nontronite) 
phase and a Mn oxide phxsc. Both hydrothermal 
pha.ses are low in trace elements, thought to be 
due to (i) the subsurface precipitation of the elements 
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concerned in sulphides and (ii) the rapid preeipita-
tibn -of the hydrothermai phases precluding the 
scavenging of trace trietals from sea Wat&r. 

Down-core variations in the prppprtion ofthe 
different hydrotherma! phases present, rededted in 
part by variation in the Fe/Mn ratio, demonstrate, 

.thai selective fract'ibiTatioii of Mn phases*from Fe 
phases has'taken place at'discrete times in the past 
and that the hydrothermal preeipiiation has not 
been a continuous pirocess. 

The partition of elements-between the different 
phases-i.s as follows; Fe is principally, present in 
the HGJrSolubJe Fe-rich clay fraciiion of all the 
sediments; Cats largely present in biogenic debris, 
and. AI as non-authigenic aluiiiinosilicate detritus. 
The remfiining elemerits are-variably partitioned 
between these pBases and Mn additionally occurs 
in an authigenic Mh-oxide phase in the Mn-rich 
sediments. 

In the giobal tnid-oceaii ridge -hydrdt.heftnal 
fractionation sequence of Cronah (1980), the de
posits' are-, thought to, lie: betweeii' earty formed 
sulphides and, later formed widely dispersed ferro-
manganese oxides^ 
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ABSTRACT -

Rydell, H., Kraemer, T., Bostrom, K. and .Joensuu, 0 . , 1974. Postdepositional injections 
of uranium-rich solutions into East Pacific Rise sediments. Afar. Geoi , 17: 151—164. 

An 8.5 m long apparently undisturbed core from a hilltop on the crest of the East 
Pacific Rise has uranium and thorium isotope distributions lhat are very unusual. The 
core is very poor in " ' T h , and very rich in U, particularly at the SCO-cm level, where a 
value of about 150 ppm is reached. At the same depth the ""Th^j reaches very large 
negative values. Thest facts could be accounted lor if one assumes that solutions rich in 
U and DOor in Th had been po.-iuipnn.'tlf.inn.iiiy In'^o^-sd i.nto t.he sedi.T.entc about 
90,000—110,000 years aso. The top of the sediment received much of its U from 
seawater, judging from the "•'U,''-"U ratio. Possibly carbonate rich solutions -were the 
carriers of the injected uranium. 
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INTRODUCTION 

Sediments on active oceanic ridges are geochemically very different from 
. other pelagic sediments; detailed investigations of them could throw light 
over pctrogenetic processes that are as.sociated v/ith the formation of new 
oceanic crust (Bostrom, 1973). For this reason we have acquired several 
8—9 m long sediment cores from the crest of the East Pacific Rise, some of 
the sediments occurring on small hiils. These sediments have been discussed 
by Bostrom et al. (197'1), in which the geochemistry, mineralogy, sedimenta
tion rates, and physiographic setting of one of these cores (GS 7202-35) have 
been described in greater detail. The data in Table I show that the core is 
geochemically fairly homogeneous, the extreme values differing less than a 
factor of t\vo from the averages except for U (see also Fig.l). Also 
significant to our discussion is the presence of uncontorted layering, the 
absence of mLv:ed faunas, and tho abundance of unbroken shells, which all 
suggest that no slumping or disturbance took place in the sediment. Studies 
of other cores from this putt of the ridge (Bostrom and Peterson, 1969; 
Bostrom et al., 1974) show that the core GS7202-35 is very representative of 
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TABLE I 

Chemical concentrations and accumulation rates for core GS-7202-35P* 
ere 
t t i t , i 
n >̂  

Units 

In %on 
a total 
basis 

In % on 
a carbon
ate- and 
salt-free 
basis 

In ppm 
o n a 
carbonate-
and salt-
free basis 

-

In ppm on 
a carbon
ate- and 
salt-free 
basis 

Constituent 

CaCOj 

SrCO, 
NaCl 
KCl 
"MgCO," 

SiO, 
SiO, biol. 
Al 
Ti 
Fe 
Mn 
P , 0 , 

B (total) 
B (clay fract.) 
Ba 
Cu 
Co 
Ni 
Zn 
Pb 
As 
V 
So' 

Y 
La' 
Hg 
Zr 
U 

Concentration 
range 

52 
0.22 
4.4 
0.28 
1.1 

12.3 
10.4 

0.21 

- 75 
- 0.29 • 
- 6.2 
- 0.70 
- 1.7 

- 15.5 
- 13.4 
- 0.49 

0 ! 0 2 0 - 0.044 
25.1 

8.88 
2.49 

520 
500 

2900 
1200. 

76 
530 
570 
1 6 0 -

' 320 
800 

Z(?) 

95 
110 . 

0.15 
11.0 

12.6 

- 33.0 
- 14.1 
- 5.82 

- 1 4 0 0 
- 1 3 7 0 
- 6 4 0 0 
- 2 0 0 0 
- 140 
- 820 
- 770 
- 440 
- 870 
- 1 2 0 0 
- 4.5 

- 200 
- 180 
- 0.40 
- 180 
- 181 

average 

67 
0.24 
5.2 
0.46 
1.3 

14.3 
12.4 

0.32 
0.033 

28.3 
10.7 
4.18 

820 
770 • 

4200 
1500 

97 
675 
640 
300 
490 
950 
• 3.2 

130 
140 

0,25 
150 

44.8 

Rates of accumulation 
(mg/cm' 1000 yr) 

563 
2.0 

44 
3.9 

11 

34 
28 

0.72 
0.074 

63.4 
24 

9.4 

0.18 
0.17 
0.94 • 
0.33 
0.022 
0.15 
0.14 
0.065 
0.11 
0.21 
0.0008 

0.029 • 
0.031 
0.000056 
0.032 
0.010 

Very approximative results, obtained from acetic acid treated fraction. 
Three suspiciously low values disregarded. 

. • Results of chemical analy.sps of 15 samples from core GS7202-35P (Univ. of Miami). 
CaCOj, SrCO,, NaCl, KCl, .md "MsCO,," rpprcsent what is di.s.soIvcd in 0.2-molar acetic 
acid at 50 'C. Some Me may derive from the solid and liquid abiocen fractions (such as 
pore waters and ciny.s-), but the proportions are difficult to cst.ibli.sh; hence all Mg is 
reported as "MgCOj ". To some extent this remark also pertains to KCL Tlie accumula
tion rates are based on an age for the core of 000,000 yours and an in-situ uncompressed 
density of dry matter of 0.59/cm-^ which is the average of 11 measured densities, 
maximum spre.-id being t lQ'~c of this value. This density is somewhat lower than the 
commonly assumed average of 0.70—0.7.5 g.'cm', but this circumstance does not change 
the overall patterns described in the literature (Bostrom, 1970; Bostrom et al., 1973; 
Bender etal . , 1971). 

Note the anomalously low Al and Ti values, indicating that neither continental nor 
oceanic crust is supplying much debris to this location. 
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)2-35P» 

Rates of accumulation 
(mg/cm' 1000 yr) 

563 
2.0 

44 
3.9 

11 

34 
28 

0.72 
0.074 

63.4 
24 

9,4 

0.18 
0.17 
0.94 
0.33 
0.022 
0.15 
0.14 

• 0.065 
0.11 
0.21 
0.0008 

0.029 
0.031 
0.000056 
0.032 
0.010 
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Fig.l . Elemental and isotope data for core GS 7202-35 (14°47.9'S, 113°30.1'W, 
corrected waterdepth 3044 m). CFB represents analyses on a carbonate- and salt-free 
basis. (Data after Bostrom el al., 1974; and this work. Table II). The dashed line through 
A " ° T h / A ' " U points has no defined physical mearfing, but is only intended to show the 
general distribution of these activity ratios. Note that the elements As, Hg, and U all 
show maxima at about 35 cm, 200 cm and 500 cm, suggesting an identical source for at 
least part of these elements. 

the type of sediments that occur in this area of the Pacific, being rich in Fe 
and Mn and poor in Al and Ti. 

It is known from other studies (Veeh and Bostrom, 1971; Scott et al., 
1972; Bonatti et al., 1972; Rydell and Bonatti, 1973) that the ratio " ' 'U/"' 'U 
is anomalous in many volcanic deposits. These ratios may be due to leaching 
of basaltic crust by percolating hot seawai:er. hut there are several weaknesses 
•with this hydrothennal leaching hypothesis (Corliss, 1971; Rydell and 
Bonatti, 1973; Bostrom, 1973; Fisher, 1973). U'e have chosen to study core , 
GS 7202-35 in detail to further illuminate the problems mentioned above. 
Since carbonate emanations are possible sources of active ridge sediments 
(Bostrom, 1973), vve have included a study of carbonate lavas from Oldoinyo 
Lengai in this work for comparison. 

METHODS 

Our isotopic analyses were done (H.R.) by alpha-particle spectrometry, 
using a solid-state detector and multichannel analyzer after separation of U 
and Th by coprecipitation, solvent extraction, ion exchange, and electro-
depositon. -•'*U and ^-'''Th tracers were used to correct for analytical losses 
(Ku, 1966). The element analyses of the sediments and the carbonate lava 
were done by previously discussed methods (Bostrom et al., 1972, 1973). 

DISCUSSION OF RADIOMETRIC DATA-

The analytical results for core GS 7202-35 are given in Tables II and III 
and in Figs.l and 2, some of them having already been discussed in Bostrom 
etal . (1974). 

Comparison of our data with data for other cores from the East Pacific 
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T A B L E II 

D i s t r i bu t ion of U and T h a n d the i r i so topes tn c o r e 

Sample d e p t h 
( c m ) 

Gravi ty core 
0 - 5 

P i s l o n c o r e 
5 - 9 

3 2 - 3 7 
6 3 - 6 6 

1 0 0 - 1 0 5 
2 0 0 - 2 0 5 
3 0 0 - 3 0 5 
3 1 3 - 3 1 8 
4 0 0 - 4 0 5 
5 0 0 - 5 0 5 . 
6 0 0 - 6 0 5 
6 0 . 5 - 0 7 1 
7 0 0 - 7 0 5 • 
7 3 0 - 7 3 5 
7 4 3 - 7 4 8 
8 0 0 - 8 0 5 
8 4 4 - 8 4 8 

C a C O , 

(%) 

7 0 

7 2 
69 
6 8 
67 

7 5 . , 
7 3 
64 
6 9 
72 
68 
67 
52 
72 
59 
66 
6 5 

i>«U 

( p p m ) 

1 4 . 6 9 * 

10 .24 t 
4G.02 t 
17 .37 t 
13.8:) t 
4 1 . 5 7 ± 
1 0 . 8 3 t 
2 0 . 0 7 t 
2 3 . 9 2 t 

1 4 8 . 1 5 t 
5 5 . 0 5 i 
3 9 . 1 9 t 
3 7 . 1 7 t 
3 0 . 3 0 i 
3 1 . 0 9 i 
3 0 . 2 8 t 
2 9 . 9 5 t 

0 . 2 3 

0 .17 
0 .45 
0.24 
0 .12 
0 .40 
0 . 1 5 
0 . 1 5 
0 .17 
O.Gl 
0 .38 
0 .31 
0 .27 
0.27 
0 .29 
0 .20 
0 .27 

G S 7 2 0 2 - 3 5 * 

» " U / ' " U 

1 . 1 2 * 

1.06 * 
- 1.09 * 

1.08 i 
1.08 * 
1.05 * 
1.05 1 
1.05 t 
1.03 i 
1.00 t 
1.02 i 
1.01 1 
1,00 i 
1.02 * 
1.02 * 
1.02 £ 
1.04 t 

0 . 0 2 

0 . 0 2 
0 .02 
0 . 0 2 
0 .01 
0 .02 
0 .02 
0 . 0 1 
0 .01 
O.Ol. 
O.Of 
0 .01 
O.Ol 
0 ,01 
0 .01 
0 .01 
0 .01 

" • U 
( D P H ) 

7 2 1 * 

4 8 1 t 
2 2 1 1 1 

8 2 3 1 
654 i 

1 9 1 5 i 
5 0 2 * 
9 5 3 1 

1084 1 
6 4 8 9 i 
2 1 7 1 t 
1 7 5 2 * 

IG;U * 
13l i2 t 
1 3 9 3 * 
135G * 
1 3 7 2 t 

1 1 

8 
21 
11 

5 
1 8 

7 
7 
8 

27 
17 
15 
12 
12 
13 
12 
12 

•••Th 
( D P H ) 

327G t 

1 9 2 2 * 
2 3 5 0 * 
1 3 1 7 * 
1 1 3 2 t 
1 9 8 8 ± 

5 4 3 t 
7 6 9 * 
8 1 5 1 

4 2 S 7 t 
18-14 t 
1614 t 
1407 t 
1254 t 
15G4 1 
1 2 9 3 t 
1 5 1 0 * 

1 7 

15 
2 1 
11 

8 
17 

8 
14 

9 
55 
27 
18 
IG 
2 0 
19 
10 
10 

» " T h / 

4 , 5 4 * 

4 . 0 0 ± 
1,0G * 
l . G O * 
1.73 t 
1.04 ± 
1.08 t 
0 .81 1 
0 . 7 5 t 
0.G6 ± 
0 . 7 5 ± 
0 . 9 2 t 
0.8G ± 
0 ,92 1 
1.12 ± 
0.9G t 
1.10 t 

» " U 

0 .07 

0 . 0 7 
0 . 0 2 
0 . 0 3 
0 .02 
0 . 0 1 
0 . 0 2 
0 . 0 2 
0 . 0 1 • 
0 .01 
0 . 0 1 
O.Ol 
O O I 
0 .02 
0 .02 
0 . 0 1 
0 .01 

»»TTi„ 
( D P H ) 

2 5 5 5 t 2 0 

1 4 4 1 * 17 
1 3 9 * 3 0 
4 9 4 t 16 
4 7 8 * 10 

7 3 * 2 5 
4 1 t 1 1 

—184 * 15 
- 2 G 9 * 1 2 

— 2 2 0 2 1 6 1 
- 6 2 7 t 27 
- 1 3 8 * 2 3 
—227 t 19 
—108 * 23 

171 * 2 3 
- 5 8 t 15 
1 3 9 i 16 

* All ratios expressed as activity ratios. .All isotopic data on a earaonate-free basis; all errors equal 1 sigma and are calculated by the 
relation yjK/N where A' is the number of counts. 

T h ' " < 1 ppm at all sample depths; ' " T b ^ = ' " T h - ' " U . 

s s ' T O . © M 
o. p eo S r - ,,9 o 

rf4 . u : : O .; I 

^ n " o_ ^ 
|g>"?S?fe. {> 5* ffi — - • " ? 5 
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TABLE III 

Chemical compositions of some deep-sea sediments and carbonatites* 

is 
o 
a 

•O 
J : 

S <3 « 
c - 9 

.= 5.= 
= ? c -

="• ° u 
0 I. 2 

'w " - ^ 

£ | g-
>v 3 -O 
.-S C a, 
± c a 
•3£ £ 
= > = 
5 £ -
i? 5 » 
£ f E 
c. ? e. 

-I-
_ o 

Si 
Ti 
Al 
Fe 
Mn 
P 
Ba 

Al' 
Fe' 
Mn' 
P' 
Ba' 

1 

6.7 - 1 1 . 7 
0 . 0 3 - 0.15 
0.3 - 3.9 
9.9 - 2 8 
3.1 - 1 1 
0.5 - 1.8 
0.4 - 2.7 

0.8 - 2 3 
59 - 7 2 
18 - 2 7 

3.1 - 4.6 
1.1 - 1 6 

2 

22 - 2 7 
0 . 3 4 - 0.75 
7.7 - 1 0 . 5 
4.1 - 5.6 
0 . 3 0 - 0.58 
0 . 0 6 - 0.07 
0 . 0 4 - 0.10 

60 - 6 6 
31 - 3 7 

2 - 5 
~ 0.4 

0 .07-0.7 

3 

4.81 
0.44 
1.74 
5.22 
0.53 
0.91 
0.36 

23.2 
69.7 

7.1 
12.2 

4.8 

4 

< 
— 
< 

— 

— 
, , — 

0.05 

0.05 
0.42 
0.37 

1.2 

0.6 
63 

150 

*. Compositional variations in deep-sea sediments (columns 1 and 2) and carbonatites 
(columns 3 and 4). All concentrations of sediments given in % of the carbonate- and . 
salt-free fraction. The e.xpre.ssions Al', Fe', etc., represent Al / r , Felz etc., where 
Z " (Al •̂  Fe -t- Mn), using concentrations expressed in %. 

1 = ranges in concentrations (jf sediments from the East Pacific Rise al .5—15''S and 
100—115°W; based on 12 cores, some up to 8.5 m long (data afler Bostrom, 1973). 

2 = ranges in concentrations in surface sediments from the Northwest Pacific (north 
of 10°N, west of 1 O.n'-W), ba.sed on 12 sediment cores; many of which were analyzed in 
deiaii. Similar valuî -̂  are found in almost all of the open North Pacific r.orth of 7"N 
(data atter bostrom, t"j7;ij, 

3 = average composition of carbonatites based on 96—164 analyses and adjusted to 
100%. Many carb'inatiles are considerably poorer in Si and Al and richer in Fe, Mn, Ba 
and P (Heinricb, 19(30). 

4 = composition of carbonate lava from Oldoinyo Lengai, Tanganyika. These values 
agree well with those reported by Dawson (1966) and Poole (1963). 

Rise (e.g.. Bender et al., 1971) suggests that our core has had an interesting 
history with re-spect to U and perhaps other elements as well. A number of 
points stand out in particular: 

(1) Although the entire core has a very high U content, the 500-cm 
layer contains an exceptionally high U value of approximately 150 ppm on a 
carbonate free ba.sis. To our knowledge this is the highest U value found for 
any deep-sea sediment, including other sediments on the East Pacific Rise 
and the Red Sea geothermal deposits, which are all thought to result from 
hydrothermal aetivity and which have high U contents compared to other 
pelagic sediment.s. 

(2) The ^^-Th content of our core is essentially insignificant, being le.ss 
than 1 ppm at all depths sainpled. Low -̂"̂ Th contents have been found in 
East Pacific Rise sediments and in the Red Sea geothermal deposits, but not 
as low as the values we find for this core. 

(3) The top 350 cm of the core has "•'"Th^^ values which define a 
sedimentation rate that disagrees with other estimates of the sedimentation 
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Fig.2. Plot of "°Thxs versus depth in the core GS 7202-35. As in Table II, from which 
the data is obtained, "°Th,(j is defined as the difference in activity between ' ' "Th and 
1.4 U . 

Coarse upper line corresponds to best fit by some "good" points (that is, those which 
are characterized by small errors and hy relatively low U concentrations, and hence are 
less likely to be disturbed by postdepositional injections). The expression for this 
regression line is: 

log "<"Ih„ = 3 . 1 3 - 0 . 0 0 5 0 3 / ) ' 

where D is the core dcpih in cm. 
The thin, lower, line has a slope that gives an age of 350,000 years B.P. for the 500 cm 

depth; the expression for this line is: 

log 2 . 2 2 - 0 . 0 0 1 9 4 P 

Although these data points in general are "poor" by above-mentioned criteria, they do, 
nevertheless, harmonize better with other age indicators, see text. 

rate, both by paleontologic and paleomagnetic methods'(Bostr6m et al., 
1974). 

These observations and other known data on this core and its geological 
setting are difficult to reconcile with each other. We will first-discuss to 
what extent postdepositional injections of U-rich solutions can reconcile 
these isotope patterns with other known f-acts, and then discuss how well 
"ordinary" sedimentation and slumping processes can explain the origin of 
these sediments and their U—Th isotope relations. 

The post depositional injection hypothesis 

We will hore discuss the U—Th data in detail in order to learn to what 
extent a postdepositional injection can explain U—Th distribution in this 
sediment. The U content fluctuates considerably throughout the length of 
the core, indicating that, to a varying degree, all depths of the core may have 
been affected by an injection of a U-rich fluid. Particularly high U values are 
found at 32 -37 cm, 200-205 cm, 500-505 cm, and 600-605 cm. All 
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these points have U concentrations exceeding 40 ppm, the highest U value 
being at the 500—505-cm layer (150 ppm), which also has a striking deficiency 
of '^°Th with respect to ""U. This 500-cm level has been dated micropal-
eontologically giving an age of about 350,000 years from the extinction of 
Pseudoemiliariia lacunosa (Bostrom et al., 1974). If the U-rich injection were 
concommitant wilh the deposition of this layer, the '^°Th/^-'''U ratio should 
be within a few percent of equilibrium. However, the actual value is more 
than 30% out of equilibrium, indicating a much later time of injection. 

The time of addition of the U can be roughly estimated, using the 500-cm 
sample. Excluding this vailue, the average U content for the core is 2S ppm 
(CFB) which converts to 1244 DPH. If the age af500 cm is taken to be 
350,000 years, then -^"Th would be a few percent from equilibrium with 
^'*U. If, after this, U was introduced without Th, as seems to be the case, 
then ^^°Th would have to start toward establishing a new equilibrium. The 
time for this start can be estimated by the relationship: 

T = 
tv,"°Th 
0.693 

In 
/ _ A " ° T h \ 
I A"*U / 

which, upon substitution of the "corrected values" becomes: 

DPH "°Th.,oo,™ - D P H " * U , 
= 0.580 

DPH "^Uaooon - DPH "^U^ 

and gives an age of 94,000 years B.P. for the addition of U. The exact 
average in U content for an unaffected state is difficuit io estimate, but 
probably does not vary much; using the extreme variations in reasonable 
averages in U content we obtain intrusion ages of between 90,000 and 
110,000 years B.P. by the above mentioned method. 

Additional anomalies are found deeper in the core at 743—748 cm and 
844—848 cm. Here the "''Th/'-'''U activity ratio should, according to the 
paleontological data, be at equilibrium; yet there is a 107o excess of ^^"Th, 
suggesting that these samples have lost U while others have acquired it. 
As is shown by the data in Table II, the variations are statistically significant. 

We, therefore, conclude that these ob.servations can only be reconciled if 
it is assumed that injection of a U-rich, Th-poor solution occurred in the 
sediments after their deposition. This gentle injection may have represented 
a final phase in the hydrothermal process which produced the ridge 
sediments at this location. 

The "ordinary"sedimentation hypothesis 

am to what, 
ution in this 
the length of 
e core may have 
igh U values are 
05 cm. All 

A few points near the top of the core (0—312 cm) are low in U relative 
to the rest of the core and are not far from the values for East Pacific Rise 
sediments found by other workers (Ku. 1906; Bender et al., 1971; Kraemer, 
1971), which show apparently good radiometric decay curves. In this interval 
(0—312 cm, see Fig.2), where we have positive ""Tli^^ values, a line can be 
drawn which is in reasonable agreement with a sedimentation rate of about 
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0.74 cm/lO-* years. It is also of interest tonote that the samples in this, 
range also contain higher ^•'''U/^ '̂'U activity ratios than the rest of the core, 
even approaching the seawater ratio at the top of the core. These facts could 
be interpreted as support for the hypothesis that these values arc largely 
undisturbed and represent a valid sedimentation rate, the U being derived 
from seawater and undergoing normal radioactive decay. However, extra
polation of the line in Fig.2 gives an age of 630,000 years for the 500-cm 
layer and an age of more than 1.0 m.y. for the 850-cm layer at the bottom of 
the core. These dates conflict with the paleontological date at 500 cm of 
about 350,000 years, ba.sed on the Paeudoemiliania lacunoaa extinction (S. 
Gartner, in Bostrom et a!., 1974). (.-According to S. Gartner, personal com
munication, it is not likely that this age can be ".=;tretched" further back in 
time than about 390,000 years ago.) Furthermore, the crustal age at this 
site should only be about 800,000 years according to magnetic anomaly-
patterns (Herron, 1972). The situation is further complicated by the fact 
that the sediment cover at station GS 7202-35 probably is much thicker 
than 10 m, as is suggested both by the exceptionally good quality of the 
depth recordings and the total lack of "bottoming out" traces on the coring 
device. 

These observations could possibly be explained if we assume that the 
radiometrically determined sedimentation rate for the top 300 cm of the 
core is largely correct, but that a decrease in the sedimentation rate 
occurred somewhere between 500 and 300 cm, which would explain the 
apparent disagreement between the extrapolated radiometric age and the 
paleontological anrl pp-!'̂ om::gnntic ai;e indicators. 

Speculating as to why there should be a change of sedimentation rate 
between 500 and 300 cm, one would envision that sedimentation initially 
was proceeding at a prodigeous rate ber^ause of debouching hydrothermal 
solutions, out of which deposited copious amounts of precipitates rich in 
iron and manganese. 

After a considerable thickness of this material was built up over the hill 
as well'as around the orifice, a slump, perhaps caused by an earthquake, 
clogged the vent, thus drastically limiting the volume of solution which could 
egress directly into the seawater. Thi.s, in turn, built up a pressure within the 
vent which may have been partly relieved by migration of the solutions 
through the previously deposited sediments, enriching them in U, and partly 
may have forced the solutions to ascend through other preexisting vents and 
openings in the basalts into the overlying .sediment blanket. These processes 
also caused considttntble decrease in t:he sedimentation rate at the site in 
question by restricting the lunount of material that could freely enter the 
seawater and subsequently deposit. These proce.sses therefore explain why an 
injection (or several) was forced to take pl'ace. We are unable however, to 
explain the U—Th isotope pattern in this core by exclu.sively resorting to 
"normal" exogenic processes such as sedimentation or slumping; none of 
them could, in our opinion, cause the build-ups of several zones with -̂"̂ Tĥ ^ 
at depth in the core e.g. at 743—74S and 844—848 cm. 
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THE ORIGIN AND NATURE OF THE VOLCANIC EMANATIONS 

The solutions that deposited U in this sediment (and probably also As and 
Hg to some extent, see Fig.l) are most likely produced by volcanic processes, 
but the mechanism by which these ernanations originate is unknown.' 
Seawater may descend into heated lava substratums in the sea floor and 
resurface elsewhere. (Eider, 1965; Bostrom, 1967; Corliss, 1971; Lister, 1972; 
Rydell and Bonatti, 1973) bringing with it material from leaching processes. 
However, leaching of basalt probably does not produce solutions that are 
sufficiently enriched in Fe, Mn, etc., to explain the Fe/Al, Mn/Al, etc., 
ratios observed in the sediments, since hot-v/ater leaching of basalt does not -
descriminate efficiently against Al. This observation is borne out by a large 
number of studies in hot-spring areas in basaltic terrains (Barth, 1950; 
Naboko, 1903). This subject has been di.scussed extensively in Bostrom, 1973, 
pp.191-204). 

Other possible metalliferous solutions would be chloride brines, as found 
in the Red Sea; however, no mid-oceanic evaporite sequences are known that 
would produce brines, nor are there any imprints, like Cl-amphiboles, from 
brines in mid-oceanic rocks (Bostrom, 1973). Furthermore, the U-isotope 
ratios and concentrations in the sediment are very different from correspond
ing values in coatings on submarine volcanoes (Veeh and Bostrom, 1971; 
Rydell and Bonatti, 1973). We, therefore, can only conclude that leaching of 
basaltic crust by seawater or brines is an iinlikely source for U in the 
postdepositional processes described in this paper. The-much higher rate of 
acciunulation for unconsolidated sediments as compared to that of 
concretioniu'y Li'on oxides also s-uggests dificictit modes of oiigin (Bostrom 
etal., 1973). 

Much geological ard physico-chemical evidence suggests that a solution 
rich in carbon dioxide could bring up Fe, Mn, Ba, P, k\, Ti, etc., in the 
proportions observed in East Pacific Rise sediments (Bostrom, 1973). If this 
conclusion is correct, one should also expect U—Th relations to reflect such 
a source. In Tables III and IV it is shown that the element distribution in a 
carbonatitic lava is indeed very similar to what is observed in East Pacific 
Rise sedirnenls. We, therefore, suspect that tho ascending mineralizing solutions 
could have been rich in carbon dioxide, although most certainly not extreme 
enough in composition to warrant the term carbonatitic. This interpretation 
is supported by (1) the extensive carbon dioxide emission during most 
volcanic processes that can be expected at plate edges (Green, 1972), and 
(2) the fact that carbon dioxide can act as a carrier of Fc, .Mn, etc., provided 
the CO. activity is sufficiently large (Puchelt, 1973; Bostrom, 1973). CO. 
is, furthermore, an excellent carrier of U in aqueous phases (see Fig.3). 

Another explai-iation for this postdepositional injection of U-rich 
solutions may be that allhough the early phase of the sediment build-up was 
due to carbonate emanations, later phases of vulcanic activity v/ere charac
terized primarily by hot dilute solutions which were not necessarily very 
rich in Fe and Mn. However, U tends to be strongly enriched over Th in such 
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TABLE IV 

U - T h distribi 

" • U ( p p m ) 
»"Th (ppm) 

tions in sediments and in carbonate 

1 2 

1.04 (ave) 0.98 
35.3 (ave) 6.79 

< 1 0.86 

lava* 

3 

1.15 . 
3 

10 

* Comparison of U and Th i.sotope data for core GS 7202-35 (1), for carbonate lava 
from Oldoinyo Lengai (2) and -for Pacific pelagic sediment far from the East Pacific Rise 
(3), All concentrations are reported on a eaxbonate-free basis. 
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Fig.3. Stability conditions in the .system CO,—H.O—U at 25°C and 1 atm. pressure. The 
operator p represents (a-s in the symbol pH) the negative decadic logarithm for the 
activities of U and C O , " . Note that UO,(CO,) is .stable only in a very limited pU—pCOj'" 
interval; under other conditions U is soluble as a UOj '* complex. Sergeycva ct al. (1972) 
have shown thai such U O . " complexes arc very soluble even at ]50' 'C, indicating that 
carbonate-coupling of U O , " may be a common mechanism to form U-rich solutions in 
Nature. 

solutions, as is indicated by the U/Th ratios in hydrothermal deposits 
(Rodgers and Adams, 1969). This second explanation conforms better with 
traditional viewpoints on the origin of hydrothermal deposits, but introduces 
the complication that early nnd late mineralizing solutions on active ridges 
may be quite different. Possibly these variations are due to preferential loss 
of COj during early stages of the volcanic process. Such processes have 
recently been discussed by Tugarinov and Naumov, 1972, but their 
applicability on the active ridge proce.sses still must be further studied. 

Physico-chemical data for U and Th arid their compounds suggest that 
solutions over a wide range of CO; content can easily transport U (see Fig.3) 
even under highly variable temperature conditions, much more easily than 
Th, which is extiemely insoluble except at very low pH values (Hyde, 1900; 
Pourbaix et al.. 1903; Sergeyeva et al., 1972). Data JorTh and U compounds 
(Sillen and Martell, 1964; Naumov et al., 1971) furthermore show that in 
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for carbonate lava 
the East Pacific Rise 

addition to CO2 (orCOj^" and HCO3" ) also hydroxyl complexes and 
sulfate complexes of UO2** are capable of transporting U in solution, whereas 
analogous complexes for Th are either unknown or have such unfavorable 
free energies of formation that they cannot easily be synthesized and studied. 
This very fact, however, suggests that they are incapable of forming Th-rich 
solutions. 

The lack of crystallinity in the sediment indicates that the introducing 
solutions could not have been very hot; prolonged heating even at 150— 
200°C would probably have converted the amorphous ferric hydroxides to 
hematite (Bostrom et al., 1972), which has not been observed in this core. 

The ascending solutions are seemingly not very reducing. Thus, even at 
depth in the sediment, the ratio Fe/Mn (Fig.l) shov/s very small variations, 
whereas reduction would have caused a large-scale redistribution of Mn 
upwards. This nonreducing condition could be due to mixing of reducing 
ascending solutions by descending oxygenated seawater, forming solutions 
of intermediary oxidation potentials. However, the strong redoxbuffering 
capacity alone of manganese and iron oxides in the sediment would quickly 
nullify the effect of even very reducing solutions as long as their overall 
reducing capacity is small, as often is the case when a dilute solution 
interacts with readily reacting solids (Bostrom, 1965). 

Extent of postdepositional injections on the East Pacific Rise 
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It is remarkable that the foram tests are corroded to the extent they are 
in this core, since the coring site is located well above the carbonate 
compensation depth (Revelle, 1944; Bramlette, 1961; Berger, 1973). In 
the East Pacific such corroded foram tests have been noticed in two general 
areas: 

(1) In sediments from the very crestal areas of the East Pacific Rise, such 
as in the cores Amphitrite 27 (10'''33'S, 110"52'W) and Amphitrite 11 
(7''28'S, 113°32'W), bolh at the Scripps Institution of Oceanography in 
La Jolla, and in core GS 7202-35 (this work). 

(2) In sediments from the Bauer Deep, where extensive dissolution of 
CaCOs can be widely observed even at bottom depths of only about 3500— 
4000 m (Revelle, 1944; Bramlette, 1961; Bostrom and Peterson, 1969; 
Bostrom, 1973; Sayles and Bischoff, 1973). In other East Pacific Rise sedi
raents, even those found only a few hundred kilometers from the spreading 
centre, corrosion of foram tests stxjms to be absent. 

Such anomalous corrosion could be another indication of postdepositional 
injections of solutions into the sediments; corrosion studies of calcareous 
fossils may, therefore, be a fast method to map the extent of the area that 
possibly is affected by postdepositional injections; radiometric methods are 
obviously not ver>' well suited for this task in view of the workload involved. 

Other indications of postdepositional injections and rearrangements of 
matter in the sediments have been reported by Arrhenius (1952); thus 
indurations and remobilizations of the constituents iMn, PjOs and SiOj in 
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the Swedish Deep-Sea Expedition core 41 (at 3''20'S, 97''53'W) were 
interpreted by him as evidence for rising hydrothermal solutions. 

CONCLUSItDNS , 

(1) An 8.5 m long core from the crest of the East Pacific Rise shows 
complex U—Th isotope distributions. The original sediment formed frbm 
rapidly egressing hydrothermal solutions. 

(2) After the formation of an extensive sediment cover postdepositional 
injections of ascending U-rich, Th-poor solutions took place in the 
sediments. The main part of the sediment at 500 cm was deposited at about 
350,000 years B.P., whereas an injection at that level occurred about 
90,000—110,000 years ago. Probably the injection episode was forced by 
slumps that clogged the main orifice for the hydrothermal solutions, which 
therefore were forced to seek other escape paths. 

(3) The ascending solutions show similarities with carbonate emanations, 
that is, they are rich in U and poor in Th; they furthermore .show similarities 
in their Lsotopic ratios. This suggestion is further enhanced by the distrib
ution patterns of Fe, .Mn, Si, .Al, Ti, P, Ba, and REE in both carbonate 
emantions and in active ridge .sediments. Leaching of basalt is probably an 
insufficient source for the high concentrations of U present Ln the core. 

(4) Such postdepositional injection processes may have been occurring 
on a larger scale than earlier realized. 
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PROGRESS REPORT ON THE CHEMICAL ENVIRONMENT 
OF PITCHBLENDE 

V 

by 
Leo J. Mi l le r and Pa-ul F . K e r r 

ABSTRACT 

Severa l reac t ions -which a r e descr ibed involve the reduct ion of 
viranyl ions in acidic solutions to pi tchblende. A s imi l a r i t y exis ts 
between the tex ture of synthetic and na tura l pi tchblende. The syn
thetic pitchblende cons is t s of f ibers which apparent ly rad ia te fronn 
a common cen te r . There is an indication that the c rys ta l l i t e s ize 
of the synthetic pitchblende becomes l a r g e r at higher t e m p e r a t u r e s . 
Oxidized synthetic pitchblende has a sma l l e r la t t ice constant than 
the unoxidized m a t e r i a l . 
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INTRODUCTION 

The purpose of th is r e p o r t i s to review r e s e a r c h on the synthes is 
of pitchblende in the Mineralogical Labora to ry of Columbia Univers i ty 
fromi October 1, 1953 to Apr i l 1, 19.54. The work to date covers the 
init ial s tages of a much b roade r investigation, the objectives of which 
a r e threefold: (1) to invest igate the solutions in which u ran ium ions 
capable of prec ip i ta t ing pitchblende may exist , (2) to define the 
chemica l environment in which pitchblende will p rec ip i t a t e , and 
(3) to study the co r r e l a t i on between the c rys ta l l in i ty and mode of 
aggregat ion of synthetic and na tura l pi tchblende. This paper dea ls 
with ini t ial exper imen t s concerning the chemica l environment in 
which pitchblende will p rec ip i t a te f rom acid solution. 

A REVIEW OF THE LITERATURE 

Between 1824 and 1927 ten chemis t s had successful ly produced 
pitchblende (UO2) in the l abora to ry . F r o m 1927 until the Second 
World War l i t t le exper imenta t ion was conmpleted on the c h e m i s t r y 
of u ran ium oxides . During and after the war a t r emendous quantity 
of l i t e r a t u r e was published concerning UO2. Li t t le of this work has 
a d i rec t bear ing on the synthes is of pitchblende f rom solution, but 
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deals with the dry fusion of sa l t s of u ran ium to produce UO2, UO3 and 
U3O8. 

Arfvedson (1824) obtained UO2 by reduct ion of KUO2CI3 with dry 
hydrogen. Ebe lman (1824) c la imed to have prec ip i ta ted pure cubic 
c r y s t a l s of UO2 f rom NaU04. Pel igot (1824) ignited uranyl sa l t s to 
obtain U3O3, Wbhler (1942) t r ea t ed a solution of (NH4)2 UO4 with 
HCI and an excess of NH3CI and after evaporat ion, fusing and l e ach 
ing obtained U02. Kes s l e r (1857) dissolved UO2 with HNO3 and r e -
p rec ip i t a t ed it with H2S at a t e m p e r a t u r e of 30° C. Z i m m e r m a n n (1880) 
p rec ip i ta ted u ran ium from solution by using e i ther (NH)2S or NH4OH 
at 100° C. Hillebrand (1893) confirmed Wbhler ' s exper iment of 1842. 
Oechsner de Connich (1908) produced UO2 from UO3 • H2O by reduct ion 
with hydrogen at a low r e d heat . Biltz and Muller (1927) p r e p a r e d UO3 
f rom UO4 • XH2O. Katz and Rabinowitch (1951) s u m m a r i z e d the p r e 
cipi tat ion of UO2 by stat ing: "Uranyl sa l t s Cein give UO2 e i ther by 
s t ra ight t h e r m a l decomposi t ion, e . g . , 

U 0 2 B r 2 ^^^^ ^ U02 + B r 2 

or by reduct ion, e. g. , 

UO2CI2 + H2 N. UO2 + 2HC1. " 

Gruner (1952) demons t ra t ed that pitchblende would preicipitate f rom acid 
uranyl solutions f rom 50° C to 215° C by using ei thpr H2S or organic r e 
agents . Lang (1953) published an annotated bibliography on the sol id-
s ta te reac t ions of the u ran ium oxides. 

EXPERIMENTAL PROCEDURE 

Uranyl sulfate solutions sa tu ra ted with a reductant a r e sea led below 
a reducing atmiosphere within thick walled pyrex tubes and heated to a 
d e s i r e d t e m p e r a t u r e within galvanized i ron bombs. The p r e s s u r e of 
these exper iments i s the vapor p r e s s u r e of the liquid and the p r e s s u r e 
of the gas . A high p r e s s u r e reac t ion v e s s e l has been t e s t ed and is now 
being a s sembled for future syntheses of pi tchblende. In this equipment 
va r i ab le s of t e m p e r a t u r e , p r e s s u r e and concent ra t ion can be carefvilly 
control led. 

Hydrogen ion concentra t ion m e a s u r e m e n t s a r e de te rmined by a 
Leeds and Nor thrup pH m e t e r . Additional e l ec t rodes for the m e a s u r e - -
ment of oxidat ion-reduct ion potent ia ls a r e being ca l ib ra ted for future 
use on expe r imen t s . 
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Q u a n t i t a t i v e a n a l y s i s of s o l u t i o n s for u r a n i u m i s a di f f icul t and 
t i m e c o n s u m i n g o p e r a t i o n . F o r t u n a t e l y a C a r y s p e c t r o p h o t o m e t e r 
i s a v a i l a b l e w h i c h c a n be u s e d for r a p i d q u a n t i t a t i v e u r a n i u m a n a l y s i s . 
The i n i t i a l c a l i b r a t i o n c u r v e s of U02"^"*', U+4 and U 0 2 F e ( C N ) 5 ~ ' h a v e 
fo l lowed B e e r ' s l aw and i n d i c a t e an a c c u r a c y of 1% ( T s c h e r n i c h o w 
a n d Guld ina , 1934; Sco t t and Dixon, 1945) . 

T h e p r e c i p i t a t e f r o m p i t c h b l e n d e e x p e r i m e n t s i s a n a l y z e d by a 
P h i l l i p s X - r a y d i f f r a c t o m e t e r . D a t a o b t a i n e d wi th t h i s i n s t r u m e n t 
m a y b e u s e d to calcvi la te the l a t t i c e c o n s t a n t , c r y s t a l l i t e s i z e and 
p a r t i c l e o r i e n t a t i o n . The p a r t i c l e s i z e and f o r m of the p r e c i p i t a t e 
m a y be f u r t h e r e x a m i n e d u n d e r an e l e c t r o n m i c r o s c o p e . 

C H E M I S T R Y O F THE R E A C T I O N S 

The e x p e r i m e n t s to d a t e h a v e b e e n p e r f o r m e d in a c i d s o l u t i o n s 
in w h i c h t h e v e r y s t a b l e u r a n y l ion , U02'*"*" h a s b e e n the chief c o n 
s t i t u e n t . It h a s the p r o p e r t i e s of a doubly c h a r g e d , l a r g e m e t a l l i c 
ion . The t r i o x i d e s of the a c t i n i d e g r o u p of e l e m e n t s , of w h i c h u r a n i u m 
i s a m e m b e r , h a v e a t e n d e n c y to f o r m c o m p l i c a t e d p o l y a c i d s . H o w 
e v e r , due to t h e f o r m a t i o n of the u r a n y l ion in a c i d s o l u t i o n s , and the 
s l i g h t s o l u b i l i t y of t h e d i u r a n a t e s in g e n e r a l , t h i s t e n d e n c y i s p a r t i a l l y 
r e p r e s s e d . The u r a n y l ion, UO2 . f o r m s a s i g n i f i c a n t coup le in a c i d 
s o l u t i o n -with the U " ^ ion a c c o r d i n g to the e q u a t i o n ( L a t i m e r , 1952) 

(1) U02"'"+ + 4H+ + 2 e - = U"^ + 2H2O, E ° = 0. 334 

G i v e n s t i f f ic ient t i m e t h e U " ^ ion p r e c i p i t a t e s a s p i t c h b l e n d e , U02» s o 
t h e e s s e n t i a l r e a c t i o n i s 

(2) U02''""*" + 2e = UO2 ( p i t c h b l e n d e ) , E ° = 0. 334 

C o n f i r m i n g G r u n e r ' s w o r k of 1952, p i t c h b l e n d e h a s b e e n p r e c i 
p i t a t e d f r o m u r a n y l su l f a t e s o l u t i o n s by the u s e of h y d r o g e n su l f ide 
g a s a t t e m p e r a t u r e s b e t w e e n 50°C and 233°C w i t h e s t i m a t e d p r e s s u r e s 
f r o m 0. 1 t o 29 a t m o s p h e r e s (Exp . 1 t h r o u g h 15). It h a s b e e n found 
t h a t a c a t a l y s t i s n o t n e c e s s a r y and the r e a c t i o n i s e s s e n t i e d l y 
( s e e E x p . 1 , 2 . 3 ) : 

(3) H2S + U02'^"'' + 4H+ = S + UO2 + 2H2O, E ° = 0. 193 

An e x p e r i m e n t w a s d e s i g n e d to s e e if t he ox ida t i on of the su l f ide 
ion t o su l fu r w a s t h e only s o u r c e of e l e c t r o n s in t h e r e a c t i o n (Exp . 8). 
I t i s t hough t t h a t t h e su l f ide ion cou ld be o x i d i z e d to t h e su l f a t e ion 
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thus giving up 8 e l ec t rons . The exper iment designed to t e s t this hypo
thes i s failed. Another exper iment is now being a t tempted. 

Pi tchblende was also prec ip i ta ted f rom uranyl sulfate solutions 
containing sodium sulfide (Exp. 11). This reac t ion is s imi l a r to 
equation (3) since Na2S hydrolyses in water to fo rm H2S. 

Sulfur dioxide readi ly reduces the uranyl ion according to the 
genera l equation (Exp. 15): 

(4) UO2++ + SO2 + 2H2O = UO2 + H2SO4 + 2H+ 

Unlike equation (3) E ° has not been me a s u re d . Sulfur is not p rec ip i ta ted 
in this r eac t ion since sulfur goes fronn a +4 to a +6 polar cha rge . 

F e r r o u s sulfate failed to reduce the uranyl ion (Exp. 2). Theore t 
ical ly the f e r rous ion should prec ip i ta te pitchblende due to the re la t ive ly 
high potential difference of the reac t ion in compar i son with the H , H2 
e lec t rode . The equation i s : 

(5) U02''"'" + 2Fe"*""'' + 4H+ = U"^ + 2Fe"'"3 + 2H2O, EO = 0. 436 

This reac t ion will be invest igated in future exper imen t s . 

THE PITCHBLENDE PRECIPITATE 

In ce r t a in exper iments pitchblende formed at the in terface between 
the liquid and the gas as sheets of hemispher i ca l globules (Plate 5). 
The shee ts had a downward bend, due to the cu rva tu re of the m e n i s c u s . 
Globules were a t tached to the tinder side of the sheet with the convex 
surface facing do-wn. This botryoidal tex ture is s i m i l a r to the t ex tu re 
of the pitchblende at the Eldorado mine . Grea t Bear Lake , Canada (Kidd 
and Haycock, 1935). The globules range in size from 50 mic rons in 
d iamete r p rec ip i t a t ed at 190o C (Exp. 3) to 9 mic rons p rec ip i t a t ed at 
135° C. They a r e in ternal ly banded with two shades of gray . The au
thors have observed this sanne banding in pitchblende spec imens f rom 
deposi ts of the F r o n t Range and Grea t Bear Lake . Fur ther^ inves t iga t ion 
may shed some light on the different types of pitchblende Kidd and Hay
cock r e p o r t f rom the l a t t e r u ran ium d i s t r i c t . 

The globules of pitchblende when viewed beneath the e lec t ron m i c r o 
scope have a f ibrous s t ruc tu re (Sciacca, P a r t II of this Repor t ) . The 
s ize of the f ibers v a r i e s with the amount of crushing in the sample 
p repa ra t ion . Also, they may va ry in s ize due to a difference in tennper-
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a ture of precipi ta t ion but this r e m a i n s to be proven. One of the 
l a r g e r f ibers m e a s u r e d is over 4 m i c r o n s long and 1/2 a m i c r o n wide. 
A suitable hypothesis for pa r t i c l e or ientat ion would be that the f ibers 
a r e a r r a n g e d in a radictl pa t t e rn in r e s p e c t to the cen te r of the h e m i 
spher ica l globule. The rad ius of many of the snnaller h e m i s p h e r e s 
is 4 m ic rons which is in ag reemen t with the above m e a s u r e d fiber 

. l eng ths . 

The X - r a y data a r e d i scussed m o r e fully in P a r t II of this Annual 
Repor t by Will iam Croft. ^.^ this point it will suffice to desc r ibe a 
few genera l co r re la t ions between s t r u c t u r e , s i z e and environment of 
precipi ta t ion . 

The la t t ice constant , 5.467 R ^ 0. 002 R, of the synthetic p i tch
blende is r emarkab ly l a r g e . This is probably due to the pur i ty of the 
m a t e r i a l and t e m p e r a t u r e of precipi ta t ion (Exp. 1). The above pi tch
blende was prec ip i ta ted at 215° C while at lower t e m p e r a t u r e s the 
la t t ice constant i s near 5.461 .^ 1 8 A (Exp. 1, 5). 

One of the mos t significant changes is the var ia t ion in c rys ta l l i t e 
s ize with t e m p e r a t u r e . The s ize r anges f rom 100 A at 135 C to 500 R 
at 215° C (Exp. 1, 5). As more exper imenta l data a r e accumulated a 
cor re la t ion between c rys t a l l i t e s ize and t e m p e r a t u r e of prec ip i ta t ion 
may be rea l i zed . 

Synthetic pitchblende formed at 233°C under oxidizing conditions 
has a sma l l e r la t t ice constant but the s ame crystetllite s ize as pitchblende 
formed at 215°C under reducing conditions (Exp. 1, 8). Assuming that 
the snnall t e m p e r a t u r e difference is unimportant , oxidation is probably 
the r e a s o n for the snnall l a t t ice constant of oxidized na tura l pitchblende 
(Cohen, P a r t II of this Repor t ) . 

INTERPRETATION OF RESULTS 

It has been demons t r a t ed by Gruner (1953) and confi rmed in this re
por t that pitchblende is r ead i ly prec ip i ta ted by hydrogen sulfide. Many 
field geologists have indicated the assoc ia t ion of organic m a t t e r with 
pitchblende (Gruner et al , 1953; Mil le r , 1953). It is evident that one 
poss ib le nnechanism for the concentra t ion of pitchblende in na tu re is 
the contact of acid solutions of uranyl ions with decaying or decayed 
organic m a t t e r . The t e m p e r a t u r e of the solutions is impor tan t only in 
the sense of speeding up the reac t ion and shifting the equi l ibr ium of 
equation (3) to the r ight . 
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Bain (1953) felt that many Colorado P la teau pitchblende deposi ts 
w e r e formed by p r o c e s s e s of secondary enrichnnent. Near the out
crop pitchblende has a high ^ ^ 3 ra t io and in this condition is m o r e 

UO2 
suscept ib le to leaching by acid ground wate rs (Phair and Levine, 
1953). If these wa te r s mig ra t e into an environment of hydrogen su l 
fide such as miight be p r e sen t in pe t ro l i ferous regions (Gruner , 1952) 
pitchblende will p rec ip i ta te and given sufficient t ime nnay form a 
r i ch " secondary" ore deposit . 

Bi 

Bi 

The exper iments have dennonstrated that sulfur dioxide will p r e 
cipi tate pi tchblende. That sulfur dioxide is a comnnon gas in volcanic 
and hot spr ing a r e a s has been demons t ra ted by severa l geologists 
(Graton, 1945). It is poss ib le , the re fore , that uranyl solutions mixing 
with SO2 can be one mechan i sm for the emplacement of hydro the rmal 
vein pitchblende such as is p r e s e n t in the Marysvale d i s t r i c t (Kerr et 
a l , 1953). 
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APPENDDC C 

Laboratory Experiments in the Synthesis of Pitchblende 

X-ray data are absent in several of the following tables 

because insufficient pitchblende precipitated during the ex

periment for complete analysis. Experiments 4, 7, 9, 10, 

13 and 14 are not included since they either do not add any 

new concepts to the report or they are still in progress . 

f i 
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EXPERIMENT #1 

Conducted 12 /8 /53 

P u r p o s e 

The exper iment was designed to make synthetic pitchblende follow
ing Gruner (1952). The purpose was also to invest igate the product 
produced and in t e rp re t the conditions of fornnation in ternns of na tu ra l 
occu r r ence . 

P r o c e d u r e 

A concentra t ion of 0. 273 M UO2SO4 • 3H2O and 0. 043 M FeS04 • 7H2O 
in 0. 0372 N H2SO4 sa tu ra ted with H2S was heated in a sea led purex tube 
within am i ron bomb at 215°C for 48 hours and allowed to cool. 

Resu l t s 

Pi tchblende sepa ra t ed out into a dual p rec ip i t a t e ; a fine brown powder 
below and a black c r u s t above. Powder photographs of the brown and the 
black pitchblende a r e ident ical . On standing free f rom the l iquor the 
brown turned black. The solution above the p rec ip i ta te was not analyzed 
quanti tat ively. Qualitative analys is with potassiunn fer rocyanide gave a 
posit ive t e s t for i ron and a negative t e s t for u ran ium was obtained using 
the sal t of phosphorus bead. Spec t romet r i c data gave a la t t ice constant 
near 5.467 t . 001 .S. 

Analytical Data 12 /30 /53 

Reagents 

U02S04- 3H2O, C P . 

FeS04 • 7H2O, Analytical 

H2S 

H2SO4, C P . 

Star t ing Ending Temp. P r e s s u r e Time of P r ec ip i t a t e Remaining 
pH pH of exp. of exp. exp. s olution 

1.73 acid 215°C Es t ima ted 
21 a t m o s -
phe re s 

48 Pi tchblende (Fe, U, SO4"") 
h r s . (UO2) 

Announts 

1. 1480 g m s . in 
10 nnl. of solution 

0. 120 g m s . in 
10 ml . of solution 

Unknown 

5 m l . 

Concentra t ions 

0 .273 M 

0. 043 M 

Sa tura ted 

0.0372 N 
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EXPERIMENT #1 

Spec t romete r Data 

hk l ( a ) 2 0 

111 
200 
220 
311 
222 
400 
331 
420 
422 

333 
511 

440 

531 

600 
442 

620 
533 
622 

28.26 
32.74 
46 .98 
55 .73 
58 .45 
68.61 
75.79 
78. 13 
87.30 

94. 11 

105. 68 

112.90 

115.40 

126.00 
134.98 
138.28 

10.1 
5 .1 
5 .4 
4 . 7 
0 .9 
0 .9 
1.6 
1.3 
1.2 

1.4 

0 .5 

1.4 

0.8 

0 .9 
0.7 
0.7 

d 

3.1552 
2.7329 
1. 9327 
1. 6483 
1.5778 
1.3668 
1. 2543 
1. 2224 
1. 1159 

la t t ice 

5.465 
5.466 
5.466 
5.467 
5.465 
5.467 
5.467 
5. 467 
5.467 

Crys ta l l i t e 
s ize A 

532 
898 
608 
632 
798 

1290 
725 
454 
442 

1. 0523 

.96649 

.92422 

.91125 

5.468 

5.467 

5.468 

5.468 

545 

483 

406 

438 

.86447 

.83377 

.82428 

5.468 
5.467 
5.467 

566 
438 
498 

Supplementary Data on F i le 

X - r a y pa t t e rns (Rm. 417 Sche r . ) 
(1) 2 pa t t e rns of Exper imen t #1 UO2 

X - r a y di f f ractometer curves (Rm. 417 .Scher . ) 
(1) 1 curve of Exper imen t #1 UO2 

E lec t ron Micrographs (Rm. 417 S c h e r . ) 
(1) 5 p ic tu res of Exper imen t #1 UO2 

f-
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EXPERIMENT #2 

Conducted 12 /30 /53 
P l 

P u r p o s e 

The exper iment was designed to d iscover if H2S was r e q u i r e d for the 
prec ip i ta t ion of UO2 from a uranyl su l fa te - fe r r ous sulfate solution. 

P r o c e d u r e 

A concentra t ion of 0. 273 M UO2SO4 • 3H2O and . 043 M F e S 0 4 • 7H2O 
in 0. 0372 N H2SO4 without H2S was heated in a sea led py rex tube within 
an i ron bomb at 215°C for 48 hours and allowed to cool. 

sa 

Pr 

I 
I 

sa: 
at, 

1-

Re 

Resu l t s 

The solution r e m a i n e d yellow with a flaky r e d p rec ip i t a t e at the 
bottom and on the walls of the tube. The r e d m a t e r i a l is believed to be 
hemat i t e but was not p rec ip i t a t ed in sufficient quantity for X - r a y e x a m 
ination. The exper iment indicated that Fe+'' ' in itself will not p rec ip i ta te 
UO2 f rom a uranyl sulfate solution. The exper iment will be r epea ted at 
a l a t e r date to de te rmine the na tu re of the r e d p rec ip i t a t e . 

Aneilytical Data 

Reagents 

U02S04- 3H2O, C P . 

Amounts 

1. 1480 g m s . in 
10 m l . of solution 

Concentra t ions 

0. 273 M 

F e S 0 4 ' 7H2O, Analyt ical 0. 120 g m s . in 0. 043 M 
10 m l . of solution 

HoSO^, C P . 

ani 
o f 
hai 
ex] 

t 
An 

Sta 
pi 

5 m l . 0. 0372 N 

Steirting Ending Tennp. P r e s s u r e of Time of P r e c i p i t a t e Remaining 
pH pH of exp. exp. exp. solution 

1.73 acid 215°C E s t i m a t e d 
21 a t m o s 
p h e r e s 

48 h r s . P robab ly UO2 , SO4 
F e 2 0 3 F e 

SCO 

hen 
dial 
larj 
the 
flee 
ing 
ace 
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EXPERIMENT #3 

Conducted 1/4/54 
Purpose 

The exper iment was designed to d iscover if a uranyl sulfate solution 
sa tu ra ted with H2S would p rec ip i t a te UO2 in the absence of Fe++. 

P r o c e d u r e 

A concentra t ion of 0. 249 M UO2SO4 • 3H2O in 5 m l . of 0. 0372 N H2SO4 
sa tu ra ted with H2S was hea ted in a sealed pyrex tube within an i ron bomb 
at 190°C for 115 hours and allowed to cool. 

Resu l t s 

Solids sepa ra ted out into a dual p rec ip i t a t e ; a fine brown powder below 
-and a black c r u s t above. Although the tube has not been open at the tinne 
of this -writing it s e e m s l ikely that the m a t e r i a l is U02 . The p rec ip i t a te 
has the ident ical fo rm of the UO2 in Experinnent # 1 . It appea r s from this 
exper imen t that Fe"*""*" is not needed for the prec ip i ta t ion of pi tchblende. 

Analytical Data 

Reagents 

UO2SO4. 3H2O, C P . 

HzS 

H2SO4, C P . 

Amounts 

1. 0470 g m s . in 
10 nnl. of solution 

Unknown 

5 m l . 

Concentrat ions 

0. 249 M 

Satura ted 

0. 0372 N 

Star t ing Ending Temp. P r e s s u r e of Time of P r e c i p i t a t e Remaining 
pH pH of exp. exper iment exp. solution 

1.73 acid 1900c Es t ima ted 
12 a tmos . 

115 h r s . P robab ly 
UO2 

Clea r 

1/6/54 

An examinat ion of the synthetic pitchblende under the pe t rograph ic mic ro• 
scope r evea led that the prec ip i ta te cons i s t s of ha rd black c r u s t s made up of 
hemisphe r i ca l globules . The h e m i s p h e r e s a r e on the o rde r of 0. 05 m m . in 
d i ame te r . The in te rna l s t r u c t u r e appea r s to be banded and suggests a s i m i 
l a r i t y to the botryoidal pi tchblende o c c u r r e n c e s at Grea t Bear Lake and in 
the F ron t Range. At tempts to polish the m a t e r i a l for study under the r e 
flecting mic roscope were unsuccessful . It is hoped that with bet ter cement 
ing m a t e r i a l this technique may be used . A photomicrograph of the c rus t , 
accompanies th is m e m o r a n d u m . 
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EXPERIMENT #5 

Conducted 1/10/54 

P u r p o s e 

The exper iment was designed to t e s t the difference, if any, between 
pitchblende formed at 135° C and that formed at 215° C. 

P r o c e d u r e 

A concentra t ion of 0. 249 M UO2SO4 • 3H2O in 0. 0372 N H2SO4 sa tu ra ted 
with H2S was heated for 39 hours at 135° C in a sea led pyrex tube and 
allowed to cool. 

Re stilts 

A black prec ip i ta te of. pitchblende formed on the bottom of the tube. 
The solution was a yellowish g reen indicating that the reac t ion had not 
gone to complet ion at the lower t e m p e r a t u r e . The X - r a y diffractometer 
curve has not been completely m e a s u r e d at the t ime of this wri t ing. A 
m a r k e d line broadening is p re sen t which indica tes , s ince the m a t e r i a l 
is p u r e , a snnaller c rys ta l l i t e s i ze . Severa l exper iments will be run to 
conf i rm and poss ib ly extend this observat ion over a wider t e m p e r a t u r e 
r ange . 

Anal-ytical Data 

Reagents 

UO2SO4 • 3H2O, C P . 

H2S 

H2SO4, C P . 

Amounts 

1. 0470 gms . in 10 
ml . of solution 

Unknown 

2 m l . 

Concentrat ions 

0. 249 M 

Satura ted 

0. 0372 N 

Star t ing Ending Temp. P r e s s u r e of Time of P r ec ip i t a t e Remaining 
pH pH of exp. exper iment exp. solution 

1.73 acid 135°G Es t ima ted 39 h r s . Pi tchblende Yellow-
3 a tmos . (UO2) g reen 

4 

5 

6 

i 
6| 
5! 

I 

6 
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Supplement to 

Expe r imen t #5 

The c rys ta l l i t e s ize of the pitchblende c rys ta l l i zed in this e x p e r i 
ment is on the o rde r of 100 Angs t rom units as connpared to 500 Angs t rom 
units for Exper imen t # 1 . The lat t ice constant is a l so s m a l l e r by about 
. 007 Angs t rom uni ts . The data on c rys ta l l i t e s ize computed for var ious 
l ines follows: 

Spec t romete r Data 

I 

hkl 

111 
200 
220 
311 
222 
400 
331 
420 
422 

333 
511 

440 
531 

600 
442 

620 
533 
622 

2J 

28.25 
32.80 
47 .00 
55.80 
58.42 
68 .75 
76 .00 
78.30 
87.52 

94 .45 

106.00 
113.27 

115.6 

126.5 
135.7 
139.0 

Î  

10. 
4 .62 
6. 14 
4 .90 
0 .95 

- -

1.81 
1.67 
1.79 

1.81 

1.61 
- -

- -

1.06 
- -

- -

d 

3. 1574 
2.7281 
1.9317 
1.6461 
1.5783 
1. 3644 
1.2511 
1.2200 
I. 1137 

1. 0494 

.96445 

. 92230 

.91025 

.86294 

.83192 

.82232 

la t t ice 

5.469 
5.456 
5.463 
5.460 
5. 467 
5.458 
5.464 
5.456 
5.456 

5. 453 

5. 466 
5.456 

- -

^ ̂  

- -

- — 

c rys ta l l i t e s ize 

109 
140 
113 
121 
168 

— 

82 
117 
102 

97 

143 
- -

_ -

101 
- -

— -

I 
I 

I 
\ 
k 

n 
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EXPERIMENT #6 

Conducted 1/30/54 

P u r p o s e 

The exper iment was designed to prec ip i ta te pitchblende at 50°C in 
sufficient quantity to ca lcula te the c rys ta l l i t e s i ze . 

P r o c e d u r e 

A concent ra t ion of 0. 2088M UO2SO4 • 3H2O in 0. 0372 N H2SO4 
sa tu ra t ed with H2S was heated in a sea led pyrex tube at 50°C for 5 days . 

Re stilts 

A sma l l amount of black m a t e r i a l , probably pi tchblende, was mixed 
with a smal l amount of a chalky bro-wn p rec ip i t a t e . Nei ther p rec ip i ta te 
was in sufficient quantity for a posi t ive identification. The solution was 
a g reen i sh yellow. The pH had i nc r ea sed 0. 30 uni t s . This exper iment 
i s at p r e s e n t being r epea t ed as Expe r imen t #9 for a longer tinne. 

Analytical Data 

Reagents 

U02S04- 3H2O, C P . 

H2S 

H2SO4, C P . 

Announts 

Unkno-wn 

5 m l . 

Concentrat ions 

8. 7748 g m s . in 100 0.2088 
m l . of solution 

Satura ted 

0 .0372 N 

Star t ing Ending Temp . P r e s s u r e of Time of P r e c i p i t a t e Remaining 
pH pH of exp. experinnent exp. solution 

1.73 2.03 50° C E s t i m a t e d 5 days P robab ly 
0. 1 a t m o s . UO2 and 

sulfur 

Yellow-
green 
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P u r p o s e 

EXPERIMENT #8 

Conducted 1/29/54 

The exper iment was designed to de te rmine if the HS~ and S~" ions 
w e r e the only source of e lec t rons in the solution for the reduct ion of 
U02"*'" .̂ Theore t ica l ly the 6. 10 x 10'"^ moles of H2S added should p r e 
cipi tate 6. 10 X 10"^ moles of UO2 according to the equation: 

H2S + UO2 _v 2H+ + S + UO2 

P r o c e d u r e 

A concentra t ion of 0. 2088 M UO2SO4 • 3H2O in 0. 0372 N H2SO4 
sa tu ra t ed with H2S was heated in a sea led pyrex tube w^ithin a m i c r o 
r eac t ion v e s s e l at 233° C for 17-1/2 hours and allowed to cool . 

Resu l t s 

The bomb broke during the exper iment . This b reakage allowed the 
H2S to escape and consequently the UO2 p rec ip i t a t ed in an oxidizing en
vi ronment . The authentici ty of the above equation will be invest igated 
in future expe r imen t s . 

The significant r e su l t , however, is that X - r a y m e a s u r e m e n t s show 
that the pitchblende which prec ip i ta ted in the oxidizing a tmosphe re has a 
sma l l e r la t t ice constant than pitchblende produced in a complete ly r e 
ducing environment by previous expe r imen t s . The oxidized pitchblende 
has a la t t ice constant c lose to 5.434 A w h i l e the reduced pitchblende has 
a la t t ice constant nea r 5.467 R. 

I 
* • 

Analytical Data 

Reagents 

U02S04- 3H2O, C P . 

H2S 

H2S.O4. .9J^_:. 

Amounts 

8. 7748 g m s . in 
100 m l . of solution 

6. 10 X 10""* moles 

5 m l . 

Concent ra t ions 

0. 2088 M 

Sa tura ted 

0. 0372 N. 

Star t ing Ending Temp. P r e s s u r e of T ime of P r e c i p i t a t e Remaining 
pH pH of exp. exper iment exp. solution 
1.73 2.03 2330 c Es t ima ted 

29 a tmos . 
17 -1 /2 

h r j . 
UO2 and 

sulfur 
C lea r p o s 
itive t e s t 

for U 
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Spec t rome te r Data 

a = 5.434 + .007 

hkl 

111 

200 

220 

311 

222 

400 

331 

420 

422 

333 
511 

440 

531 

600 
442 

620 

533 

622 

2 6 

28 .43 

32.97 

47 .30 

56 .09 

58 .86 

69. 18 

76 .32 

78 .68 

87 .97 

94. 88 

106.5 

113.9 

116.5 

127.3 

136.7 

140.2 

d 

3. 1378 

2.7136 

1.9201 

1.6385 

1.5676 

1.3568 

1.2466 

1.2151 

1. 1092 

1. 0457 

0.9619 

0.91946 

0.90628 

0.85993 

0.82900 

0.81916 

Lattice 

5.435 

6.427 

5.430 

5.435 

5.430 

5.427 

5.434 

5.434 

5.434 

5.433 

5.441 

5.439 

5.438 

5.439 

5.436 

5.433 

Lat t ice Crys ta l l i t e s ize R 

516 

595 

410 

382 

m^9 !̂kf̂ §mm^Miî î !(̂ ^Wf̂ m^k^ 
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EXPERIMENT #11 

Conducted 2 /12 /54 
Purpose 

The exper iment was conducted to de te rmine if Na2S was capable of 
precipi ta t ing pitchblende f rom solution. Sodium sulfide will r e a c t with 
water to give one mole of hydrogen sulfide which in t u rn should reduce 
the uranyl ion to pitchblende: 

Na2S + 2H2O « - H2S + 2NaOH 

P r o c e d u r e 

To a solution of 0. 2088 M UO2SO4' 3H2O was added 0. 06744 M NA2S. 
9H2O. This solution was heated at 205°C for th ree days within a sea led 
pyrex tube. 

Resul t s 

A l a rge amount of leaf- l ike pitchblende formed on the bottom of the 
tube. Not enough prec ip i ta te was available for a complete analys is by 
the X - r a y spec t rome te r but there was an adequate supply for identif icat ion. 
The change in hydrogen ion concentra t ion will be m e a s u r e d at a l a t e r date . 

Analytical Data 

Reagents Amounts C one e ntr at ions 

U02S04 • 3A2O, C P . 

Na2S- 9H2O, C P . 

H2SO4, C 

T e m p e r a t u r e 
of exper . 

205° C 

. P . 

P r e s s u r e of 
exper . 

Es t ima ted 
14 a t m o s . 

8.7748 gms . in 100 
m l . of solution 

0. 1620 gms . in 10 
m l . of solution 

5 m l . 

T ime of 
exper . 

3 days 

0. 

0. 

0 . 

P r e c i p i t a t e 

UO2 

2088 M 

0674 M 

0372 N 

Solution 

Yellow U+6 

s^^,ifi" 
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EXPERIMENT #15 

Conducted 3 /12 /54 

P u r p o s e 

The exper imen t was designed to p rec ip i ta te pitchblende by reduct ion 
with SOg. Theore t ica l ly SO2 should be oxidized in an aqueous solution 
the reby r e l ea s ing 2 e lec t rons for the reduct ion of the UO2 ion. 

SO2 + 2H2P 

P r o c e d u r e 

-^ H2SO2 + 2H'*' + 2e 

A concentra t ion of 0,4070 M UOg SO4 * 3H2O sa tu ra t ed with SO2 was 
sea led in a py rex tube and hea ted at 209° C.. 

Resu l t s 

The expe r imen t i s s t i l l in p r o g r e s s . A cons iderable amount of a 
black prec ip i ta te formed at the end of th ree days . The solution is g reen , 
wKich indicates tha t reduct ion has taken p lace and the b lack m a t e r i a l is 
probably U 0 2 . 

Analyt ical Data 

Reagents 

UO2SO4 • 3H2O, C P . 

SO^ 

-Amounts 

Unknown 

C one entr ations 

85. 4950 g m s . in 500 0, 4070 M 
m l . of H2O 

Sa tura ted 

H2O .5 m l . 

•Start ing T e m p e r a t u r e P r e s s u r e of Time of P r e c i p i t a t e Solution 
jpH of exper , exper . exper.. 

1. 21 209° C E s t i m a t e d Still in P robab ly G r e e n 
14 atnnos. p r o g r e s s UO2 U*" 

i^^fe!a^gffiiaBSSSW»«i<ffl%»5M!«B» 
iiFwjj.'ujr-*^. 
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R E L A T I O N S H I P B E T W E E N ' P R E S S U R E A N D M O I S T U R E C O N T E N T OF 
K A O L I N I T E , I L L I T E , A N D M O N T M O R I L L O N I T E CLAYS' 

GEORGE V. CHILINGAR' AND LARRY KNIGHT> 
Los Angeles, CaUfomia 

ABSTRACT 
High-pressure compaction studies (up to 200,000 psi) were conducted on kaolinite, illite, and mont

morillonite clays and a natural organic coUoid of Iranian origin, gum tragacanth. The remaining moisture 
content in per cent (dry weight) was plotted versus the logarithm of pressure in psi. For kaolinite clay 
there is a straight-line relationship between 40 and 200,000 psi (M = 33.9—5.96 log P), and for illite day 
the relationship between the moisture content (per cent) and pressure (psi) can be expressed by the for
mula ^/•= 50—8.7 log/*.For montmorillonite clay,on the other hand, there isabreak in the curve at about 
1,000 psi, and from 1,000 to 200,000 psi the curve is a straight line: Jf= 104-18.06 log P. Fof gum 
tragacanth, moisture versus pressure curve has a "hyperbolic" shape; and it appears to be harder to 
squeeze water out of the crystalline clays than it is from the amorphous gel at low pressures. The moisture 
versus pressure curves of the more plastic (higher swelling) clays have steeper slopes than those df the clays 
having low plasticity; however, much longer time is needed for the establishment of equilibrium in more 
plastic clays. 

INTRODUCTION 

An excellent discussion of the problem of com
paction of sedirnents was presented recently in 
the articles of Weller (1959), Rubey and Hubbert 
(1959), and Hubbert and Rubey (1959). These 
papers also contain a comprehensive bibliog
raphy on the subject. 

As pointed out by Rubey and Hubbert (1959, 
p. 174), in geology the problem involves the com
paction of clays which are deposited as sediments 
in the geosynclinal basins; and with the progres
sive sedimentation the imposed loads could range 
from zero up to the weight of several miles of 
superposed sediments. The compaction of clays 
in response to the tectonically applied huge com
pressive forces is a related problem. Rubey and 
Hubbert (1959, p. 174) further state that "The 
magnitude of the stresses involved, and the degree 
of compaction produced, is thus in a range far 
beyond the limits for which laboratory data are 
available." The review of the Russian literature 

' Manuscript received, July 31, 1959. 
' Associate Professor, Petroleum Engineering Depart

ment, University of Southern Califorma. 
' Graduate student, Petroleum Engineering Depart

ment, University of Southern California. 
The help e.'ctended by H. C. Heard and D. T. Griggs 

in designing, building, and calibrating the apparatus 
was indeed invaluable in carrying the present study to 
completion. The writers also express sincere apprecia
tion to the foUowing scientists for their helpful sug
gestions: C. M. Beeson, K. 0. Emery, R. E. Grim, 
\V. D. Keller, W. Orr, and H. Brandt. The present re
search would have been impossible without the A.A.P.G. 
research grant-in-aid. 

by the writer, hovvever, revealed that some high-
pressure compaction studies (up to 5,000 
kg./cm.") have been made by Lomtadze (1954). 
I t is indeed unfortunate that no descriptioii of the 
apparatus, techniques used, or the mineralogic 
type of clays used appears in his article. Thus it 

'was impossible to evaluate his results. 
In the present work, the writers studied the 

relationship between the moisture content (in 
per cent) and the applied pressure frora 40 to 
200,000 psi for kaolinite, illite, and montmoril
lonite clays. For comparison, a natural organic 
colloid of Iranian origin, gum tragacanth No. 11, 
was also studied, because of the familiarity of the 
writer with organic colloids (Tchillingarian, 1950). 

NATURE OF HYDRATION OF GUMS AND CLAYS 

The Einstein equation for the viscosity of dilute 

dispersions of spherical particles is: 

p. = ^o(l -1- 2.5.̂ ) 

where yu, is the viscosity of the dispersed system, 
/io is the viscosity of the dispersion medium, and 
4) is the ratio of the volume of dispersed phase to 
the volume of the sol. This equation, however, 
does not seem to apply to natural organic, hydro-
philic colloids. I t also does not apply to clays. For 
example, according to the results obtained by the 
writers a sol containing 1.2% of gum tragacanth 
has a viscosity of 37 centipoises, whereas accord
ing to the Einstein formula the viscosity should 
be only 1.03 centipoises 

1.2\ 

SUBJ 
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I 
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This discrepancy indicates that the tragacanth 
particles have taken up large amounts of water, 
thus increasing tl-ie volume of the dispersed phase. 
The viscosity of the sol usually increases with 
time, which indicates further swelling and growing 
of the particles. In accordance with the Einstein 
equation, in the foregoing case of 37 centipoises 
viscosity of the sol, it is necessary for the total 
volume of the particles of the dispersed phase to 
be about 1,200 times that of the dry tragacanth. 
I t is not known with certainty whether the par
ticles take up the water like a sponge or whether 
they become surrounded by thick layers of water 
molecules. 

SimDarly, a mud sample containing 27 per cent 
by weight of kaolinite clay had a viscosity of 3 
centipoises, showing that the volume of the dis
persed phase (hydrated clay) is about 7.3 times 
that of the dry clay. For a mud containing 2.7 
per cent by weight of bentonite, the viscosity was 
2.9 centipoises. This indicates that the volume of 
hydrated bentonite is about 28.2 times that of the 
volume of dry clay. In the foregoing calcula
tions a specific gravity of 2.5 was assumed for 
clays. Obviously, the calculated values are not 
absolute. 

In the opinion of Ralph E. Grim (personal com
munication) the water adsorbed immediately on 
the surfaces of the clay minerals is composed of 
oriented water molecules. The distance that such 
"oriented" water extends from the day mineral 
surfaces depends on the nature of the day min
eral, the nature of the adsorbed cations, and, per
haps, on the presence of organic matter. The 
water present in pores at considerable distances 
from the surface is not oriented, or in other words 
it is a "liquid" water. According to Grim (personal 
communication), in some cases there is a gradual 
transition from the non-oriented water to ori
ented water on proceeding toward the day min
eral surface; whereas in the other cases there is a 
sharp transition in the character of the water. For 
example. Grim believes that there is a gradual 
transition in sodium montmorillonite and a more 
abrupt transition in calcium montmorillonite. . 

NATURE OF COMPACTION OF CLAYS 

The compaction of days possibly occurs in 
three stages: (1) squcczing-out of the interstitial 
water as the grains of day minerals come in con
tact, (2) development of closer packing due to the 
rearrangement of grains, and (3) deforraation of 

grains and further reduction in porosity (Weller, 
1959, p. 273). • 

In as much as the day particles are very small 
and flaky in shape, they form spongy aggregates 
which are easily deformed. Terzaghi and Peck 
(1948, p. 74) illustrate the mechanism of.compac--
tion of day aggregates by means of a cylindrical 
vessel with a series of perforated plates, which are 
separated by springs from one another. The height 
of the springs between the plates is first un
changed after the application of pressure to the 
uppermost plate, because the escape of water 
through the perforations requires some time. At 
the beginning, therefore, the'applied pressure is 
supported by the interstitial water. As the water 
escapes, however, the uppermost plate moves 
downward and the springs begin carrying part of 
the applied load. Eventually, upon the escape of 
sufficient water the springs attain their compac
tion equilibrium and all of the applied load is 
carried by the springs. At this time the pressure 
on the water is simply hydrostatic. 

As shown by Rubey and Hubbert (1959, p. 
173), the load 5 is supported by the grain-to-
grain bearing strength o- of the day aggregates to
gether with the fluid pressure^. Thus, a = S—p. A 
measure of the degree of'compaction of a clay is 

• its remaining moisture content M; and for each 
value of M there is a maximum value of compres
sive stress a which the day can support without 
further compaction, namely, M=^(cr). 

APPARATUS AND EXIERXMENTAL PROCEDURE 

The apparatus which is shown in Figures 1 and 2 was 
built, tested, and calibrated by Hugh C. Heard of the 
Institute ol Geophysics, University of California at 
Los Angeles. In calibrating the apparatus, the force at 
the top end of the upper piston was measured by a 
Baldvvm SR-4 load having an accuracy of 0.1 per cent. 
Series of force measurements were taken and calcu
lated to stresses at the piston face. Then they were com
pared with similar stresses at the bottom of the lower 
piston as calculated from the product of the gauge pres
sure and the ram area/piston area ratio. A 10,000 psi 
U. S. supergauge with an accuracy of T0.5 per cent of 
full-scale reading -was used as a pressure gauge. The 
true cylinder pressure was then taken to be the mean 
value of these two stresses at any given gauge pressure. 
The friction on each piston is 6^ 1 per cent of the force 
exerted on either piston for a J-inch clay sample and for 
cylinder pressures up to 200,000 psi. 

In as much as about 2 months were spent in develop
ing good experimental techiuques, a detailed procedure 
for assembling and operating this apparatus is pre
sented in an outline form. 

1. In assembling the apparatus for a high-pressure 
experiment, the upper cap is screwed off, the cj'linder is 
removed and all parts are thoroughly cleaned with 
cotton. The walls of the cylinder are then lubricated 
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WATER VENT 

^ s z 
.HIGH PRESSURE 

CYLINDER 

I.CD t I t i L 0 

.WATER VENT 

20 TON HYDRAULIC PRESS 

FIG. 1.—Schematic diagram of high-pressure 
compaction apparatus. 

by putting a small amount of lubricating grease on the 
end of cleaning rod and using it as a swab. In case any 
of the lubricating compound is rubbed off while intro
ducing clay or cotton, it should be replaced with an 
additional amount of compound. 

2. The cylinder is then turned upside down and the 
cold rolled steel 45° packing ring, drilled hardened steel 
disc, and the lower piston are inserted into the cylinder 
with an aid of a cleaning rod and, if necessary, hammer. 

3. Then the Braun stainless steel, micro-metallic 
filtering disc having an average pore size ot 5 microns 
is introduced on top of the hardened steel disc. These 
filtering discs become warped upon use; therefore, if 
they are reused, the concave side should face the clay 
sample. Otherwise the filtering discs crack when sub
jected to pressure. A small wad of cotton (about J inch 
in diameter) is packed down with the cleaning rod on 
top of the filtering disc, and a 2- or 3-cc clay sample is 
introduced above it. Another (a) cotton wad, (b) filter
ing disc, (c) ring, (d) steel disc, and (e) upper piston are 
placed above the clay sample in the order indicated. 
The cotton should not contain lubricating compound 
which makes it impermeable to water. 

An attempt was made to use layers of sand instead of 
filtering discs; however, sand is crushed at pressures 
above and about 3,600 psi. In addition, clay has a tend
ency to squeeze out into the sand on application of pres
sure. 

4. The cylinder is then placed on the bottom ram so 
that it pushes against the bottom piston. The cylinder 
is turned until it is locked in place. Subsequent to that, 
the cap is replaced. 

5. Upon closing the jack valve, the pressure is 
slowly applied. In the case of plastic clays such as mont
morillonite, by-passing (squeezing-out through the 
water vent hole) presents a problem. A considerable por-
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FlO. 2.—Photograph of high-pressure compaction 
apparatus and electric vacuum oven. Blackhawk hy
draulic porto-power jack shown here was obtained from 
Blackhawk Manufacturing Company, Milwaukee 
Wisconsin. 

tion of the excess water, however, can be pressed out at 
low pressures (up to 500 psi) without by-passing. Thus, 
the subsequent increase of pressure to a desired value 
does not cause any squeezing-out of the clays. 

6. After a certain time interval (the tests at each 
pressure were repeated until attainment of equilibrium) 
the pressure is slowly decreased by opening the jack 
valve slightly in order to prevent bouncing of the gauge 
needle. I t is imperative to remove the excess water 
present in the water vent opening of the piston with a 
syringe, because this water can be sucked back into the 
ckiy sample upon the release of pressure. 

7. Upon removing and weighing the sample, it is 
cut into small pieces and placed into an electric vacuum 
oven having a hydraulic thermostat which controls the 
temperature. The samples are then dried overnight at 
100 C. Most of the samples require 6-8 hours of drying; 
however, in order to insure complete drying the samples 
are redried for 2 hours and then reweighed. 

8. Both rings should be examined for wear after each 
run, because the worn rings cause scouring inside the 
cylinder. 

T h e following clay minerals, which are de
scribed in the "Pre l iminary Repor ts of American 
Pe t ro leum Ins t i tu te Research Project 49: Clay-
Minera l S t anda rds , " were obtained frora the 
Ward ' s N a t u r a l Science Es tabl i shment , Inc . , 
3000 Ridge Road Eas t , Rochester 9, New York. 

a. Montmori l loni te No . 25, Upton , Wyoming, 
J o h n C. Lane T r a c t (bentonite) . 

b . Ill i te No. 35, Fi thian, Illinois. 
c. Kaol ini te No . 4, Macon, Georgia, Oneal P i t 
Prior to test ing, all clay samples were hydra ted 

in an excess of distilled water for a period of one 
week. 

EXPERIMENTAL RESULTS 

Figure 3 shows relationship between the mois

ture content in per cent (dry weight) and the 
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IMA——^—— 'lina 
PRESSURE IN PSI 

FIG. 3.- -Relationship between moisture content (per cent dry weight) and pressure in psi for 
kaolinite, illite, and montmorillonite clays and gum tragacanth. 

logarithm of pressure in psi. For the kaolinite and 
illite days this relationship can be expressed by 
the formulas K = 3 3 . 9 - 5 . 9 6 log P , and M = 50 
— 8.7 log P , respectively. A straight-line relation
ship between the moisture content and the pres
sure on semi-logarithmic graph paper (between 
.40 and 200,000 psi) possibly suggests that com
paction is more or less a simple process. In the 
range indicated, possibly only oriented water is 
being removed. Or maybe only non-oriented (free) 
water is being squeezed out? If initially the liquid 
water and then the oriented water are being re
moved, then there is indeed a very gradual transi
tion from the oriented to the non-oriented water. 
Possibly, the curves for kaolinite and illite swing 
upward, from a straight line, at some pressure 
less than 40 psi.' 

For montmorillonite clays a break in the curve 
is present at 1,000 psi. From 1,000 to 200,000 psi 
the curve is a straight line following the formula 
l f = 104-18.06 log P . Possibly, the rdatively 
loosely held water is lost below the pressure of 

1,000 psi.It is alsopossible that at higher pressures 
(1,000 to 200,000 psi) the oriented water is being 
removed. 

The steeper slopes of more plastic clays (higher 
swelling) suggest that it is harder to squeeze a 
given volume of water out of the less plastic 
days; however, the percentage of water remaining 
in the more plastic clays is still greater. 

Figures 4, 5, and 6 show relationship between 
the moisture content and the time of squeezing. 
The montmorillonite day requires more time than 
illite, and illite, in turn, requires more time than 
kaolinite for attainment of equilibrium. 

On hydraling a sample of illite day in NaCl 
solution (5g. NaCl/100 cc. wat'er) instead of dis
tilled water, the moisture content at 10,000 psi 
was 16.1 ner cent a.s compared with 14.9 per cent. 
Apparently the flocculated clays do not close-
pack as much as deflocculated daj's. On the other 
hand, a sample of kaolinite clay hydrated in 
NaOH solution (7 M. Mol. NaOH/g. day) had 
a moisture content of 17.1 per cent at 200 psi as 

.•"•"ff ir; 
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FIG. 6.—Variation in moisture content (per cent dry 
weight) of montmorillonite clay with time (in days) at 
88,500 psi. 

I 

• • i . . 
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FIG. 4.—Variation in moisture content (per cent dry 
weight) with time (in hours) for kaolinite clay at 
88,500 psi. 

compared with 20.2 per cent on using distilled 
water. The writer (Tchillingarian, 1952) had pre
viously proved that 0 H ~ ions adsorb on the sur
faces of kaolinite clay particles. Thus, the pres
ence of 0H~ ions on the surface of day particles 
seems to result in easier movement of clay par
ticles with respect to each other which causes 
closer packing. 

CONCLUSIONS 

The findings of the present study can be sum
marized as follows. 

1. Froi-n 40 to 200,000 psi, a straight-line rela-

T I M E , DAYS 

FIG. 5-—Variation in moisture content (per cent dry-
weight) of illite clay with time (in days) at 91,000 psi. 

tionship exists between the moisture content 
(per cent of dry weight) and the logarithm of pres
sure for kaolinite and illite clays. The curve for 
illite day has a steeper slope than that of kaolinite 

. clay. The straight-line relationship possibly sug
gests that compaction is more or less a simple 
continuous process in this pressure range. 

2. For montmorillonite clay, a break in the 
curve is present at about 1,000 psi. Above 1,000 
psi, and up to 200,000 psi, the moisture content 
versus the logarithm of pressure curve is a straight 
line; however, its slope is steeper than that of 
either kaolinite or illite. Possibly, up to J ,000 psi 
a free liquid water is squeezed out, whereas a t 
higher pressures up to 200,000 psi an oriented 
water is being removed. 

3. The natural organic colloid, gum tragacanth, 
on the other hai-id, has a "hyperbolic" raoisture 
versus pressure curve. It seeras that up to about 
3,000 psi it is easier to squeeze water out of the 
amorphous gel than it is from the crystalline 
clays. At higher pressures, however, it is very hard 
to squeeze water out of the gum tragacanth which 
together with water forras raore or less homogene
ous plastic mass having a very low perraeability. 

4. The functional relationship between the 
raoisture content and pressure depends not only 
on the mineralogic type of clays but also on the 
type of ions adsorbed on the surfaces of clay 
particles. I t also appears to depend on the degree 
of flocculation or deflocculation (dispersion) of 
the clays. 

The future line of research suggested by this 
work is determination of the moisture-pressure 
curves for diflferent clays, as for example for cal-
cium-montmorillonite and for sodiura-montmoril-
lonite. The shapes of the curves and their com-
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parison with each other would probably reveal the 
nature of the removed water and the nature of 
compaction processes. Obviously, higher pres
sures (up to 600,000 psi and higher) should be 
used in order to determine whether straight-line 
relationship extends beyond the range tested. 

Inasmuch as huge araounts of water were 

squeezed out of muds in the process of their trans
formation into mudstones, shales, etc., and af
fected the composition of the ground waters, the 
mineralization of solutions squeezed out at dif
ferent stages should also be studied. Preliminary 
work in this direction has been done by Lom
tadze (1954, p. 453). 
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GEOLOGICAL NOTES 

STRIKE-SLIP FAULT OF CONTINENTAL IMPORTANCE IN BOLIVIA' 

EMILE ROD'-
Santa Cruz, Bolivia 

From a study of the pertinent literature on the 
geology of Bolivia, especially Ahlfeld's "Geologia 
de Bolivia" (1946), combined with 3 months of 
field work in the region between Cochabamba 
and Santa Cruz, the following working hypoth
esis was developed: the northern half of South 
American has been displaced relative to its south
ern half toward the west, along a fault zone called 
here the Ichilo fault. 

In the hope of calling attention to the possibil
ity of such a large fault zone and to encourage 
further research this hypothesis is aclvanced novv, 
at a time when the geologists of several oil com
panies are exploring the Subandean Zone west 
and northwest of Santa Cruz. 

' Manuscript received, .August 28, 1959. 
'Permanent address: Venezuelan Atlantic Refining 

Company, Caracas, Venezuela. 

Today it is just an idea based on a few scattered 
observations (Fig. 1) among which should be 
mentioned: the Chiquitos graben (foso Chi-
quitano of Ahlfeld, 1946); the very sharp bend 
of the folds within the Subandean Zone which 
seems to be due to a very powerful drag; several 
straight strike-slip faults accompanied by belts of 
crushed rocks and imbricate structures, cutting 
through the folds at an acute angle (Tunari fault, 
Ivirizu fault, Colorado fault); the junction (frac
tured deflection) of the Andean raountain arcs in 
central Bolivia at an angle of almost 90°; and 
finally the block of northern South Araerica (Fig. 
2) protruding between the fault zones of the 
southern Caribbean (Oca, Avila, and El Pilar 
faults) and the postulated Ichilo fault in a wide 
arc toward the west. 

As central Bolivia is a region of high seisraicity, 

Fic. 1.—Postulated Ichilo fault zone in Bolivia. 
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R E r E R E N C E F R A M E S A N D D I F F U S I O N C O E F F I C I E N T S 

JOHN B. BRADY 

Department of Geological Sciences, Harvard University, 
Cambridge, Massachusetts 02138 

ABSTRACT. Diffusion coefficients are empirical con.stant.s that express linear rch. 
tion.ships between fluxes of chemical components and gradients in compositibn vari-
ables. Component fluxes must be measured wiih respect to some particular frame of 
reference, so dilfusion coefTicicnis depend on the choice of reference frame as well as 
the choice of composition gradient. Reference frames based on a mean velocity o£ all ihc 
components, such as the velocity of the center of mass, are particularly convenient, for 
results obtained u.sing different mean velocity frames may be readily interrelated. Dif. 
fusion data is best presented in terms of "standard" diffusion coefficients, D",;, bajicd 
on the mean volume reference frame. The continuity equation for a specific reference 
frame R is given by 

(1^),...=-C-^(J•-'•-)] 
where f*'' is the local velocity of reference frame R with respect to a fixed point not 
affected by the diffusion process. If there is a volume change during a binary diffusion 
process in a single crystal, the continuity equation may be solved using a modified 
di.itance sole based on appropriate lattice translations in the crystal of interest. Intcr-
diffusion behavior may be predicted on the basis of isolopic self-diffusion measure
menis; the exact relationship utilized for ionic crystals is not identical to Darkcn's 
equation for metallic crystals. 

l. INTRODUCTION 

The process of diffusion involves the net transfer of atoms due to 
random thermal motions of atoms initially in a non-random distribution 
and/or to non-random tliermal motions of atoms subject to .a driving 
force. In order to describe and quantify this net movement of atoms, 
macroscopic nieasurements must be made with respect to some specific 
frame of reference, usually consisting of a set of identifiable points. In 
principle, any set of reference points may be used as long as all measure
ments are made with respect to the same .set. In practice, however, it may 
be inconvenient or impossible to use the same reference frame for all 
measurements and applications. Since different reference frames lead to 
different descriptions of diffusion and, therefore, to different diffusion 
coefficients, it is wise to select for common usage those reference frames 
that may be readily interrelated. For these reasons, an understanding of 
the various ways to describe diffusion and to define diffusion cocfFicienis 
is a prerequisite to the discussion of any diffusion data or diffusion related 
process. 

Extensive discussions of the subject of reference'frames may be found 
in tlie chemical, physical, and metallurgical literature of the last 25 years. 
Outstanding papers include those by Darken (1948), Hartley and Crank 
(1949), Hooyman and othets (19.53), Hooyman (195(5), Kirkwood and 
others (1900). An excellent summary may be found in a textbook by elc 
Groot and Maztir (1902, p. 239 and following). Summaries may also be 
found in tlie te.Kts by Fitts (19G2, chap. 8) and Haase (1969, p. 271 ami 
lollowing). Ill spite of tiiis rather thorough theoretical coverage of the 
subject, a unified treatment of reference frames is not available. The 
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«.voral papers listed above utili'/.e a number of different approaches, each 
(Ic.fitrned to suit the problems most often encountered by the authors. In 
ttliat follows I -will reconsider the general topic of reference frames and 
,hou' ho^v the results of seveial of the listed authors are interrelated. I 
will dien show how these results may be extended and modified to apply 
10 iiroblems of diffusion in common minerals. 

Throughout this paper I consider only macroscopic or phenoraeno-
|(U'ical descriptions of diffusion. Macroscopically, diffusion is manifested 
bv local variations in the chemical composition of a jjliysical system and 
may be explained, using simple mass balance considerations, in terms of 
(he transfer of matter of definite chemical compositions into and/or out 
i)f the system. Hence, one describes diffusion as a motion of quantities of 
chemical components relative to some reference frame sufficient to pro
duce the observed variations in chemical comjwsition. The components 
iLsed in the description need not correspond to any moving atomic or 
molecidar species and may be selected on the basis of convenience (see 
Diady, 1975). For the purposes of this paper I assume that the components 
used are linearly independent and that the quantity of each component 
may be independently varied in the systems considered. 

The equations presented in the following paragraphs are all for one-
dimensional diffusion. To be complete, velocities, Auxes, forces, and dif
fusion coefficients should be given as tensor quantities. However, a one-
ilimensional representation is sufficient to convey the important concepts 
.md simplifies the already cuinbetsome notation. The generalization to 
lliiee dimensions is straightfonvard. The unit of cpiantity used throughout 
is moles of component i or gram-formula units of i. This choice of unit 
of quantity simplifies some of tiie discussion, particularly for the unit cell 
reference frame. Quantities that have meaning only if a reference frame 
is specified are written with supcrscrijits to indicate a particular reference 
frame, R. The following is a list of the symbols used in the text. 

.4 = ^ + " 

b 
li = B+^ 
B,' -

c 

C, 
D,j«.o 

NOTATION 

— unit cell parameter (A) 
— cation with charge -!-a 
— parameters used to relate fluxes in reference frame R to 

fluxes in reference frame V (dimensionless) (3.11) 
— unit cell parameter (A) 
— cation with charge -f-b 
— mobility of component i; velocity of component i witli re

spect to the inert marker reference frame in response to a 
unit force (mole-cni-/cal-sec) (7.1) 

— unit cell parameter (A) 
— any one composition variable for component i 
— practical diffusion coefficient; relates flux of component i 

with respect to reference frame R to gradient of component 
j given in terms of composition parameter Cj (3.6) 

I 
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— "standard" practical diffusion coefficient; relates ffiix of com. 
ponent i with respect to the mean volume reference frame 
to gradient in molar density of component j (cm-/sec) (3.11) 

— inert marker difftision coefficient defined in (6.13) and (6.10) 
(cm=/sec) 

— Gibbs free energy (cal) 
— dummy subscripts used to represent various components 
— flux of component i with respect to reference frame R 

(moles/cm-sec) (2.4) 
— phenomenological diffusion coefficient; relates flux of com

ponent i with respect to reference frame R to the force pro
duced by the chemical potential gradient of component j 
(moleVcal-cm-sec) (3.1) 

— phenomenological diffusion coefficient; relates flux of com
ponent i to a set ot independent forces given in (3.4) 
(mole=/cal-cm-sec) 

— gram formula weight of component i (gm/mole) 
— number of moles of component i 
— number of moles of component i per unit cell 

; mole fraction of component i (dimensionless) 

1=1 

— pressure (bars) 
— charge on species i (esu) 
— gas constant (1.987 cal/'mole-deg) 
— time (sec^ 
— temperature (°K) 
— velocity of component i with respect to some laboratory 

frame L (cm/sec) 
— a weighted average of the velocities of all components; 

velocity of mean velocity reference frame R (cm/sec) (2.2) 
— velocity of component i with respect to mean velocity ref

erence frame R (cin/sec) (2.3) 
— velocity of reference frame S with respect to reference fiame 

R (cm/sec) (2.6) 
— volume (cni^) 

/av 
V5n, 

av^N 

V 

; partial molar volume (cm'/mole) 
P.T.njyS 1 

; molar volume of a phase (cm^/mole) 

— weight given the velocity of component i in obtaining mean 
velocity v'"" (dimensionless) (2.1) 

s 

•/I 

I ' l 

Pl 

I 

Reference / 

— distance (cm)' 
— anion or chciv 
— activity coellk: 

(=0 if i ^ k ) 
— = l i f i = k ( 

M 
'-\ \ 

, , / P . T . n , 5 / . ' 

i (cal/mole) 
— modified disi:i 

on unit cell ctl 
— molar density« 
— electrical potci 

_ / 3 G > 

V5n,> 

Uperscripts 
Q — any one compc 
I — inert marker r̂  
K. — K«/j componcii 
L — laboratory refc 
M — mean mass icfc 
j>j — mean molar lel 
R — any one referei; 
V — mean volume n 
• — indicates that t! 
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— distance (cm) 
— anion or chemical component with charge —2 
— activity coefficient for component i (dimensionless) 

— j Z j Jf jHj^r ; Kronecker delta function (dimensionless) 

) ; chemical potential per mole of component 
P.T.njyS 1 

i (cal/mole) 
— modified distance parameter for reference frame R based 

on unit cell edge c (dimensionles.s) (5.1) 
— molar density of component i (moles/cm^) 
— electrical potential (cal/esu) 

/aG> 

\ 5"t > 

— any one composition variable 
— inert marker reference frame (sec. 6) 
— Kth component reference frame (2.10) 
— laboratory relerence frame (sec. 2) 
— mean mass reference frame (2.11) 

iV — mean molar reference frame (2.8) 
R — any one refeience fratne 
V — mean volume refeience frame (2.9) 
• — indicates that the value is given for a radioactive isotope 

2 . MEAN VELOCITV REFliRENCE; FRAMES 

A great number of j^apeis have been written on the general subject 
of diffusion that make no mention whatsoever of the frame of reference 
ill whicii the diffusive velocities and fluxes discussed are to be nieasured. 
The authors of nearly all these papers tacitly assume that the diffusive 
(luxes and velocities they discuss are measuretl with respect to a single 
identifiable point. This is equivalent to using a reference frame based on 
n set of points, each of which remains in a fixed position relative to the 
others at all times. I siiall call this type of reference frame the laboratory 
frame, L, for it is commonly used by experimentalists in the description 
of transport processes. For example, fluxes in solid interdiffusion experi
ments are given with respect to one end of the sample. Similarly, in 
liquid diffusion experiments, fluxes are measured widi respect to the con
tainer lhat holds the liquid, sometinies called the "cell-fixed" reference 
frame. 

Although laboiatory reference frames have obvious practical ad
vantages, their general utility is severely limited by their multiplicity. 
Indeed, there are potentially as many laboratory reference frames as there 
are laboratories or experimentalists, and results obtained using such 
frames may be difficult or impossible to compaie. For example, two ob
servers of a solid interdiffusion experiment might pick opposite ends of 
the diffusion couple as the origin of their laboratory frames. If there is an 
overall volume change during the diffusion experiment, the two labora-
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tory frames chosen would move with respect to one another. This mcaii.s 
that two observers of the same experiment would obtain different values 
for fluxes and velocities of the same components. 

These difficulties may be eliminated by reporting motion with re
spect to a refeience frame that is independent of the particular Liboi-;\-
tory frame selected by an observer. Such a reference frame can be defined 
by some weighted average of the velocities of all the chemical components 
involved, such as the velocity of the center of mass. Whatever laboratory 
frame is u.sed to measure individual velocities in a given experiment, the 
same result would be reported by all observers for component velocities 
relative to the center of mass. This approach has its foundations in classi
cal mechanics and was introduced to describe multicomponent diffusion 
by Hooyman (1956). Following Hooyman's terminology, I shall call ref
erence frames of this type "mean velocity" reference fiames. 

Let Vî  be the velocity of component i as measured by any one ob
server with respect to any single laboratory frame L at one point in space 
and at one particular time. Operationally, Vĵ  would be a weighted aver
age of the velocities of all the particles tliat contain component i. Selecting 
a set of dimensionless weighting factors w,", such as mass fraction, mole 
fraction, or volume fraction, normalized according to the criteria 

2-'"= (2.1) 

we may define an average or mean velocity, v"'̂ ', for the n components of 
a given system as 

1=1 

Wi^V,!- (2.2) 

where the superscript R refers to the reference frame defined by (2.1) and 
(2.2). Allhough the magnitude of V]̂  and of the mean velocity v"^ may 
vary frora observer to observer, the velocity v,'' of component i with re
spect to the mean velocity 

v,« = (vJ- - yni-) (2.3) 

will be the same for all observers. On this basis, then, we nixiy define the 
flux, J,^', of component i with respect to mean velocity reference frame 
R a s 

J . " PlVl" (2.4) 

where pi is the molar density of i and where the flux, J,", is given in units 
of moles of i per cm= per second. J i " will be the same for all observers of 
the same event. 
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Comparing equations (2.1), (2.2), (2.3), and (2.4) it is clear that the 
, iliiN-es in any mean velocity reference frame cannot all be independent. 
Iiiilced, the fluxes are related by 

2^J."=« (2.5) 

1 
I Kqiiation (2.5) provides an alternative definition for the reference frame 
J R aiul was used as such by Kirkwood and others (I960). These authors 
I ;,|so pointed out that the fluxes with resjject to any two reference frames 
{ iiKiy be related using the expression 

F = J.^ + Piv«" ' ' (2.6) 

wliere v^" is the velocity of reference frame S with respect to reference 
frame R. For mean velocity reference frames we have 

[/SR — -iVSL _ -v«i- = 2^ (w. W,.K)V^1 (2.7) 

Equations (2.6) and (2.7) point out a very useful feature of mean velocity 
reference frames: results from various mean velocity frames may be easily 
interrelated. This fact will be used to advantage in defining a "standard" 
diffusion coeflicient in section 3. 

Commonly used reference frames of the mean velocity type include 
the following: 

1. Mean molar reference frame (also called number-fixed frame) 

w,N = N, = p,V J.'' = 0 (2.8) 

where N, is the mole fraction of i and where V is the molar volume of 
the phase in which the diffusion occurs. 

2. Mean volurae reference frame 

w, P.V. 2^'J' (2.9) 

where V, is the partial molar volume of i. 
3. Kth component reference frame 

where 8ik is the "Kronecker delta" defined such that Sin 
8ik = 1 if i = K. 

JK»^ = 0 (2.10) 

0 if i 7^ K and 

I 

'ii 

i 
1 

i 
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4. Mean mass (barycentric) reference frame 

WjM = N, = prV ^ MJ.M (2.11) 

where Nj is the mass fraction of i, p( is the mass density of i, V is the 
specific volume, and M| is the gram-formula weight of i. 
Each of these reference frames may be particularly useful for a given 
set of additional constraints. For example, the mean volume reference 
frame is most convenient if there is no volume change during the diffu. 
sion process. Also, the K.lh component reference frame simplifies the de 
scription of a diffusion process in which the Kt/i component does not 
actively participate. Because of their general utility, much of the follow
ing discussion will emphasize mean velocity reference frames. 

3. FORCEŜ  FLUXES, AND DIFFUSION COEFFICIENTS 
The presence of material transport in a system as described by the 

molar fluxes Ji" clearly indicates a departure from etiuilibrium. On ;i 
local scale, however, the departure from equilibrium for many transport 
processes is not great. Therefore, it is a very good approximation to de
scribe the changes of a system in terms of linear functions of the forces 
that tend to restore ecpiilibrium. This linear approximation has with
stood the test of countless experiments. It was formulated independently 
as the "laws" of Darcy, Fick, Fourier, and Ohm which govern specific 
transport processes. Onsager (1931a, b) unified the various linear laws 
using a formalism that emphasizes their interrelationships. 

Isothermal, isoliaric diffusion is a form of material transport linearly 
related to the force produced by chemical potential gradients. While 
chemical potential gradients are independent of the choice of reference 
frame, the molar fluxes J ," are not. Thus, the linear relations betweeii 

fluxes Jl" and forces 
\ c)x/r.T,t 

given by 

(i = 1.2,... .n) (3.1) 

will vary with the choice of reference frame. Equations (3.1) define tlie 
phenomenological (diffusion) coefficients, /.jj"^, for reference frame.R. j's 
is the chemical potential per mole of i, and its derivative with respect to 
distance x is taken at constant pressure P, teniperature T, and time t. 
Note that in general the flux of any component i is linearly related to 
the chemical potential gradients of each of the other components. In 
other words, the contribution to the diffusion flux from any applied 
force should be considered. It should also be noted that the degree to 
which each force contributes to die diffusion flux of a given component 
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I <iids directly upon the reference frame selected to describe the diffu-

,,,,,1 (lux. 
Equations (3.1) lead to the disturbing conclusion that for an n-

iimiKjiicnt system with r reference frames of interest, there are (r) (n)-
iiciionienological coefficients. Fortunately, these coefficients are not all 

'•tilopciident. Onsager (1931a, b) has shown that provided the fluxes and 
foif 1-5 are properly chosen, the n- coefficients for a single reference frame 
,n. subject to the relations 

Li;^ = L„^ (3.2) 

if.ivin;' only (n)(n-i-l)/2 independent coefficients for each reference frame. 
lhK3\man and de Groot (1955) have demonstrated that linear inde-
Kiidcnce of either the fluxes or forces is a sufficient, though not necessary, 
.-oiulition for the Onsager symmetry relations (3.2) to hold. For mean 
\ilocity lefeicnce frames the fluxes and forces of (3.1) are not indepen
dent, being related by (2.5) and the Gibbs-Duhera ecpiation 

N,d/x, = 0 (constant P,T) (3.3) 

respectively. The extra terms in (3.1) may be eliminated by using (2.5) 
:iiid (3.3) and selecting }„" and dp.„ as the dependent variables. The result 
is an independent set of phenomenological equations for mean velocity 
fr.imes 

j . " = - X 
1=1 

L, l { " + ^ ^ K ^ (i = l ,2 . . . . ,n- l ) 
r,T,t 

(3.4) 

as given in de Groot and Mazur (1962, p. 242). Equations (3.4) define the 
phenomenological coefficients Lij" which express the linear relations be
tween the fluxes Jj" and a set of independent forces given by the terms 
enclosed in brackets. The Onsager relations (3.2) become 

L,,« = Lj," . (3.5) 

This leaves (n-l)(n)/2 independent coefficients for a given mean velocity 
frame. And since the various reference frames are related by (2.6), we are 
left with the task of determining a total of only (n-l)(n)/2 independent 
plicnomenological coefficients. 

While chemical potential gradients are theoretically, meaningful as 
lhe ultimate driving forces for diffusion, they have the unfortunate 
'litality of being difficult to measure. In crystals, they may be found only 
by calculations based on measurements of composition giadients com
bined with often-unavailable thermodynamic data. Therefore, it is com
mon practice to describe diffusion processes in terms of "practical" 

..1 

•} 

^?fe;'^<>«-j!fc!MAIfeMV».g*BWJt gy<S!?^-'^'i'w--y?y,*y»«^Wj4afy»s^wr^ 

file:///ilocity


af^«gaaiKA.Hai«.t>daJfei««ajMeia^ '•- • -'̂  -:-.̂ ^̂ i Jfeffgi;.^ -j. 

962 John B. Brady 

diffusion coefficients Dij^-c which are defined for mean velocity frames 1̂  
the relations 

h"" - V D , « . C / ^ \ ( i= 1,2,....n-1) (3.f,;. 

2 ) ctidC, = 0 
1 = 1 

2 '̂ '̂ P' = 0 (constant P.T) 

Du«-°=22^«" 
=1 j = i 

where Ci is some compositional variable. Note that the chffusion coelFi. 
cients D,j"'<^ dejiend both on the reference frame R used to describe the 
fluxes and on the particular composition variable C, whose gradient ii 
measured. Also, note that as in (3.4) only (n-1) independent fluxes ami 
forces are considered, with J,," and dC„ being selected as the dependcm 
variables. The n fluxes are connected through equation (2.5), and die n 
forces are connected through relations of the type 

(S.7) 

which exist for the commonly used compositional variables. The a's arc 
constants for a given composition. For example. 

(3.8) 

where V| is the partial molar volume of i and pi is the molar density of i. 
Once again with tlie definitions (3.6) a multiplicity of (n-l)=(r)(c) 

diffusion coefficients has been introduced for r reference frames and c 
comjDOsitional variables of interest. As before, these coefficients are not all 
independent: the various reference frames may be related by (2.6), and 
relations (perhajjs unknown) obviously exist between the various com
positional parameters such as mole fractions and molar densities. A maxi
mum of (n-1)- diffusion coefficients leniain. These, however, are not all 
independent either. Comjwring equations (3.4) and (3.6) we may see that 
the diffusion coefficients Dij"-*̂ ' are linear functions of the phenomeno
logical coefficients with 
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J = l 

the flux equations become 

ĥ  = - X 2 Aii"''D°î - ; 
j= . i 

If a different compositional v:u-. 

j>"=-5: 
1 = 1 1 

n - 1 / » - ' 

2 2'^ 
k = i \ 1 = ' 

'•V! 

(3.9) 

Since the phenomenological coefficients Li/ ' are not independent, butjc-
lated by the (n-l)(n-2)/2 equations (3.5), only (n)(n-l)/2 of the diffusion 
coefficients Dij""^ can be independent. The specific relations among tli<̂  ^^ u.itiwu.̂  
Dij"''-' may be found for a given system by solving (3.9) for the L.i" and ; pQ,̂ g,̂ ^ systems which rnay 
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;iiT 3̂.5V This is only possible if the derivatives | — ^ l 
"""-•' t / ' 1- ^ Q C j P,T,C,5.iC, 
„f known. If an equation of state is unavailable, then the relations (3.5) 
iiul (3.9) cannot be used, and (n-l)= coefficients must be determined. In 
jiiv event it will not, in general, be possible to choose fluxes and forces 
.,,,1, tliat D,j".c = Dj,"-c. 

While it is clear diat the diffusion coefficients for the various mean 
-.clociiy reference frames and compositional variables are interconnected, 
..u- aic liable to find any of the (n-l)=(r)(c) possible coeflScients in use. 
lhe undesirable consequence is that diffusion data from different labora-
[.iries may not be diiectly comparable without performing tedious cal-
mlations. It would seem preferable to select a single reference frame R 
jnil compositional variable C| to define a "standard" diffusion coefficient 
tlirough which all data would be reported and, thus, easily compared, 
following the precedent set by Hooyman and others (1953) let us use the 
mean volume reference frame and the molar densities pi to define the 
standard diffusion coefficients D°,j with 

J'' = - 2 ^° ' ( -^) , .e (-1.2.---."-^) (3.10) 

Ecjtiations (3.10) reduce to Pick's law at constant volume in a two-com-
|)onent system. For diffusion with respect to a different mean velocity 
reference frame R with fluxes J," linearly related to fluxes Ji^' by 

j = i 

the flux equations become 

n —1 

(i = 1,2,... ,n - 1) (3.11) 

k=.i 

2 Aiĵ ^D'-jk 
j = i 

\ d\ Jp,T,t 
= 1 , 2 , . . . , n - 1 ) (3.12) 

If a different compositional variable Ci is used the flux equations are 

j,«=--2 2 2 »̂"°' ]k 

1 = 1 

){-^\ 
aC|/p,T,ci94 ci 

( i = l , 2 , . . . n 

r—1 
L ax jp,T,t 

1) (3.13) 
Equations (3.13), which are identical to equations (55), p. 243 of de Groot 
and Mazur (1962), may be considered a generalization of Pick's law to 
"lulticoniponent diffusion. 

Equations (3.13) reduce to particularly simple forms for two com
ponent systems which may be described in terms of a single binary (or 

:3 -
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interdiffusion) coefficient, since (n-1)- ecjuals one. Let us evaluate the 
Aij"^ of (3.11) for a two component system and mean velocity frame U. 
This may be accomplished by rewriting equation (2.4) using (2.1), (2.2). 
and (2.3) first for reference frame R 

J l ^ = plVi'^ - Pl W i « v / ' -1- Wj«V2^ 

Ji« = W2«rp,(v,i--v,i-) 

and then for reference frame V 

Ji^ = i v . ^ r p , ( v , i ' - v , i ' ) " 

Comparing (3.15) and (3.16) we see that 

Jl R = W , ' 

W o ' J/ = 
W o " 

OoV-. 
.Il^ 

(3.1!) 

(3.15) 

(3.1G) 

(3.17) 

Using (3.13) and (3.17) we raay give a general definition of the binary 
diffusion coefficient D° in terms of any mean velocity frame R as 

' ' P=V3 V ^ C j r . A ^ x / p . T . t 
(3.18) 

taking component 2 as the dependent component (Hooyman and others, 
1953). For the mean velocity frames presented above, (3.18) becomes (dc 
Groot and Mazur, 1962, p. 252) 

V / a o , \ D ^ / a N A / m e a n molar 
J i ' ^ ^ -

V = 

V, Vaxy/p.T.^ v V a x / 

D ° / ^ P A ^ D V a N A / 
PJV, \ 3X /p.T.t NjVV ax /p,T,t V 

) 

p.T.t \ frame 

mean volume 

frame 

component 2 

frame 

mean mass 

frame 

) 

\ (3.19) 

(3.20) 

(3.21) 

(3.22) T M = _ N; / api '\ _ _ D° / 3 N A / mean mass \ 

~ PcVAax/p.T, , M.vV ax/p.T.t \ frame / 

4. THE CONTINUITY EQUATION 

The flux equations presented in section 3 involve giadients of chemi
cal potentials or coniposition variables evaluated at any single time t-
Equations (3.4) and (3.13), therefore, are "instantaneous" flux equations. 
They are valid to describe the piocess of diffusion only at a given point in 
space and at one particular time. The one exception is the sjaecial case 
of steady-state difl'usion, in which the gradients of chemical potential or 
composition do not change with time. In general, diffusion is a nui'-
steady-state process and must be described by ^ form of the continuiiy 
equation. 

I 
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I-or diffusive mass transfer the equation of continuity is also com-
tiuily called the conservation of mass equation or the mass balance equa-

ii.iii. It is typically given in terms of fluxes measured with respect to a 
blMiratory reference frame. As discussed in section 2. laboratory reference 
/j iiiics have a number of undesirable features. In addition to those fea-
•iircs already mentioned, laboratory frames require the use of more diffu-
,1,111 coefficients than mean velocity frames. Since there is, in general, no 
fiMiation similar to (2.5) to interrelate laboratory frame fluxes, it will be 
necessary to determine n- diffusion coefficients Dij'^o defined by 

.1.̂  = - i - ' - ' - K ^ L '-'•'•• -.n) (4.1) 

for any laboratory frame of interest. (The number of diffusion coefficients 
m.iy be reduced to (n) (n-M)/2 using (3.1) and (3.2) if an equation of state 
i.s available.) It will be to our advantage, therefore, to express the eon
tiiiuity equation in terras of raean velocity frarae fluxes. 

The equation of continuity has been derived nunierous times for a 
multitude of processes, .so I will not repeat the derivation here. See 
Landau and Lifshitz (1959, p. 1-2) for a general derivation. In the nota
tion of this paper the continuity equation for any component i is 

\ t)t /p.T.I L ^^ J P.T.t ' \ ax /p.T.t 
(4.2) 

Equation (4.2) is strictly applicable only to conservative processes in 
which component i is neither added to nor subtracted from the diffusive 
system (by reaction, for example). Por constant volurae diffusion, equa
tion (4.2) has been called Pick's second law. Recalling equation (2.6). we 
may readily write the continuity equation for any reference frame. R, as 

\ at /p.T.x L ax Jp,T,t 
(4.3) 

where v r̂- is the local velocity of reference frame R with respect to the 
laboratory frame. The value of v"^ for a given mean velocity frame R raay 
be expressed in terms of laboratory frame fluxes by using (2.5) as well as 
(2.6) (see Kirkwood and others, 1960). For the mean molar reference 
frame, N, 

vNL ^̂  = V ^ J , (4.4) 

which upon substitution into (4.3) gives 

(M.) =_fW!) -N ,y ( ik ' ) . (4.5) 
V s t / p . T . x \ d x / p . T . t Z / \ a x / p . T . t 
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Similarly, for the mean volume reference frame 

\iur,.,r~("ar)p.T,t-'•' Sv-aT ^̂ -̂̂ '̂)jr.T.t (U) 

We are now in a position to understand some of the- problems ol 
treating non-steady-state diffusion. If a laboratory frame and equation 
(4.2) are used, then a minimum of (n) (n-M)/2 diffusion coefficients must 
be determined. And even for a two-component system, this would he 
three diffusion coeflicients that must be determined from two simultaneous 
non-linear differential equations. If a mean velocity frame is used, a mini. 
mum of only (n) (n—1)/2 diffusion coefficients are needed: one for a bi
nary system, three for a ternary system. Thus, for a binary system there 
may be some hope, if a mean velocity frame is used. However, the con
tinuity equation for mean velocity frames (4.3) involves the term v'"'-
which complicates the solution. 

As a consequence of these considerations, the overw-helraing majority 
of diffusion studies has been restricted to binary systems. Generally, a 
mean velocity frame is chosen to limit the number of unknown diffusion 
coefficients to one. In addition, simplifying assumptions are made that 
lead to the conclusion that v''^' = 0. In such cases the laboratory frame, 
L, would coincide with the mean velocity frame, R, and the continuiiy 
equation is correspondingly simplified to the form of (4,2). The most com
monly used assumption is that there is no overall vohime change during 
the diffusion process. This is equivalent to assuming that AV îxinR = 0 or 
that VJ and Vj are constant, which means that v̂ ''̂  = 0. Assuming con
stant volume and using (3.20), the continuity equation (4.6) for the binaty 
case becomes 

(M.) =_(*_-) =r_i_(D"ri/=L] ) ] . (4.,, 
\ at /p.T.x \ ax /p.T.t L t'x V. \_ dx jp.i.t/Jp.T.t 

Equation (4.7), which is strictly valid only for constant-volume, binaiy 
diffusion, has been solved for specific boundary conditions by Matano 
(1933) using the methods of Bokzmann (1894). The Boltzmann-Matano 
solution to (4.7), whicii may be evaluated using a graphical integration, 
is typically used by experimentalists to determine D° when D° varies with 
composition. 

If D° can be shown to be independent of position x in the diffusion 
couple, (4.7) simplifies to 

\ at /p.T..T \ax-/p.T.t 
(4.8) 

which has many solutions for a great variety of boundary conditions (see 
Carslaw and Jaeger, 1947; or Crank, 1956). The applicability of (4.8) 
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,iv be tested for a given set of boundary conditions by comparing the 
. .Miltin" coniposition profiles with those predicted by the appropriate 
iiilyiical solution. Diffusion studies using radioactive tracers are cor-
.̂, ilv tlcscribed by (4.8) due to the very small composition changes in-

uibctt. Solutions to the continuity equation (4.3) for three or more coni-
..HiiR-iits have been given in analytical form only for systems in which the 
.((iftision coefficients D°,j are independent of composition (for example, 
liiiiia and Costing, 1956; Kirkakly, 1959; Oishi, 1965). Application of 
ilicse .solutions to ternary diffusion problems may be found in Miller 
.]\)yi 1960), Kirkakly and Brown (1963), Carmen (1968a, 1968b), Cooper 
,iiid Varshneya (1968), Varshneya and Cooper (1972a, b, and c), and Gupta 
;„id Cooper (1971). 

5. AV, mlxlDg AND T H E UNIT CELL FRAME 

Unfortunately, there are many interesting two-component systems 
(or which there is an overall volume change during a diffusion process, 
ill these cases, (4.7) is strictly incorrect and, though often used, may be a 
jioor approximation (Greskovich and Stubican, 1970). Correct solutions 
of (4:3) which allow for volume changes have been obtained by several 
individuals (Prager, 1953; Crank, 1956. p. 236; Balluffi. 1960; and 
Wa,gner, 1969). Each of these solutions makes use of the Bokzmann sub
stitution and solves for D°. as defined in this p a ^ r (D° = D of Prager 
and Balluffi; D° = D^ of Crank (11.73); D° = D of Wagner). Balluffi 
shows how his solution may be evaluated graphically. Of course, in all 
cases the molar volumes must be known as a function of composition. In 
addition, all these papers assume there is no change in the cross-sectional 
area of the sample normal to the diffusion direction. This assumption, 
while it has some basis in experiment (da Silva and Mehl, 1951; Resnick 
and Balluffi. 1955) for tec metals, has been given no general justification. 

An alternative approach was proposed by Hartley and Crank (1949) 
(reprinted in Crank. 1956, p. 219 and following). They suggested that a 
modified distance scale (and consequent modified concentration scale) be 
introduced to preserve the continuity equation in the form of (4.7), even 
when there is a volume change. If the mathematical form of (4.7) is 
maintained, then the Bolt-/.inann-Matano approach can be used to obtain 
the conect solution for D°. An interesting feature of the treatment by 
Hartley and Crank is that the modified distance scales they proposed co
incide with the set of points used to define various mean velocity refer
ence frames. For example, their reference frame based on cross sections 
•'fixed with respect to total mass" can be shown to be identical with the 
mean mass (barycentric) frame of this paper. In the barycentric case, 
their inodified distance jjarameter, ^ j , , which is "measured so that equal 
increments of |M always include equal increments of total mass" is clearly 
consistent with the definition (2.11) of reference points or cross sections 
across which there is no ncl mass flux. 

The approach of Hartley and Crank is perhaps best illustrated using 
a modified distance scale for crystals based on the length of a unit cell 

I • 
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edge. For example, if there is a volume change during a diffusion process. 
it should be clear that the individual unit cell dimensions will vary in a 
manner proportional to the local volume change. Let us restrict the dis
cussion to crystals with orthorhombic or higher symmetry. Then usinu 
the appropriate unit cell edge, say c, to define a distance parameter, | j ; ' . 
ensures that equal increments of 1̂ *̂  involve an equal nuraber of ttnii 
cells. It is possible, therefore, to derive a continuity equation similar to 
(4.7) using the distance parameter ^̂ '̂  and a mass balance argument. 

The unit cell of a crystal is a particularly convenient frame of ref
erence for conceptualizing the many diffusion problems for which the 
total number of unit cells is constant. For a unit cell reference frame to 
be practical, however, it must be possible to relate diffusion coeflicients 
determined using the unit cell frame to the standard diffusion coefficients, 
0°!^. This will always be possible if the chemical components used in 
the description are properly selected (Brady, 1975). Specifically, if com-
•ponents are chosen such that the total number of moles of these com
ponents per unit cell is constant, then equal increments of l.v"̂  will involve 
equal numbers of moles as well as equal numbers of unit cells. The dis
tance parameter, |xS therefore, would mark the distances between a set 
of points that may be used to define a mean molar reference frame, N. 
The flux of component one across a unit cross section identified with a 
particular .̂v<= would then be given by ji-'̂ '' evaluated at that |x<=. The flux 
across the ab face of a single unit cell is (ab) (Ji^). where a and b are die 
cell parameters normal to the diffusion direction. 

Let us define the distance parameter, I.s''. as follows 

c 
(5.1) 

where c is the length of the unit-cell edge in the diffusion direction. The 
modified concentration parameter, Ui^ in this case defined as the number 
of moles of component i per unit cell, is simply the mole fraction Ni times 
the total number of moles per unit cell: 

n,« = N, 
(abc) (5.2) 

Recalling (3.19) and using (5.1) and (5.2), the flux of component one 
across the unit-cell face ab is given by 

(ab)J.̂ ' = _ M D ° f i ^ ^ = - ^ ( i n l ) 
P.T.t 

Equation (5.3) is strictly true only if the total number of moles per unit 
cell is not a function of composition so that V/(abc) is constant. The 
modified continuity equation can be determined by considering the 
change in content of component one in the unit cell per unit time in 
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,<Mii5 of the divergence of the flux of component one across unit-cell faces 
ill. The modified continuity equation is 

\ d t j P.T.f," U ^ A /Jp.T.t 

r a /D°ranin y 
_aiA c= Lc'lvdp,T,t/Jp,T,t 

(5.4) 

ur ii.iing (5.2) 

( ^ \ ^ r j . ( ^ r ^ - ] w . (5.5) 
\ at / P,T,{̂ <: L ^ I N ' V C= La|.N=Jp.T,t/Jp,T,t 

Equation (5.5) is clearly in the same mathematical form as (4.7). It 
m.iv be evaluated graphically with the usual Boltzmann-Matano proce-
liuie using a plot of Nj versus |j,.'=. To obtain |j,.= for each position x = X, 
c<|iiation (5.1) must be integrated to yield 

X 

i - X ^ (5.6) 

wliere x = 0 when | .s ' = 0 which is at the "Matano interface" defined by 

Nll-(-=o) 

r U dN, = 0 
N , ( - x ) 

or alternatively by 

(5.7) 

0 -t-co 

r [Nj(-<»)-N,] d|K^ = r [Nj-N,(-t-co)] dfs' (5.8) 

where N, (-1- «) and N, (— oo) correspond to the compositions far re
moved from the site of diffusion, as specified by the boundary conditions. 
Usiiig(5.1), (5.8) becomes 

U 

Nj(-«)-N, 1 r r Ni-N,(4-oc) -| 
dx = J ~ dx . (5.9) 

If there is no change in the cross-sectional area of the sample, that is if 
the product (ab) is constant, then c may be replaced by V in equations (5.1) 
'•"K! (5.5) to obtain the result of Cohen, Wagner, and Reynolds (1953, 
1954), Thus, using the unit cell reference frarae, a solution for D° may 
'ic obtained when there is a AV,,,,,,,,̂ , by purely giaphical means from the 
composition-distance profile and knowledge of the cell parameter c as a 
function of composition. 
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For monoclinic or triclinic crystals, the situation is more coinii);. 
cated. First of all, the diffusion direction should be parallel to one of i!,t 
"principal" diffusion axes (Nye, 1957) so lhat the diffusion flux is ou... 
dimensional. The principal diffusion directions generally will not all n.. 
incide with the crystal axes, as is the case with crystals of orthorhombic nr 
higher symmetry, so the modified distance parameter would have to ttiili/p 
a lattice translation which may not correspond to any commonly u .̂d 
unit cell dimension. I-Iowever, since angular changes as well as voltnnr 
changes may occur when the composition varies, the diffusion flux across 
any one crystallographic plane may not be easily determined. Therefon-, 
the simple approach used here is not directly applicable to monoclinic or 
triclinic crystals if the crystallographic angles a, j8, and y change appreci
ably with composition. 

For some common minerals, though, the variations of lattice angles 
accompanying compositional changes are small. Since diffusion paths are 
highly structure sensitive, it is probably valid to assume for these minerals 
that the variations in orientation of the principal diffusion directions arc 
also small. Thus, it may be a very good approximation to treat diese 
crystals in the manner discussed above, selecting distance paramcteis 
based on lattice translations parallel to the principal diffusion directions. 
The "unit cell" in this case may not correspond to any unit cell normally 
used. While only an approximation, this approach raay yield reasonable 
results for some otherwise complex monoclinic or triclinic minerals. 

6. INERT MARKER REFERENCE FRAME 

Observations by Kirkcndall (1942), Smiegelskas and Kirkenclall 
(1947), and Hartley (1946) combined with subsequent analyses by Darken 
(1948) and Hartley and Crank (1949) have led to the definition of a ref
erence frame and associated diffusion coefficients different from any yet 
considered in this paper. Deeply involved in the definition of this addi
tional reference frame is the question, "What is diffusion?" or "Is all the 
flux measured in a given reference frame appropriately called 'diffusive 
flux'?". These questions were raised, and answers were clearly presented 
by both Darken (1948) and Hartley and Crank (1949). The conclusion 
reached in both papers was that a distinction should be made between 
a flux due to "diffusion" of an individual component relative to the 
others and a flux due to the "bulk flow" of all components at the same 
rate in the same direction. This distinction is of considerable practical 
importance, for Hartleys and Klrkendalls experiments demonstrated 
that if one component diffuses more rapidly than the other in a binary 
interdiffusion experiment, a bulk flow will occur. As the concept of a biilk 
flow generated by diffusion can be confusing, I strongly recommend the 
excellent discussions by Darken (1948) and Hartley and Crank (1949) to 
any reader who finds this concept unfamiliar. 

In order to measure ffux due to diffusion only, a reference frame is 
defined in terms of a set ot points, each of which moves with the local 
bulk flow. Operationally, this would consist of a set of "inert" markers, 

S?!^'!«VWS5fea;i<it»g^tj««^^ 
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illicit do not participate in the diffusion, but which-will move with the 
bulk llow.. For Kirkendall, these inert markers were platinum wires in a 
,(.iu|)Ci--brass diffusion couple. We can define, then, inert marker diffusion 
.yiillicients, D,j''*^, in terms of the fluxes, JJ, given with respect to the inert 
,.n;u ker reference frame, I. as 

-I.—2 D H ' « • m p.T.t 
(i = 1.2 n) (6.1) 

where Cj is sorae compositional pararaeter. As in the case of the labora-
lory frame (4.1), diere is, in general, no relation similar to (2.5) which 
relates the n independent fluxes of the inert marker frame. Inert marker 
dilfusion coefficients have been called "intrinsic" diffusion coefficients by 
Hartley and Crank (1949) and others. However, tlie title inert marker 
coefficient is to be preferred since the term "intrinsic" is also commonly 
iLScd to describe diffusion in pure crystals in the absence of "extrinsic" 
effects due to impurities, grain boundaries, et cetera. 

It will be iLseful to relate the inert marker diffusion coefficients, 
D|j''"^, to the standard diffusion coefficients, D°jj, defined in (3.10). Re
calling (2.6) we have 

J,'>' = J. ' + P.v''' . (6.2) 

Summing both sides of (6.2) over all i and using (2.8), v'^ may be ex
pressed in terras of die Ji ' . Substituting the results for v'-'' in (6.2) we have 

J.^ = J. '-N, 2-''' 
1=1 

(6.3) 

For a two component system, then, 

j.N- = j , i _ N , ( J . i - | - J , ' ) = N J , i - N J . i . (6.4) 

Substituting for J,^ from (3.19) and for J i ' from (6.1), (6.4) becomes 

^ D ° f - ^ ^ = N o r - D u V ^ - i £ ^ ^ - D . . ^ p C - ^ ^ " 
Vo \ ax/p.T.t L V ax/p.T.t \ ax/p.T.tJ 

-NT-D.,^p('ieL^ - D , . i V ^ ) 1(6.5) 
L \ ax/p.T.t \ ax/p.T.tJ 

Using the thermodynamic relation 

\ api / P.T V J 

equation (6.5) leads to 

= No D.i'.p - - ^ D,.,i'P - N , Do,i .p—^Doo'-p . (6.7) 

^ ^ ^ ' ^ I W P ^ J ? f '" '5?l?5?*^ ;-jj,M'^"VJU.'-t';yiir-^':'-i'-SNfig;'trf«.~;'ij{,i^^^^ 
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If we then take the traditional approach and neglect D J J ' P and D...,'.p, 
we obtain the relation 

D° = (p=V,)D„i.P -t- (p,V,)D,,i-P (6.8) 

which was given by Hartley and Crank (1949, eq 31) for the case of con. 
slant volume, an assumption we have not made. Actually, Hartley nnd 
Crank's D^' is equivalent to D° in all respects except their conception of 
it. They stated that dieir D"̂ ' is meaningless, if there is an overall vohnnc 
change. However, mathematically their D '̂ has meaning for all systeins. 
Compare their equation (4) with equation (2.9) of this paper. A relation 
similar to (6.8) was also obtained by Darken (1948, eq 7) 

D° = NjDiJ-P -i- NiD,o'-P (6.9) 

which follows from (6.8) if V, = V^ = V. 
Although (6.1) is consistent widi the classical definition of inert 

marker diffusion coefficients, I prefer the following alternative definition 

^ V \ ax /p.T.t 
(0.10) 

This definition leads to simpler mathematical forms for several important 
relationships. For example, Ict us relate the diffusion coefficients Dij'- '̂ 
to the standard diffusion coefficient D° for a two component system. 
Using (3.19) and (6.10) equation (6.4) becomes 

V \ax/p,T,t L ^̂  V JV ax/p,T,t 

L ^ V JVax/r.T.t 
from which it follows that 

D° = No [D, '̂•^• - D.o'--*] + N,[Doo'-N - D^i'-^'] . 

If we then define D^' and D / as 

(6.12) may be written as 

n « = n i,N _ D i,N 

D j ' = D.,, '^' - Doi'.^' 

D ° = NoDi^ -f N,D.,i 

} 

(6.11) 

(6.12) 

(6.13) 

(6.11) 

Equation (6.14), which has the simple form of Darken's relation (6.9), is 
valid even if Vi =^ V« and also if D,..-'-^ and Doj''^' are not negligible. 

In order to obtain the values of the diffusion coefficients Di' and T>-} 
in (6.14) a measurement of D° is necessary. This is not sufficient, however: 
a measuiement of the velocity, v'-"-', of die inert marker fratne relative to 
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(!,c mean molar frame is needed for the following relation (see (6.2) and 
,0.3), using also (6.10) and (6.13)): 

ylN = - V 2-''' = D . . ( ^ ) ^ W ( ^ ) (6.15, 
\ dx J p T.t \ dx /p.T.t 

vIN — = (n..-D,.YH.N 
V / \ d x /pT. t 

(6.16) 

Darken (1948) derived a form of (6.16) for the special case where Vj = 
V, = V and, therefore, v̂ 'f- = v '̂i- = 0. Equation (6.16) may be used with 
(6.1-1) to solve for D, ' and D,' at a given composition from measurements 
of D° (as in the last section) and v'-"*' (as follows). To obtain v^^ at a single 
|KJsiiion and time, the velocity of a marker, v^ ,̂ at that position and time 
(relative to the laboratory frame) must be determined by a series of meas
urements, at several times, of die position of the marker. The marker 
velocity is then compared with the velocity, v-̂ '̂ , of the mean molar ref
erence frame at the same position and time. 

In a binary interdiffusion experiment, the location of the points or 
(lOSS sections that define die mean molar reference frame may be obtained 
in a fashion similar to that used to locate the "Matano interface" (5.7) or 
{.").9). Indeed, the Matano interface itself is a mean molar reference cross 
section. That this is true may be seen from (5.7) or (5.9) whicii require 
that the x = 0, |.s*' = 0 cross section be one such that the cumulative flux 
of atoms across the cross .section in one direction equals the cumulative 
Mux of atoms across the cioss section in the other direction. Other cross 
sections across which the cumulative atom fluxes in both directions bal-
.iiice are given by 

or 

N l ( - 0 0 ) 

N,(-^«) 

f fs" dNi = k 

Njl-oo) 

-1-00 

(6.17) 

^ ] dx= J[J!lZ!iL(J:!!L]dx + k J6.1 8) 

where k is a constant, different for each cross section. Equations (6.17) 
and (6.18) define an x = 0, l.s*̂  = 0 plane which is a mean molar reference 
cross section (see fig. 1). Thus, to evaluate v'^', one needs to determine the 
k for the mean molar reference plane which coincides in position with 
the inert marker usetl to determine v"- at die appropriate time. One then 
determines v̂ 'f- for llie mean molar plane identified with that k by a 
••"Cries of calculations at several tinies of the position of diat plane. Alter-
iintively, one could use (5.0) and (5.9) to locate the plane associated with 

i. 

•3 

1 
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Fig. 1. "Concentration" versus "distance" profile for a binary interdi ffusion e.tpcri-
mcnt with the "Malano interface" of equation (5.H) shown in (A) and a mean iiiolir 
plane k of equation (6.18) shown in (IJ) with k = [Ni(-f-oo) — Ni(—oo)] X [20 distance 
units]. 

a given ^N" at various titnes, which would involve more effort than using 
(6.18). 

7. DARREN'S EQUATION AND TRACER DIFFUSION COEFFICIENTS 

There is reason to believe that die inert marker frame coefficients 
presented above are in some ways more "fundamental" than the mean 
velocity frame diffusion coefficients; hence, the often used name "intrinsic'" 
diffusion coefficients (suggested by Hartley and Crank, 1949). The argu
ment is based on the assumption that the principal effect of the motion 
of one component upon the motion of another component is the flux 
due lo bulk flow. Therefore, if the effect of a bulk flow is eliminated hy 
using an inert marker frarae, then the flux of a component might be CN-
pecled to depend only upon gradients of its own chemical potential. In 
olher words, an assuni|Jtioii is made that the off-tliagoiial terms in the 
phenomenological equations (3.1) are necessary only to account for flu^ 
due to bulk llow. 

The validity and consequences of the assumption of negligible off-
diagonal (i^^j) phenomenological coefficients, L^', for the inert marker 
frame have been discussed by many individuals (Bardeen and Herring, 
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.-f-,l: LeClaire. 1953; Manning, 1961. 1968; Shewmon, 1963; Howard and 
tiliard, 1904; Ziebold and Cooper, 1965; Carmen, 1968a, b). The con-
••iMis is that the assumption is not correct but may be a good approxima-
,.ii lor many systems. Carmen (1968a, b) argues lhat it is a poor approxi-

-1.(1 ion for "complex Darken systems" where a single component may be 
.̂ <r.seiii in more than one diffusing species. Manning (1968) uses an atom-
'tic ajiproach to demonstrate that the assumption cannot be strictly 
.niicct for diffusion in solids by a vacancy mechanism. Nevertheless, the 
ptiiiiaied errors lhat raight be caused by neglecting the off-diagonal terms 
111 the inert marker frame are within the range of uncertainty of measure-
niciit on many solids or other "simple Darken systems". With this in 
ijiiiid, it is worthwhile to explore a very useful consequence of the as-
tdiiiption. 

Two isotopes of the same element are chemically quite similar. The 
electron shells surrounding each of the slightly different nuclei! of the 
two isotopes behave identically in many interactive situations. Therefore, 
it is'not unreasonable to assume that die motion of eidier isotope in re-
)|H.)nse to an identical chemical force (chemical potential gradient) would 
k' the same (in the absence of gravitational effects). This assumption was 
expressed by Darken (1948) as an equality of mobilities, Bi', which give 
the velocity of a component in response to a unit force. In terms of equa
tion (3.1), Bi" is defined as follows (neglecting the off-diagonal coefficients): 

and Darken's ecjuality would be 

(B,')* = B, (7.2) 

where the * refers to a radioactive isotope of component i. 
The next step is to compare the diffusion coefficient determined in 

a tracer "self-diffusion" experiment (mixing of two isotopes of the same 
eleinent) with the inert marker coefficients (6.13). To do diis we must 
lelate the mobilities, Bi', to the inert marker diffusion coefficients. Writ
ing (6.10) for a two component system and using (6.13) we obtain upon 
comparison with (7.1) 

^•-—(^)(^)„-.-"v^(m,„- <"> 
and 

V a N j p . T \ alnN, A.T ^ ^ 

1 he molar chemical potential, m, is related to the mole fraction, N,, by 

,x, = fti" -f RTlnNiy, (7.5) 

where y, is the activity coefficient necessary to coirect for non-ideality. 

1 
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Using (7.5) to evaluate (7.4) we have: 

D,r = B . ' R T r ^ ^ " ^ ^ ' ^ ' n = B , ' R T r i - l - / - i l ^ ^ ' l 1 (7 0, 
L aiiiN. J P.T L V a i i i N i / p . T j ^ ' I 

in a tracer "self-diffusion" measurement, there is, ideally, only mixing of 
isotopes of the sarne element. For isotopic mixing, which is chemtcalh 
ideal, (7.6) becomes: 

(D,')» = (B.')*RT (7.7) 

Since the mole fraction of the minor isotope in a tracer self-diffusion ex
periment is very sniall, the diffusion coefficient measured, D°, will he 
equal to the intrinsic diffusion coefficient of the tracer, (D,')*, (see 6.1-1). 
This is strictly true only in the binary isotopic end member systems. For 
a detailed phenomenological discussion, see Howard and Lidiard (196-1, 
p, 207 and following). Using (7.2), (7.6), and (7.7), then, we obtain die 
desired relation 

D,t = (D,')*ri+(-^) 1 • (7.8) 
L \ alnN, / P.T J 

Using the identity 

ainy, "I _ r ainya 
_ ahiN, J P.T L ahiNj Jp,i 

(7.0) 

D° = 

which follows from (7.5) and the Gibbs-Duhem equation (3.3). we may 
substitute (7.8) into (6.14) to obtain a version of Darken's equation (1948, 
e q l 8 ) 

"N,(D,') '- |-N,(D,')*Tl-f( ' ^ ' 7 ; ) ~| . (7.10) 
JL V alnN, / P.T J 

The practical importance of (7.10) is gieat indeed. To the extent 
that (7.10) is correct, nieasurements of diffusion coefficients using radio
active tracers may be used to predict binary interdiffusion behavior. Thi.< 
is particularly iniportant for those interested in dctemiiiiing diffusion 
coefficients which are very sniall, for example, in minerals at metamorphic 
temperatures. This is a result ot the fact that sniall concentrations of a 
radioactive isotope may be detected with considerably more precision 
than small concentrations of non-radioactive species. 

8. IONIC CRYSTALS 

Crystals that have an appreciable ionic character such as halides, 
oxides, and silicates present some additional constraints which have not 
been considered above. Specifically, the strict stoichiometry required to 
maintain electrical neutrality leads to a coupling of fluxes for an inter
diffusion experiment in an ionic crystal. Nevertheless, nearly all the re
sults given above are valid for ionic crystals if the components used in the 
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descriiiiion are actual componenis of the crystal considered. Actual cora-
loiicuts of a crystal raay be both added to and subtracted from a crystal 
iviiiiotit destroying the homogeneity of that crystal (Gibbs, 1928, p. 64; 
Ihoinpson, 1959; Brady, 1975). In die absence of external electric fielils, 
.iiiv actual component of a given crystal must be electrically neutral, 
riiciefore. the constraints of stoichiometry or electrical neutrality are 
.iiitoniatically satisfied in any description, if actual componenis are used. 
The results of section 7. however, are not correct for ionic a-ystals. In 
particular, Darken's equation (7.10) is subject to modifications, which we 

I siiall now consider. 
* In ionic crystals eidier the positive ions move or the negative ions 
I move, rarely both (Jost, 1952). Therefore, in the following discussion we 
I sh:ill consider the motion of cations in a network of stationary anions; 
I results are ecpially applicable to the opposite case of mobile anions. If 
I lhe anions do not diffuse, then they will behave as inert markers. So for 
I most ionic crystals .the inert marker reference frame will coincide wilh the 
I - unit cell reference frame and also with the mean molar frame (for a 

judicious choice of components). Therefore, the two inert marker diffu
sion coefficients (6.13) for a binary system must be identical (see 6.16). 
This means diat there will be no "Kirkendall effect" for interdiffusion in 
ionic crystals and that the Maiano (1933) interface will always coincide 
with the initial crystal-crystal interface, even if there is a A"V,„î ing. 

In section 7 a relationship (7.10) between tracer self-diffusion coeffi
cients and the standard binary diffusion coefficient was obtained by re
lating inert marker diffusion coefficients to self-diffusion coefficients. The 
same approach cannot be valid for ionic crystals, since die equality of the 
two inert marker coefficients combined with equation (7.8) would imply 
that the self-diffusion coefficients for the two components of a binary 
crystal must be equal. Experimentally, this is not the case (Askill, 1970), 
so equation (7.8) must nol be valid for ionic crystals. A scrutiny of the 
steps followed in obtaining (7.8) will reveal that it is equation (7.1) that 
is in error for ionic crystals. The reason (7.1) is incorrect is that a force 
has been neglected, the force that prevents any deviations from stoichi
ometry. Since the mobility, Bi', gives die velocity of diffusion in response 
to a unit force, (7.1) cannot be correct if all the forces are not considered. 

It is not unreasonable to assume that the force that maintains stoi
chiometry in ionic crystals is the large electrical potential giadient that 
would develop if any deviations from stoichiometry did occur. The re
sponse of a diffusing species to an electrical potential gradient is propor
tional to both its charge, qi, and its mobility, Bi', so that the flux of 

species i in response lo an applied field I —— \ would be 
\ dx /p.T.t 

^• - - • • (^ )o ' ( lM. . 

I 
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(Jost, 1952). The flux of species i in response to both an electrical poten
tial gradient and a chemical potential gradient is then 

^.•=-(^)[(^)„,.-(-^).J - <«. 
Assuming that (8.2) includes all the appropriate forces we might 

proceed as in section 7 to find a relationship similar to (7.10). Unfortu
nately, there is one further stumbling block. The chemical potential 
gradient indicated in (8.2) raust be written for a charged species, since it 
is only for the motion of a charged species that (8.2) is needed to replace 
(7.1). However, the chemical potential of a charged species in a stoichi
ometric ionic crystal is an undefined quantity. This dilemma may be 
resolved by considering explicitly the possibility of vacancies and noii-
stoichiometry (see Howard and Lidiard, 1964) or by making a simplifying 
assumption lhat will lead to a result that may be tested experimentally. 
We will take the latter ajsproach here, manipulating the cheraical poten
tials of charged species as if ihey were meaningful and then expressing 
the result in terms of measurable quantities. 

Let us begin by considering a general binary ionic crystal composed 
of various combinations of two cations, ^4+" and J5-*•̂  and a single anion 
or negatively charged component Z-». We shall explicitly include the 
cliarges -1-a, -f b, and —z to allow for the possibility of the cations having 
different charges. This binary ionic crystal will have actual components 
A^ Z„ and B^ Z^ where the subscripts indicate the number of moles of the 
cations and anions in one mole of the component. An alkali feldspar 
would be an example of a binary "ionic" crystals with A'*-'̂  = K+S B^^^ 
= Na+S Z-^ = (AlSi30s)~S and actual coniponents KAlSi^Os and 
NaAlSi^Og. Wustite would be another example (different in the respect 
that -fa : ^ -fb) wilh A+'' = Fe+=, .B"*-" = Fe-^^ Z-^ = 0-=, and actual 
components FCoOj and FCoOj. 

If the crystal is in local homogeneous equilibrium, the following re
lations must be satisfied (Prigogine and Delay, 1954, p. 69) 

PA^Z^ = Z^A-l-a + ^ M z - i (8.3) 

/ifl̂ Zb = -̂Pg+b + b^z- i • (8.4) 

We have also frora (3.3) 

- ^A,z, d/̂ ^̂ z„ + N;;̂ z^ d/t«,zi, = 0 • . . (8-5) 

If we assume that the chemical potential of Z-* is not a function of com
position, then (8.3), (8.4), and (8.5) lead to 

V dx /r.T.t z \ ax /p.T.t N^ 2 \ dx. /p.T.t 

The validity of the assumption leading to (8.6) is discussed by Cooper 
and Pleasley (1966). See also Wagner (1930) and Jost (1952, p. 140). 

Referend 

Let us simplify the 
;? .Z, ,^ = /!•'-», aud i ! = 
the fluxes of A and B, i-e< 

U = - B ^ ' ( - 1 

where we have used the 
of AZ. Due to the const 
B with respect to die ui 
the relation 

Using (8.9), (8.7) and (S 

\ ax /p.T.t 

Substituting (8.10) into 

In order to ex pre! 
coniponents, note diat i 

and that (8.3) requires j 

Combining (8.11), (8.1'̂  

or using (7.2), (7.5), .ii 
not) ! 

-1 (D.,.'' 

Finally we must nou 
ponents A,, Z„ and l>, 
inert marker frame)-

' ' ^ ^ ' ^ ^ ' ^ ^ w j i g ^ j g j g f f v i j . ^ j i i i i ^ t ' ^ a t ^ ^ !sasBSi 
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\ '̂̂  /p.T,tJ (8.2) 
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» similar to (7.10). Unform. 
,k. Tbe cheraical potential 
If a charged species, since it 
at (8.2) is needed to replace 
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ity. This dilemma may he 
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or by making a simplifyin;,' 

ly be tested experimentally. 
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ingful and then expressing 
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stals with y4+'' = K+\ B"^" 
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jilibrium, the following re-
1954, p. 69) 

(8.3) 

(8.4) 

= 0 . (8.5) 

' is not a function of com-

(8.6) 

) is discussed by Cooper 
Jost (1952, p. 146). 

I 

Let us simplify the notation slightly by letting AZ = A^ Z^, BZ = 
^^2,,, A — i4+», and B = «+''. Then using (3.5), (8.2) may be written for 
[lie fluxes of A and B, respectively 

J.' = -,B..(^)rJL(iK.) H.,(i£.) -) (8.7, 
\ ^ / L z \ dx /p.T.t \ dx /p.T.tJ 

j,i = +B,'/-^I^TJL/^Y^A . J l ± \ 1(8.8) 
\ ^ /L 2 V N M A dx /p.T.t V dx /p.T.tJ 

where we have used the fact that the density of ̂  is z times the density 
of AZ. Due lo the constraint of electrical neutrality, the fluxes of A and 
/{ with respect to the unit cell frame (= inert marker frame) must satisfy 
lhe relation 

a j / + bja ' = 0 . (8.9) 

Using (8.9), (8.7) and (8.8) may be solved for ( — " ) yielding 

\ dx /p.T.t 

(d<f>\ ^ / N . A (bB/-aB,') /d iuz \ 

\ dx Jj.,r,i \ z /(a-^N^iz B / -f b"-N«;, Bfii)V dx /p.T.t 

Substituting (8.10) into (8.7). it follows that 

T I = _ / N , A (B, ' B;,') (b) (aN,z -f bN^,) / d ^ , , \ 
\ 9 J [a=N.,i;5 B.i' -f b=N ;̂5 B^'j V dx /p.T.t 

In order to express the final results completely in terms of actual 
components, note that stoichiometry requires 

J . ' = zj.z' 

and that (8.3) requires (since v,i' = v.iz') 

W = zB.iz' 

Combining (8.11), (8.12), and (8.13) then 

]AZ' = 

(8.10) 

(8.11) 

(8.12) 

(8.13) 

I = _ / N , A (B,;;' B„;,I (b) (aN.,;; -f bN^;;) /d,i..,A 

K-^ ) [a=N„2 } W + b'-'Nsz B„z'] V dx /p.T.t 

or using (7.2). (7.5), and (7.7) (which are still valid even though (7.1) is 
not) 

T i = J l L CD..;;')* i^tiz')* (b) (aN,;; -f bN^^,) 
^ [a=N^;, (D.,«')* -f h-̂ N„i, (D„;,')*] 

V alnN^z / P.T JV dx /p.T.t 

Finally we must note that the mean molar reference frame for com
ponents A^ Zn and B^ Z^ docs noi coincide with the unit cell frame (= 
inert marker frame), although the mean molar frame for components 

"^jnjs^^i^ 
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•î bz ^ob arid B„j Z„b does (see sec. 5). Using (3.19) written for these latter 
components and performing a simple component transforraation (Brady, 
1975). we obtain 

T - b . D ° / ^ - ^ , i A 
• ' ^ ^ - ( a N . , - f b N , , ) V \ ex jp.T.t • (^-'̂ ^ 

On comparing (8.15) and (8.16) it follows that 

B Z ( O B > : T ] L V 3 1 n N , , J p . T j ' 

b then (8.17) re-

D' _ (D,,;,')* (DBZ')» (aN.,z 
[2t'N,, ( D ^ / y -f b=N, 

which is the relation we have been looking for. If a 
duces to the siinj)le form 

^^)*] L V alnN.,^ / P.T J 
0" = 

[N^;!(D„;5')»-fN«^(D«z' 

as given in Manning (1968, p. 21). 
Equations (8.17) and (8.18) have the potential to perform the same 

important function for ionic crystals that Darken's equation (7.10) per
forms for metallic crystals: relating relatively ea.sy to measure self-diffu
sion coefficients to relatively hard to measiirc interdiffusion coefficients. 
Equation (8.17) is only an approximation, though, subject to the validity 
of (8.6). Unfortunately. I know of no experimental verification of (8.17), 
so it should be used with caution. Etjuation (7.10), on the other hand, is 
clearly incorrect for ionic crystals, although it is commonly used for ionic 
crystals in the literature (for example, Bitening and Buseck, 1973, p. 6856; 
Wei and Wuensch, 1973, p. 564). Cooper and Heasley (1966) give a rela
tion (their eq 14) similar to equation (8.15) but not itlentical with it. I 
believe their equation (14) to be incorrect, and Cooper agrees (personal 
commun., 1974). 

Unfortunately, not all binary ionic crystals are suited to the above 
analysis. Consider, for example, the binary systera of the plagioclase 
feldspars (NaAlSi;,Os-CaAloSioOs). Interdiffusion in this system involves 
the exchange of Na and Si for Ca and Al. While we might measure the 
tracer diffusion coefficients of Ca or Al, there is no way to ensure diat 
doped Ca and Al remain coupletl in a tracer experiment in anorthite as 
they must in an intertliffusion experiment between anorthite and albite. 
One simplification, which might be useful in practice, would be to assume 
that the raotion of die coupled pair CaAl is limited by the motion of Al, 
measure the diffusion of an Al isotope, and proceed as in (8.17). 

9. CONCLUDING REMARKS 

Several points made in the preceding paragraphs deserve reiteiation. 
(1) Fluxes and diffusion coefficients are meaningless quantities unless re
ferred to a specific reference frame. (2) Certain i-erctcnce frames are pre
ferred for common tisa.ge due to the ca.se with which they may be inter
related; mean velocity frames are particularly convenient. (3) All dilfusion 
data should be reported in terms of "standard" diffusion coeflicients 
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'u^ed on the mean volume reference frame. (4) Volume changes may be 
,n;iiincant in many diffusion processes and can be handled for single 
,i\st:ils using a unit cell reference frame. (5) Self-diffusion data may be 
ii»ed to predict interdiffusion behavior; the approximation for ionic 
iivstals is different dian for metallic crystals. 

'Jhe discussion above has emphasized diffusion in single crystals, but 
m:tiiy of the results are not so restricted. Indeed, selecting a reference 
frame can be particularly important for geolo.gists considering diffusion 
in natural polycrystalline raaterials. For example, metasomatic zones 
generally lack coraplete information on the initial distribution of material 
«) that a laboratory frarae is unavailable. However, assuraptions about the 
starting configuration and diffusion process may still be evaluated using 
some of the other reference frames considered in this paper (for exaraple, 
Thompson, 1975). 
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REFERENCE FRAMES AND DIFFUSION COEFFICIENTS 
JOHN B. BRADY 

Department of Geologic;il Sciences, Harvard University. 
; Cambridge, Massachusetts 02138 

j ABSTRACT. Diffusion coefTicients arc empirical eonstanl.s (hat express linear rela
tionships between fluxes of chemical components and gi.-idieiits in composition vari-

! ables. Component fluxes must be me.isurcd with rcspcci to some particular frame ot 
reference, .so diffusion coeflicients depend on lhe choice of reference frame as well as 
the choice of composition gradient. Reference frames based on a mean velocity o£ all the 
components, such as the velocity of the center of mass, arc particularly convenient, for 
results obtained using difTcrem mean velocity frames may he rc:idily interrelated. Dif
fusion dala is best presented iu terms of "standard" difTusion coefficients, D^ij, based 

:on the mean volume reference frame. The continuity equation for a specific reference 
frame R is given by 

where V"- is the local \-clociiy of reference frame R with respect to a fixed point not 
affected by the diffusion process. If there is a volume change during a binary diffusion 
process in a single crystal, the continuiiy equation may be solved using a modified 

! distance scale based on appropriate lattice tran.slaiions in the crystal oC interest. Inter
diffusion bchas'ior may be predicted .on the Iwsis of isotopic self-diffusion measure

ments ; the exact relationship ulili-/.cd for ionic crystals is not identical to Darken's 
equation for metallic crystals. 

1. INIROUUCTION 

The process of diffusion involves the net tr;insfer of atoms due to 
random thermal motions of atoms initially in a non-random distribution 
land/or to non-random thermal motions of atoms subject to a driving 
force. In order to describe and niianr.ify this net movement of atoms, 

.'macroscopic measurements must be made with respect to some specific 
'frame of reference, usually consisting of a set of identifiable points. In 
principle, any .set of reference points may be used as lon.g as all measuie-

Iments arc made with respect to the same set. In practice, however, it may 
be inconvenient or impossible to use the same reference frame for all 
Imeasurements and applications. Since different reference frames lead to 
idifferent descriptions of diffusion and, therefore, to different diffusion 
icoefficienls, it is wise to sel.cct for common usage those reference frames 
that may be readily interrelated. For these reasons, an underst:uidiii.g of 
ithe various ways to describe diffusion and to define diffusion coefficients 
|is a prerequisite to the discussion of any diffusion d;ita or diffusion related 
process. • 

Extensive discussions of t:he subject of reference frames may be found 
in the chemical, physical, and mctallui.gical literature of the last 25 years. 
Outstanding papers include diose by Darken (1948), Hartley and. Cr:ink 
i(19'19), Hooyman and others (1953), Hooyman (1956), Kirkwood and 
jothers (19()0). An excellent summary may be found in a textbook by de 
.Groot and Mazur (1902, p. 239 aiicl follo^ving). Stiminnrics may also be 
Ifound in the texts by Fitts (1902, chap. 8) and Hna.sc (1969, p. 271 and 
follo-iving). In spite ot this rather thorough iheoretical coverage of the 
subject, a unified treatment of reference frames is not available. The 
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several paj^ers listed ;ibove utilize a number of different approaches, each 
designed to suit the jjioblems most often encountered by the authors. In 
what follows I \vill reconsider the general topic of reference frames and 
show how the results of several of the listed authors are interrelated. I 
will then show ho'.v these results may be extended and modified to apply 
to problems of diffusion in common minerals. 

Tliroughout this jiaper I consider only macroscopic or phenomeno
logical descriptions of diffusion. Macroscojjically, diffusion is manifested 
by local variations in the chemical coiTi])ositioii of a physical system and 
may be explained, using simple mass balance considerations, in terms of 
the transfer of m;itcer of definite chemical compositions into and/or out 
of the system. Hence, one describes diffusion as a motion of quantities of 
chemical components relative, to some reference frame sufficient to jsro-
duce the observed variations in chemical coniposition. The componenis 
used in the description need not correspond to any moving atomic or 
molecular species and may be selected on the basis of convenience (see 
Brady, 1975). For the purjjoses of this paper I assume that the coniponents 
used are linearly independent and that the quantity of each component 
may be independently varied in the systenis considered. 

The equations presented in the following paragraphs are all for one-
dimensional diffusion. To be complete, velocities, fluxes, forces, and dif
fusion coefficients should be given as tensor quantities. However, a one-
cUmensional reiarescntation is sufficient to convey the iniportant concepts 
and simplifies the already cumbersome notation. The generalization to 
three dimensions is straightforward. The unit of quantity used throughout 
is moles of component i or grani-forniula units of i. This choice of unit 
of C[uantity sinqjlifies some of the discussion, particularly for the unit cell 
reference fraine. Quantities that have meaning only if a reference frame 
is specified are \vritten with superscripts to indicate a pardcukir reference 
fi-auie, R. The following is a list of the symbols used in the text. 

/ 4 = J+» 
A nv 
A | j 

b 
B:=B+^ 

c 
G, 
Dij«.c 

NOTAnON 

— unit cell parameter (.'\) 
— cation with charge -fa 
— jaarameters used to relate fftixes in reference frame R to 

fluxes in reference frame V (dimensionless) (3.11) 
— unit cell parameter (A) 
— cation with cliaigc -Fb 
— mobility of component i; velocity of component i with re

spect to the inert marker reference frame in response to a 
unit force (molc-cm-'/cal-sec) (7.1) 

— unit cell paraniel;er (A) 
— any one composition variable for coinjDonent i 
— practical diffusion coefficient; lelates flux of comjDonent i 

with respect to reference frarae R to gradient of coraponent 
j given in terins of composition parameter Cj (3.6) 

' :*:^ 
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"standard" jiractical diffusion coefficient; relates flux of com
ponent i with respect to the mean volume reference frame 
to giadient in molar density of component j (cm'-'/sec) (3.11) 
inert marker diffusion coefficient defined in (6.13) and (6.10) 
(cm=/sec) 
Gibbs free energy (cal) 
dummy subscripts usetl to represent various components 
flux of component i with respect to reference frame R 
(moles/cm"--sec) (2.4) 
phenomenological diffusion coefficient; relates flux of com
ponent i with respect to reference frame R to the force pro
duced by the chemical potential gradient of component j 
(mole7cal-cm-sec) (3.1) 
phenomenological diffusion coefficient; relates flux of com-
]:)onent i to a set of iiidejDcndent forces given in (3.4) 
(mole-/cal-cin-sec) 
gram formula weight of component i (gm/mole) 
number of moles of component i 
number of moles of component i j^er unit cell 

ni 
; mole fraction of com]wnent i (dimensionless) 

pressure (bars) 
charge on sj^ecies i (esu) 
g;is constant (1.9R7 cal/molc-deg) 
lime (sec) 
temperature (°K) 
velocity of component i with respect to some laboratory 
frame L (cm /sec) 
a weighted avcra.ge of the velocities of all components; 
velocity of mean velocity reference frame R (cm/sec) (2.2) 
velocity of component i with respect to mean velocity ref
eience frame R (cm/sec) (2.3) 
velocity of refeience frame S with resijcct to reference frame 
R (cm/sec) (2.6) 
volume (cm^) 

( — ) 
\ d n j I'.T.njys 1 

V 
; molar volume of a phase (cm'/mole) 

partial molar volume (cni-''/mole) 

weight given the velocity of eomjionent i in obtaining mean 
velocity v'"' (dimensionless) (2.1) 

^ 

X 

Z = 'Z-^ 

yi 

p-i 

^ v ^ • 

pi 
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Reference frames nnd diffusion coefficients 

— distance (cm) 
— anion or chemical component with char.ge —z 
— activity coefficient for component i (dimensionless) 

f = 0 if i:r/:k] 

957 

] = ! if i:rrk( 

\ 5n , / l ' .T ,n j 

Kronecker delta function (dimensionless) 

; chemical potential per mole of component 
¥= 1 

1 (cal/inole) 
modified dist:ince jiarametcr for reference frame R based 
on unit cell edge c (dimensionless) (3.1) 
molar density of eomjionent i (mo les/cm') 
electrical jiotential (cal/esu) 

Pi 

<!> 
Superscripts 
C — any one composition variable 
I — inert marker reference frame (sec. 6) 
K — K«/z eomjionent reference frame (2.10) 
L — labor;ttory reference frame (sec. 2) 
M — mean mass reference frame (2.11) 
N — mean molar reference hanie (2.8) 
R — any one reference frame 
"V — mean volume reference frame (2.9) 
* — indicates that the value is given for a radioactive isotope 

2. MEAN VEI-OCITV REFEKENCE FRAMl-:S 

A great number of papers have been written on the general subject 
of diffusion that make no mention whatsoever of the frame of reference 
in which the diffusive velocities and fluxes discussed are to be measured. 
The authors of nearly all these papers t;icitly assuine that the diffusive 
fluxes and velocities they discuss are measured with respect to a single 
identifiable jioint. This is equivalent to using a reference frame based on 
a set ot jioints. each of wliich remains iu a fixed position relative to the 
others at all times. I shall call tliis tyjie of reference frame the laboratory 
frame, L, for it is commonly used by experimentalists in the descriptioii 
of transjiort jirocesses. For example, fluxes in solid interdiffusion experi
ments are given with respect to one end of the sample. Similarly, in 
liquid diffusion experiments, fluxes are measured with respect lo the con
tainer that holds the liquid, sometimes called the "cell-fixed" reference 
frame. 

Aldiough laboratory reference frames have obvious jiractical ad
vantages, their general utility is severely limited by their multiplicity. 
Indeed, there are jiotentially as many laboratory reference frames as there 
are laboratories or experimentalists, :ind results obtained using such 
frames may be difficult or impossible to comjiare. For example, two ob
servers ot a solid interdiffusion exjieriment might pick opjiosite ends of 
the diffusion couple as the origin of their laboratory frames. If there is an 
overall voliuiie change diuiiig the diffusion experiment, die two labora-
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tory frames chosen would move with respect to one another. This means 
that two observers of the same exjieriment w-ould obtain different values 
for fluxes and velocities of the same comjionents. 

Tliese difficulties may be eliminated by reporting motion with re-
sjiect to a reference frame that is iiidcjiendcnt of the jiarticular labora
tory frame selected by an observer. Such ;i reference frame can be defined 
by some weighted avera.gc of the velocities of all the chemical components 
involved, such as the velocity of the center of mass. Whatever laboratory 
frame is used to measure individual velocities in a given exjieriment, the 
same result would be rejiorted by all observers for component velocities 
relative to the center of mass. This apjiroach has its foundations in classi
cal mechanics and was introduced to describe multicomjionent diffusion 
by Hooyman (1956). Following Hooyman's terminology, I shall call ref
erence frames of this tyjie "mean velocity" reference frames. 

Let Vj'̂  be the velocity of eomjionent i as measured by any one ob
server with resjiect to any single laboratory fraine L at one point in sjiace 
and at one jiarticular time. Ojierationally, Vĵ  would be a weighted aver
age of the velocities of all the jiarticles that contain eomjionent i. Selecting 
a set of dimensionless weighting factors Wj", such as mass fraction, mole 
fraction, or volume fraction, normalized according to the criteria 

2" - (2-1) 

we may define ah average or mean velocity, v''̂ -, for the n comjionents ot 
a given system as 

Comp;i 
n fluxes in 
Indeed, the 

Equation ( 
R and w;i: 
also jioinii 
may be rel 

where \'^" 
frame R.'. 

Equauon 
reference 
interrela-
di ffusion 

Con 
die folio 

1. > 

- V •,w (2.2) 

where the supeiscrijit R refers to the reference frame defined by (2.1) and 
(2.2). Akhough the magnitude of v,"̂  and of the mean velocity v'"' may 
vary from observer to observer, the velocity Vi" of component i with re
spect to the mean velocity 

v," s (viL - vitL) (2.3) 

will be the same tor all observers. On this basis, then, we may define the 
flux, Jl' ' , of component i with resjiect to mean velocity reference frame 
Ras 

Ji"^ : piVi« (2.4) 

where pi is the molar density of i and where the flux, J,'^ is given in units 
ot moles of i jier cm- jier second. J," will be the same for all ob.servers of 
the same event. 

where ? 
the ph.-̂  

2. 

where 
3. 

where 
8 , , : = '• 
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Comjiaring equations (2.1), (2.2), (2.3), and (2.4) it is clear that the 
n fluxes in any mean velocity reference fraine cannot all be independent. 
Indeed, the fl uxes are rcla ted by 

V^J .« : (2.5) 

.Equation (2.5) jirovides an alternative definition for the reference frame 
R and was used as such by Kirkwood and others (1960). These authors 
also pointed out that the fluxes with resjiect to any two reference frames 
may be related using the exjiression 

J ." = Ji« + P.v̂  .SR (2.6) 

where v^" is the velocity of reference frame S witii respect to reference 
frame R. For mean velocitv reference frames we have 

t>sn - M L . vRI-, 2 (-̂ • W,K)v,I ' (2.7) 

Equations (2.6) and (2.7) point out a very useful feature of mean velocity 
reference fr.ames: results from various mean velocity frames may be easily 
interrelated. This fact will be used lo advantage in defining a "standard" 
diffusion coefficient in section 3. 

Commonly used reference frames of the mean velocity type include 
the following: 

1. Mean molar reference frame (also called number-fixed frame) 

w,- N, = piV 2J.^'=' (2.8) 

where Ni is the mole fraction of i and where V is the molar volume of 
the jihase in which the diffusion occui-s. 

2. Mean volume reference frame 

^ ^ > V = <̂  w,'^ = PiV, 

where Vi is the jiartial molar volume of i.-
3. Kth eomjionent reference frame 

WiK = 8,K J K ' ' = 0 

where Sik is the "Kronecker delta" defined such that 8|i; 
8,̂  = l i f i = K. 

(2.9) 

(2.10) 

0 if i =?t K and 

V ^ - y '--•' "'•V;r;'-'r7J'.' 
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4. Mean mass (barycentric) reference frame 

w,M = N. = p~V 2 M , J , M = 0 (2.11) 

where N| is the mass fraction of i, ,5]'is die mass density of i, "V is the 
sjiecific volume, and M; is the gi-am-formula weight ot i. 
Each of these reference frames may be jiarticularly useful for a given 
set of additional constraints. For example, the mean volume reference 
frame is most convenient if there is no volume change during the diffu
sion process. Also, the Kth component reference frame simplifies the de
scription of a diffusion process in which the Kih eomjionent does not 
actively participate. Because of their general utility, much of the follow
ing discussion will emjihasize mean velocity reference frames. 

3. FORCKS, FLUXKS, AND DIFFUSION COEFFICIENTS 

The jiresence of material transjiort in a system as described by the 
molar fluxes Ji'' clearly indicates a dejiarture from equilibrium. On a 
local scale, however, the departure from equilibrium for many transjiort 
proce.sses is not gieat. Therefore, il is a very good approximation to de
scribe the changes of a system in terms of linear functions ot the forces 
that tend to restore equilibrium. This linear ajiproximation has ivitli-

- stood the test of countless exjieriments. It was formulated independently 
as the "laws" of Darcy, Fick, Fourier, and Ohm which govern specific 
transjiort jirocesses. Onsager (1931a, b) unified the various linear laws 
using a formalism that em|ihasizes their interrelationships. 

Isodiermal, isobaric diflusion is a form of material transport linearly 
relatctl to the force jiroduced by chemical jiotential .grachents. While 
chemical jiotentia] gradients are indejieiident of the choice of reference 
frame, the molar fluxes J," are not. Thus, the linear relations between 

fluxes Ji" and forces ( — ^ ) given by 
\ dx /p.T.t 

j ' "= . - i ^ 'K i rL 0=1.2.•••'.") (3.1) 

will vary with the choice of reference frame. Equations (3.1) define the 
jilienoiiieiiological (cliirtision) coefficients, L^", for reference frame R. ix[ 
is the chemical potential jicr mole of i, and its derivative with resjiect to 
distance x is taken at constant jiressure P. temjierature "r, and time t. 
Note that in .general the flux of any eomjionent i is linearly related to 
the chemical jiotential gradients of each of the other coniponents. In 
other words, the contribution to die diffusion flux from any apjilied 
force should be considered. It should also be noted that the dc,gTee to 
which each force contributes to the diffusion flux of a given eomjionent 
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dejiends directly ujion the reference frame selected to describe the diffu
sion flux. 

Equations (3.1) le;Kl to the disturbing conclusion that for an n-
component system with r refeience frames of interest, there are (r) (n)-
jihenomenological coefficients. Fortunately, these coefficients are not all 
independent. Onsager (1931a, b) has shown that jirovided the fluxes and 
forces are properly chosen, die n= coefficients for a single reference frame 
are subject to the relations 

L. i" = /-j (3.2) 

leaving only (n)(n-t-l)/2 indcjiendent coefficients for each reference frame. 
Hooyman and de Groot (1955) have demonstrated that linear inde-
jiendence of cither the fluxes or forces is a sufficient, though not necessary, 
condition for die Onsager symmetry relations (3.2) to hold. For mean 
velocity reference frames the fluxes and forces of (3.1) are not indepen
dent, being related by (2.5) and die Gibbs-Duhem equation 

^ N i d ^ , = 0 (constant P,T) (3.3) 

resjiectively. The extra terms in (3.1) may be eliminated by using (2.5) 
and (3.3) and selecting J„" and dyUn as the dependent variables. The result 
is an indcjiendent set of jihenomenological ecjuations for mean velocity 
frames 

h-=-T' 
1=1 

I-^S-;M (i = 1,2.... .n - 1) 

(3.4) 

as given in de Groot and Mazur (1962, p. 242). Equations (3.4) define the 
phenomenological coefficients L|j" which express the linear relations be
tween the fluxes Ji" and a set of independent forces given by the terms 
enclosed in brackets. The Onsager relations (3.2) become 

Lij« = Lji« (3.5) 

This leaves (n-l)(n)/2 indcjiendent coefficients for a given mean velocity 
frame. And since the various reference frames are related by (2.6), we are 
left widi the task of determining a total of only (n-l)(n)/2 indcjiendent 
phenomenological coefficients. 

While chemical potential gradients are theoretically meaningful as 
the ultimate driving forces for difftision, they have the unfortunate 
quality of beiii,g difficult to measure. In crystals, they may be fotiiid only 
by calculations based on measurements of composition gradients com
bined with often-unavailable thermodynamic data. Tlierefore, it is com
mon Jiractice to desaibe diffusion jirocesses in terms of "jiractical" 
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diffusion coefficients Dij"'^ which are defined for mean velocity frames by 
the relations 

Ji« = - V D,".c( '4^\ (i= 1.2.....n-1) (3.6) 

where C, is some compositional variable. Note that the diffusion coeffi
cients Djj"-'^ dcjiend both on the reference frame R used to describe the 
fluxes and on the jiarticular composition variable C| whose gradient is 
nieasured. Also, note that as in (3.4) only (n-1) indcjiendent fluxes and 
forces are considered, with J,,'" and dC„ being selected as the dejiendent 
variables. The n fluxes ate connected through equation (2.5), and the n 
forces are connected through relations of the tyjie 

V aidC, = 0 (3.7) 

which exist for the comraonly used comjiositional variables. The a's are 
constants for a given comjiosition. For example. 

2 V'̂ P' = 0 (constant P,T) (3.8) 

where "Vi is the jiartial molar volume of i and pi is the molar density of i. 
Once again with the definitions (3.6) a multiplicity of (n-l)-(r)(c) 

diffusion coefficients has been introduced for r reference frames and c 
compositional variables of interest. As before, these coefficients are not all 
indcjiendent: the various reference frames may be related by (2.6), and 
relations (jierhajis unknown) obviously exist between the various com
jiositional jiarameters such as mole fractions and molar densities. A maxi
mum ot (n-1)- diffusion coeflicients remain. These, however, are not all 
indcjiendent either. Comjiaring equations (3.4) and (3.6) we may see that 
the diffusion coefficients Dij"'"^ are linear functions of the jihenomeno
logical coefficients widi 

D,.«.c=;2;2iv ^̂ ^ + tv„" Nj 

,n - 1). (3.9) 

Since the jihenomenological coefficients L^^' are not independent, but re
lated by the (n-l)(n-2)/2 equations (3.5), only (n)(ii-l)/2 of the diffusion 
coefficients Dij"*^ can be independent. The specific relations among the 
D|j"'C may be found for a given system by solving (3.9) for the Lij" and 
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using (3.5). This is only possible if the derivatives ( — ^ I 

are known. It an ecjuation of state is unavailable, then the relations (3.5) 
and (3.9) cannot be I'lsed, and (n-1)- coefficients must be detennined. In 
any event it will not, in general, be jiossible to choose fluxes and forces 
such lhat Diji:-c = Dji"-c. 

While it is clear that the diffusion coefficients for the various mean 
velocity reference frames and compositional variables are interconnected, 
we are liable to find any of the (n-l)-(r)(c) jiossible coefficients in use. 
The undesirable consequence is lhat diffusion data from different labora
tories may not be directly comparable without jierforming tedious cal
culations. It would seem preferable to select a single reference frame R 
and comjiositional variable C, to define a "standard" diff'usion coefficient 
througii which all dala would be rejiorted and, thus, easily comjiared. 
Following the precedent set by Hooyman and others (1953) let us use the 
mean volurae reference frame and the molar densities pi to define the 
standard diffusion coefficients D",, with 

V % °°"(^)"-. (i = 1,2,... ,n - 1) . (3.10) 

Equations (3.10) reduce to Fick's law at constant volume in a two-com
ponent system. For diffusion with resjiect to a different mean velocity 
reference frame R with fluxes J," linearly related to fluxes Ji^' by 

]i'' = ^ A , r j r ( i = 1 , 2 , . . . , n - 1 ) (3.11) 
1 = 1 

the flux equations become 

.i."=-2; 2 Au'= '̂D<'j, ^ ^ \ (i = 1 , 2 , . . . , n - 1 ) . (3.12) 
V dx /p.T.t 

If a different comjiositional variable C| is used tlie flux equations are 

.1."̂  
n —1 / n —1 

2 2^''"°' jk 

l"=i \ J = i 

-_£C 
_ dx 

f . —I 

X Jp,T,t 

(i = l,2, . . . n - I ) . (3.13) 

Equations (3.13), which are identical to equations (55), p. 243 of de Groot 
and Mazur (1962), iii;iy be considered a genertilization ot Fick's law to 
multiconijioneiit diffusion. 

Equations (3.13) reduce to jiarticularly simple forms for two com
ponent systems which may be described in terms of a single binary (or 

' • ' ^ r r , ' . . ^ . . ^ i ^ i , . , ^ . , . ^ v ^ , ^ . ^ ^ ^ . , ^ ^ . . . ^ ^ ^ ^ ^ 
T^''.i?fii,'fip---'.s!t,-:-'i^-^'-v-':,.rJ:ii'',t;-;w'^9 
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interdiffttsidn) coeffieient, since (n-l)- e'qunls one. Let its evaltiatis the 
A]j'"' of (3.11) for-a two cqm]i(3iient systern and mean velocity frame R, 
This may be accoraplislied by rewriting equation (2.4) using (2,1), (2.2), 
and (2.3) first for reference frame 11 

Jl'* = PiVi^ - Pl r w, "v,^ + v<,»v,'^1 

and then fprreterence frame V 

j,^=w^rpi(v,f^-v,i')i . 
Com paring (3,15) and (3.15) we see that 

w 
J l — T .11 ~ h 

(3.14) 

(3.15) 

(3,16) 

(3,17) 

Using (3.13) and (3.17) we may give a general definition of the; binary 
diffusion coefficierit D° in terms of any mean velocity frarae°R*as 

^^ p,V, \.aC J p.^ \ 5X y/p.T.t 
taking eomjionent,2-as the'dejiendent eomjionent (Hooyman and others^ 
1953). For the mean velocity fraraes jircsented above, (3.18) becomes (de 
Groot and Mazui-i 1962, p. 252) 

T N - _?L. 0 ( 1 E I \ - - ^ ° ( d ^ : \ ( i^ean molar 
VJ \ dx /F,T-,t. "̂  \ dx /p.T.t. \ frame 

TV = _ i)= ( ^ ^ ^ ( "\?a^"^<^'"i"^ \ 
\ 5x /p.T.t \ frame / 

(3.19) 

(3.20) 

(3.21) 

(3V22) 

2-_ _ D ° / ^ P i \ ^ _ D ° Y a N A / component-2 \ 

P2V,\ ax /i>.T.t Nj^V t|x; /r.T.t \ frame / 

T M - Ng / Bp, \ _ _ D" / ^ N A •/ niean-mass \ 

P^vXdx J i:T,t MiV \ c(x/p,T,t \ frame / 

4. THE CON'TlNUITA'EQtJ ATION. 

The flux equations pi-esented in section 3 involve gra clients of ehenii-
cal jiotehtials bi- Goinposition varialiles evaluated at any single tiiue t. 
Equations (3,4) aiid (3,13), therefore, are "instantaneous" flux equations. 
They arevalid to' describe the jiroccss of cliffusiGii only at a given pqint in 
space an*̂ ! '̂ ^ ohe jiarticular tinie. The one, ex<;ejition' is the special-case 
of .stcatty-statc diffusi.Qii, in wliicli tbe gradients of chtimical jiotential or 
comjiosition do not change, with time. In general, diffusioti is a non-
steudy-.state: jirpcess and must be described by a form of tiie continuity-
equation. 
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0 (3,1.4) 

(UB) 

(3.16) 

(3.17) 
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li-m of the continuity 

For difl'u.siv'c in.i.s,s transfer the ei|i|ntion of continuity is also eotn-
motily Galled tht;-cori.st;rvat;ion ofmafis equation or the in ass balaiiee equa
tion, t t is tyjii'c'ally given in tt;rms of fluxes uieasurcid ivitli resjiect. to a 
laboratory referericefranie. As;discussetl in sCctitin ^j lab.oratory refei-ence 
fraiTies have a nutiiber of undesirable fe'Ltttu'es. In additipii to those fea
tures already mGntioiied, lalipratory frames require, tiie ii,se of more diffu
sion coe"fficients tluin mean velocity fraiifes. Since there is, in general, no 
equation similar to (2.5) to interrelate laboiatpry frame iluxes, it will be 
necessary tP,determirie n= diffusion coeiricieots D,ĵ -̂̂  defined by 

-'."=-i-"""°(^L. <==''̂  "' 
j = i 

(4.1) 

for any laboratory frame of interest, (The number of diffusion coefficients 
may be.redueed to (u) (n-(-l)/2 using (3.1) and (3.2) if^aii equation of state 
is available.)' It will be to our advantage, therefore, to exjiress the con
tinuity equation in terins ol niean velocity traine" fluxes. 

The equation of continuity has been derived iiinherous times fiDr a 
•muttitude of processes, so I will not. repeat- th'e derivation here. See 
Latidau and Lifshit/ (1959, p. 1-2) for a genijral derivation. In the nota
tion of this pajiei' the continuity etjuation for any component i is 

( d p A = r i O n V j l l . . _ / £ l i ^ \ . (4.2) 
\ St. / r.T,i L dx Jp.T.t \ 5x ./B,T,t 

Equation (4.2) is strictly ajijilicable oiily to conservative jirocesses in 
which Gohijioiient'i is iieitlier addetl to nor siibtracted from the diffusive 
system (by reaction, for examjile). For coiistant volume diffusion, eqiia-
tidn (4,2) has been called Fick's second law, RecaUing equation (2.6), we 
may readily write the continuity equation for any .reference frame, R, as 

\ dt /p.T.i L dx Jp,T,t. 
(4,3) 

where v̂ ^̂  is the local velocity bt, reference frame R with respect to the 
laBoifatory fraine. Tlie value of v''"" for a given mean velocity frame R may 
be exjifessed hi terms of laboratory frame fluxes, by using (2:5) as well as 
(2.6) (see Kirkwood and others,. I960). For the mean molar reference 
irame,.N, 

vNt-:- V V Ji^ 

which upon substitiition iiito (4,3) gives 

\ at /p,T,s \ dx /^^^^ tf^VcIx / 

(4,4) 

(4.5) 
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Similarly, for the mean volume reference frame 

(•l^)„.=-©,..„-'"• i;(~^<^j-'-))„. (4.6) 

We are now in a position to understand some of the jiroblems of 
treating non-steady-state diffusion. If a laboratory frame and equation 
(4.2) are used, then a minimum of (n) (n-l-l)/2 diffusion coefficients must 
be determined. And even for a two-component system, this would be 
three diffusion coefficients lhat must be determined from two simultaneous 
non-linear differential equations. If a mean velocity fraine is used, a mini
mum of only (n) (n—1)/2 difftision coefficients are needed: one for a bi
nary system, three for a ternary system. Thus, for a binary system there 
may be some hojie, if a mean velocity fraine is used. However, the con
tinuity equation for mean velocity frames (4.3) involves the term v""̂  
which comjilicates the solution. 

As a consequence of these considerations, the overwhelming majority 
of diffusion studies has been restricted to binary systems. Generally, a 
mean velocity frame is chosen to limit the number of unknown diffusion 
coefficients to one. In addition, simplifying- assumptions are made that 
lead to the conclusion that v'''̂ ' = 0. In such cases the laboratory frame, 
L, would coincide with the mean velocity hame, R, and the continuity 
equation is corresjiondingly sinijilified to the form of (4.2). The most com
monly used assumption is that there is no overall volume change during 
the diffusion process. This is equivalent to assuming that A"̂ ,,,!̂ !,,,, = 0 or 
dial Vl and Vj are constant, which means that v^''' = 0. A.ssiiming con
stant volume and using (3.20), the continuity equation (4.6) for the binary 
case becomes 

\ dt /p.T.x \ dx /p.T.t L 5X \ \_ dx Jp.T,t/Jl',T,t 

Equation (4.7). which is strictly valid only for const.'tnt-volume, binary 
diffusion, has been solved for specific boundary conditions by Matano 
(1933) using the methods of Boltzraann (1894). The Bolfzinann-Matano 
solution to (4.7), which may be evaluated using a grajihic;il integration, 
is tyjiically used by exjierimentalists to determine D° ^vhen D° varies with 
comjiosition. 

If D° can be shoAvn to be indcjiendent of jiosition x in the diffusion 
coujile, (4.7) simjilifies to -> 

\ dt /p.T.I \c)x=/r.T.t 
(4.8) 

which has many solutions for a great variety of boundary conditions (see 
Carslaw and Jaeger, 1947; or Crank, 1956). The apjilicability of (4.8) 
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may be. tested for a give'ii set of boundary conditions by comparing'the 
res tilting comjiosition pi-bTdes with tho.se predicted by the appropriate 
ahalytical splution. Diffusioit studies u;uug radioactive tracers ate cor.-
rectiy described liy (4.B) diie to the vety sniall coin position clianges -in
volved. Solutions to the conti nui ty equation (4.3) for thtee or more com-
ponents have been given in analytical form only for systems in ^vhich the 
diffusioii coefficients D'̂ ij la-e- iiidepentleiit ol: coniposition (for exaniple, 
Fujita and Gbsting; 195C); Kirkakly,. 1959; Qishi, 1965). Application o.f 
.these; solutioiis to ternary diffusion jiroblems may be found in Miller 
(I95ll9fi(^, Kirkaldy and Brown (1963), Catraen (lOGSa,, 19681D), Cooper 
and Varshneya (1968), Varslmeya and Coojier (1972a, b, and'c), and Gupta 
and Cooper (1971). 

5- A'V'nUxlnB AND T H E UNIT CELL FRAME 

Unfortunately, there are many interesting t-ivo-comjionent systems 
for which there is an overall volume change during a diffusion process. 
In these cases-, (4,7) is strictly incorrect.aiid, though often iised, may be a 
poor approximation (Greskovich 'and Stubican, 1970), Correct, solutions 
of: (4.3) which allow for volume changes: have been obtained by several 
indiyiduals (Prager, 1953; Crank; 1956, p. 236; -Balluffi, 1960; and 
Wagiier, 1969). Each of these sokitions makes use of, the Boltimann sub
stitution and solves for D°, as defined in this pajier (D" — D ot Prager 
and Balluffi; D° = D^ of Crank (11,73); D= = D of Wagner). Balluffi 
shows .how his. splution ma-y be evaluated graphically. Q£ course^ in all 
cases the molar vGlume's must be known as a ftiaction of composition. In 
additiPii, all these papers assume there is no tihange in the cross-secti onal 
area; of the sample nonnal to the chffiision idire.ction. Tliis assui-nption, 
while it has.sprae basis iv. expeyiment (da Silva and,Mehl, 1951; Resnick 
and-Balliiffi, 1955) fbr tec metals, has been given no general j usti ficat ion. 

An alternative appfoach Vvas proposed by Hartley and Crank (1949) 
(reprinted in Crank, 1956, p. 219 ancl following). They suggested tliat a 
ihodtfied distance-scale (and cpiisequent modilTetl concentratiori scale) be 
introduced to preserve the cpntinuity etjiiation in the form ot (4.7), even 
when tliere is a volume' change. It the niath etna tical form of (4.7) is 
maintained, tlien t!ie Boltzinanii-MatanP approach ean be used to obtain 
the correct .solu'tibn for D°, An interesting feature of the treatment by 
Hkrtley and Crank is that tlie inodified distance scales they jiroposed co
incide witli the set of points used to define various mean velocity refer
ence frame,̂ . For examjile, tlieir relcrerice frame based oh cross sections 
"fi'xecl with respect to total niass" can be sliown to b'e identical \yitli the 
mean, mass (baryccntrie) fraiiw of tliis jiaper. I n the barycentric case, 
their inodified distance jj:ir;uncter, |j(, which is "measured so that equal 
increnients pf 4t always include equal inci;ehients of total mass" is clearly 
consist'eiii witli the dehhitiou' (2.11) of rc'flsrence ppints or cross sections, 
across wliich there is no nt;( mass flux, -

Tlie apjiroach Pt Hairtky ;uid Crank is perhaps best illustrated using 
a hiodified distance scale .foi- crystals based .on the length of a- unit cell 
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edge. For examjile, if there is a volume change during a diffusion process, 
it should be clear that the individual unit cell dimensions will vary in a 
manner projiortional to tlie local volume clian.ge. Let us restrict the dis
cussion to crystals witli orthorhombic or higher symmetry. Then using 
the apjiropriate unit cell edge, say c, to define a distance parameter, |̂ ."=, 
ensures that etjual increments of T̂,."̂  involve an equal number of unit 
cells. It is possible, therefore, to derive a continuity equation similar to 
(4.7) using the distance jiarameier ^s" 'I'ld a mass balance argument. 

The unit cell of a crystal is a particularly convenient frame of-ref
erence for conccjitualizing the many diffusion jiroblems for which the 
total number of unit cells is constant. For a unit cell reference frame to 
be Jiractical, however, it must be possible to relate diffusion coefficients 
determined using the unit cell frame to the standard diffusion coefficients, 
D°|j, This will always be jiossible if the chemical components used in 
the description are projierly selected (Brady, 1975). Sjiecifically, if com
ponents are chosen such that the total number of moles of these com
jionents Jier unit cell is constant, tlien equal increments of |.v"= will involve 
equal numbers of moles as well as equal numbers of unit cells. The dis
tance parameter, |N,-<̂ , therefore, would mark the distances between a set 
of points that may be used to define a mean molar reference frame, N. 
The flux of component one across a unit cross section identified widi a 
particular fv;<= would then be given by J,-''"" evaluated at that !>•«. The flux 
across the ab face of a single unit cell is (nb) (Ji^'), where a and b are the 
cell parameters normal to the diffusion direction. 

Let us define the distance parameter, ŷ'̂ , as follows 

CI^N' ^ 
dx 

(5.1) 
c 

where c is the length of the unit-cell edge in the diffusion direction. The 
modified concentration jiarameter, n,'', in this case defined as the nuraber 
of moles of component i per unit cell, is simjily the mole fraction N, umes 
the total number of moles per unit cell: 

^ _ (abc) 
"V 

(5.2) 

Recalling (3.19) and using (5.1) and (5.2), the flux of eomjionent one 
across die unit-cell face ab is given by 

(ab)J.̂  = - M D o ( i J ^ ) = - ^ f i ^ ) . (5.3) 
^ \ d X /p.T.t C= \a|NVP,T,t 

Equation (5.3) is strictly true only if the total number ot moles jier unit 
cell is not a function of comjiosition so that "9/(alic) is constant. The 
modified continuity equation can be determined by considering die 
change in content ot component one in the unit cell per unit time in 
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terms of die divergence of the flux ot eomjionent one across unit-cell faces 
ab. The modified continuity ecjuation is 

\ d t J r,T,{,,<: \_'Ois\ /Jp,T,t 

r^/j3iran^-| \-| 
^ d i s \ C= L5|x'=Jp,T,t/Jp,T,t 

or using (5.2) 

\ d t J P,T.f,c \ _ d i s \ C' Ldis''Jp,T.Jjv,T,t 
Equation (5.5) is clearly in the same madiematical form as (4.7). It 

may be evaluated graphically with the usual Boltzmann-Matano proce
dure using a jilot of N] versus is"̂ - To obtain |N<= for each jiosition x = X, 
equation (5.1) must be integrated to yield 

l . - J ^ (5.6) 
0 

where x = 0 when |x<̂  = 0 which is at the "Matano interface" defined by 

Nl(-foo) 

^N' dN, = 0 (5.7) 

or alternatively by 

-t-oo 

/ 

r [N,(-co)-N,] dl.v-̂  = C [N,-Ni(-f =0)] d|.v (5.8) 

where N, (-t- °°) and N, (— «>) corresjiond to the compositions- far re
moved from the site of difliision, as specified by the boundary conditions. 
Using (5.1), (5.8) becomes 

0 

N,(-«=)-Ni 1 r r Ni-N,(-fco) -] 
dx = j —-—~ dx . (5.9) 

If there is no change in the cross-sectional area of the sample, that is if 
the jiioduct (ab) is constant, then c may be replaced by "V̂  in equations (5.1) 
and (5.5) to obtain the icstilt of Cohen, Wagner, and Reynolds (1953, 
1954). Thus, using die unit cell reference frame, a solution for D° may 
be obiaiiietl ivhen there is a AV,„i,i„g by jiurely grajihical means from die 
composition-distance jirofile and knowledge of the cell parameter c as a 
function of composition. 
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For monoclinic or triclinic crystals, the situation is more compli
cated. First of all, the diffusion direction should be parallel to one of the 
"princijial" diffusion axes (Nye, 1957) so lhat the dilfusion ffux is one-
dimensional. The jirincijial diffusion directions generally will not all co
incide with the crystal axes, as is the case with crystals of orthorhombic or 
higher symmetry, so the modified distance jiarameter would have to utili-/.e 
a lattice translation which may not correspond to any commonly used 
unit cell dimension. However, since angular changes as well as volume 
changes may occur when the comjiosition varies, the diffusion ffux across 
any one crystallograpliic jilane may not be easily determined. Therefore, 
the simple apjiroach used here is not directly apjilicable to monoclinic or 
triclinic crystals if the crystallographic angles a, /S, and y change apjireci-
ably with comjiosition. 

For .some common minerals, though, the variations of lattice angles 
accomjianying compositional changes are small. Since diffusion paths are 
highly structure sensitive, it is probably valid to assume for these minerals 
that the variations in orientation of the jirincijial diffusion directions -are 
also small. Thus, it may be a very good approximation to treat these 
crystals in the manner discussed above, selectin.g distance jiarameters 
based on lattice translations parallel to the princip:il diffusion directions. 
The "unit cell" in this case may not corresjiond lo any unit cell normally 
used. While only an ajiproximation, this approach may yield reasonable 
results for some otherwise comjilex monoclinic or triclinic minerals. 

6. INERT MARKER REFERENCE FRAME 

Observations by Kirkendall (1942), Smiegelskas and Kirkendall 
(1947), and Hartley (1946) combined wilh subsequent analyses by Darken 
(1948) and Hartley and Crank (1949) have led to the definition of a ref
erence frame and associated diffusion coefficients different from any yet 
considered in this jiaper. Deeply involved in the definition of this addi
tional reference fnime is the question, "What is diffusion?" or "Is all the 
flux measured in a given reference hame ajijiropfiately called 'diffusive 
flux'?". These questions were raised, and answers were clearly jiresented 
by both Darken (1948) and Hartley ancl Crank (1949). The conclusion 
reached in both jiapers was that a distinction should be made between 
a flux due to "diffusion" of an individual component relative to the 
others and a flux due to the "bulk flow" ot all comjionents at the same 
rate in the same direction. This distinction is of considerable jiractical 
imjiortancc, for Hartley's and Kirkendalls experiments demonstrated 
that if one comjioiieut difl'uses more r;ipidly than the other in a binary 
interdiniiision exjieriment, a bulk flow will occur. As the concept of a bulk 
flow geiicr;ited by dilfusion cau be confusing, I strongly recommend the 
excellent discussions by Darken (1918) and Hartley ;ind Crank (1949) to 
any reader who finds this concejit unf;uiiili:ir. 

In order to meastiie flu.x due to diffusion only, a reference frame is 
defined in terms of a set of jioints, each of which moves with the local 
bulk (low. Operationally, this would consist ot a set of "inert" markers, 
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wliich do not jiarticijiate in the diffusion, but which will move with the 
bulk flow. For Kirkcndall, these inert markers were platinum wires in a 
cojijier-bra-ss diffusioii cotijile. Wc c;in define, then, inert marker diffusion 
coefficients, Dij'-S in terms of the fluxes, Ji', given with respect to the inert 
marker leference fr;une, I, as 

-'•'=-2 D|/.o (f). (i = 1,2,... ,n) (6.1) 

where Cj is some compositional jiarameter. As in the case of the labora
tory frame (4.1), diere is, in general, no relation similar to (2.5) which 
relates the n independent fluxes of the inert marker frame. Inert marker 
diffusion coefficients have been called "intrinsic" diffusion coefficients by 
Hartley and Crank (1949) and others. However, the dde inert marker 
coefficient is to be jireferred since the terra "intrinsic" is also commonly 
used to describe diffusion in pure crystals in the absence of "extrinsic" 
effects due to impurities, giain boundaries, et cetera. 

It will be useful to relate the inert marker difftision coefficients, 
D|j'-c, to die standard diffusion coefficients, D°ij, defined in (3.10). Re
calling (2.6) we have 

j,N = j , , + p,v'N . (6.2) 

Summing both sides ot (6.2) over all i and using (2.8), v'^ may be ex
pressed in terms of die J,'. Substituting the results tor v̂ '̂ in (6.2) we have 

.Ti"" = . V - N i 2-T^^ 
1= 1 

(6.3) 

For a two component system, then, 

Ji^' = J i ^ - N , ( J , i - f J,') = N J , ' - N J J . (6.4) 

Substituting for Jî " from (3.19) and for J i ' from (0.1), (6.4) becomes 

V ; \ (Jx / p . T . t " L V a x / p . T . t \ 5 x / p , T . t J 

- N j - D . / . p f - ^ ^ - D . . > . p ( ^ ) 1(6.5) 
L Vc'' ' /l ' .T.t \ a x / p . T , t J 

Using the thermodynamic relation 

( ' i £ l ^ • = _ Y 2 _ (6.6) 
\ dpi / P.T V , 

equation (6.5) leads to 

D°V 

"vT 
= N, rD„i-/ ' - ^ D,,i-p 1 - N, T D . I ' - P — ^ D.JP 1 . (6.7) 
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If we then lake the traditional approach and neglect D,...'-P and D._,,''P, 

we obtain the relation 

D° = (p.V,)D,/.P -h (pxV,)D=,'-P (6.8) 

which was given by Hartley and Crank (1949, eq 31) for the case of con
stant volume, an assiinijition we have not made. Actually, Hartley and 
Crank's D '̂ is equivalent to D° in all resjiects except their concejition of 
it. They stated that their D^' is meanin.gless, if there is an overall volume 
change. However, mathematically dieir D^' has meaning for all systems. 
Compare their equation (4) with equation (2.9) of this paper. A relation 
similar to (6.8) was also obtained by Darken (1948, eq 7) 

D° = N,D„i.p -1- NiD,J-P (6.9) 

which follows from (6.8) if V, = Vo = V. 
Altliou,gh (6.1) is consistent with the classical definition of inert 

marker diffusion coefficients, I jirefer the following alternative definition 

i''=i.^(f) (6.10) 

This definition leads to simjiler mathematical forms for several iraportant 
relationshijis. For examjile, let us relate the diffusion coeflicients Du'-^' 
to die standard diffusion coefficient D° for a two component system. 
Using (3.19) and (6.10) equation (0.-1) becomes 

D° /ON, 

V V ^ x ̂ /r,T,t L V V JV ax y 

-K.[-
V 

-D 
V 

-f 

V JV dx l'.T,t 

V \ \ d x ̂ /r,T,t 

from which it follows diat 

D° = N, [D, J.^' - D,,'.'"""'] 4- N,[D.,.,i.. '̂ 

If wc then define Dj' and D._.' as 

D.,,>.N-] 

(6.12) may be written as 

D . ' s D „ i ^ ' - D i J . N 
D.,' ^ D„i '̂ - D, ••>' 

D ° = N „ D , H - N , D J 

} 

(6.11) 

(6.12) 

(6.13) 

(6.14) 

Equation (6.14), which has the simjile form of Darken's relation (6.9), is 
valid even if Vj ^ V„ and also it D,;;'-'' ;iiid D...i''''''' are not negligible. 

In order to obtain the values ot tlie difl-usion coefficients D, ' and D-J 
in (6.14) a measurement of D° is necessary. This is not sufficient, however; 
a measuiement ot the velocity, v'̂ ", of the inert marker frame relative to 
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the mean molar frame is needed for the following relation (see (6.2) and 
(6.3), using also (6.10) and (6.13)): 

ylN = _ V 2-''' B , . ( ' « l ) + D . . ( » t ) (CB) 
\ dx / p . T , t \ dx /p,T, t 

v-==fDl I -D . , 'Y^^ 
V / \ d x /p.T.t 

(6.16) 

Darken (1948) deri\'ed a form of (6.16) for the sjiecial case where V, = 
VJ = V and, therefore, v-"*"'̂  ~ v̂ "'̂  = 0. Equation (6.16) may be used with 
(6.14) lo solve for D / and Dv' at a given composition from measurements 
of D° (as in the last section) and v'-"--' (as follows). To obtain v'^' at a single 
position and time, the velocity of a marker, v'̂ -, at diat jiosition and time 
(relative to the laboratory frarae) must be determined by a series of meas
urements, at several times, of the jiosition of the marker. The marker 
velocity is then comjiared with the velocity, v-'*"'', of the mean molar ref
erence fraine at the sarae jiosition and time. 

In a binary interdiffusion experiment, the location of the jioints or 
cross sections that define tlie mean molar reference frame may be obtained 
in a fashion similar to that used to locate the "Matano interface" (5.7) or 
(5.9). Indeed, the iNfatano interface itself is a mean molar reference cross 
section. That this is true may be seen from (5.7) or (5.9) whicii require 
that the x = 0, |.v"= — 0 cross section be one such that the cumulative flux 
ot atoms across the cross section in one direction equals die cumulative 
flux ot atoms across the cross section in the other direction. Other cross 
sections across whicii the cumulative atom fluxes in both directions bal
ance are given by 

or 

0 

N, (-w) - Nl 

N,(+=o) 

Gx'= dNi 
N'l (-co) 

-t-w 

] -= J[-

(6.17) 

N . - ^ M + ° ° ) ] d v - t - k (6.18) 

where k is a constant, different for each cross section. Equations (6.17) 
ancl (6.18) define an x = 0, |-v."= = 0 plane whicii is a mean molar reference 
cross section (see fig. 1). Thus, to evaluate v'^', one needs to detennine the 
k for the mean molar reference jilanc which coincides in position with 
the inert marker used to determine v'f' at the apjirojiriate time. One then 
deteriiiincs v-"̂ '' tor the mean molar jilaiie identifietl with that k by a 
series ot calcuhitions at several times ot the jiosition of tluit jilnne. Alter
natively, one could use (5.6) and (5.9) to locate the jilane associated with 
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Fig. I. "ConeentratipjV' versus "distanci;" profiic for a liinaiy iiuerdiffusion experi
ment. wlt,!"f t he "^(at-ano iiUcrfaec" ot equiuion (IJ.li.) .shown in (A) and a ntcun iiiolar 
plane k of equauoii (6.IS) shoivn in (B) with k — [!^'i(+s«) ~ I'''i(~w)J ^ [20 distance. 
LiniCs]. 

a given ^̂M"-' at various times,- which would involve moire -effort- than using 
(6.18), 

7'. l lARKEN'S EQUATION AND TRACER D I E F U S I O ' N COEFI-lCilENTS 

There is reasoti to believe that, the inert marker ft-ame coeffiGient.3 
presented ab'ove are in some ways.moris "fuudameot'ai" tlian tlie mean 
velocity haine diffusion coefficients; hence, the oEten used name "intrinsic" 
diffusion coefricicnts (suggested by Hartley and Crank, 1949). Tlie argu
ment is based on the as.'iumption that the. princijial effect of the motion 
of biie eoraiipn'eht upon the iiiotion of -dnbther compoiient i.s the- IIux 
due to bulk flow. Therefpit', if the cffeci.t of a bulk, flow is eHmtnated iiy 
u.sing an inert marker frarae, tiieh the flux of a comiipnent might be c.'ir, 
jiected to tlcjiend only ujion ,gi-;ulieiits of its own cliemicai potciitial. In 
other words, an a.ssiimjitio!i is made tliat the oif-diagonal terhis in tlie 
phenomenological equations (3,1) are necessary only to acepunt-for flux 
due to biilk.tlow. 

The validity and rconsequences of tlie assumjition of negligible ofl--
diagonql ( i^ j ) lihenomenplogical coefficients, Ljjl, tor the inert m;irker 
frame have, been di.seussed by many imliViduais (Bardeen and Heriing, 
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where yi î  ' ' ' 

•J< , . • . ? ; • • 



y~^r-T-'= 

V = AREA " B " 

0 ) 

= AREA "B" + k 

(-»)] fzO DISTANCE 1 
J t UNITS J 

20 UNITS 

Jinary interdiffusion cxperi-
I in (A) and a uiciui molar 
- Ni(-oo)J X [W distance 

more effort than using 

•; COEFFICIEN-rS 

"ker frame coefficients 
mtal" than the mean 
used name "intrinsic" 
ink. 1949). TJie argu-
l effect of the motion 
mijionent is the flux 
flow is eliminated by 
iponent might be ex-
lemical jiotential. In 
agonal terms in the 
' to account for flux 

tin of negligible off-
or the inert marker 
rdeen and Herring, 

Reference frames and- diffusion coefficients 975 

1951; LeClaire, l95-i; Manning, I96I, 1968; Shewmon, 1963; Howard and 
Lidiard, 19G4; Ziebold and Coojier, 19(35; Carmen, 1968a, b). The con
sensus is that the assumption is not correct but may be a good ajijiroxima-
tion for many systems. Carmen (I968n, b) argues that it is a poor apjiroxi
mation for "comjilcx Darken systems" where a single eomjionent may be 
jiresent in more than one diffusing sjiecies. Mannin.g (1968) uses an atom
istic apjiroach to demonstrate that the assumjition cannot be strictly 
correct for diffusion iu solids by a vacancy mechanism. Nevertheless, the 
estimated errors that might be caused by neglecting the off-diagonal terms 
in the inert marker frame are within the range of uncertainty of measure
ment on many solids or other "simjile Darken systems". With this in 
mind, it is worthwhile to explore a very useful consecjuence of the as
sumjition. 

Two isotopes ot the same element are chemically quite similar. The 
electron shells surrounding each of the slightly different nucleii of the 
two isotojies behave identically in many interactive situations. Therefore, 
it is not unreasonable to assume that the motion of either isotojie in re
sponse to an identical chemical force (chemical potential gradient) would 
be die same (in the absence of gravitational effects). This assumjition was 
expressed by Darken (1948) as an equality ot mobilities, B| ' , which give 
the velocity of a eomjionent in resjionse to a unit force. In terms of equa
tion (3.1), Bi' is defined as follows (neglecting the off-diagonal coefficients): 

•'''=-^''(^)„,.=-^'-("^)(^L "•-> 
and Darken's equality would be 

(B,')* = B|i (7.2) 

where the * refers to a radioactive isotope of eomjionent i. 
The next steji is to comjiare the diffusion coefficient determined in 

a tracer "self-diffusion" exjieriment (mixing of two isotojies of the same 
element) with the inert marker coefficients (6.13). To do this we must 
relate the mobilities, B,', to the inert marker diffusion coefficients. Writ
ing (6.10) for a two component system and using (6.13) we obtain ujion 
comjiarison with (7.1) 

.Ii' = 
V V yV5xA.,T.t V V^x/p.T.t 

and 

D,r = B^.N, ( - ^ \ = B,' ( - ^ ^ ^ . (7A) 
\ d ^ J v.T V dlnN, /p.T 

The molar chemical potential, /n„ is related lo llic mole fiaction, Ni, by 

^l, = ,11° + RTluNiy, (7.5) 

where y-, is the activity coefficient necessary to correct for non-ideality. 

7 ^ - ^ — ^ . , .V 'J8 ' •̂ -
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Using (7:5) to evahiatG (7.4) we have: 

D,t = B , 'RTr>"^^ -^ 'n = . B / l l T ^ H - f ^ i ; ^ ^ 1 . (7.6) 
L clhiN, J P.T L V 3 k i N i / „ J 

in a traeer"self-diffiusipn" niejtsttrcm.ent, there is, ideally, only mixing of 
isotojies of tiic same element. For isotopic niixiog, which is chemically 
ideal, (7.6) becomes: 

(D,i)* = (B/ )*RT -. (7.7) 

Sihce die iiible fraction of th'e minor isotope in a tracer .self-diffusion ex-
jieriinent is very sinall, the cliffusibn coefficient ineasured, D-, will be 
equal to the intrinsic difftision coeflicient,of, the ti-accr, (Pi')*, (see 6:14), 
This is sti^ictly true only in the, bitiary isolopic end member systems. For 
a detailed jilicnonienplqgical discu.s,^ion, see Howard and Lidiard (1964, 
p. 207 and following). Using (7.2), (7.6), and (7.7), then, we obtain the 
desired relation 

-^jjisia ijiSifiS 

°-' = <"')-['^(w),..J • <"> 
Using the identity 

r Jluy. "I ^ r . ^iny,. T 

L 3lnNi J P.T L dlnN.̂  Jp., 
(7.9) 

D" 

whicii fplloiYs fi-om (7:5) and die Gilib.?-Duhem: e"'quatioti (3.3), we may 
substitute (7.8) into (6.14) to obtain a verslPn of D,-jrkcn's equation (1948, 
eq 18) ' • 

[N,(D,). + N,(t>,.).][l-f(.|^)_^J (7,10) 

Tlie jiractical iinjiortance of (7,10) is ;gi:eat indeed. To the exteofc 
that (7.10) is correct, measureineiits pf'diffusion coefficiejits using radio
active tracers may be used tP jiredict binary intei.diffusion behavior. This 
is pai-ticularly iiiijiprtant fcir those interested in determining difi:usion 
coefficients -svhitli are very .small, for example, in miiierals at nietamprjiliic 
temjieratures. This is a.i-es,ult of the fact that .small. conGentrations of a 
radioactive isptpjie may be detected witli considerably piore jirecision 
than small eoneentiatipiisof non-radioactive sjiecie.s. 

8, IGNlC CRYSTALS 

Cirystals, tliat liave ati ajipreciable ionic character such a.s lialides, 
oxides, and silicates present spine ;tdditiPiiaI constraints which havenpc 
been considered above. Sjiecirically, tlie strict stoicliipmetry requirecl to 
m'aintaiir electrical nevitr;;ility leads to a cpujilitig pf fluxes for an inter
di ttusipli exjieriment. ill an ioiiic crystal. iSievertlieless, nearly all die, re-
stiks given above are valiti for ipnic crystals it the eomjjonents used in tlie 

' * ^^^w^^ :^ ! !B^^^5^^ ;?ga=^!3^5 '^= '^J 'S !p^W!^p<^? ' 
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desciijition are iiciunl componenis oE dre crystal considered. Actual cora-
jioiiGtits of a crystal !n;ty be both ackled to and sitbtractccl from a crystal 
without dcsti-oyitig the lipjnpgeneity of that crystal (Gibbs, 1928, p. 04; 
Tliomjisoji,. 195:9; Bi-ndy.̂  l975). In tlie aiiseiice of external electric: fields, 
any actifal component- of a ^ v c n Grystal mu%t be eltrctrically netitral. 
Therefore, tli.e cpnstraitits of stoichiometry or electrical neutrality are 
automaticaliy .•satisfied in any deseriptipn, if actual comjionents are used. 
The results of section 7, liowever, are not correct for ioinc crystals. In 
particular, Dai-ken's equation (7,10) is subject to modifications, -whicli we 
sli-lli now consider. 

In ionic crystals eitiier the posi.tive ions raove or the negative ions 
move,, rarely both (Jost,, 1952). Therefore, in the following discussio'n we 
shall cpnsider the motion .o.f cations in a net-ivork ot stationary anions; 
results are equally a[-jplieable to the opposite case of mobile aniPiis. It-
the anions clo not diffuse, then they will Iieliave as inert markers. So' for 
mpst ionic crystals tlie inc;tt marker refei-enee fraine will coiifcide witii the 
unit eeill, i-.eference ftame and also witii the' mean liiolai- frame (for a 
judicious choice of components). Tlierefore,, tlie> two inert iriarkei- diffu
sipn cpsiridents (6.13) for -a binary system must be identicai (see 6.16). 
This,;means that there ivill be no "Kii-kendall effecJt" for interdiffusion iri 
ionic crystals and that the Mataoo (1933) interface will always coincide 
with the initial crystal-crystal interface, even if there is a A"V̂ ,ni3:ii,j,. 

In section 7 a relatipnship (7.10) between tracer selt-diffusion coeffi
cients, and the standard binary diffusipn coefficient was obtained by re
lating inert mark er diffusion coefficients to selfdiff-Lision coefficients. The. 
same'ajiprdach caiinPt lie valid [or ionic crystals, since the equality of the-
fwo inert inarker coefficients combiiiGtl ivith equatipn (7,8) would imply 
that the sel f-di ffu.̂ ion coefficients for tlie t^vo comppnents of a binary 
crystal must be equal. Experiment:!liy, tliis is not the case (Askill, 1970), 
so equation (7,8) must not be valid for ioiiic crystals. A .scrutiny of tlie 
steps followed in obtaining (7.8) will revearthat it is eqiiatiPn ("7.1) that 
is in error foripnie crystals. The reason (7,1) is incorrect is that a force 
has been neglected, tlie force that prevents any deviations from stoiclii-
pmeti^. Since tlie mobility, B,', gives the velocity of dilfusi pn inresjipnse 
to a unit force, (7,1) c:innot be correct if all tlie forces are not t;on.sidered. 

It is not imreasooablc to assume tliat the force that maintains stoi
chiometry in ionic crystals is die large electrical potential gradieiit; tliat. 
would develoji; if aiiy deviations £i-ora stoicliiometfy did ocGiir: The re
sponse of a diffusing species; to an electrical jiotential gradient is propor
tional to both its xhaige, qi, and its mobility, B[', so that the flux of 

species i in response to an .ajiplied field ( - ^ j would be 

'••=-^(^)^'(C 

i^ 

I 
Si-

i>. 
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(Jost, 1952). The flbx of species i in resfion.sc to bpth an'electrical poten
tial gradient and a cliemicai jiotential giaclient i.s then 

.Jl' •=--'(-^)[(^X,.,-'e)J • <-> 
Assuming that (8.2) includes all the appropriate forces we rniglit 

prpceed as in :sectibn 7 lb find a relation.siiip similar to (7.10). Unfortu
nately, there is one further stumbling Ijlock, The chemical potential 
gradient indicated iri (8.2) miisl; bc» written for- a ehargecl species, since it 
is only for-the, mo tion of a charged species that (8.2) is needed to rejilace 
(7,J). However, tlie chemical jiotential of a cliarged species in a stpicJii-
pmetric ionic crystal is ah undefined qii.-intity. This dilemma may be 
resolved by considering explicitly Hie jiGssiliility of vacancies and non-
stoitihiometry (sec Howard and Lidiard, 1964) or by making a simplifying 
assumption that will lead to a result that may be tested exjierimentally. 
We will take the,latter approach here, inahipulatitig die chemical ppten-
tials of cliairged species as if they were nieaningtul and then expressing 
tlie resiilt in terras of nieastirable cjurmtities. 

Let us. begin by Gonsideriiig a general binary ionic crystal comjiosecl 
of various LCpnibi nat ions of two cations, /4+" and 5+", and a single anion 
or negatii'ely charged component 2,̂ "-. We shall explicitly include the 
cliargtjs -f-a, +b , and —z to allow for the jiossibility of the cations having 
different charges. This binary ioiiic crystal will have actual comppnents 
vij Z.T •liiydB.̂ Zi, where the subscripts ividicate the number of moles of the 
cations and anions in one mole pE the coinjioiient. An alkali feklsjiar 
would be an cxapijile of a binary "ionic" crystals with /I •*•"•= K"!-̂ , B+b 
= Na-*-', 2--^- — (AlSi^Os)-", aiicl actual componerits KAlSijps and 
NaAlSi;iOK. Wustite would be another example (different in the respect 
that +a ^ -i-b) with ^ *•" = 'Vc^- ,̂ ij-n^ - Fe-f-̂  Z-== = 0-=; and actual 
comjionents FejOj-and Fe;Q^, 

IE tliecrystal is'in local homogeneous equilibrium, the following re
lations must be,satisfiecl (Prigogine and Detay, 1954/ p; 69) 

(8.3) l*-̂ 2.Z:i ~ '̂ •Î A + i ' ' ^ '^ I^Z~--

}t-B.̂ .-a = ^P-fi-î b + bp,j,_j 

We have also from (5.3) 

i->-^:,r.. 4-N, 2b "^'pBz^i = 0 (8,5) 

If we assume tha t the chemical jiptential iif 2 -^ is not a function of com
position, then (8:3), (8,4), and (8,5) lead to 

/%A+A = -L/ i^ ! l i ! i^ = r^^.^t>1/^tf„+r. \ 
\ dx /p.T.t z V dx /p.r.t N4 2, V dx /p.T.t 

1_ - -?2^-.a 

(8.13) 

The v:ilu|ity of the assumption lcadiii.g to (8.6) is. disciis-?ed by Cooper 
and Heasiey (1966), See also Wagner (1930).and Jost (1:'952,- p. 146). 
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Let us simplify the notation slightly by letting AZ = A.,, Z„, BZ = 
B^ Zl,. A = y4+", and B — B+^'. Then using (8.6), (8.2) may be written for 
the fluxes of A and B, respectively 

j,i._B,i(^)r-^(-^) -l-J-f-) 1 (8.7) 
\ V / L z \ dx /pT.t \ <5x /p.T.tJ 

J«' = +B«' 
-zN,, 

V 
.YJ_f!i-Y^A -JJ±) 1 (8.8) 
/ L z VNtfz/V 3x /i.,T.t V c*-^/r.T.tJ 

where we have used the fact that the density oi A is z tinies the density 
of AZ. Due to die constraint of electrical neutrality, the fluxes of A and 
B with resjiect to the unit cell frame (= inert marker frame) must satisfy 
the relation 

aj.-i'+ b j « ' = 0 .. (8.9) 

Using (8.9), (8.7) and (8.8) may be solved for ( ^ \ yielding 
V dx /p.T.t 

(J±\ = /N.A (bB„'-aB.,i) fdp^.A 

\ dx /p.T.t V -1^ /(a=N,,2 B,,' -I- b-'Nc;j B«')V dx ̂ .T.t ' ^ ' ' 

Substituting (8.10) into (8.7), it follows diat 

T . = _ /N. lA (B..J B;,') (b) (aN..iz + bN^,) /d , . ,A .g 11) 
V V ^ [a^N^;, B,i' -h b^̂ N;,;, B^i] Wx/p .T ,* 

In order to exjiress the final results conijiletely in terms of actual 
comjionents, note that stoichiometry requires 

W^y-W (8.12) 
and that (8.3) requires (since v^' = v ĵ̂ ') 

B.,' = zB,z' . (8.13) 

Combining (8.11), (8.12), and (8.13) then 

T I ̂  / N . z \ (B.iz' B/,.' (b) (aN.i;; -j- bN;,;,) /d) .̂.. A 
\ V J [a^N..i, B,iz'-1-b=N^;, B„,'] V clx ^,T,t 

or using (7.2). (7.5), and (7.7) (which are still valid even though (7.1) is 
not) 

. 1 ^ ^ (P.;;')* (D„;.')* (b) (aN.,;; + bN„;,) 
V [a=N,, (D..i,>)* 4- b-'N,„ (D;„')*] 

ri.Jj}}}y \̂ 1(^^) . (8.15) 
L V 5liiN,iz / P.T JV dx /p.T.t 

Finally we must note that the mean raokir reference frame tor com
jionents A^ Za and 7i,. Ẑ , does not coincide with the unit cell frame (= 
inert marker frame), although the mean molar frame for components 

•••VS-'-H Uf>!^ll)I..Ki^ ^ , w;«;,-ir!wy'i--.'--ry*.5,T--^5jrB^?^ I'.-rf.-iiiy^r^s.-.,, 

^ . . ^ - • ~ v ^ • ' • • • • 
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^i.z 2i„ and B„ '̂Z;.i, does (se"d sec. 5). Using (3.19) written for-these latter 
comppnents and pertonTiiiig a simple eqmppnerit transformatioii (Brady, 
1975), we;obtain 

^ ' ' (aN, , -FbN,^) V { 3x j , ,T , , • ^ -̂̂ ^^ 

Oh comparing- (8,15) and (8.16) it-iollpws that-

[a^Nii: (b^^i)«--f b^N,,;, (DW)*] L \ alnN,^ J p,^ J ^ " ^ 

which: is the relation we have been iobking lor. i i a = b then (8.17) re
duces to the simpIe:form 

( P A ^ * ( D ^ / ) * -
D" =.- 1 + ( 4 ^ 1 

as / P.T J V ainN.i 
m^ 

mAziP.-i^T^+'^n,(DBzT] 

as given in Manning (1968, p, 21), 
Equations (8.17) .and (8.IS) have, the potential to perfot-ffi, the same 

important fuiiGtipii "fori ionic crystals that Darken'.s equation (7.10) jier-
forms for metallic crystals: relating relatively easy to raeasure ;self-diffu-
sipn coefficients to relatively hard' to measure interdifftrsion epeflicients. 
Equation (8.17) is only aii approximation, tliougii, subject to the validity 
of, (8,(5). Unfortunately, I know of rip experimental ve'rifieation of (8.17), 
so. it should be used with caution. Equation (7.1.0), on the other hand, is 
clearly iiicorrect for ioriic crystals, although it is commonly u.sed for ionic 
crystals in tl)eiitei;;itiir,e (For example, Bueriing and Buseck., 1973, p. 685.6; 
Wei-and Wuensch, 1973,, ji. 564). Copper and Heasley (1966) give a rela
tion (tlieir eq 14) similar to equation- (8.15) biit not identical with it, I 
believe tlteir 'equation (,14) tb be incorrect, and Cooper a:grees (personal 
coinmun,, 1974). 

Uiifprtuhately, not, all binary ionic crystals are stiited to the above 
analysis. Consider, for example, tlie binary -system of the pha.gioclase 
fi;klspai-s (NaAlSijOs-CaALSi.Os), InterdiBusibn in this system involves 
the exclmnge of Na and Si for Ca and Al. While we might.hieasto-e the 
tracer diffusion cbefficiGiits of Ca or Al, ilieie is no %\'ay to ensure that 
doped Ca and Al remain -coupled iti a traeer exjieriment in;arioi:diitc as 
tliey miist in an iiitcrdiiltision experimtsnt between anpttlu'ie.and albite. 
One simplifjcation, -ivhich niigl-it bis useful in jir.actice, would be to assume 
that the raotion of tive cptipled jiair CaAl is,iiniited iiy the motion of Al, 
measure the diffusian of an Al isptpjie, and jiroeeeday'n (8.17). 

9. CONCCUDINC REMARKS; " 

Several points made in the preceding paragraphs deserve reiter;ition. 
(1) Fluxe's.and cliffusioii coeiFi'cicuts atenieaiiingless quantities unless rcr 
fenred to a sjiecifi^ reference fraine, (2) Certain reference; frames are jire
ferred for. common usage due to the ea.se with wliicJi they niay be, ititer-
related; mean vGlocity frames are paiticularly edUvenieiit. (3) All difftision 
data should be reported in terms of "staiidard" dilfusion coeffieients 

°tigf#>jMl1jfP-WSi^y^g^^Tf'^S^g^fi#1?w:,^|^^^ 
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based on the mean volume reference hame. (4) Volume clianges may be 
significant in many diffusioii processes and can be handled for single 
crystals using a unit cell reference frame. (5) Sclf-difliision d;ita may be 
used to jiredict interdiffusion behavior; the ajijiroximation for ionic 
crystals is different than for metallic ct-ystals. 

The discussion above has emphasized diffusion in single crystals, but 
many of the results are not so restricted. Indeed, selecting- a refeience 
frarae can be jiarticularly imjiortant for geologists considering diffusion 
in natural jiolycrystalline materials. For example, metasomatic zones 
generally lack comjilete information on the initial distribution of material 
so that a laboratory frame is unavailable. However, assumptions about the 
starting configuration and diffusion jirocess may still be evaluated using 
some.of the otlier reference frames considered in this jiajier (for example, 
Tliomjison. 1975). 
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The Reaction SillimapJte+Biotite+Quartz^Cordierite 
+K-Feldspar+H2O and Partial Melting 
in the System K20-FeO-MgO-Al203-S i02 -H20 

E. Hofler 
Mineralogisch-Peirologisehes Institut, Universitat Gotlingen, D-3400 Gottingen, Federal Republic 
of Germany 

The reaction 

biotite -f sillimanite -\- quartz?±cordierite -|- K-feldspar -|- H2O (1) 

isobsen'cd in many high grade metamorphic terrains. It Vy-as studied by standard 
hydrothennal methods for P̂  = P \̂,o- Equilibrium condkions (reversed experi
ments) have been determined at the following points: 

650° C at 2,500 bars P, 
680° C at 3.000 bars f, 
710° C at 3,500 bars P, 

lIuO 

H20 

H20 

The errors of the P and T conditions are better than + 100 bars and ± 10° C, 
respectively. A curve representing the data in a P—T diagram is shown in Fig. 1. 
The starting materials for this and for the subsequently described reaction (2) 
were natural minerals: sillimanite, biotite, and cordierite (Damaia Orogen, SW 
Africa); K-feldspar (Adularia (OrpoAbio), St. Gotthard, Switzerland); quartz 
(Mandt). Biotite and cordierite were separated from the same rock specimen. 
Detailed chemical investigations show that cordierite and biotite are in exchange 
equilibrium with respect to Mg and Fe. The molar ratio /V,,|g=:Mg/Mg-FFe-"'" 
•ofthe biotite is 0.5(1 and for the cordierite it is 0.66. The jjaitial pressure of 
oxygen correspond to that ofthe quartz-magnetile-fayalite buffer. 

The equiliiirium curve of reaction (1) is terminaled at higher temperatures 
-by the intersection (II) with lhe melling reaction. 

biotite-fK-feldspar-f quartz-fsillimanite-l- HjOi^liquid (2) 

This reaction was studied at 7 and 10 kb /'S = ^H20- 'The first melt is generated 

at 703° C and 7,000 bars P„,o 
685° C and 10,000 bars P, HiO-
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Fig. 1. Pressure-temperature diagram wilh the experimental results ofthe reactions 

biotite-I-sillimanite-l-quarlz?ieordieriie-I-K-feldspar-t-HjO: 

biotite-t-K-feldspar-t-quartz-f sillimanile-fHiO^Iiquid. 

The equilibrium curves oT the reactions 

muscovite-(-quarlz:^K-fcldspar-f Al2Si05-fH20 

(Mlhaus el a i , 1970) and 

aIbile-(-K-fcldspar-fquarlz-f HiO^iliquid 

(Tuttleand Bowen. 1958: Merrill e l a i , 1970) arc quoted from the literature 

(1) 
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The Reaction Sillimanite-t-Biotilc-|-Quariz?iCordierile-t K-Feldspar-l-HjO and Partial Meltingl29 

The melting occurs within a lemperature interval of approximately 15-20°C 
in which melt coexists with biotite-f K-feldspar-fquartz-I-sillimanite-I-HjO. The 
width of this interval is probably determined by the incongruent melting of 
the biotite and the alkali feldspar. Towards lower temperatures, the equilibrium 
curve of reaction (1) is terminated at the intersection point (I) by the reaction 

muscovite-f quartz ^ K-feldspar-fAl2Si05-fH20 (3) 

which has been studied by several authors (Evans, 1965; Althaus etal., 1970; 
Day, 1973; Chatterjee and Johannes, 1974). 

When the data for reaction (3), according to Althaus el al. (1970), are used 
(which are approximate intermediate between those given by Chatterjee el ctl. 
and by Day, respectively), the coordinates in the P—T diagram for the intersection 
points I and II are as follows: 

I 640° C at 2,500 bars P„^o 
II 723° C at 3,750 bars P„^o-

If, in a first approximation, Mg and Fe would be considered as one component 
the system K20-(FeO-|-MgO)-Al203-Si02-H20 could be treated as a five-
component system. In this systein the intersection points I and II would be 
invariant points for a given Mg:Fe ratio of the system. According to the phase 
theory, the following additional reactions (neglecting the quartz- and H20-absent 
reactions) must pass through point I: 

cordierite -f- muscovite ;;±biotite -f- silliman ite -\- quartz -f- H2O 

biotite -I- muscovite -f quartz :;icordierite -i- K-feldspar -1- H2O, 

and through point II 

biotite-Fsillimanite-f quartz :^liquid-l-cordierite-f-H20 

K-feIdspar4-cordierite-M-IjO :^liquid-l-biotite-t-quartz 

K-feldspar-J-sillimanite-|-cordicrite-i-quartz-l-H20 :^liquid. 

(4) 

(5) 

(6) 

(7) 

(8) 

Reaction (4) was determined in the system KjO —MgO-AljOj-SiOj —H2O 
by Seifert (1970). The invariant point I in the Fe-free system lies at about 695° C 
and 5 kbars (Schreyer & Seifert, 1969). The present study shows clearly that 
point I is shifted 10 appreciably lower tcmperauire and picssure if Fe is present. 

It is important for pctrogenetic conclusions from these experiments that reac
tion (1) occurs in a very narrow range of P—T conditions. Furthermore, one 
has to take into consideration that pelitic lOcks generally contain plagioclase 
(usually oligoclasc); therefore, the melting conditions involving plagioclase, K-
feldspar, and quartz are important also. The curve of the reaction albile-hK-
feldspar-Fqtiartz-M-loO^ liquid after Tuttle and Bowen (1958) and Merrill el al. 
(1970) intersects that of reaction (1) at approximately 665° C and 2.8 kbars. 
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Therefore, reaction (1) can be expected only in the small temperature ranyc 
from about 640°-665° C and at pressures of about 2.5-3 kbars, because metapc-
lites that contain plagioclase besides K-feldspar and quartz will undergo anatc.xi.s 
beyond about 665° C72.8 kb and therefore reaction (1) is impossible. 

In spite of these restrictions for reaction (1) to occur, il is a fact that the 
paragenesis which is due to reaction (1) has been observed in Nature in several 
places, e.g. the Moldanubian crystalline areas, Bavaria (Schreyer, 1966) aiui 
Gananoque area, Ontario (Reinhardt, 1968). 
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SCIENTIFIC COMMUNICATIONS 

THE STABILITY OF ARGENTOPYRITE AND STERNBERGITE' 

GERALD K . CZAMANSKE 

L. Taylor of Lehigh University and I began inde
pendent studies of the Ag-Fe-.S system in 1965. 
A common problem was the inability to syndiesize 
any of the reported natural ternary sulfides (the 
German "Silberkiesgruppe," Ramdohr, 1955). A 
note confirming the chemical identity (dimorphic 
relation) of the two best documented -"silberkies" 
minerals, argentopyrite and sternbergite, is currendy 
in press (Czamanske and Larson, 1969). The pres
ent note reports the results of heating experiments on 
natural raaterials and a calculation of approximate 
thermodynamic values for the AgFe2S3 phases based 
on these experiments. 

For the study, free-standing crystals from saraples 
furnished by John White, of the United States Na
tional Museum (Washington, D. C ) , were used: 
argentopyrite from Andreasberg, Harz, Germany 
(USNM R9630) and sternbergite from Jachymov, 
Bohemia, Czechoslovakia (USNA-I 85115). Min-
eralographic. X-ray, and chei-nical studies served to 
establish these as representative samples, with iden
tical formula AgFe2S;! (Czainan.ske and Larson, 
1969). 

Heating experiments, conducted in evacuated silica 
tubes, show that both minerals are stable only at 
low temperatures and break down on heating to form 
an intergrowth of argentite, pyrite, and pyrrhotite. 
Both phases broke down in less than 7 days at 
200° C, but apparently were unreacted after 8 
inonths at 150° C. At 175° C no breakdown was 
detected after 2 days, whereas both phases had 
broken down completely after 30 days. After 8 
days at 175° C the argentopyrite had begun to break 
down, whereas the sternbergite had not. This be
havior raay indicate a somewhat greater thermal sta
bility for sternbergite or n-iay represent a kinetic 
effect; the likelihood of the latter possibility is reduced 
by the fact that the breakdown products are identical. 
The notably slow nucieation of pyrite is involved in 
each instance. (The same order of breakdown is 
confirmed by Taylor (1967) who reports that at 
150° C argentopyrite broke down nearly completely 
in 221 days and sternbergite only partially in 405 
days. On this basis, Taylor suggests that argento
pyrite is a lower temperature polymorph.) 

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

The initial break-down products of each mineral 
are highly raagnetic monoclinic pyrrhotite, argentite, 
and pyrite. Pyrrhotite and argenite are the domi
nant phases and occur in an intimate, graphic eutec-
toid-type intergrowth. Small grains of pyrite are 
irregularly distributed. As indicated in Figures 1 
and 2, this asseniblage is metastable at 150° C 
because the tie-line switch frora the high-temperature 
assemblage, argentite-pyrrhotite-pyrite, to the low-
temperature assemblage, silver-pyrrhotite-pyrite, 
takes place at 248 ± 8° C (Taylor, 1967). With 
continued annealing, argentite and pyrrhotite react 
slowly to form native silver and additional pyrite, and 
the stable assemblage is approached. 

• Calculations 

Because it has been impossible to synthesize any of 
the ternary Ag-Fe-S phases, thermochemical values 
for the natural phases must be estimated. The prin
cipal difficulties with the calculations stem from the 
fact that the observed initial breakdown is to a meta
stable assemblage and the fact that the thermal data 
for monoclinic pyrrhotite have considerable errors as-

FiG. 1. Ternary diagram showing the principal minerals in 
the Ag-Fe-S system (plotted on the basis ol mole percent
ages). The dashed lines indicate three phase assemblages 
stable at temperatures above (long dashes) and below (short 
dashes) 248 ± 8° C. (The solid bar represents the range 
of natural pyrrhotite compositions.) 
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200 250 300 

Temperature, *C 
Fic. 2. Plot of 1/T vs log fs. (atm) showing tlie stability 

(ields of the rainerals Ag, argentite, pyrite, and pyrrhotite. 
The inter.section of the schematic equilibrium curves at 248 
± 8° C (Taylor, 1967) precludes the stable coexistence of 
argentite and pyrrhotite at lower temperatures. 

sociated with them and values must be estimated at 
the reaction temperature. Pertinent data are sum
marized by Freeman (1962) and Robie (1968): 
Low-temperature specific heats and entropies at 
298.5° K of monoclinic pyrrhotite (Fco.srTS) and 
troihte (FeS) were- measured by Grpinvold and 
Westrum (1959), and the entropy of argentite was 
determined by Walsh et al. (1962). 

The most direct approach to a free energy of for
raation (AG°N23) value for AgFe2S3 is to assume 
that 150° C is the true equilibrium temperature for 
the observed reaction 

4AgFe2S3 = 2Ag2S + 8Feo.s77S -1- FeSa (1) 

i.e., that AG°42.3 = 0 for this reaction. Because re
action (1) involves a metastable breakdown assem

blage, AG°423 should he negative for the reaction 

6AgFe2S3 = 6Ag -f 8Feo.877S -F 5FeS2, (2) 

involving the stable assemblage. Interpolation at 
423° K (150° C) of values for the free energy func
tions of the compounds involved in reaction (1) per
mits calculation of the value —61,550 ± 2,200 cal. for 
AG°f423 of AgFcsSs. This value differs by only a 
few hundred calories from a value calculated in like 
raanner for an assumed equiUbrium breakdown tem
perature as low as 127° C (400° K) . Through com
bination of reactions (1) and (2), AgFe2S8 may be 
eliininated and a value of —4,430 cal. can be calcu
lated for reaction (2) using available free energy 
data for Ag2S, Feo.877S, and FeS2. As noted, a 
negative value is required by the actual stability of the 
silver-bearing assemblage reladve to the Ag2S-bearing 
assemblage. 

Standard conventions allow other data to be 
roughly estimated. Cp29s for AgFe2S3 is calculated 
to be about 37.8 cal/deg on the assumption that A,Cp 
for reaction (1) is approximately zero (the Neu-
raann-Kopp rule). The several methods available 
for estimating a value of S°2os for AgFe2S3 give poor 
agreement. Estimations based on typical chalcoge-
nide entropy contributions for the constituent ele
ments result in a value of 48.6 cal/deg if the method 
of Latimer (1951) is used and 44 cal/deg if that 
proposed by Grpinvold and Westrum (1962) is em
ployed. The common method of estimation, involv
ing the assumption that AS°298 = 0 for a reaction 
forraing the corapound, results in values of 49.4 and 
40.1 cal/deg when applied to reactions (1) and (2), 
using Walsh et al.'s (1962), Grjzlnvold and Wes-
trum's (1962), and Robie's (1968) values of S°2»8 

Table 1.—Comparison of estimated values of S°298 for AgFezSa and dependent thermodynamic values. 

(i) 
(2) 

(3) 

(It) 

(5) 

Method of 

estimating 

S°298 

Latimer (1951) 

GrjSnvold and 

Westrum (1962) 

AS°29e = 0 
for reaction (l) 

iS°29e = 0 

for reaction (2) 

Average of 1-3 

Estimated 

value of S°2 98 
for AgFeaSa 

U8.6 cal/deg. 

kk 

lt9.lt 

-itO.l 

1*7.3 

Resultant 

value of iS°298 

for reaction (l) 

3.05 cal/deg. 

21.1t5 

0 

37.05 

8.25 

Resultant 

value of AH°29S 

for reaction (1 

1,290 cal. 

9.073 

0 

15,672 

3,1190 

Resultant 
value of AK°, 

_/ f298 
for AgFe2S3-' 

-60,lf38 cal. 

-62,383 

-60,115 

-61t ,033 

-60,988 

Resultant 

value of iG°„ 
a/ ̂ 298 

for AgFeaSa-' 

-6l,l81i cal. 

-61,759 

-61,089 

-62,2lt7 

-6l,3lt7 

2/Values of AH°^. and AG°^ for AgoS and FeS, from Robie (1968). Value of AH". for Feo a77S from Freeman (1962). 
I29B f298 '298 '298 

1298 
Value of iG°. for Pen 877^ calculated from free energy function data (Robie, 1968, and Or^nvold and Westrum, 1959). 
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for Ag2S, Feo.877S, and FeS2, respectively. In order 
to calculate recommended values of AFI'*f298 and 
AG°f2os. for the compound AgFe2S3 a.preferred en
tropy value of 47.3 cal/deg was taken; the average 
of the first 3 values listed in Table 1. The value 
obtained by settirig AS°29S = 0 for reaction (2) was 
not considered because the state of the ions in the 
reactants is not representative of their state in 
AgFeoS3; specifically, the silver is not combined with 
sulfur and over 56% of the reactant sulfur is con
tained in pyrite as So^". 

A.H°298 values for reaction (1) can be calculated 
by using the estimated entropy values and a simplified 
form of the Gibbs-Helmholtz equation. 

AGT = AH298 — TASOI 08- (3) 

AH°f298 values for AgFeoSs may then be estiraated 
by using the calculated AH ° 29s values for reaction 
(1), and known heats of forraation for the remaining 
phases, in conjunction with an expression of the 
form AH°i(ej,c«on = :§i'i H°'i, where Vi is the stoichio-

1 

metric coefficient. The calculated values of AFPogs 
for reaction (1) may be reinserted in equation (3) to 
derive values of AG°29,s ^or reaction (1). Finally 
these values of AG°2ns may be used in conjunction 
with available values of AG°f2n8 for AgoS, Feo.877S, 
and FeS2 to derive values of AG°£298 for AgF2S3. 

The results of these several estimations and cal
culations are summarized in Table 1. Recommended 
thermochemical values for AgFe2S3 are shown in 
Table 2. Error estimations are based on root mean 
square consideration of independent error sources. 

The infrequent and rainor occurrence of sternber
gite and argentopyrite results priiriarily from the fact 
that they require sulfur fugacities near those asso
ciated with pyrite-pyrrhotite equilibrium, whereas 
geologic environments seldom provide such low 

TABLE 2.—Recommended lliermochemical values for AgVê Sz 

AG'fssa = - 61,350 ± 2,500 cal. 
AG°M33 = - 61,550 ± 2,200 cal. 
Cs\rVm% = - 61,000 ± 2,500 cal. 

CpsDS =^ 37.8 cal/deg. 
S^ss =:; 47.3 cal/deg. 

values for /s2 at low temperatures with an availability 
of abundant silver. Furthermore, argentopyrite and 
.sternbergite are ordered ternary compounds which 
are only a few thousand calories per gram formula 
weight more stable than an asserablage of binary 
minerals; at temiDeratures below 150° C there is 
relatively little thermal energy available to over
come ordering thresholds. 
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DISCUSSIONS 

COPPER MINERALIZATION IN THE UPPER PART 
• OF THE COPPER HARBOR CONGLOMERATE AT 

WHITE PINE. MICHIGAN—A REPLY 

Sir: In my paper concerning copper mineraliza
tion in the upper part of the Copper Harbor Con
glomerate at White Pine, Michigan, I concluded 
that the native copper is diagenedc (2, p. 886). Ohle 
(3) and Brecke (1) in discussions of my paper have 
suggested that the copper mineralization is post-
diagenedc. 

Ohle has questioned the diagenetic origin on four 
main points, which can be summarized as follows: 
(1) the spatial association of the White Pine fault 
and copper mineralization in the Upper Sandstone 
(First Lode), Lower Sandstone (Second Lode), 
and the Third Lode indicate that the minerahzation 
is fault controlled; (2) hydrocarbon, which controls 
the distribution of native copper, migrated to its 
present location in the sandstone through the White 
Pine fault system; (3) native copper, which typi
cally occurs surrounding interstitial hydrocarbon, 
replaced the hydrocarbon; and (4) the origin of the 
chloritic facies at White Pine, which is closely tied 
to the origin of the native copper, may be due to a 
reducing environment imposed by the hydrocarbon. 
I will discuss these four points in order. 

(1) There is a spatial association of fault and ore, 
which Ohle states can be reconciled with a dia
genetic age for the copper only if there is a coinci
dental location of the favorable lithology with the 
fault. I have stated (2, p. 899) that "The apparent 
relationship between sandstone mineralization and 
structure seems only fortuitous." 

As I have pointed out, copper mineralization is 
associated with cross-stratified, chloritic, carbonace
ous sandstone .(2, p. 897, Figs. 7 and 8) . But in 
detail, the mineralization departs from exact corre
spondence with die cross-stratification. The irregu
lar distribution of native copper is closely controlled 
by the irregular distribution of carbonaceous mate
rial, which in turn seems to be controlled by irregu
lar sorting along individual cross-laminae. Thus, the 
favorable lithology occurs as small lenses and pods 
along individual cross-laminations and not as a con
tinuous unit. Detailed examination of cores shows 
that these favorable lenses and pods are less abundant 
away from the fault in both the northeast and south
west blocks, particularly in the northeast block. 

Also, it is an exaggeration to state, as Ohle has (3, 
p. 190), that Lower Sandstone ore is restricted to a 

zone within 1,000 feet of the White Pine Fault. 
White and Wright (4, p. 707) show three holes con
taining more than 5 foot-percent copper located 
3,000-4,000 feet from the White Pine fault. These 
holes are located near where sections 10, 11, 14 and 
15 meet. Southwest of the fault, drill hole N61 
(NW^, NWi , sec. 16) is 3,300 feet from the fault 
and contains 6.2 foot-percent copper, and drill hole 
N12 ( N E i SWi, sec. 6) is 5,500 feet from the fault 
and contains 13.8 foot-percent copper in the Lower 
Sand.stone. 

The Third Lode mineralization occurs in the same 
type of favorable lithology as the Lower Sandstone 
mineralization. Ohle states that "near the fault, the 
greater thickness and closer stratigraphic spacing of 
the favorable, greenish-gray, bleached beds with scat
tered traces of copper led to continuation of the holes, 
and thus to the original discovery of the Third Lode 
ore zone" (3, p. 190). Floles away from the fault 
were stopped in the top few feet of the sand when it 
became red. 

In all cases where there is Third Lode mineraliza
tion, there is some red sandstone separating the 
Lower Sandstone from the Third Lode. Thus, the 
presence of red sandstone below chloritic sandstone 
near the fault did not result in stopping the holes. 
It appears that the reasoning used in stopping the 
holes away from the fault without testing for Third 
Lode mineralization was based on the theorj' that the 
mineralization is fault-controlled. Thus, because of 
a lack of drilling away from the fault, there is no 
real proof that Third Lode mineralization exists only 
near the fault. 

Ohle states that all known ore occurrences in the 
Upper Sandstone are close to the White Pine fault 
or one of its branches (3, p. 190). Fie mentions 
an exposure in the White Pine mine where the Upper 
Sandstone, exposed as a result of faulting, contains 
a 10-foot long concentration of native copper, which 
tapers from two feet to zero in that distance. I have 
not seen this exposure, but it appears from Ohle's 
discussion that the Upper Sandstone on the upthrown 
block is not exposed. It would be interesting to 
know if copper also occurs in that block. 

Ohle does not comment on a nearly identical oc
currence of native copper in the Lower Sandstone 
in the Southwest mine, which I have pictured (2, p. 
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SCIENTIFIC COMMUNICATIONS 

THE STABILITY OF ARGENTOPYRITE AND STERNBERGITE 

GERALD K . CZAMANSKE 

L. Taylor of Lehigh University and I began inde
pendent studies of the Ag-Fe-S system in 1965. 

^ A common problem was the inability to synthesize 
' i. ^ " y of the reported natural ternary sulfides (the 

'* German "Silberkiesgruppe," Ramdohr, 1955). A 
" ' ' ' note confirming the chemical identity (dimorphic 

relation) of the two best documented "silberkies" 
minerals, argentopyrite and sternbergite, is currently 
in press (Czamanske and Larson, 1969). The pres
ent note reports the results of heating experiments on 
natural materials and a calculation of approximate 
thermodynamic values for the AgFe2S3 phases based 
on these experiments. 

For the study, free-standing crystals from samples 
furnished by John White, of the United States Na
tional Museum (Washington, D. C ) , were used: 
argentopyrite from Andreasberg, Harz, Germany 
(USNM R9630) and sternbergite from Jachymov, 
Bohemia, Czechoslovakia (USNM 85115). 'Min-
eralographic. X-ray, and chemical-studies served to 
estabhsh these as representative samples, with iden
tical formula AgFe'>S3 (Czamanske and Larson, 
1969). 

Pleating experiments, conducted in evacuated silica 
tubes, show that both minerals are stable only at 
low temperatures and break down on heating to form 
an intergrowth of argentite, pyrite, and pyrrhotite. 
Both phases broke down in less than 7 days at 
200° C, but apparently were unreacted after 8 
months at 150° C At 175° C no breakdown was 
detected after 2 days, whereas both phases had 
broken down completely after 30 days. After 8 
days at 175° C the argentopyrite had begun to break 

—- down, whereas the sternbergite had not. This be-
__^ . havior may indicate a somewhat greater thermal sta-

^•" ' bility for sternbergite or may represent a kinetic 
, effect; the likelihood of the latter possibility is reduced 

by the fact that the breakdown products are identical. 
The notably slow nucieation of pyrite is involved in 
each instance. (The same order of breakdown is 
confirmed by Taylor (1967) who reports that at 
150° C argentopyrite broke down nearly completely 
in 221 days and sternbergite only partially in 405 
days. On this basis, Taylor suggests that argento
pyrite is a lower temperature polymorph.) 

1 Publication authorized by the Director, IJ. S. Geological 
Survey. 

The initial break-down products of each mineral 
are highly raagnetic monoclinic pyrrhotite, argentite, 
and pyrite. Pyrrhotite and argenite are the domi
nant phases and occur in an intimate, graphic eutec-
toid-type intergrowth. Small grains of pyrite are 
irregularly distributed. As indicated in Figures 1 
and 2, this assemblage is metastable at 150° C 
because the tie-line switch from the high-temperature 
assemblage, argentite-pyrrhotite-pyrite, to the low-
temperature assemblage, silver-pyrrhotite-pyrite, 
takes place at 248 ± 8° C (Taylor, 1967). With 
continued annealing, argentite and pyrrhotite react 
slowly to form native silver and additional pyrite, and 
the stable assemblage is approached. 

Calculations 

Because it has been impossible to synthesize any of 
the ternary Ag-Fe-S phases, thermochemical values 
for the natural phases must be estimated. The prin
cipal difficulties with the calculations stem from the 
fact that the observed initial breakdown is to a meta
stable assemblage and the fact that the thermal data 
for monochnic pyrrhotite have considerable-errors as-

Fic. 1. Ternary diagram showing the principal rainerals in 
the Ag-Fe-S systera (plotted on the basis of mole percent
ages). The dashed lines indicate three phase assemblages 
stable at temperatures above (long dashes) and below (short 
dashes) 248 ± 8° C. (The solid bar represents the' range 
of natural pyrrhotite compositions.) 
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200 250 300 

Temperature, *C 
Fic. 2. Plot of 1/T vs log /s- (atm) showing the stability 

fields of the rainerals Ag, argentite, pyrite, and pyrrhotite. 
The intersection of the schematic equilibrium curves at 248 
± 8° C (Taylor, 1967) precludes the stable coexistence of 
argentite and pyrrhotite at lower temperatures. 

sociated with them and values must be estiraated at 
the reaction temperature. Pertinent data are sum
marized by Freeman (1962) and Robie (1968). 
Low-temperature specific heats and entropies at 
298.5° K of monoclinic pyrrhotite (Feo.877S) and 
troilite (FeS) were measured by Gr^nvold and 
Westrum (1959), and the entropy of argentite was 
determined by Walsh et al. (1962). 

The most direct approach to a free energy of for
mation (AG°t423) value for AgFe2S3 is to assume 
that 150° C is the true equilibrium temperature for 
the observed reaction 

4AgFe2S3 = 2Ag2S + 8Feo.877S + FeS2 (1) 

i.e., that AG°423 = 0 for this reaction. Because re
action (1) involves a metastable breakdown assem

blage, AG°423 should be negative for the reaction 

6AgFe,S3 = 6Ag -I- 8Feo.877S -F 5FeS2, (2) 

involving the stable assemblage. Interpolation at 
423° K (150° C) of values for the free energy func
tions of the compounds involved in reaction (1) per
mits calculation of the value -61,550 ± 2,200 cal. for 
AG°f423 of AgFe2S3. This value differs by only a 
few hundred calories from a value calculated in like 
manner for an assumed equilibrium breakdown tem
perature as low as 127° C (400° K) . Through com
bination of reactions (1) and (2), AgFe2S3 may be 
eliminated and a value of —4,430 cal. can be calcti--
lated for reaction (2) using available free energy 
data for Ag2S, Feo.877S, and FeS2. As noted, a 
negative value is required by the actual stability of the 
silver-bearing assemblage relative to the Ag2S-bearing 
assemblage. 

Standard conventions allow other data to be 
roughly estimated. Cp298 for AgFegSa is calculated 
to be about 37.8 cal/deg on the assumption that ACp 
for reaction (1) is approximately zero (the Neu-
mann-Kopp rule). The several methods available 
for estimating a value of S°29s for AgFe2S3 give poor 
agreement. Estimations based on typical chalcoge-
nide entropy contributions for the constituent ele
ments result in a value of 48.6 cal/deg if the raethod 
of Latimer (1951) is used and 44 cal/deg if that 
proposed by Gr^nvold and Westrum (1962) is em
ployed. The common method of estimation, involv
ing the assumption that AS°29S = 0 for a reaction 
forming the compound, results in values of 49.4 and 
40.1 cal/deg when applied to reactions (1) and (2), 
using Walsh et al.'s (1962), Grjzfnvold and Wes-
trum's (1962), and Robie's (1968) values of S°29s 

Table 1.—Comparison of estimated values of S°298 for AgFe2S3 emd dependent thermodynamic values. 

Method of 
estimating 
So 298 

Estimated 
value of S°298 
for AgFe2S3 

Resultant 
value of &S°2 98 
for reaction (l) 

Resultant 
value of AH°2 98 
for reaction (l) 

Resultant 
value of AH° 

a/ 
for AgFe2S3— 

Resultant 
• value of iG°-

1298 ./ 1298 
for AgFe2S3-

(1) Latimer (1951) 

(2) Gr^nvold and 
Westrum (1962) 

(3) iS''298 = 0 

for reaction ( l ) 

(It) iS°298 = 0 
for reaction (2) 

(5) Average of 1-3 

1*8.6 cal/deg. 

Itli 

I19.I4 

liO.l 

It?. 3 

3.05 cal/deg. 

21.1»5 

37.05 

8.25 

1,290 ca l . 

9,073 

15,672 

3,lt90 

-6c,lt38 ca l . 

-62,383 

-60,115 

-6I1,033 

-60,988 

-6l,l8li ca l . 

-61,759 

-61,089 

-62,21)7 

-6l,3lt7 

•-Values of AH° 
f29B 

298 

and iG' 
f298 

for Ag2S and FeS2 from Robie (1968). Value of 4H° for Feo.877S fJ-o" Freeman (1962). 

Value of iG°. for Feo 877S calculated from free energy function data (Robie, 1958, and Or^avold and Westrum, 1959). 
f 2"" 
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for AgaS,, Feo.sTiS) and F'eSa, respect ively. In order 
to calculate recommended values of AH''f2B8 and 
AG°m.s ioT the-Gompound AgFejSa a preferred eii-
trbpy value of 47.3 cal/deg was taken; the average 
of the first 3 values listed in Table 1, The value 
obtaiiied-By setting'AS"aas = 0 for reaction {2) wa.s 
not considered beGatise.the state of the- ions in the 
reactants: -is not representa'tive of their state ih 
AgFcoSai; specifically^ the. silver is tiot eoinbihed'with, 
sulfur and over 5.6% qf the- reactant sulfur is cdii-
tained in pyri,te".as $2^. 

Al-Fatjg values for reaction (1.) can be calculated 
• by using the estiuiated entropy values and a siniplified 
forth of the GiBbs-tlelniholtz equatipn. 

AGT = AHsgg — TAS2 (30 

^H'taos values for AgE.eaSa iiiay then b'e. estimated 
by using the calculated: AH°29a valtfes: for reactiofi. 
(1), and known heats of forraation for the remaining 
phases, in coftjunction w.ith an expression pf the 
form AFI°,jj,„etroti = Sfi FI°If, where vi is the stoichi0-

nietric e.pefficient. The calculated, values df ATI°208 
for reaction. (T) -may be reinserted in equatioii (3) to 
derive values of AG'ggg for ;reaction (1). Finally• 
diese values of AG "ogs. may be tisej3 in conjunction 
with available values of AG'̂ oag for AgaS, Feo.s77S, 
an'd-FeSa to derive, values of AG'':£298 for AgEjSs. 

The. results of these several estimations and cal
culations are. summarized-in Table I, Recommended 
•thermochemical values for AgEesSa are shdwi-i in 
Table 2. Errpr. estimations a're, based oil root -mean 
square consideration of independent error sources. 

The infrequent and minor occurrence of sternber
gite and argentopyrite ^results primarijy from the fact 
that they require sulfur fugacities near those asso-
*'ciated with pyrite-pyrrhotite equilibrium, whereas 
geologic enviifoumetifs seldom provide such low 

TABLE 2.̂ -Rscimi-imndeji ilieYmocltentiml shlues for .AgFeiSi 

.AG-iiaa = - 61,350 ± 2,500 cal. Gpjos':^; 3,7.8' ca 1 /deg-
AG:° HSS- = - 61,550 ± 2̂,200" cal: S°SBS ̂  '4 7:3 cal/deg. 
afPtsss = - 61,000 ±2,500-rai., 

values foi-- /g^ at low- temperatures with an ayailability 
oi abundant silver. Furthermorei argentopyrite and 
:stefnbergite ase. ordered ternary compounds which 
-are only a few thotisarid calories per gram formula 
weight more stable thaii an asseinblage of binary 
'minerals.; at temperatures below 150° C there is 
relatively little, themial, energy available to Dver-
Gome orderiijg threshglds. 
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DISCUSSIONS 

COPPER MINERALIZATTON I N THE UPPEK PART 
OF THE COPPER HARBOR, C O N ' G I , O M E R A T E AT 

WHITE PINE, M I C H - I G A N - ^ A REPLY 

Sir: In- rny paper epncerning .copper mineraliza--
•tion in the upper part p.f the Copper Harbor Con-
glbme'rate at White Pine, Michigan, I conGlude"d 
That the-native co,pper is diagenetic ('2, p..886). Ohle 
(3).and Ere.cke (1) in discussiohs of my pa:pef .have 
s.uggested that the copper m'iriefaliKatibn is. pQst-
diagenetic. 

Qhle has questioned the diag.ehetic origin oti four 
main points,-- -vvhich' can-- be, summarized as follows,: 
( l j the- spatial aSs"'oGiatibn ,pf-the "White Pine fault 
arid GOppef minei;a:ii.za,tiQh in the Upper .Sandstone 
(Fi'r'st- Lode), Lower Sa.ndstone (Second Lode), 

•aiid th;e Third Lode'inclieate-that the rnitierafcation 
is, fELult 'controliecl; (2:) hydrocarbbri, which- Go:ntfols 
the distr.ibiition of native copper, migrated to. "its 
present: location in the sandstone tiifotigh the W-liite 
Bitie fault - system; ('3). native copper,, which-typi
cally- occurs surfduhdi'ng ihter.£:titial.. hydroGafbon, 
replaced the hydr'ocai'b.on;'and (4) the qrigiri of the 
c-hloritie facies 'at "White, Pine,, which -is-closely tied 
to tht; origin of the native copper, may be: due tb a 
reduciiig eiivirontnent,- imposed by the hydrbcafbo'n. 
T vvill discuss- these four- points iti -order. 

( l j Th ere; .is;5a spatial association of fault and qre, 
whicli phle- states, can- be recoriciled with a clia-
genetic age for the-cop'per pnly if theteis .a coinci
dental locafion of "the fa'vqi-able lithology with- the 
f^ult I have .'Stated (2, g, §99} that '"'The. apparent 
relatiohiship between- •sandstone' minerahVatibb :and 
structure seerns dhly fortuitous." 

-As I have -pointed put, copper mlrieralization is 
associated with cross-stratified, chlo'r-iti'G, carbpnace-
ous, santlstone (2, p. 897, Ei^s. 7 atid 8) . But in 
detail, the mineralization departs from exat:t corre-
sppndenGe with the cross-stratifiGation. -The irregu
lar distribution bf iiative GOpper is closely controlled 
by the irregular distribution:' of •carbpnacepus mate
rial, which iti tiu-n seems to be.cjpntrglled by irregti-
laf sorting along ii-idiyidual 'crpss-laniinae. Thus,,;tKe 
favorable lithology occut-s, as small lenses and pods 
along individuaLcross-laminations. and not as a con
tinuous unit. .Detailed examinatioh of cores shows 
that these favorable lenses and -pods are les's abundant 
away ffoirl'the fauli i'n both the tidrtliea'st and south
west blocks, particularly in the northeast block.' 

i^lso, it is an exaggeratibii to state, as Qhle has, (3, 
p., 190), that Lovvef Satidstohe ore is restricted to a 

zone within .1,00.0 fe.et of- the. "White ;Pine Fault: 
"White and Wright (4-, p. 707) show three holes .cori-. 
taining more than 5 fppt-perGent copper located 
3,QOO-4.0fiO feet frpm tlie White Pine fatilt: These., 
holes are located near where sections 10, 11, l4 and 
i5 mee.t. Southwest of the. fault, drill. :hole N6I 
(.NW^',. N.W|,. sec. 16) is 3,300 feet frorn the fault 
and contains 6-2 fobtrpercent:-copper, and drill hole 
-N12 (NE^: SW.i,-sec. 6) is 5,500"feet from the.faiiit 
and Gohtaihs.-i3.8 fppt--pereetit .copper in.'the Lower 
.Saiidstbne; 

The Third .Lode mineraiization occurs in the same-
type of •;favprable, lithpjogy as the Lower Sandstone 
Tnineralization, Ohle states- that "near the -fault, the 
greater thickness :and closer strati'graphic spacing 'of 
the favorable, greenish-gray^ bleached beds with scat
tered traces of copper led to continuation of theiholes,, 
•and thus to the original disc""overy of the Third L ŝde-
pfe zofie" (3, p. 19.0). Holes away from the.faulf' 
vvefe:-stopped in the top few feet .of the sand .when it 
/b'eGarne .'fed. 

In, all cases where thereis. Third Lode mineraliza
tion, there; is sojne red sandstone- separating the 
Lpw.er .Satiflstone from the Third Lode, Thus, the 
presence pf red sandstone below chloritic sa.fidstbne 
near the faulf did tiot result in stopping' the holes.' 
It appears that the: reasoning used in stopping the 
holes away, from the fault withput, testing for Third 
Lode min'eralizatibn was based on the.theory that the 
-niineralizatipn is fault^controlled. Thus, because of 
: a lack' of ^drilling away from the fault, there is no 
real prpof' that' Third Lode minei-alizatibn exists, only 
near-the fault. 

Dhle states that ^all knPwn ore Sccurrences in, the 
Upper Saridstone: are 'clpse tp ttie" White- Pine fault 
or one; oi it's branches ('3, p. ,190). He mentiijns 
ati expostire in the White Pine mine where fhe-Upper 
S'andstorie, exposed as a result of faiilting, contains 
a .lO-foot lpng": concentration of native .copper, which 
tapers, from'two. feet tp^zerp in that distance. I have 
not .seen this exposure, but it appears from Ohle's 
disfcussipn ,fhat the Upper Sand.stcme on the upthrown 
block is mot exppsed. It would be. interesting to 
know if ctjpper -also occurs in that block. 

Cjhle does not comment on a nearly identical oc
currence of native copper in the Lower Saridsfone-
,i.n the-Southwest thine, whibh .1 have" pictured (2, p, 
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Seawater reacted with basalt at 200°C and 500 bars for 4752 hours changed chemically from an original slightly 
basic Na-Mg-SOd-CI solution to slightly acid dominantly Na-Ca-Cl solutioa Mg and S0« decreased fo near the 
limit ofdetectiorv and SiO] rose to near-saturation with amorphous sDica. Ca dropped initially because of anhydrite 
precipitation, then rose to twice its initial value. K rose quickly to a steady level. Acidity at room conditions changed 
from the original pH of 7.9 to 3.9 at 72 hours, but subsequently increased to about 4.9. Fe and Mn passed through 
a maximum of 35 ppm at 1000 hours and steadDy dropped thereafter to about 5 ppm. Low but significant levels of 
Ni and Cu entered the solution. The major solid products were anhydrite and montmorUlonite. A small amount of 
glass decomposed during the experiment 

Conclusions based on the seawater-basalt reaction are: aqueous composition and alteration minerals were simOar 
to those in (he Iceland geothermal fields; sufricieni heavy metals were solubilized to account for the deef>-sea heavy-
metal deposits: and the reaction provides a capacity for an adequate sink for Mg and SO4, as well as potential source 
of H* needed for the geochemical balance of the oceans. 

1. Introduction 

Recent geochemical and geophysical work along 
active ocean ridge systems has led to the hypothesis 
that seawater continuously circulates through and in
teracts with basaltic rocks in the upper part of layer 
IL 

This process was first suggested in an attempt to 
explain the observed patterns of heat flow of ocean 
ridge systems [1—3]. The average apparent heat flow 
over the ridge crest is less than half that anticipated 
if heat is transferred by conduction. Many areas with-

* Present address: U.S. Geological Survey, Menlo Park. 
Calif. 94025 

in the crestal region are characterized by anomalously 
low heat flow. These facts led to the suggestion that 
most heat is being transferred by the penetration of 
seawater to several kilometers below the sea floor. 
Areas of low heat flow were explained as overlying 
zones of downward convection of seawater. 

Calculations concerning permeability and flow 
rates showed that such convective flow most likely 
takes place on a scale adequate to account for the ob
served heat flow [2,4]. 

Geochemical, petrographic and isotopic studies on 
many weathered and metasomatized basalts from 
ridge crests and ophiolite sequences on land have pro
vided evidence that seawater has acted as a metaso
matic fluid at the temperatures ranging from 2''C 

i':g^Jg^i5J^^^Sj^^-.r^-*Hh5ij^5Bm?a^^ 
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(submarine weathering conditions) to 400 C (meta
morphic conditions leading to lhe albite—epidote— 
actinolite assemblage) (4-11) . Seawater-basalt meta
somatism has been suggested as a possible regulatory 
mechanism ofthe levels of certain components in sea
water, namely Na, K, Mg, SO4, and HCO3 [4,9,12]. 
Although the data are still inadequate, known sinks 
for these components in the sedimentary environ
ments appear to be inadequate to balance the annual 
supplies brought to the oceans by the rivers [13—15]. 
Hart |9] has suggested thai seawater-basalt interac
tion takes place in three different catagorles with gra
dations between them, as follows: (a) sea-floor 
weathering, wilh the formalion of K-rich smeclile (K 
removed from seawater); (b) retrograde greenschist 
metamorphism with formation of chlorite (Mg re
moved from seawater); and (c) primary greenschist 
metamorphism with formation of albite—aclinolile 
(Na removed from seawater). 

In addition, the suggestion has been made Ihal sea
water may leach significant amounts of heavy metals 
from basalts. Reprecipitation of heavy metals as hy
droxides and silicates from basalt-reacted seawater 
lhat has re-entered the sea has been thought to be a 
possible mode of formalion of both ancient and mod
ern ferromanganoan sediments of the type recently 
found along lhe east Pacific Rise [7,12, J 6-18] . 
Bostrom [19], however, who has studied these depos
ils in great detail, came lo the conclusion thai sea
water-basalt interaction could not produce such de
posits; he pointed oul that they are deficient in Al, 
and he felt Ihal seawaler should transport and precip
itate significant amounts of Al along with the heavy 
metals. 

The occurrence of fluids with modified seawater 
characieristics in the Reykjanes geothermal system of 
Iceland is direel evidence that seawaler circulation 
can be effective in active ridge segments [20—22]. 
Subsurface temperatures reach 290''C al 1 km depth 
where basaltic glass has altered lo ajihydrile, ealcile 
and montmorillonite in the upper parts and lo chlo
rite, epidote and prehnite in lhe lower parts of rocks 
penetrated by 1 km deep drill holes. The seawater has 
lost mosl of its Mg and SO4 and gained significant 
concentrations of Ca, K and Si02 [22]. Little work, 
however, has been carried oul on the heavy-metal 
content of lhe geothermal fluids. 

With the exception of the Iceland geothermal sys

tem, the hypothesis of seawaler-basall inleraclion on 
a large scale has been based on geophysical and petro
logical dala and nol on lhe basis of experimental 
knowledge. Our objective, Iherefore, was lo experi
mentally react seawaler with basall under controlled 
condilions and lo observe changes which look place 
in the seawaler and the basalt. We wished to ascertain 
whether sufficient heavy metals would be solubilized 
for seawaler lo act as a transport medium and wheth
er significant amounts of Na, K, Mg or SO4 would be 
regioved from the seawaler or H* added, for the pro-
ceK to qualify as a regulatory mechanism for lhe 
sf«dy-state composilion of seawaler. 

2Cxperimenlal procedures 

txperimenlal condilions were chosen lhat approx-
iBlmed those found at 1/2 lo 1 km below a typical 

sme ocean ridge crest in lhe open ocean, with a geo-
S n a l gradient equivalent to the higher gradients 

^ I r v e d for the Reykjanes geothermal area [22], 
namely 200''C and 500 bars. Three hundred grams of 
IMflard Copenhagen seawater were reacted v/ith 30 
^lltholeiite basalt ground to < 100 mesh. The basalt 
j ^ t e U.S. Geological Survey standard rock BCR-1 
B ] and Table 1). 

frohe powdered basall was suspended in Copenhagen 
^^Saler overnighl before use, as a means to avoid ad-
^wlion and ion-exchange effects. Preliminary experi-
ife^its were conducted using experimental apparatus 
which required quenching prior to separation of the 
seawaler. These gave non-reproducible results, sug
gesting.that partial back-reactions took place between 
the seawater and lhe basall during quenching. There
fore, the experiment was conducted in such a way 
lhat seawater samples could be extracted from the 
system without disturbing the pressure of lempera
lure of the experiment. 

The hydrolhermal solution equipment used was 
designed to avoid such difficulties [24]. In essence, 
lhe equipment consists of a 300-ml bottle-shaped sam
ple cell of tetrafluorelhylene resin (teflon), held in a 
stainless steel pressure vessel. Teflon was used because 
of its chemical inertness and its easy deformability. 
The sample cell is isloaled from the interior ofthe 
steel pressure vessel and is provided wilh an exit tube 
through which liquid may be withdrawn or injected. 

: - i - , 



TABLE 1 
Chemical and mineralogical composition of U.S. Geologica] 
Survey standard basalt, BCR-1 (from data compiled and aver
aged by Flanagan [23]) 

Major constituents (%) 
SiOj 
A1203 
F e j O j 
FeO 
MgO 
CaO 
NajO 
K , 0 
HjO 
TiOi 
MnO 
P jOj 
COi 
S 

Sum 

54:48 
13.65 
3.68 
8.91 
3.28 
6.95 
3.31 
1.68 
1.59 
2.23 
0.17 

• 0.36 
0.03 
0.03 

100.35 

Selected trace elements (ppm) 
Cu 
Ni 
Zn 
Pb 
Co 
Cr 
Ba 

22 
15 

132 
18 
35 
16 

790 

Petrographic description 
BCR-1 is characterized as an aphanitic, hypocrystalline basalt 
with an intersertal texture consisting of randomly oriented 
plagioclase laths (Ansj) with interstitial angite, brown glass, 
and iron oxides 

A teflon filter is located at the lower end of the exit 
tube at the top of the cell. The basic principle of the 
equipment is simple: the sample cell changes shape in 
response lo a pressure change in fluid surrounding it, 
thus allowing the internal pressure to become equal 
lo the external pressure. The equipment provides an 
inert environment of teflon for the experimental mix
tures; it allows essentially constant temperature and 
pressure lo be mainlained during sampling by the 
pumping of fluid into the steel pressure vessel al the 
same rate that liquid is withdrawn from the sample 
cell; it provides for internal filtering; in addition, il 
provides for mixing solids and liquids by continuous 
mechanical oscillation of the entire bomb housing. 

Samples can be taken at arbitrary lime intervals. 
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The number of samples is limited only by the mini
mum volume lo which the cell can be deformed with
out rupture, aboul ISO ml. 

The seawater-basalt reaction was conducted for 
4752 hours, during which lime 19 samples of 6 ml 
each of the seawaler were extracted al arbitrary inter
vals for chemical analysis. 

Sample handling, dilution and analysis for pH, al
kalinity and major ions follow those developed ear
lier for studies of interstitial water of marine sedi
ments [16]. Na was determined by difference. AI, Fe, 

, Mn, Zn, Ni, Cu and Pb contenis of acidified aliquols 
were determined by bolh flame and flameless atomic 
absorption spectroscopy. Of these, Al, Zn and Pb 
were al or below the level of contamination from 
storage vials and added reagents, of approximately 
0.03-0.05 ppm for all samples. 

2.1. Control experiment 

In addition, one control experiment was conduct
ed to assess the changes that take place in seawater 
with basalt not present, on taking the seawater lo 200 
"C, 500 bars. The control experiment provided a 
means lo recognize possible contamination and to 
provide data for comparison with the effect of basall 
in subsequent experiments. In the control experiment, 
the seawaler was held al conditions for only 305 
hours, sufficiently long in view ofthe lack of changes 
observed after 48 hours. 

The data indicate (Table 2) that simple heating 
causes decreases in Ca, SO4, alkalinity and pH, sug
gesting that calcium sulfate and carbonate become 
supersaturated and precipitate. Anhydrite was found 
in the teflon cell after quenching, but no calcium car
bonate was detected. The corroded nature ofthe an
hydrite crystals (20 micron length) suggested that re-
solulion look place during the quenching process, 
which required about 2 hours. 

2.2. Basalt-sea-water reaction 

Major components. The changes which took place 
in the seawater in contact with basall was profound-
(Figs. 1 and 2, Table 2). Mg continuously decreased 
(Fig. 1) during the course ofthe experiment, and 98% 
of the original Mg was removed. Ca displayed an initial 
decrease within the first 48 hours, presumably a re-
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TABLE 2 
Concentration of selected dissolved species in standard seawater before and during interaction with basalt 

Parts per thousand (per mil) Parts per million (ppm) 

^ampic 

Standard seawater, 
25*'C 

Seawater at 200°C, 
500 bars (by ilselQ 
305 hf 

Seawater reacted with 
basalt al 200''C.-
500 bars 

Ohr 
24 hr 
71 hj 
90 hr 

142 hi 
2]2hf 
262 hi 
335 hr 
426 hr 
552 hr 
738 hi 
785 hr 
1576 hi 
2328 hr 
2928 hr 
3576 hr 
4176 hi 
4752 hi 

Mg 

1.29 

1.28 

1.18 
0.96 
0.83 
0.76 
0.71 
0.64 
0.60 
0.50 
0.48 
0.43 
0.36 
0.35 
0.19 
0.12 
0.08 
0.06 
0.05 
0.03 

Ca 

0.41 

0.14 

0.4 J 
0.10 
0.J5 
0.J5 
0.21 
0.28 
0.33 
0.36 
0.41 
0.47 
0.52 
0.55 
0.81 
0.95 
0.95 
a 95 
0.90 
a 90 

K 

0.40 

0.40 

0.40 
0.44 
0.49 

• 0.47 
0.52 
0.53 
0.53 
0.53 
0.55 
0.55 
0.55 
0.55 
0.55 
0.58 
0.58 
0.55 
0.54 
0.53 

SO4 

2.70 

2.21 

2.61 
1.26 
0.92 
0.78 
0.58 
0.39 
0.33 
0.29 
0.25 
0.22 
0.20 
0.17 
0.12 
0.10 
0.10 
0.06 
0.06 
0.06 

SiOj 

0.01 

0.01 

0.2 
0.3 
0,5 
(-) 
(-) 
(-) 
( - ) 
0.5 
(-) 
( - ) 
0.78 
0.79 
0.67 
0.88 
0.87 
0.80 
_ 

0.80 

Fe 

< 0.05 

< 0.05 

< 0.05 
15 
31 
31 
37 
35 
29 
32 
32 
29 
34 
33 
24 
17 
16 
12 
8 
5 

Mn 

< 0.05 

< 0.05 

< 0.05 
10 
10 
13 
20 

- 25 
25 
28 
33 
35 
32 
32 
23 
23 
17 
1) 

8 
5 

pH-
Alkalinity 
(meq./kg) 

7.9. 

6.2 

16 

0.5 

5.2 
3.2 
3.9 
4.0 
4.2 
4.2 
4.2 
4.2 
4.5 
4.4 
4.4 
4.7 
4.7 
4.7 
4.9 
4.9 
( - ) 
4.9 

0.3 
<0.3 
<0.3 
<0.3 
<0.3 
<0.3 
<0.3 
<0.3 
<0 .3 
< 0.3 
< a 3 
<0.3 

< as 
<0.3 
< 0.3 
< a 3 
< a3 
< as 

Measured at loom lemperatuie undei nitiogen atmospheie. (-) not analyzed. 

suit of initial precipitation of anhydrite, foUowed by 
a continuous increase to a factor of two greaier than 
the original concentralion. K increased to approxi
mately 35% gieater than the original concentralion 
within the first 70 hours, and remained al that con
centralion for the duration ofthe experiment. pH, 
which was measured after the seawater sample was al
lowed lo cool to 25*'C in isolation from air, showed 
an initial decrease to 3.9 followed by a gradual in
crease to 4.9, a value considerably lower than the or
iginal pH of 7.9. 

SO4 continuously decreased lo less than 3% of its 
original composition (Fig. 2). Dissolved Si02, in con
trast, became a major species, and after 700 hours at
tained concentrations near saturation for amorphous 
silica [25]. Na and Cl decreased slightly and continu

ously during the experiment, mosl likely resulting 
from gentle dilution accompanying slow, osmotically-
driven diffusion of pure water into the saline fluid in
side the teflon bottle. The decreases in Na and Q con
centration, therefore, do not reflect interaction with 
the basalt. 

The composition of the seawater changed from a 
slightly alkaline Na, Mg, Cl, SO4 solulion lo a slight
ly acid Na, Ca, Cl solution. 

Heavy elements. The reacted seawater was signifi
cantly enriched in some heavy elemenis (Fig. 3). Fe 
and Mn had almost identical patterns and concentra
tion; they reached a maximum cf approximately 35 
ppm at 1000 hours, and thereafter slowly decreased 
to 5 ppm by the end of the experiment. Of the re
maining elements looked for, Cu and Ni displayed 
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Fig. 1. pH and concentrations of Ca, Mg and K in Copen
hagen seawater during interaction with basalt powder (BCR-
l)at200' 'C, SOObare. 

concentrations above detection limits, reaching 0.2 
ppm by the end ofthe experiment. The concentra
tions of Fe, Mn, Cu and Ni, therefore, were 2 to 3 or
ders of magnitude enriched over normal seawater and 
are above the theoretical minimum concentralion for 
metal concentration of ore fluids [26]. 

Solid phases. At the close of the experiment the 
solid phase was examined. The rock powder had 
formed a slightly lithified, crudely stratified cake, but 
it otherwise had not changed much in appearance. 
The powder had apparently fallen oul of suspension 
during the times thai rocking had been temporarily 
stopped for sampling and maintenance purposes. 
Some of the cementing agent was anhydrite, which 
was dispersed throughoul the solid cake as well as on 
outer portions of lhe cake and inner surfaces of the 
sample cell. Petrographic and X-ray diffraction stu
dies revealed thai a small fraction of the glass phase 
had been allered to a montmorillonite. We could find 
no evidences that the plagioclase or pyroxene crystals 
had reacted, either by dissolving or by development 
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Time (hours « 10 ) 

Fig. 2. Conceniration of SO4, dissolved SiOj, Na and Q in 
Copenhagen seawater during interaction with basalt powder 
(BCR-1) at 200"'C and 500 bars. 

of overgrowths. The montmorillonite displayed usual 
behavior upon glycolation and heating. X-ray exami
nation ofthe clay revealed an 060 spacing at 1,49 A, 
indicating a dominantly dioctahedral nature. A less 
distinct spacing at I.S3 A suggested lhat a co-existing 
trioclahedral montmorillonite may have been present 
in small amounts. The mean refractive index of the 
clay was 1.58, indicating a significant iron content 
[27]. 

We were unsuccessful in attempts lo separate the 
montmorillonite cleanly from the glass phase, and, 
therefore, we were unable to determine the stoichio
metric composition of the clay. Lacking this informa
tion we could not reconstruct the details of the alter
ation reaction. 

3. Discussion 

3.1. Aqueous species. 

Calculations. To estimate in-situ pH, degree of 
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Fig. 3. Concentration of various dissolved metals in Copen
hagen seawater during interaction wiih basalt powder (BCR-
l)al 200°Cand 500 bars. The contamination levels of ap
proximately 0.03 ppm for these elements is that caused by 
the leagenl grade HNOj used to acidify the samples, and that 
from the glass vials used for storage of the samples. Note that 
At, Zn and Pb remain at oi below this level during the entire 
experiment Vertical bars for Ni and Cu indicate precision of 
analyses. 

complexing, and degree of saturation by certain min
erals, a calculation ofthe distribution of ionic species 
was performed, following lhe general procedures de
veloped by Carrels and Thompson [28] for seawaler 
al 2S°C. Our solution at the experimental conditions 
differed from normal seawater in thai carbonate spe
cies were absent, and ion pairs such as NaCl" and 
HCl^ become important because of the elevated lem
perature. Mass-balance relations were derived to re
late analyzed componenis lo the various species (Ta
ble 3). To relate measured pH at room lemperature 
lo pH at 200''C, a hydrogen ion mass balance (eq. 7, 
Table 3) was constructed. This relation assumes that 
species which significantly associates with hydrogen 
ion at higher temperatures (e.g., HSO^ and HCl^, 
rapidly dissociate upon cooling, and that the pH 
measured at room lemperature is a sum of their hy
drogen ion equivalents plus the free hydrogen ion that 
had existed al 200*'C. Values for dissocialional equi
libria (Table 3) are for 200°C and 15 bars, nol the 
500 bars of the experiment [29]. In the absence of 
partial molar volume dala for the ion pairs, pressure 
corrections cannot be made. For comparison, how
ever, a pressure increase of 500 bars increases the 
solubUily of anhydrite in NaCl solutions at 200°C by 
about 20% [30]. We have made the approximation 
thai ion pair stability was affected in as minimal a 
degree. The uncertainty introduced is about the same 
as our analytical uncertainty for SO4 for the latter 
half of lhe experiment, during which SO4 concentra
tion became very low. Activity coefficients were esti
mated using lhe expanded Debye-Hiickel relation 
with equation parameters for 200°C. 

TABLE 3 

Dissocialional equilibria and mass-balance relations used to calculate distribution of ionic species in seawater at 200°C 

Mass-balance relation Dissocialional equilibria 

reaction log X'joo'C* 

(l)/7iCa>(,otal) ='"Ca'**'"CaS0S 
(2)/7i -'Mg**(total) '"Mg'**'"MgS02 

= mt/^-*- m <3) '"K*(tota]) 
(4) ">Na*(tola]) = '"Na* "̂  ' "NaQ" 
(5) '"soj 'dotal) = ' " s o l " * '"HSOi "* '"CaS02 * "'MgSO? "̂  ""KSOi 
(6)'"a-(total) = ' ^ - + '"Naa° + '"Ha*' 
(7)'"M*(25''C) °'"H*(200°C)*'"HSO4"^'"Ha*' 

KSOi 

(l)CaSO?-» Ca'*-fS02" 
(2)MgS04-Mg'*-t-S04" 
(3)KS0: -K*-^S04" 
(4)Naa* • . N a * + a " 
(5)HSOJ -.M*-^SOj" 
(6)Ha** -H*-^a~ 

-3.6 
-4 .0 
-1.94 

a 4 2 
-3.15 

ao6 

This lelation is derived on the basis that ^ H S 0 4 ^"^ ^HCl° " ^ negligible at 2S'C in comparison with 200°C 
** Data taken from (29] and references therein. 



An iterative procedure was used lo perform the 
calculation by computer [28]. Successive approxima
tions were made of ionic strength, and in tum, indi
vidual ion activity coefficienls, and dissolved species 
until successive iterations resulted in insignificant 
change. This calculation resulted in a list of concen-

. tralions for each free and complexed ion, for each 
sample taken during the experiment. 

Distribution of species. A condensed summary of 
results for a few selected samples are compared wilh 
unreacted seawater in Table 4. Increased complexing 
as a result of increased temperature is apparent from 
the decrease in ionic strength, and the decrease in the 
fraction of free Mg^* and S 0 | ~ . The pH would be ex-
peeled to be higher al 200°C than at 25''C because of 
the hydrolysis of S 0 | - lo HSO". Actually, the pH at 
200''C was near neutrality (neutral = 5.6). For pH to 
drop in this manner requires thai extra hydrogen ion 
be created during interaction with the basall. The de
gree of Câ "*" ion complexing was not changed signifi
cantly, nor was more than 1% of Na or K present as 
complex ions (dala for Na and K* nol shown). 

Anhydrite saturation. Calculation ofthe ion activ
ity product (lAP) for anhydrite from these data (Ta
ble 4) indicate lhat the seawater was near saturation 
with respect lo anhyrdile, with an average log lAP of 
—7.5 compared to log A"™ of—7.2 reported by other 
workers [29]. The slight, but systematic difference 
probably reflects our analytical uncertainty of approx
imately ±10% for sulfate, and lo unassessed pressure 
effects on the equilibrium constants. In spite of these 
uncertainties, the close agreement suggests thai the 
solulion was essentially saturated with anhydrite 
throughout the experiment. Anhydrite precipitated 
continuously throughoul the experiment by reaction 
of SO4 in solution with Ca released from the rock. 
The precipitation of anhydrite continued until SO4 
was almost quantitatively removed from the seawater. 

Iron-phase reactions. Before undertaking the ex
periment we had postulated that during seawater-
basalt interaction, dissolved Oj would likely be re
moved by oxidalion of magnetite to hematite by the 
well-known reaction: 

5O2 + 2Fe304 =̂  SFcjOj 

Log A" is 18.95 for this reaction at 200''C [29]. This 
indicates that magnetite transforms to hematite until 
the fugacity of oxygen declines to 10~^ ' - ' (this repre-
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senls less than 4 X 10~^^ ppm dissolved oxygen. More
over, only an insignificant mass of magnetite need 
transform lo hematite to buffer the dissolved oxygen 
in this manner. In our experiment, for example, which 
utilized a 10/1 ralio-of seawater to basalt, only 0.01 g 
of hematite would have formed in lhe 30 g of rock 
powder, an amount too small to be detected. 

Is our system in equilibrium with magnetite-
hematite? If this reaction controls the concentration 
of dissolved oxygen, il likely would control dissolved 
ferrous iron, as follows: 

Fe^* * HjO. + Fe203 =̂  Fe304 + 2H* 

the equilibrium constant, K = aj^* /flpgi* is lO"'-"*^ at 
200°(5 [29]. Values foia^Ja^^j* for our experiment, 
calculated from the distribution of species data (Table 
4) averaged 10"^-^^. Taken at face value, this would 
indicate that there was more dissolved ferrous iron 
than would be expected al the observed pH's and 
therefore the system is not in equilibrium with mag
netite-hematite. This suggests, therefore, lhat fer
rous iron was being supplied by a silicate or glass 
phase and that the system was even more reducing 
than had been anticipated. The oxidized phase in this 
case is likely a nontronite component within the 
montmorUlonite alteration product. Allhough the 
gross trends of pH and Fe with time were similar, 
equilibrium was not attained with regard to Fe con
tribution to and subtraction from solulion during the 
course of the reaction. 

3.2. Overall reaction 

The following sequence of events can be construct
ed for the reaction of seawater with basalt. Initially, 
anhydrite precipitates in response to increased tem
perature. This is followed by the alteration of some 
of the glass phase to montmorillonite, releasing in the 
process Ca, Si02, Fe, Mn, Cu, and Ni. As Ca continues 
to build up in solution, anhydrite continues to precip
itate until essentially all sulfate is consumed. That Mg 
plays a major kinetic role in the formalion of mont
morillonite alteration product was noted by Hawkins 
and Roy [31]. Mĝ "*", the most reactive cation in sea
water is likely incorporated into the montmorillonite, 
and is probably accompanied by 0H~ from seawater 
lo preserve electrical neutrality. This provides a mech
anism for the observed pH lowering, which in turn 
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TABLE 4 
Selected solution parameters derived from distribution of Ionic species calculation 

Ionic pll 
strength 

Mg'* Ca** S 0 | -
{% free Ion) (% free ion) (% free ion) 

'og'"SOr' '" 'HSO; 'oE''Ca^<'SO|-** >og«H*^<iFe'*' 

Standard sea
waler. 25°C, 
I bar* 

Seawater at 
200"'C. 500 ban 

305 hr 

Seawater 
reacted with 
basalt at IQO'C, 
500 bars 

71 hr 
335 hr 
785 hr 

1576 hi 
3576 hi 
4752 hr 

a70 

as 7 

ass 
ass 
a54 

aso 
a4s 
a42 

8.11 

6.8 

4.4 
4,5 
4,9 
5.0 
5.1 
S.2 

87 

63 

74 
87 
89 
88 
88 
83 

91 

97 

98 
99 
99 
99 
99 
96 

54 

3 

4 
6 
8 

12 
21 
31 

6.9 

3.1 

a6 
as 
1.3 
1.3 
1.4 
1.5 

-5.3 

-7.6 

-7.7 
-7.7 
-7.6 
-7.4 
-7.4 
-7.2 

-4.7 
-4.9 
-5.7 
-5.8 
-5.7 
-5.2 

i 
Mi 

Taken from Garrels and Thompson model of seawater [ 161. 
** These figures should be compared lo log AT,-anhydrite of-4.7 al 25''Cand -7.2 at 200° C, as given by Helgeson (291. 

*** These figures should be compiled lo log AT of -3.48 al 200°C for the reaction l-e^ * HjO •̂  F e j O j - Fe304 ^ 2H*, derived ftom data in (29). 

% 
mm 



accelerates the alteration process. As the seawater 
Mg is used up, the pH begins lo increase, thereby slow
ing the rale of montmorillonite formation. Al, Fĉ "*", 
Fe'"*", contained in the montmorillonite structure 
came from the basalt and perhaps some Mg as well. 

In the absence of knowledge of stoichiometric 
compositions of the glass and monlmorillonile phases, 
the overall reaction can be expressed only as follows 
with unspecified coefficienls: * 

(a) glass + Mg'"^ + HJD =̂  montmorillonite + Ca^* 

+ K* + H4Si04 + H* + Fe^* + Mn^* 

(b) Ca^* + SO J - =̂  anhydrite 

The pH lowering, however, would be partially offset 
by H* attack on glass and anhydrous silicates. 

Montmorillonite continues to form while Mĝ "*" is 
actively being removed from solution. Eventually, the 
pH then begins lo rise as hydrolysis reactions become 
increasingly more important. Fe and Mn concentra
tions decrease in response lo the increasing pH, prob
ably by entering the montmorillonite or by formation 
of Fe and Mn oxides. 

Only a small fraction of the glass phase in the sam
ple allered to montmorillonite; the capacity of the 
rock to consume Mĝ "*" (0H~?) from the seawater by 
reaction of all the glass, therefore, is much larger than 
shown in our experiment. Presumably, if Mĝ "* were 
continuously supplied by fresh seawater, all glass 
might eventually be converted lo montmorillonile. 
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[34,35], by reaction with walers loo cool to permit 
CaS04 phases to form. 

Pyrite is a common mineral in many basalts that 
presumably have been altered by seawaler. The pres
ence of pyrite in ophiolitic rocks of Italy led Spooner 
and Fyfe [12] to suggest thai seawaler SO4 may be 
reduced during reaction with basalt, as follows: 

l lFe2Si04-f2S0j- + 4H* 

= 7Fe304 + FeSj + 1 lSi02 •̂  2H2O 

in which Fe2Si04 is representative for the ferrous 
silicate component in olivine, pyroxene or glass. 

Anhydrite formed readily and rapidly in our ex
periment as it apparently has in the Reykjanes geo
thermal system. Perhaps anhydrite commonly forms 
early in the seawater-basalt reaction, and it may be 
reduced completely to form pyrite given sufficient 
time. To examine this possibility, Spooner and Fyfe's 
reaction can be modified by substituting CaS04 for 
SO^-. yielding: 

llFe2Si04•^2CaS04 + 4H•* 

= 7Fe304 + FeSj + 1 lSi02 "̂  '^^2'^ "̂  ^^^^^ 

The equilibrium constant for this reaction, <'ca'*/''H*» 
calculated for 200''C [29] is very much larger than 
the experimental value of O^-JJ*/^^ (Fig. 4), indicat
ing a strong thermodynamic potendai for lhe reaction 
to proceed as written. This suggests, therefore, that 

n 

3.3. A nhydrite-pyrite problem 

Our experimental results are consistent with alter
ation products and chemistry of the modified sea
water ofthe Reykjanes geothermal. field in Iceland, 
as menlioned earlier [22]. The alleration assemblage 
anhydrite—montmorillonite, which was noted in lhe 
upper portions of the rock sequence, was likely form-, 
ed roughly under the condilions of our experiment. 
However, anhydrite has not been reported in altered 
basaltic rocks from the sea floor, although montmo
rillonite phases are common. Basalts cored during 
DSDP leg 34 in the Nasca plate, for example, dis
played veinlets of montmorillonite, ealcile and py
rite [32—34]. These minerals contained stable iso
topes thai suggested that Ihey formed at about 7'*C 
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Fig. 4. \.oiaQ^i*la'^* (which is 1/2 log AT) plotted versus tem
perature for the reaction 1 lFe2Si04 + 2CaS04 + 4H* 
*• 7Fe304 -̂  FeSj + 1 ISiOj * 2Hj0 + 2Ca'*. Calculated fiom 
thermodynamic data given in |29). 
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anhydrite formed and persisted as a metastable phase 
in our experiments. However, unbuffered solutions 
such as seawaler need read only wilh a negligible 
amount of solid phase to adjust acidity lo the equilib
rium value. The limited capacity of waler lo fumish 
H* is the leason that only a trivial amount of pyrite 
would fonn. 

Modifying Spooner and Fyfe's reaction in another 
way, by substituting seawaler Mĝ "* for H , gives: 

2H2O + 1 lFe2Si04 + 2Mg^* + 2S0j~ 

= Mg2Si30g(OH)^ + FeS2 + SSiOj + ̂ P^^O^ 

in which Mg2Si305(OH)4 (sepiolitc) represents the 
magnesium component of a secondary monlmorillo
nile. This reaction does not require H , and it con
sumes Mĝ "*̂  and S0^~ in a 1/1 ratio. However, the re
action does nol transform anhydrite; rather il re
moves SO4 directly from solulion. To better repre
sent a reaction wilh anhydrite, a source of Ca is re
quired on the left and a sink for Ca is needed on the 
right, possibly a zeolite. The number of interdepen
dent reactions possible in this multicomponent sys
tem is very large, and an exact solution is not possi
ble in the present state of knowledge. 

The absence of anhydrite in submarine rocks, 
Iherefore, may be a consequence of a slow transfor
mation of early-formed anhydrite, possibly al ele
vated temperatures. Altematively, anhydrite might be 
removed by lhe dissolving action of late cool sea
water. Even so, some remnants of early anhydrite 
should be found, judging from the persistence of oth
er metastable minerals in low-temperature and marine 
environments. The absence of anhydrite in allered 
submarine basalts, therefore, is puzzling. 

3.4. Removal of major componenis from seawater 

Mg and SO4. Our experimental results indicate thai 
seawater-basalt inleraclion al 200''C, has the capaci
ty to provide a removal mechanism for Mg and SO4, 
two components for which adequate removal mech
anisms could not be found in sedimentary environ
ments [14,15]. 

The annual global flux of seawater in basaltic ter
rains, a critical unknown in assessing the adequacy of 
the process, cannot at present be estimated. Our ex
periments show that seawater—basall reaction has the 

potential capacity to regulate these two components 
We observed that, during the alleration of a small frao 
lion ofthe glass phase lo monlmorillonile, Mg and 
SO4 were nearly completely removed from a mass of 
seawaler 10 times that of the rock. Allhough it is im
possible to calculate the exact efficiency of a basalt 
acting on seawaler in nature, il is possible that basalt 
can remove Mg and SO4 from much more seawater 
Ihan we used in the experiment, perhaps by a factor 
of 10 or more. 

Na and K. What are the controls on the elemenis 
Na and K? Independent experiments, carried oul con
currently wilh our study, by Motll et al, [36] and by 
Hajash [37] at temperatures from 200 to 500°C, indi
cated thai Na is partially removed from the seawaler 
at the higher temperatures. They also found, however 
lhat K was leached from the basall, in some cases al
most quantitatively, at the higher temperatures. Re
sults from Mottl el al.'s experiment at 200''C corre
spond well with ours, both in alteration products and 
in the general changes in the seawater chemisiry, al
lhough they did nol report analyses for SO4 or heavy 
metals other than Fe and Mn. 

Low-temperature changes. Preliminary experiments 
in our laboratory indicate that basalt can remove up 
lo 30% dissolved K from seawaler at 2S*'C. These re
sults support field observations [11] lhat under low-
temperature condilions basalt alters lo a K-rich mont
morillonite. 

Depending on the lemperature, therefore, sea
water-basalt interaction can provide a removal mech
anism for Mg, SO4, K and Na. 

3.5. Controls on Fe and Mn concentrations 

During the experiment, sufficient Fe and Mn were 
solubilized for the fluid to acl as an ore fluid. Mn and 
Fe displayed almost identical behavior, bolh in their 
concentrations and in the changes with time. A prob
lem is posed by two factors: the ratio of Fe/Mn in the 
basalt is approximately .75, which contrasts greatly to 
the solulion ralio of 1/T, and dissolved Fe easQy sepa
rates from Mn because Fe^"^ oxidizes more quickly 
and lends to form insoluble Fe^* compounds. The 
identical behavior of Fe and Mn, with regard to both 
level and trend, is puzzling. We have no explanation 
as to why their respective concentration should be so 
similar, but the fact that Ihey both increase in the 
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(2) Alteration of the basalt was restricted to a 
small fraction ofthe glass phase, which altered to 
montmorillonite. Anhydrite was produced as a re
sponse to heating and by reaction of Ca released 
from the glass with SO4 in seawater. 

(3) Basalt-seawaler interaction at 200°C has the 
potential to remove Mg and SO4 Jn seawaler, as well 
as to be a source for H needed for the geochemical 
balance in the seas. We make no speculations, how
ever, whether lhe amount of seawater inleiacting 
with basalt on a world-wide and annual basis is ade
quate lo effect this balance. 

(4) Heavy metals, .such as Fe, Mn, Ni, and Cu, are 
solubilized during seawater-basalt interaction al 200 
"C in amounts sufficiently large lo permil altered 
seawater lo transport Ihem lo lhe sea bottom where 
they can be incorporated in submarine sediments of 
the kind that occur along fhe East Pacific Rise. 
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Important npw dcvelopniciils in carbon and snihir isotope .tjoochcniistry arc reviewed 
vvith reference to a luinibcr of liydrothermal ore deposits lli;U represent :i con.^idcralilc 
range in age, teniperature of deposition, niincralog.v, and mode ol' occurrence. Kcceiu 
carbon and sulfur isolope studies that h.-ive made iniportant contributions to our vuulcr-
standing of ore genesis cniph:isize thai for meaningful inierprelalion investigations 
must be coupled witih detailed geologic, mincr.alogic, and other geocheniical studies. 
Under equilibrium conditions, the S"-'S and S'^C of liydrolIiertn:d niincr;ils arc deicr
mined by the physical chemical condilions of the hydrothermal fluids (T, pll , i,,..) as 
well as llic isotopic composilion of sulfur .-md e;irl.)on (8-''''Svf; and 8-""'.'̂ ,.) in llie on; 
lluids. These variables, along with the /.v,.,, m-z-A: /co- •"'"' "'ru "f ilio lliiids ;nul ihe o 
possible nieclianism of ore deposition, have been determined in scver.il deposils by com
bining isotopic and ojher geochemical dala. 

The important sources of sulfur in ore deposils arc dee|)-se:iied sources (in:nille or 
honiogcnized crust),' local coiinlry rocks, and se.-i water or nnirinc evaporites. Tlie 
important sources of carbon ;u-c dccp-sc:ited sources (ni;nillc or liiiinogeni-/.rd crust), 
marine limestones, and org;inic nuitler in sedinient:iry rocks. Discussions of the ori.i;in 
of sulfur and carbon in ore deposits must be b;ised on ;iccur:ile detcrniin:ilions of 
g-̂ ^Sjg and S'̂ 'CvQ values whicii can be greatly different from lhe S'"? and 8'-'C v;iliies 
of individual minerals in these deposits. 

In sli:dlow environments where Iwiling. mixing of llnids. or rcdo.v rc;iclion.s dcc-iirrcd, 
sulfur .isotopic ecpiilibriuni iii;iy nol ii;ivc been establislied aiiinng liydrollicnn:il iiiinorais 
and between fluids and niiner;ils. The occurrence of isolopic diseqiiilibriuin in such en
vironments, however, may helj) elucidate the history of hydrotherinal fluids. 

Bactcriogenic sulfide de|)Osils involving haclcriologic reduction of sc;i water siilf;ile 
can be recognized by llicir occurrence in nonvo!c;inic sedimenlary cnvironnienls, by 
nonequilibrium distribution of sulfur isotopes between coexisting minerals, and by tbe 
time-space relationships of their Ŝ '-'S (and S'-''C) values, but not iiecess:ii-ily by the 
statistical distribution of their S-"S values. B;ictcria need not be involved in the reduc
tion of sea water sulfate in volcanic environments iiiasnnich as sulfate iiKiy readily be 
reduced by deep circulation Into liigli-tcinper;itiire rocks and precipitated as sulfides at 
lower lempcralurcs ill or near sedimenlary basins. 

Preliminary data on niclaniorphosed straliforni deposits su.ggest lli:it origiii:iI large-
scale sulfur and carbon isotope distributions arc generally preserved during nicla-
niorphism making jit possible to determine the origin of sulfur ;ind carbon In such de
posits. However, jniinor changes in the .sulfur and c:irbiin isoVojic sysU-nvilics lli:il re
flect the mctaniorpjilc event are often superimposed on the original Isotope dlslrlbiilii-iiis. 

I 

In t roduc t ion li;ivc heen ;i(.-i.-(iiup;iiiu;(l l)\- dcl:uU-d gculugic. iiiiiu-i-;il-
,,, ,- .- r 11- ll 1 • , 1 . otric, and other "'cnchcmical i1:ila-The review fines not 
i i-iii application of sulfur ancl c;u-bon isolope chiui .*" , • 1̂  ,, • • - , • 
,. .1 / 1 f 1 -t 1 1 1 C'lvc eniial wcig U lo ;i ivoes ol ore ( ciidSils. It i.'̂  
to the study of ore deposits lia.s undergone a remark- -̂  ' i-̂  , , • , , • ,,, , 

, , ,. r ,. . ,n,^o A . , 1 1 . devoted arfre V to hvdrntlicniia t epo.';it.s. allimu'.jh 
able transformation since 1908. A.s a result, recent , . '̂  • , • . . ,' , , 

,f , , . . ,1 r 1 t -1 t 1 .short sections Cii\-L'r li;iL-lcri()t:'ciiic ;iiul iiu-l;iiiiori)hi>S(.-(l 
sulfur and carbon isotope sl.udies have cuiitnhuted . '̂  ' 
much to our understanding of sonie of the processes ' 
of ore deposition. The purpose of this paper is to, 
discuss the relatively new priiici|)lcs of a]iplic;iliuii ot 
sulfur and carbon isotopic dala to problems of ore 
genesis rather than to provide an extensive review-
of the literature. To illu.stratc Ihcse principles, the 
authors have drawn largely from ihcir own studies 
with various investigalors and a from a few oilier 
studies where sulfur or c;irl)(t)n isulnpc iiiv('sii.g;iliiins 

Sulfur I so topes and Ore Genesis 

S-'-'.S" variulioii.-i in liydrollicniial dcf^osils 

The tol;il i-;in.gcs of S^''S' values of siihide ami siil-
f;ile iuiiier;ds from ;i luimluT of hydrothemial ore 
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deposils that have been the subject of detailed studies 
are shown in Figure 1. These deposits cover a 
considerable range in age, temperature of mineraliza
tion, mineralogy, and mode of occurrence (see refer
ences in Fig. 1). For c-xample, ages.of mineraliza
tion range from late Tertiary at Casapalca through 
Hercynian at Panasqucira to Precambijian at Echo 
Bay. Temperatures of ore deposition] range from 
100°C or less at Pine Point to nearly 50t)°C at Blue
bell. The majority of deposits studied contain lead-
zinc and ininor silver and copper mineralization. 
Pasto Bueno contains tungsten; Panasqiueira is a tin 
and tungsten deposit; Cortez is a disseininated gold 
deposit; and Echo Bay is a U-Ni-A^-Cu deposit. 
Some of these deposits, such as j Providencia, 
Casapalca, and Pasto Bueno, are vein types; others, 
such as Mogul, the Kuroko deposits, and Pine Point, 
are stratiform types (sens-ii lata). \ 

Certain deposits, such as Providencia, Casapalca, 
and Creede, exhibit a narrow range of 8 '̂'S values 
that average near 0 per mil. Others, such as Blue
bell, Cortez, -Pine Point, and Black Hills Tertiary 
deposits, have a narrow range of positive 8'''S values. 
Still others, such as Mogul and Echo "Bay, have a 
very wide range of 8'̂ S values which include both 
positive and negative values. Deppsits such as 
Panasciueira have a wide range of valiies only when 
very late stage sulfides are included.] In some de
posits sulfate minerals are present and all these are 
isotopically heavier w-ith respect to sulhir than the 
sulfides from the same deposit. It is obvious from 
Figure 1 that one cannot classify the types of ore 
deposits or say very much about their genesis on the 
basis of sulfur isotope values alone. Ln certain cases, 
sulfides of apparently similar types of dejiosits, such 
as the stratiform Mogul and Pine Point deposits, 
have greatly different sulfur isotope values. In other 
cases, sulfides of greatly dillerent types of deposils, 
like the Darwin replacement ores aiicjl the str;itiforni 
Kuroko ores, have very similar sulfide sulfur isotope 
values. 

Under a previous system of intferprctatiou, the 

i "C C^.,) = ("C/"C).- ("C/"C)^i„,i 

in which ("S/'-S),iu,i is the sulfur isotopic coiuposilicni of 
troilite of the Caiion Diablo mclcaritc,! O.()450O4,S (Mac-
namara and Thode, 1950; Ault and j'ciiscii, 196.-?), and 
("C/"C),t„,i is the carbon isotopic com|>oslLioii of the Cblcauo 
standard (PDB), 0.0112372 (Craig, 1957).j 

The isotopic fractionation factor beiwoen species .4 and B 
is defined as i 

1,000 -I- {jl 
1,000 -f S},' 

in which R is the l.wtopic ratio, (»<.S/».S) dir ("C/'=C). 
It should be noted that I 

1,000 lna;J :^ ««Sa - 6 " S B = lA^Sj-/,. 
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FIC . I. Range of S '̂S values of suiruU-s and sulfates from 
various hydroilicrmal ore deposils. .Source.'; df d:ita: I'l-o-
vklcncia, Mexico (Rye, 1974, .-nul unpub. (!;il;i) : Casapalca, 
Peru (Rye and .Sawkiiis, 1974) : Pasto Bueno, Peru (Lanills 
and Rye, 1974) ; Panasciueira, Porlug:il (R. O. Rye and 
VV. C. Kelly, uniiub. data) ; Daru-ln, soulhern California 
(Rye ct a!., 1974b): Mogul, Ireland (Greig ci al., 1971): 
Bluebell, British Cohimbla (Ohmoto, uiipnb. dala: Olmiolo 
and Rye, 1970); Tcrliarv deposits of Black Hills, SouUi 
Dakota (Rye and Rye. 1974); Cortez, .\\-va<la (Rye cl al.. 
1974a) ; Kuroko deposits. Sliakanai, Tap,-m (Olunolo ot al., 
1970) : Pine Point, N. VV. T. (Sas-.vki -.\m\ Krouse, 1969) ; 
Creede, Colorado (Bcthke cf al., 1973), Park City, Utah 
(R. O. Rye and J. T. Nash, unpub. dala) . 

sulfur of any dc].)0sit tlt:U contained ;i n;irrow r;ingc of 
Ŝ '.S values was considered to he nf magmatic origin, 
wdiereas the sulfur of ;i deposit liiat li:ul a wide r;iiige 
of Ŝ -'S values was considered to be biogenic (e.g., 
Jensen, 1959, 1967). The following discussion, how
ever, demonstrates that siillides whicii precipiUiled 
from magmatic sulfur can exhibit a wide range of 
S'-'S values (e.g., Mogul deposils). On the olher 
hand, sulfides precipitated from uoniii;igin;ilic sulfur. 
such ns sea water, can have a modest range of S-'"S 
values near 0 per mil (e. g., the Kuroko dc|.)Osils). 

Temperaiure significance of Z'̂ *S variations a-inoug 
coc.ri.ding minerals 

The range of sulfur isotoi'ie v;iliics for pyrile, 
sphalerite, and galena for various hydrothermid de
posits is shown in T'lgure 2. Il can be seen th;il a 
considerable portion of the range of S"'''.'̂  values at 
:i given deposit reflects typic:il difrerences in the iso
topic composition of common siiHide minerals. 
Note that for most dejiosils the ;iver;ige 8-''\S for 
sphalcrite is hirgcr th;in that for gak-n:i. Tn f:ict. in 
some of these de|>osits, such as rro\-idi'iici;i. C;is:i-
palca, P;isto l-!iiciio, and Darw-iii, there is cniii|)k-ie 
separ;ilioii of S'''S v;iliics for ihese Iwii niiiiei-als. 
The range of 8-'''.S \-;iliu.-s for iiyrile. mi the oilier 
hand, often overl.-ips lh;d for S])li;ilei-it(- ;ind in some 
cases even overlaps that for galena. We will see in 
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FIG. 2. Range of S"S values in| pyrite, spbalcrlle, and 
galena in various hydrothermal deposils. Tie lines join early 
and late periods of mineralization, i 

the following discussion that these distributions of 
8̂ *S values in pyrite, sphaleritei and galena have an 
iniportant bearing on the use of .sphalerile-galeiia and 
pyrite-galcna mineral pairs iu sulfur isotope geother
mometry. 

Sulfur isotope geothermometry is based on the 
equilibrium sulfur isotope fractlionations between co
existing sulfur-bearing compounds. The sulfur iso
topic fractionations among iniportant sulfur species 
in hydrothrmal solutions and sulfur-bearing minerals 
are given in Figure 3. Foi] example, the sulfur 
isotope fractionation at 200°C between pyrite and 
galena is about 4.6 per mil. ij.ikewise the fractiona
tion between sphalerite and galena at 200° C is a 
little over 3 per mil. These! curves are based on 
experimental and theoretical data and there are some 
differences between the curves produced by various 
laboratories that have vet to be worked out (see 
Czamanske and Rye, 1974). i Hovvever, the relative 
position of the curves among; the minerals will not 
change and from Figure 3 one can predict which 
mineral pairs arc niost useful as sulfur isotope geo
thermometers. The larger the separation of the 
curves for any two minerals, the more sensitive will 
the miuer;il pair be as an isotopic thermometer; i.e.. 
Ihc order of sensitivity of .ŝ iilfur isotope fraclioiui-
tions to tcmperjiture among mineral pairs is: sulfate-
sulfide > > pyrite-galena >;' .sphalerite (or pyrrho
tite)-galena > pyrite-chalcopyrite > pyrite-sjjhalcritc 
(see Fig. 3). The analytical precision in the S"S 
value for a mineral is usually ibclter than :t0.1 per mil 
and better than ±0.2 per liiil for the A S " S value 
rel;iting to a mineral pair.I At a temperature of 
250°C, this analytical unccijb-iinty c;iii.ses ;ui uncer

tainty in the sulfur isolopic iemper:iiurcs uf about 
±10°C for a pyrite-galena pair, ±15°C for a sphale
rite-galena pair, and =1:40°C for a pyrile-ch;ilcoi»yritc 
pair. 

The successful application of any sulfur isotOĵ e 
thermometer to a particular deposit depends upon 
the suitability of the samples. Ideally, one would 
like to have contemporaneous .samples lhat crystal
lized in equilil.iriuni w-ith each other. However, for 
most mineral pairs it is very diniciilt to .s;iuipie e:ich 
mineral in such a manner that the samples represent 
the s:une period ol time in the evolution of llie hv
drothermal fluids. Fortunately, mineral pairs m;iy 
give geologically reasonable temperatures as long ;is 
Ihc tw-o minerals w-ere formed in equilibrium will) 
solutions which were uniform in lenipcnuure ;uul in 
chemical states (e.g., S'^S-s. pH, •'uid /o.). Con
versely, if a iniiieral pair gives a geologically re;i.s:on-
ahle Lsotopic temperature lhat correlates w-ilh other 
available temperature dala, the two minerals mav he 
as.sumcd to have formed from sohilions of uniform 
temperature and chemistry. The fact lli;il .spii;de-
rite-galena pairs in many deposits give reasonable 
temperatures even when these minerals do not ap
pear to be contemporaneous suggests that the dep
ositional mechanisms and conditions of .sphaieriie 

600 500 400 500 
TCC) 

( l / T « K ) ^ » 10® 

FIG. 3. Sulfur isotope fracliimalions among sulfur species 
and hydrothermal minerals plollcd with respect to pyrite. 
Dashed lines indicate species in sohilioii. Solid lines Indi
cate minerals. (For sources of ikila seo Olimonv, 1972, and 
Robinson and Olunolo, 1973.) 
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and galena formation were similar. In contrast, 
pyrite-galena pairs seldom give good temperatures, 
apparently due to the fact that pyrite tends to pre
cipitate over a much larger part of the paragenesis 
tlian galena, allowing a greater chance that the min
erals formed imder different conditions or from dis
tinctly different solutions (note, Fig. 2) . 

The sphalerite-galena sulfur isotope geothermome
ter has been applied successfully to several dc|iosits 
(see, for example, Rye, 1974; Rye et al., 1974b). 
With suitable sulfide pairs and car|chil samiiliiig, 
temperatures of deposition or meta'morphism can 
usually be determined to within ±40"|C, even taking 
into account the uncertainty in tli,e fractionation 
factors. The sphalerite-galena sulfur isotope geo
thermometer is especially useful on massive or meta
morphosed deposits where it is difficult to determine 
temperatures by other means, such as filling tem
perature measurements of fluid inclusions. 

Significance of S-''-'.S" variations in ii'iiie and space 

The previous discussion concerns the significance 
of 8̂ -'S variations amon,g coe.xisting minerals. In 
this .section w-e consider the significance of the vari;i-
tion of S'-'S values of minerals that occur in time ;ind 
space in hydrothermal ore deposits.! Figure 4 is a 
schematic diagram showing such changes in average 
8'"'''S values of sulfide minerals for various deposits. 
These generalized trends are based on large numbers 
of analyses for each deposit. 

Based on these investigations, it) is evident that 
generalizations about the time-space .variations oi 8-''''S 
values in all hydrothermal deposits are impossilile. 
The 8̂ Ŝ values can be relatively constant in time 
and space with a value uf near () jier mil, as at 
Casapalca, Providencia, and Pastoj Bueno, or con
stant with a value of about 20 per mil, as at Pine 
Point. The S-''\S values can incrcfise with lime or 
space as at the Echo l.<ay deposit lor decrease with 
time or space as witli the Kuroko, IMogiil, and Dar
win deposits. During late-stage n/uieralization they 
may reverse direction as at Bluebell or scatter as 
at Panasqueira. It should be obviious from Figure 
4 that it is imperative to know- the time and space 
relationships of samples in order tojinterpret properly 
the sulfur isotope data. The following is a discussion 
of the factors that control the S^^SJvariations in time 
and space and what the.se variationjs tell us about ore 
deposition. I 

The turning point in sulfur isptope geochemical 
research on ore deposits occurred in 1968 when 
Sakai (1968) suggested that the sjulfur isotope com
position of minerals could be controlled by the 
chemistry of the ore .solutions, [lii publications in 
1970 and 1972, Ohmoto ev;iliialcd (|iiaiititatively the 
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I-IO. 4. Ciener:ilized trends of sulfide i5'"S values in lime 
and/or space for various hydrothermal ore deposits. (Si-e" 
references in FIK'. 1 for sources of dala.) 

effects of the chemical nature of ore-forming solu
tions on tlie sulfur isotopic composition of hydrother
mal minerals. The basis of their contrilnitions is the 
recognition of large isotopic fractionations among 
various sulfur .sjjecies, parlicu!;u-ly hctwcen oxidized 
and reduced forms nf sulfur, in hydrolhermal solu
tions (see Fig. 3). For exani])le, al :i li-mperatnre 
of 200°C, the sulfur isotopic fractionation heiwecn 
.SO4"- and H2S is about 32 per mil. 

.An illuslration of how the snifiir isoio|)ic com-
pcsitions of precipiUiting miiier;il phases ;ire ;ilTected 
hy the chemistry of ore fluids is shown In r-"lgiirc S. 
Supjjose llie sulfur in ;in ore Uuid is disiriliuled be
tween Hi.S and SO.r", the sulfur isotopic com|)Osi-
tion of the fluid system (8-'"Si-s viiliie) is 0 \-)cr mil, 
T = 200°C, and the II,.S/SO-,-= ratio changes from 
1/9 to 9/1. As long as isotopic eqiiillhriiim is est;ilj-
lished between the s|iecics, the S-''''.S v.-diie of each 
aqueous sulfur species varies de]iending on the HoS/ 
SO.r= ratio (e.g., S-""Sn.,s shifts from -2S.S to - 1 6 
to —3.2 per mil, according to the change in the H-j.S/ 
S04"- ratio from 1/9 to 9/1). If sulfide minerals, 
such as sphalerite ;iiul galena, |.irecipitatc from these 
solutions, ;uid if tlie amoiinl of sulfur taken out 
from the solutions is negligible, 8-",S v;ilties for the 
sulfide niiiier;ils will also cli:inge wilh the ch;iiige in 
the H.jS/SO.r'-^ ratio (.see Fig. 5). Note that" the 
difi'erences in the 8-"S \-alne ;iiiioiig the cocNisliiio 

file:///-alne


830 

PbS ZnS HjS 

—3.3—'1.2 -32%, 

R. 0 . RYE A N D II. O H M O T O 

S0„ 

8 " S 

HgS 

-28 .8 

- 1 6 . 0 

- 3 . 2 

f-
+ 3.2 

•(-16.0 

-(•28.8 

ZnS 

- 3 0 . 0 

-17 .2 

- 4 . 4 

PbS 

-33.3 

-20 .5 

- 7 . 7 

FIG. S. Variation of S '̂S of sulfate 
and sulfide minerals wilh variation .1 
drothermal solulion at T = 200°C, 's 

(ion or mineral), HsS, 
1 l-U-S/SOr' of the hy-
"Sss = 0 per mil. 

int ill each case, bc-
ent only on tempera-

sulfur-beariiig species are const 
cause the S '̂'S values are depend' 
ture. j 

In the environment of ore du])osiliou there are 
other aqueous sulfur species w-hich may become im
portant (e.g., HSO.,-, K S O r , |NaSO.,-, and H S " ) . 
However, it can lie shown that the major factors 
which control the sulfur isotopic coni|30sitioii of hy
drothermal minerals a re : (1) teniperature, which 
determines the fractionations between sulfur-bearing 
species; (2) S-'̂ 'S^s, which is controlled by the source 
of sulfur; and (3 ) .the proportions of oxidized and 
reduced sulfur species iu solution. Because the 
proportions of o.xidized and reduced sulfur species in 
fluids can be evaluated in terms of T, pH, and /o- of 
hydrothermal fluids, we can also evaluate the varia
tion of S'-'S values of minerals i i terms ot T, pH , and 
fo,. 

Figure 6 shows an example of the effect of pl-l 
and fo; variation on the sulfur isotopic composition 
of minerals at 250°C, as coijistructed by Ohmoto 
(1972) . The solid curves anj:l their dashed exten
sions are 8^''S contours wdiich indicate the sulfur iso-

in brackets and eo-
The S -̂'S values of 

topic compositions of pyrite 
existing barite in parentheses 
bther sulfide minerals could' be contoured by using 
the appropriate fractionation factors shown in Figure 
3. The heavy dashed lines show the stability fields 
for minerals iu the F e - S - 0 sysleni with total sulfur 
concentration (luvj,) of 0.1 and O.OOl mole/kg R..;0. 
Notice that the stability fields of minerals ;ire sensitive 
to 2.S concentration but the ^ulfnr isolope contours 
are not. These pl-l-/oo diagrams that combine sulhir 
isotope contours and stabililyj fields for niincr;ils ;it 
a given temperature, 8-''*Svs, |and mv<. can be very 
valuable in the interpretation; of sulfur isotope dat;i 

for hydrotherni;il de|iosits and the iiiltrcsted re;i(ler 
should refer In Ohmoio (l': '72) for di-l;iils of ilu-ir 
construction. .Similar di:rg|-;ims could be consinicted 
using other variables (e.g., /d-..-Jsn, /o-..-T) and (hese 
could have aiiiilication in cert;iiii insl;inces. " 

I t should he noted tli;it 8"'''S v;iliics for pyrile can 
range Irom ahoiit -t-.S tn —27 per mil ;md for h;iriie 
from about 0 to -1-32 ]ier mil w-il.hiii geologically 
rea.sonahle limits of |il-l and /,>._. w-lien S-'-'Sv^ = 0 
per mil jind T = 2.S0''C. In the low /,,.,, ;ind pll 
region of the pyrite .stability fielfl, .sulfide 8-"S values 
can be similar ro 8-"'-'Svs and can be rather iii.sensilive 
to pl-l and /o._. changes. \-V'here;is in Ihc region of 
high /o^ \-aliies, near the py rite-magnet ite and iiyrite-
hematite boundaries, where the |)roporlion of siilf:ile 
aqueous species becomes significanll\- kirge compared 
to reduced sulfur aqueous species, sullidc S-"S values 
can be greatly different from S-".Svj. and sni;ill 
changes in pI-1 or ji,.. may result in large cli;ingcs in 
8-"'''S values of the iiiiiier;ils. .'^ome ex;imples of how 
these pH- /o : diagr;ims have been ;ipi)lied tn detailed 

-so 

pH 

I'lc. C>. Comparison i-if Ibc posilions of Ŝ '.S coiiii-inrs wilb 
lhe sl:ibilily fields of l-'e-.S-U miuer.ils and liarile at 'I' 
2.S0°C, 5'"Sv„ = 0 per mil (reproduced from Obniolo, 1972). 
Solid line: 5-'"S contours. Values in [ | and ( ) .-ire. 
respeclively, (or jiyrile ;UK! barile :U S"'S-.-»-~ll per mil. 
D;is!icd line: Fe-.S-O iniiierat bouiidaru-s al i ; S = 0 . 1 inol(-s/ 
kg HiO. .Small dashed line: Fe-S-0 niiiier.-il bonndarii-s 
at i;S = 0.001 mole.s/kg 1-hO. t)asli and do| line: Harltc 
Soluhlc/insolubic boundary at iiiii.'*-iiii!^' H' '. 
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FIG. 7. Cross section section of the r.)arvvln, California, Ag-Ph-Zn-Cu deposit showing 5"'.S values of spbalerile 
(from Rye etal , , 1974h). 

sulfur isotope studies of specific 'ore deposits are 
presented in the .succeeding discussion. 

A cross section of the Darwin Ag-Pb-Zn-Cu de
posit in southern California is shown in Figure 7. 
The ore occurs as a massive re])lacenient of heavily 
calc-silicated limestone adjacent to a gr:modiorile 
stock. Near the granodiorite, pyrite is the domiii;int 
iron sulfide, coexisting with .S|-)li;iierite and galeii;i. 
To the west, away from the iiitrii.sive and ne;u- the 
thrust fault, the iron mineral assenibl;ige whicii co
exists w-ith sphalerite and galena i.sj |.iyrite-pyrrliotite-
magnetite. The 8-'\S v;ilues of lli;c sulfide minei-als 
ill the pyrite-pyrrhotile-m;ignelitcl ore iirc about S 
per mil lower than for the corres]H,'inding minerals in 
the pyrite ores (Rye et a!., 1974h;). 

A pFI-/o2 diagram which shows the chcniic;d en
vironment of ore deiiositioii ;it Darlwin as determined 
from a study ot the w:dl rock aiid ore nuuer;d as-

semlilage is shown in iMgiire 8. In this ca.se, the 
S-'-'.S contours show the isritojiic composilion rii 
sphalerite when S-'-'-Sis = 3 per mil and the temi)er;i-
ture is 350° ± 5.S°C. ;is indic:aed hy spludcrite-
galena sulfur isotope d;ita. The luNivy lines outline 
the stability fields for the minerals iiyrite. pvrrhotite, 
and magnelite at dilTerent sulfur coiK-entr;itions. 

There are two |(|-f regions shown in I'ignre S: llie 
lirst indicates the r;inge of |>l 1 of the l);ii-wiii hydro-
theriiKil si'ilntions in ci|nijihi-i\iiu with the i|ii;irtz-K-
feldsjxir-sericite "asscmhhige in the .gr:m(-idiorilc; the 
.second indic;ik'S Ihc pl I r:ingc of llnids in ciinililirinm 
with the c;ilc-silic;i(e ;isseiiilil;igcs. Tho ilislrihiilioii 
of the c;ilc-silic;ite minends and iron miner;ils, namely 
the occurrence of pyrite iic;ir the stock ;ind' pyrile-
)-)yrrhotite-ni:ignctlle I'.-irtlu-r from the slock, suggests 
lh;it the pl l of the orc-foniiiiig (Inids incrcjised ;ilnng 
the p:it!\ .suggested in iMgure 8 as the soliuions moved 
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FIC. 8. Composite duigram showing Uie pl-l-/o: relation
ships between the stability fields oi hydrolhermal minerals 
and the sulfur isolopic composition of sulfide minerals at 
350°C (from Rye ct al., 1974b). [Shaded are:is: ( I ) pll 
fields of solutions in cqullihrlnm with the asscnihlagc K-
feldspar (Ksp ) - f muscovite (ms)k-ipiarlz {f\-/.) nndi-r a 
condition o{i;KCI = ()..=i-n.3 iiiole-s/kK 1I-.-0. (2) pM of .solu
tions in cciuilibrium with the .asscmbl.igc calcite (cc) -i-
wollastonile (wo) -f alkali feldspar (fs) . Heavy solid 
lines: Mineral slability boundaries among pyrite (py) , pyr
rhotite (po) , an<l magnetite (ml) (in solutions wilb :;S = 
0.01 moles/kg WsO. Heavy dashed lines: Mineral slability 
boundaries among pyrile, pyrrholili, and magnetiic in .solu
tions with 2 S = 0.1 moles/kg H=Oj. Thin lines: J'"S con
tours for sphalerite under a conditiijn of J^S-s =-1-3 per mil. 
The same contours can be applied to odier sulfides. For 
example, add —2 per mil for galijna or add -1-0.7 per mil 
for pyrite. 

away from the stock. I t can be .seen from the rela
tionship betweeii the S"S contours and the stability 
fields in Figure 8 that the p"Hjincrc;i.se could readily 
account for the 5 per mil shift observed in the 8"S 
values of the sulfides hetw-ec|n the |)yrilc and the 
pyrite-pyrrhotite-magnetite ores, if iiS was around 
0.01 molal. In this case, the sulhir isotope data, 
when used in conjunction with mineral stability 
fields, can actitally indicate the niv^ of hydrothermal 
fluids. It should be noted thai the pH iiicrea.?e 
could also have been an effective mechanism of pre

cipitation of sulfide iiiinei-;il.-- from llu: iiydn.ilhei iii:ii 
solutions ;it Darwin (sec K')-e ct ;il., l'.'74h). 

A cross section of the lead-zinc dejiosils ;il .Mogul, 
Ireland (Creig et al., 1971), is shown in Figure 9. 
They consist of a lower ore body in ;i steeply dl|.)piii,g 
f;iiilt near red beds ;ind an u|ipei- ore body whii-h is 
a stratiform, massive replacement of c:irlioii;ite rocks. 

'J'lie S -̂'S values for the sulfide miner;ils at .Mo.gul 
show a very wide range. The 8 '̂'S values of pyriu:. 
for example, range from ;ihout 4 to —34.5 |-)er mil. 
Tw-o barites have S'̂ 'S values of about -M8 jier mil. 
From the .sequence of locations on Figure 9, it is 
clear that the 8-'̂ S values show- a |,M-onouiiced trend 
whereby they become progressively more iK-g;iiivc 
upward along the fault and ;iw;iy from the l;!ull in 
the stratiform zone. 

A pFl-/o-. di;igr;im for the Mo.giil deiiosits is shown 
in Figure 10 (Greig et al., 1971). Filling tempera
ture mea.siu-ements on fluid inclusion and 8-"S 
v;ilnes of coexisting sulfide ininer:ils indicate lli;il the 
temperature Ol dci.iosition for ihc .Mogul deposits w;is 
about 250°C. 'J'he S"'''S contours are drawn ior 
S-'-'Svj; = 0 i»er mil and inflicate the isotopic comi-msi-
tion of pyrite and barite. Sl;ihilily fields for |iyriir-. 
pyrrhotite, magnetite, and hematite at iiS = 0.01 in 
arc also shown. The shade<l are:is iiidic;ite the prob-
;ihlc initi;il ami final chomic:il ein-ironments of llu-
ore fluids at Mogul as iiidiciitcil liy lhe ch;mgcs in 
w-all rock and ore niiner;il assemblages. The ob
served trend of S-''.̂ ^ v;ducs in the niiner:ds c;in 
readily lie cx|;)lained hy incrc:ises in ]ill and fn.. in 
tlie liydi-olhcrm;il fluids as ihcy re;icted w-itli the red 
lie<l.s and the carlinn:ilc liosl rocks in the npi'ier nvi-
hoily. If this inicrprel:itioii is corn-ct. 8-"'''.'-̂ ;̂̂  :ii>pe;ir.s 
lo h:ive rcm;iincd consl;inl iu-:\i- (1 per mil, in s|iilc oi 
the large vari;itioii cif 8-'''.̂  \-;ilucs of Ihe sulfides. 

Sulfur isolope d;il:i from tlic Sliak;in;ri mine, one 
of the Kuroko de|iosits in the 1 lokurokn ilislrici, 
Ja|-iaii, are snmm;irizcd in Figure I 1 (Ohmoto el ;il.. 
l'.;*70; Ka j iwan , 1971"). These deposits, whicli 
are associated w-ith sulimarine volc:inie activity, li;n-i-
a unique strati.graphy ;ind miiier;il zonalioii. |)is-
scminated |.)yrile ores in the footw;ill (siliceous ore) 
;ire followed in a.scending ,scc|nence b)- pyritc-ch.-ilcei-
pyrite (vellow ore) , splialcrile-,L'alcn;i (hl;ick ore"). 
aiul heni;itite-rich ores. The 8-"S \-aliies of |i\-rite 
decrease rather systematically from ahont 4-8 to —6 
per mil from the lower to upper levels in Ihe i->rc 
body. 

Figure 12 is h;isic:illy llio .s:inH- ;is tin- ollu-r pl l - / , , . 
diagrams, except that /s.j contours and the st;il)ilit_\-
field for additional minerals have been added 
(Ohmoio et ;i!., 1970). The 8-"'\'̂  contours for pyrlie 
are drawn for S"-"Sv.s = 20 per mil, wdiich is the 
value of .sea w:iler ;iiid T ~ 250''C". as indic:ilcil bv 
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sulfur isotope data for coe-Kisting sphalerite and 
galena. As shown by the arrow, the observed trend 
in the data can readily be explained if [the source of 
sulfur was sea-water sulfate and if th'e /02 and pH 
of the solutions changed in the late stages of the 
mineral .sequence. For more discussion on the 
Kuroko deposits see Ohmoto and Rye (1974). 

Examples could be given for several other de
posits in which changes in the chemical environment 
of ore fluids apparently account for widespread varia
tion in sulfur isotope compositions of hydrothermal 
-Sulfides. It should be obvious from the above ex
amples that any meaningful interpretation of sulfur 
isotope data must be tied into detailed geologic, min
eralogic, and geochemical studies. Whiin such studies 
are available, sulfur isotope data may help to define 
the temperature, pH, /o^, fm, '"rs, 'U'cl S -̂'Svs of the 
hydrothermal fluids as "well as possible mechanisms 
of ore deposition. 

Source of sulfur in hydrothermal ore deposits 

The origin of sulfur in ore deposits can be di.s
cussed only on the basis of the calculated isotopic 

composition of the total sulfur in solulion (S'-'Svg). 
Figure 13 summarizes Ŝ Ŝvg data for 15 hydrother
mal ore deposits as determined by the principles dis
cussed in the preceding section. The S'-'S^s values 
fall into three groups. One groiiji has slightly posi
tive 8'''Svs values, the second has values between 5 
:iiid 15 per mil, and the ihin.l lias ;iver:ige values 
near 20 per mil. These groups reflect the three 
major sources of sulfur in liyilrotherm;il ore dcjiosits. 

Deposits such as Providencia and Casapalca that 
have 8̂ ''.Si-s v;dues ne;ir 0 per mil are associated wilh 
felsic igneous rocks. Their sulfur was probably de
rived from igneous sources, whicii include sulfur re
leased from silicate melts and sulfur le;tched from 
sulfides in igneous rocks. Igneous sulfur must be 
derived cither from the upper mantle or from the 
homogenization of large volumes of dee|-)l\- buried 
or subducted crustal material. 

Deposits such as Kuroko, Echo \i:\y, and Pine 
Point have 8^*5^^ values close to that of sea-water 
sulfates. The sulfur iu these deposits was most 
likely derived either from ocean water, as at the 
Kuroko and Echo Bay deposits, or from nuu-ine 
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FIG. 9. Cro.ss section of the con.solidated Mogul mine, Ireland, showing the distribution of mineral i5-'"S 
values. Ore bodies arc indieated by the stippled patlern (modified from Greig el :il., 1971). 
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FIG. 10. pH-/oi diagram for the Mogul, Ireland, deposits. 
Sulfur isotope contours (fine sollcl lines and dashed ex
tensions) arc drawn for y"S!:.i = 0 per mil, T = 2S0°C, ionic 
strength = 1 , and mK* = 0.1 in. 'llbc broken lines indicate 
the stability fields of minerals when -;S = 0.01 m and /.,-iii = 
1 atm. The barite field is calculated from the solubility 
data of Holland (196S) and nio.+l concentration of 0.01-
0.001 m. The shaded areas show the initial and the final 
states of tlie fluids related to ore deposition at the Mogul 
deposits (modified from Greig et al., 1971). 

FIG. 12. pW and /oj diagram showing ileposiliona! en
vironment of llie Sliakanai deposit (Kuroko ores), J.-ipan, 
as suggested by llie mineral associations (shaded area) . '1" = 
250''C, ionic 'slreiiglli= 1, ni,t, = 0.0l, and :CS = 0.01 in. 
The broken lines indicate mineral sl,-ibillly fields and llic 

dotted lines indicate jn-. contours, 'fhe elirdcopyrlie S: born-
ite-pyrite (Bn-py) line is taken from Barion and Skinner 
(19C7). The boundary for barile Is c:ilculaled from llie 
solubility dala summarized by Holland (\9(6) wilb a value 
of niD.fj^ 0.001. The slabiliiy fields of silicate niinerals 
(wilh excess tjuartz present) .-ire ealciilaled from I Icinlcy 
(19.'i9). Tbe solid lines indieale 5"'S values of pyrile \<vr-
cipilalcd from sohilions in wbie.h S"'.Ŝ .s is -1-20 per mil. 'flu-
arrow represents tbe range and seijuenee of S"'>,.r values al 
the Shak.uiai mine (Olimoto ol al.. 1970). 

FIG. 11. Sulfide J"S values and sulfur isotope tempera
tures for Sliakanai deposit (Kuroko type), Japan. Triangle 
indicates sulfur isotopic temperature. Triangle in paren
theses with a question mark indic.'ites higher than average 
temperatures. Mineral zones are arranged in order of 
stratigraphic occurrence (data from Ohmoto et al., 1970, 
antl Kajiwara, 1971). j 
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FIG. 13. S^S values of sulfides, sulf;iles, and 5-"Sis for vari
ous hydrolhermal ore deposits (see Fig. 1). 
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evaporites, as at Pine Point. 
Deposits such as Cortez and the Black Hills 

Tertiary deposits whose fluids hav'e intermediate 
**Si-g values probably got their siilifur from local 
country rocks—from either disseminated sulfides or 
older ore deposits. Th(i sulfur in'tl'ie Bluebell de
posit was probably a mixture of sulfur from evapo
rites and sedimentary sulfides. The interpreted source 
of sulfur in each of these deposits wa.s determined by 
'He relationship of the lime and space! distribution of 
their 8'̂ S values to geologic details. The range of 

, * ovs values in deposits where sulfur is derived from 
sedinientary or mixed sources can be large or small 
depending on the extent to wdiich jthe sulfur was 
homogenized by the ore-generating event. The rea
sonably narrow range of S'\Ss,s values for the Blue-
hell fluids indicates that the different sulfur compo
nents were fairly well mixed iu thji hydrothermal 
solutions. 

Sulfur isotope disequilibrium in hwlrolhcriual cii-
vironments I 

The previous discussion has been kised on the as
sumption of chemical and isotopic eqiliilibriuin among 
sulfur species in solutions and precipitating mineral 
phases. The close agreement of temperatures and 
chemical environments estimated from sulfur iso
topic data with those suggested from other geochemi
cal data (e.g., fluid inclusions, trace element distribu
tion, mineral a.sseinblages) indicates that iu many 
deposits isotopic and chemical equiliqrium was estab
lished between sulfur species in fluids and betweeii 
species in fluids and the i)recipitating minerais. Under 
equilibrium conditions, the 8"S values ot the min
erals respond readily to changes in the chemical en
vironment of ore deposition as iiidiq:ited by ore and 
Wall-rock mineral assemblages. I 

The data on the lead-zinc deposits at Creede, Colo
rado, appear to illustrate the type of 8 '̂'S distribu
tions that m.ay result wdien sulfur disequilibrium 
occurs during hydrothermal ore deposition. Figure 14 
is a pH-/o2 diagram for the Creedejdeposit. Sulfur 
isotope contours arc drawn for 8^ |̂S-s = 0 per mil 
and T = 250°C. The shaded region indicates the 
approximate chemical environment 
ore fluids at Creede as indicated I 
rock assemblages. From the sulfur 
one would expect that the sulfides which precipitated 
over the range of fo.. values in tlliis envirouiiient 
would have a large range of 8=''S laliies. The sul
fides,-- however, have a very narrojw range of S-'i-'S 
values that average near 0 per mil '(.see Figs. 1 ;ind 
13). Under the conditions of ijlLsequilibrium at 
Creede, the S '̂S values did not lelpoiid to changes 
in the chemical enviromnent of ore deposition. Even 
though the /02 range for the ore!fluids was quite 

for most of the 
y ore and w-all-
isotopc contours 

FIG. 14. pH-/u: dlagr:im for the Creede, Colorailo. I'li-Zn 
deposit. Sulfur isotope contours .-ire drawn for 5"'Srs = 0 
per mil and T = 2,S0°C. Tbe Fe-.S-O niineral boundaries 
are shown for i:S = 0.l nioles/kn l-UO. .sborl d.islied lliu-s. 
and i;S = 0.001 moles/kg M-O, solid lines, 'fbe l).-\rltc s.ihi-
ble/insoluble boundary is for iniii.2-|--m;:s = U'"', long and 
short dashed line, 'fbe reetannle re.ulon shows the .-ip-
pro.ximalc chemical environmeiU for lhe Creede i.ire lluids 
(Belbkc ct al., 1973). The dark s;liaded region of ihe 
rectangle shows the approximale range of e.heinie.-il environ
ment indiealed by the ^ S values for splialerile whieb pre
cipitated over the emire j , , . - range of the ore Ibilds. 

large, the sulfide S-'-'S values reflect only a limited 
portion of this range, as indiealed by the dark 
sliaded region. For more discussion of sulfur i.so
tope disequilibrium at Creede, sec Betlike ct ;il. 
(1973). 

A similar situation has been observed for the li;ise 
metal deposit at Park City, Utah (R. O. Rye and 
J, T. Nash, iiniiub. dat:i). The only thing th;it 
seems to be peculi;ir about the Creede and I'lirk City 
deposits is that they are shallow deposits and th:it 
boiling, mixing of fluids, ;ind redox re;icliniis [iroh-
ably occurred very iic;u- the site of oro dcpositinn. 
If we ;irc interpreting the data correctly, the indica
tions arc that sulfur isolope ;iiid/or cliemic;il dis-
ef|uilibriiim can occur even at fairlv high tempera
tures iu shallow deposits wdien there is a short time 
span between an event in the hydrothermal fluid, 
such as a redox reaction, and the preciiiitation of ore. 
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Available data on isotopic exchange experiments sug
gest that isotopic and the'mical reacfibns betw'eeni 
reduced and oxidized sulfur species ciiii be extrcinely 
slow below about 200°C (see.reference in Ohmoto, 
1972, p, 576) . With the aid of experlmcutal studies, 
it may eventually be possible tb coihmeiit specifically, 
o"u the ednditions that lead to di.seqtiilibriiiiii in tliis 
type of deposit. 

.An'example of.lid.w sulfur i'sotope disequilibriuni 
can elucidcite hydr^t-hermal fluid .histGries is prO-
videtj by some of the thermal ar.eas in- YeildwstOn'.e-
Natipnal Park. .Sulfur occurs in several forms in 
the acid hot springs ar-eas: in Yeilowstpne. Tt occurs 
as H-jS and SO^"- in hpt springs and as-native sulhir 
and SO.r°- ill the soil around fumaroles. Studie.'s by 
Schoen and Rye (1970) have shown that most of 
the sulfate in the thermal springs, in the acid areas 
is initially pi^oduced by su-rlic-ial h.Kidation of FI^S in 

I t is-- t'lyeii leached tlie soil ar-cund the fumarales, 
from the .soil and atlded to the lot ,s]-!nngs by per
colating ground water. Coexisting HaS, S, and 
S04-^ have nearly identical £:'\S v:ilLies (Fig. I S ) , 
which is-a gross disequilibrium sit-nation. The fact 
that -there is little evidence of isotope exchange be-
tw'e'en HaS" and S 0 r ^ in the hot springs is' inter
preted-to indicate that the S 0 r ° docs not circulate to 
great depths in tlic acid areas. In the Mam mot li 
H o t Springs area, fumaroles are rare and %0i ' ' ' in 
the hot springs i.s derived from a 
buried, marine, evaporite. H-jS 

solution of a deeply 
md SOj- - in .tlie 

springs are in apparent isotopic e(j[iii!ibriiim at a ten 
perature of about .300"C based 
.sulfur Lsotope fractionation. Aj 
SO.ji-^ did equilibrate at eon.side 
Ma tump til. a rea. 

Bacteriogmic sidfides 

The cl a.ssi cal example ot sulfuij isotppe disequilib
rium occurs during bacteriogenic reduGlion of sulfate. 

on tlie H M S - S O H - ' 

pparently H^S and 
able deptli at the 
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I'M. .15. Dislrilmtloh of i^S valuesi uf H.S, S, SOr" in 
•acid hot springs ivrc'a's aiid Maininotli flol Spritigs, yeilow
stpne Natibnai Park (data from Scbrjcji and Rye, 1970). 

Ill su rii cial, ]p w- te inpei-atui-e. e i rv iro iii nan is 11 t.e • o nly 
known means- of reducing sulfate tp H^S iand. pre
cipitating sulfi.dcs is by tlie life, processes of '.'iiillur-
reducing bsicteria. These .b;.iciei-ia arc nbiqvi-i.Ltjiis in 
low-temperature eiivi.r.oninents .and it- seems likely 
that they have play_ed an impariaiii m.il.e in inany 
stratiform deppsits \vhicli pccur in iioittiolcaiuc en-
viroiimeiits. .Bacteripgcnic -siilt'Hl.e deposils ma.v a-lsD 
occur ill ocean b;isins' in volcanic eiivir(;!i.iiTii.'iit-s. 
Mpwever, sea water sulfate .iii:iy re;idily tie re duced 
by deep circiiiation into ro;;ks oi liigli teini-'jcratiire 
and syiigeiretic and/or Cj.iigenelic .sultides i.ii:iy |]re-
ci].)itate from tlic inorg-anieally reduced sill.fnr ;il 
l.pw.er -t'einperature-.s oii" pr ne.ir IIK- oce:m lloor. "I'his 
is' the probable mGch'aiiism" ior i-ednction of sii-h"ate 
in ..KiirLi.ko dejJOsit's -an.d ]-:)erli;i|:JS in-r luaiiy m;is-.»ive 
sulfide de];josits a-ssSciated w-ilh \-olcanic environnients 
tlii-ougl'iont geoipgic time (Ohmoto et al., IQ70; 
OliniPtP, J. F . Whelaii, and li , O. Kvt, wiij.>ul.i. d:it:i). 

Ill Pur-opinidn, reevahialion is needed for .some de
posits that liavc been design;!ted ;i'S-li:icieriogiMiii-. it 
sliould Ij.e Pfivio.iis, frbm tiie prevron-s di.-^ciissii-jii; 
that a deposit can npt be proven to lie liaelcrioge-nii: 
Oji tlie. Ijasis Of tl-ie range -or stallsti'c:ii distribntioit 
P.f Ŝ -̂ S 'valiies 'aloiie. .ticretoibre this h'm been the 
major criterioir for recogniK'ing liacteilfigcnit: sulfide 
pre .deposits (see Jensen, l.yfj?; ^hn-o^^-sky, 1970; 
Jiuiinie et al., 197-2). Caution .is required h.ec:ui.sc 
some tiepo.sh:s' jiiervipvisly cpi'isidcred l-iacteriPgGnft on 
.tliis basis iijKvc Ijeeii HilO^̂ •n, on ree^airiinatipii with 
careful alteitiipM tp geoipgic and gepcheinic;il cletails, 
to have nptEible 'sul'fnr isptope :sy a tem at ies that" can. 
be a result of inorganic jM-(-tcesses, An excellent 
cxaivqjle is llie roll-tvpe uraiiiimi deppsiL pf. NN'voiiiiii'.;-
(Granger and Warren, 1969; \\";in-en, 1972)^ Bac-
icriogciiic bast; metal ore de|;.iosits' can -tic uiicf|U'iv-
ocally recognized only on the basis pt geologic oc
currence and fimersijacc distfibui'ion of 8""S valiics, 

Schw-'arcz and Bni-nie. (197-3') ha\-.e reviewed tlie 
S-'-'S data of- siilfid'es in modern and ancient clastic, 
iipnvolcanic sedimentary rcKks :viid li;iv'e attijmpted 
to isvaliiaie tiie eiiviroiiinciital sig.ihfica-iice.of the dat:i 
in the li'ght of availn-ble.'ex:]nerinrcntal data, Ii slionid 
be noted that 'S-"'''S disfr.iljii.tions in h;iele-ri!,!gcn-ic cU--
posjts call be hirgi: or small depeiidtiig n|:;o.n wheilier 
th.e sedim.entary env-ii-oiimeii't i.s. ;ni open br clb.«;.d 
system. The S^̂ S values of bact.cripgfcnve .deposits-
should liot be amenable to tl-ie ty-]:)C .Sf approach wO. 
liave di'.scusse.d for thfi hydrolirenvi'iil d'cpo-sits liiecau.se 
kinetic factors arc always iirvpived in i:hi; hacterio-
genic reduction of sea-w^atci- sulfa.tc;. Th'e h^'S v.TlyCs 
may -I'arv drastically pver a snna-11 disiai'ic.e, snlim-
,isQt:pp,e fiisetinilihriiim may be very .ci-imuinii among 
coexisting, siilfidcs,.and pvcridI K;̂ ''S \=;u-ia.t'iPns should 
he relatKi to palepgcographic t m i d s riulHT lli:in to 
tlie lithology of the host rock.s. 
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* 6 'variqiions'-111 •melumorphusud linpii.'tils 

The previptis .disctission has dealt with the prinGi 
pies of application pf sulfiir isqtope, .data to undis 
hir-bed ore deppsit,s, In this section we will consjdei 
what happens to 'sulfur isotope distributipns in sui 
iidc minerals during iu'etanipi-pliisni. ^ There have 
been several detailed studies on iiK-tamorphosed 
Stratil.Grm d'eppsits and two- jjrinciple's 
'ope distribution. c!u.i;ing ni e tain o.rp lii sn. 
posits are beginning to emerge: 

CARBON iSOT&PBS A.ND, O.R.E CllNESIS 

SW 

-s,v 

jf sulfur iso-
of these dc-

, (1) Large-seaie, preiuetainorpliic S'̂ 'S variations 
.are generally preserved. The average Ŝ *S tor snh 
fides in major units siicli as-formatipns are g-enerallv 
not changed, 

(2) Small-sc.ale -.anlfui- isotope changes are in 
iiiciny cases superimposed upon tlie original sulfur 
isotope distribution during metamorphism. These 
include: (a) redistribution o£ sulfur iiiptopes anion 
coexisting minerals that define the te 
metampi-phism, and (b) loeal S'''S -var 
refiect the structnral or chemical 
history. 

m|,)Crature of 
iat ions which 
metamorp liie 

The principles can be-ilhiHtrated fi-oin tlie data for 
the Homestake, South Dakota, gpld deposit ('1S..ye 
and Rye, 1974), A. .generalized cross .section of the 
Homestake deposit is shown in F igure | l 6 . The ore 
occurs as conformable repiacement bodies in dilatant 
Voiles of the highly deformed PrGcainbriah Home-
stake iormation and is associated with arseiibpyrite 
and pyrrhotite .in chlorite-rieii cummingto'nite' schist 
"of cherty carbonate iron-fnritiatiQii. Suilhdcs are ahso 
]3rcsent in 'tlie overlying Ellison and fbe underlying 
Pborihan foi-mations. The: grade o'E inetaniprpliisni 
is upper green schist or lower :anipKi1aolite; (Str;iti-
graphic .nprnenclatu-re for tlie- .Homestake dc];)0sit is 
from ITosted and Wriglit, 1923.) 

Each formation- has a distinct; lithologv •;Lnd a 
distinct 8^*S di.5tribntion (..Fig. l.G),| Tlie strati-
grajjh.ic de.p.end.eiice. pf tlie P*'s va.l(ies for this 
d.cppsit indicates a syiigcnetic origin, for -the -sulfur. 

is. iniportant to nQ_te tliat it is possible to It 
these forma-detennine the origin of the sulfur in 

-tipns only because the original .sulfur isotope dis-
tributipn was npt unduly distprt.ed bj' tlic nvcia-
morphic event, ,Stratig rajah ic dependence of S '̂'S 
values in meta'morpliosed sulfide- deppsits" li'as- .:ilso, 
lieen observed in the massive sulfide de]30sits at 
Batliurst, New Brun.swick (Lusk, 1972), and Duck-
tpwn, Tennes'see (.Mruiger, 197.2). jriie fact tlia.t 
Gi-igiiial large-scale S-''*S distt'ibiitions jVvere retained 
ill these deposits indicates that large amounts of sul
fur wci-e n.pt added to. and not siihtrattpd from the 
.system duriitg-mctainorjilii.sn.i and thai: re i noli ill nation 

FIG, Ut, Gene 1-ali'jied cross scciiou -oi' the tlqmestake,-
'.South Dakofi. -gQlrl ileposit sliowiiig. sam|)1e loealioiis -ami 
average i'",S vahie.'; frir snl.fn[es: in each foi-nintiiin and a 
ske'lcb map' of one i.'if lir.c ililaianr -/.riiies of tlje I loinesl.-iki; 
fomiation siiowing_ di'sirih'ulion of i-"S valu'cs 'lor iiyrrlioliu; 
and arsciiopyi-ite (from ,Ryc nnd- Rye, -1974.), Srrali'graji'hic 
.nomenclature sboivii iu .ihe figure is, fi-oin Flosk-d' and 
VVrigiit (1-92.3). -Syinhols show sample locations in tin; 
Jloiiiestakc fbrmat.io.u {%), P.oornian foniiaiion ( 0 ) , aiul 
..Ellisp'ii foriuatitin' (-!-}. 

,rif sulfur \vas ixsl:-ricl(;d t o ' a siniilj Sc:ili' dnrii.ig nK'i;i-

niQri-)hism, 
.Although tliere 'is a].)]i;i'rcnily little inig^-;iiiDn of 

sulfur across fprnuitijinnl boundaries during nicta-
inorplii-sni, there nia.v lie sigiu'licint rodislrihntioi,i ol 
sut in r wil'b in format icms \\-hich rc fiects some a-S|-)ect s 
pf tlte mctamor]>hiG history. In the 13atlinr.';t-dG[)Osil:, 
for cxa.nip!(;, tlic .s])lialcritc-.galena snlivir isoinpc frac
tionations aiipareiiliy reflect (lie teihpc rai lire, ni iiuU;.i-
morphism (Lusk and iCrockcE:, 1.969.), In ihe Home-
stake (leposit, 'S-'-'-S values for sulfide niiiier;ils in ;i 
single ore body in one of tlie dihi'tail't /I'nn'es of the 
Homestake formation ri.uige •systcii.iatically from 
ahPut S.7 P'er inil iii (lie dila(aVv( '̂ pVic wh.ere' sulfid't; 
cnilCc'ntraliotTs, are high to about 9.4 pei' niil lit. t.lie 
stretelietl' lira lis \\-her:C snlfide con.centr;itipiis are low 
(Fig. 16'), Tlii's trciid is a .c.oiisisbciit fe'atU.rc o'f tl.i'c 
.1.1-0ni.estak.e ore zoirCs (Eye and Ivye, 1974). The 
Fe/M-g ratios of-tlie wall' rock.s als'p decrease in thp 
ore z."onGS. ..Ava.ilable-.data in'dicate tliat during n.vpt.a-
niorphi-sm pyrite" 'was' broken do.w-n into 'pyrrlipt.itc 
plus, snlfur an.d that tiie exx.css-.snlftir \yas .taken iiito 
pnhitinii by the nictiiiuprpliic fluids. Thpse iliiidp 
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FIG. 17, pH-/oa cliagrain comparing the position of S"C 
contours with the stability fields of calcite and gvaphUc. 
T = 25l)''G. aiKl i^Gso^-S per mil ('from Ohmotp,"; 1972). 
Solid liiie: S'̂ G contours. "Values in [ ] arid (, ) 'are, rc-
spectively; for calcite and graphite. Dashed line: Stability 
bovmdaries for calcite and graphite at 3C = 1 n-iolii/kg H.id), 
.Dash and clot line:: Stability lib'undalries 'for ealcile and 
graphite at SC — G.l moks/kg ILO: 

migrated into the dilatant zones where sulfui' reafited 
ron-rich sulfides. 

Dm tiie fractidiia;] 
with the wall rocks to prpdiice 
The Ŝ Ŝ distribiitipM .fe,si.,ihe,d. fr̂  
distillation, of -sulfides iii the, limbs .as tile .snlf-idcs 
broke down and as excess sulfur was removed by tlic 
metamprphic fluids. When -detailed 'sulfur isotope 
data are coni bined with other gcmelicmical data on 
inelaiivorpho.s'Gd deposits, it shon-ld be possible tp 
deterrniiie' the elieiriical euvironnients of mctanior-
pliism-as has been done for hydi-otliermal d.eposits. 

Carbon I so topes and Ore Genesis 

Ŝ t̂T variations in hydrol.hcrtml dcpas-its-

T'hc principles df the. applicati.on. pf Garbon isotppe 
data to hydrotheiniial ore depositjs- are similar tp 
those for sulfur. Tlie 8' 'C I. 

itinns in S^'C -i-alue.s fni c:iU-,itc and givqil 

are sliown in I' w\\\t fnnclion of ]d i ;ui(i jn 
lhe case when T = 2,^0°C ami 8'"'C-;: = - - i 

l i n o to, 1972). Tlic t c INK? .̂ olid linc-^ am (01 
islied extensions arc 8'''C i;onliinr5. The l̂ ^o 
hcavv dashed ciir\'es show llu; slaUilitv liel'ls 

id te ana graphite when the c;iriK-jii coiicend'a-
tlie fluid (ill:;,;) arc 1 and O.I molal. In the 
region, 8"C \ allies of c,Lrbon,ilcs arc siinil;ir 

se of (lie tot;d caibon in llnids (S'-'C::,;) : in 
low /,K ut high pH, S'-'C values s o: 

an be much larger (li:in 
cl i-;n lion

s'--Cr 1111'̂  or a 
;-fnl inlerpretat ion, carbon isolope d;i:a, like 
.sotope d;ita, must be tied in \vith (k'l;iilui 

geologic and geochemical stjtdies. Carbon isotope 
fractip'nal-inns ;imong cncxisling carbon-bc-irin^ inin-
e.rals su'ch as graphilc ;ind c;n'lion:i(cs uv.w he ti^ed 
a,s,-a geinhenifoiiicter ( e g . Ilotlinga. i''f)9). Carbmi 
.fraciidn.ation.aiiiong ;it|ucnii.s carbon s[!Gci('.-s •,\\>c\ nny 

values of e-arbon-beariiij 
]-)liysi.Ga1-cliCinic;il 

fluids. Carlipn 
.min'eral.s'-are 'also cpntrpHcd- by tlie 
cdnditidiis witliiii" tliG liydrotiierrnal 
in hydrpthenual fluids can' be i,)rescn-t in a iinnihci-
ot forms but ocenrs primarily as Q,0> or CH.|. .As 
in the case pf sulfur, there are la-ge isotdjjic irac-
tionatipns bctweeh reduced and oxidized carbpn 
species' and the ahiuidancc of tliese species in splu
tipn is largely a fnnction of .temptratitre, ])1"1., ;tud 
fo= (Glimold, 1972). 

Provid«r>cJa 

•^ Caiopofca 

r Posi.o Bueno 

D n r w i n 

Blu«b>l] 

Black Hill? 

Echo a_ay 

B'Vt%*) 
Fluid inclugJan , G Q r b a 4 i a l « 3 

F.rr:. IS. ĥ Ĉ x:i\mi pf aLrl-ibiinlcs ;IIKI E'Oa ni i\\{M\ in-
cKisidris froiu vai-ioiis lij t]i-t>t]uM'i]3;il niL- flo]h!>sUs. IJtlTrrciit 
i^cncv^ilions of carhoimlt:? nVfc ;L:irLiij,̂ cci fnttn truly in \':\,\v 
as indiotcd liy iUo livrows, Stiurct'S oE ctfdu siuiio us fur 
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he used to inOiGate temperatures in liydrothermal 
systems (e":g,, Flulstoii and" IV&Cabe, 19(52). 

Figure 18 shows the variation ot S''''C values pt 
earbdiiate gangue minerals and fdr CQa in flitid in
clusions -for a number of hydrdtherraa] arc deppsits. 
In many hydrdthermal deppsits there are several 
generatidns pf carbpn ate rainerals that have a definite 
paragenetic sequence. For each deposit :he different 
generations are indicated -by bars and are arranged 
from early to late, as shown by the arrdws in Figure 
-18. The earliest generation is invariably a rhdin-
bohedral carbonate, which is fdllpwed by other crystal 
varieties. The temperatures- of. depdsitlon df the 
.carbduates vary for each depdsit hut are tyjjically 
between 350° and 100°C. Important points to udte 
about the carbon isotopic clata on the carl)dna(:es 
(l"ig, IS) are that tliese deposits sometimes occur 
in limestone environ ments ancl tliat the earbdiiates 

are usually late in the paragenesis and ;irC otteri- ef 
postsitlfide deposition. Because .sulfide deposition 
from hydrothermal fluids in limestone enviroiimehts 
may have been associated with the. dissolution df 
limestone and the cdiisequent increase in S'̂ Cvfj in 
the hydrothermal solutions, late-stage carbon ate-
tprming fluids may not have the same carbon isofppic 
cdmposition as the original ore-fo'rining fluids. In 
order to determine the carbon isotope cdrnposition of 
the "fluids Irpm which ores actually precipita'ted, one 
needs to have Ŝ ^C a.naty.scs of total liarton (iiSually 
GOa) i'n 9.uid. inclusioi'is' iii niaiii-stage niine'rajs. 
Available analyses for S"C in GOa in fluid iiiclusions 
ran'ge frdiri about —4 fp —12 per mil. In these 
samples-5'=Cco2—'8"=C2c, so the data retkct l;he car-
b'pn isotopic CGmpPsifioh of the hydrothermal fluids. 

Generalized tren'ds bt carbon isotope data ot the 

Ponosqueira 

T I M E -

-Corb.onotites 

Prqonic 
[carbon 

FIG. '1-9. Gene'rafized tr.eii'ds "of .average. I 5'"'G values o.f 
carbonates versus paragenetiG time for a. iiuiiibcr. of, liyilro-
thermal ore deposits. Sources of d.-ita same as, for Figure 1. 

cai-ljoiiatcs in these dejjoslts versus p;iragenetic time 
.iire-pldtlcd in'Figiire 1.9. .Also sliPwn are-the raiigcs 
of S'^C v.'ilues fdr the niajor Bcsei-voirs df carlion hi 
hydrotliemial systems. These a r e : ( I ) I'lfariiie liine-
.stpiies, which have average •S'-"'G' 'v;dues near 0 jier 
mil; (2) deep-SGalGd carbon, which has an-avGnige 
•8'^G value dt ab'out —7 per mil aS ih'dicated by analy
ses of carbonatites; and (3) reduced .or fti-gaiiic 
carbon in si;diineiits wd'iich norihrifly lias, S".C v:.du.Gs 
of less than — J5 per mil-. Early ca-rbpii'atts in ';ill 
dG]:)Osits-e.xcept Paiiiisqiieira have S'-'C vahie^' bet weci-i 
—6 and —9 per mil. In. all the ilepiisits stiidicik llu: 
/o'- values for fin id fi'om' w-'.hiGti .the early carlipn ates 
formed wcrii sac.li that S'-'Gi;„,.|,^-:8'^.C:o, ^R'Cv<,:. 
Wheii these values for" S'-'C^c ^ire con side red, it i's 
hard td'escape the ednclnsion that the. .car-ltpn. in tlic 
early fluids in mosi df ,tliese dcjipsits was jirubiibly 
derived., fi-pifi .a <.teep-sea.ted spin-ce; Sncli S-'-C^r 
values db npt necc'ssa.ri!y jirpvc-[t. d.ee|.i-sc;Lted SEinr.CG 
for' hy'drdthenVial carlsdn. .At tlic I.ilneh.Gll de]j'(iisit, 
for exam pll:', tlic S''''Gv(; v-'al.iie df —7 (ier mil '].)t-olj:il.il-y 
re'snited irom Ingh-tcntpGrature. exciiaiige pt tire .car-
boll in'tlic hydrpthGri'iial fin ids wptlr griqiliii.e iii tl-ic 
'copiitry rpcks. 

The carb.dn'ates. at 'P a n as q it eir a liave S'^C valii.cs 
averagiiig- about —-14 per mil, indicating -thai;- inncli 
,df the liydrothermal c;.i.-i-b(jn \v;is prol.);d)ly eler.ived 
ftpiu a graphitic spurce, 

Latc-st;ige Ga-rliijiiates in.ail de]->osil.'s cxec]it Pana-
-.squeira slipw an increase in f''-'C -vahrcs, Tliis in
crease can .be eau-seti Ijy scvci-;.d factors, wliich nuist 
be GvaluaiGd fpr a .specific dE|'.).0i!it. A decrease in tl-ic 
gxidatipn .state pf the-.flu-id'S seems, to have .caused the 
increa.se in..S.̂ ''G ;it Pine. Ppint. \\-\ tlii,s- dei-)0si(: -8''-'Gv|j 
appai-Gntly remainccl constant during- pre deiiiosilion, 
biit carbpnates with lasrge .ppsitive 8-^C values \Yei-e 
probably precipitated as a resiilt .pf increasing GFf.i 
in the late fluids. Increasing carbon fractirnuition 
between fluids and carbonates with dQcrcasiiig- tciii-
pcrature- is apparently --reflected ih tlic c-arfio'natG-
parageiiesiij Providencia. Filially, a change in 
S'^Gjg pf tlie .fluid as -a. re sit It .sf an iiicr easing Gon̂  
tribntibn of carbdn from liniestoite" sources is sug
gested for the Bluebell, Dar«;.i.ii, and Gi'isapalca de
posits. 

-Bacl-criogcuic curhawaics-

In low-teini'ieratiire -envu-niiments wliere l.iacl-crio-
genic snllideS' are ]irofliiced, aiiaerohic b;"ictcri'a also 
prpdiice COi --Uld CH'-i from the associated. Prgtinic 
matter which they consume as an" energy son fee 
("Cheney and Jensen, 196"5). Depending lipon the 
deppsitioual environment and tlie propbrtion of ca'r-
bonate derived fr'nm C0->: "and Ckl.t, p'rGci'pit;itcd 
carbonates may sliow a wide- and" random spi-.ead of 
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Fill. 20. Sclieuiatic pH.-/oi..di;tB"rani showing recoustruGtetl 
cicpositioual eiivironments of nine lydrolhcriiml dcpo.sils. 
Daslieil Uncs separate cnvirouincins' of predominantly reduced 
and o-xidize.d ciirtipn and reduced and [oxidized sulfur. The 
stippled zones iiiilicate environment where carbpn and sul
fur isolope values in carbonates and sulfides 'will h'c strong-iy-
influenced by chanĝ c in pH and f,->... 
catG enviromiients of Qrc-.dep'ositibn. 

Encircled areas indi-

variritions in S'''G values, incltiding spine large nega
tive vahies. Very large n.egativd S^'C values, hdu'-
cver, -Can also be produced in sj-ngenetic carbonates 
in voleanie envirnni'iietits by tlie reflu'xiiig of .orgaiiie 
carbon from restricted ocean basins, 'and a w îde 

-1 ° 

raiige of S'̂ G values can be prothiceol in the carbon
ates by^chaiiges in the jo ; of the deppsitipnal environ-
nieut ,.or by nii.King- of: refluxed lorganic' carbon w-ith 
marine-'o'r decp-.scatcd carbon ('Rye and Riyc, 1974). 

& ?̂C ti'tiricit-lons in mctamarp'lnc. deposils 

Carbon'an.d o..xy'gen isotope'exchange in carl.jonates 
Gccnr priniarily diirin'g re'cry.s tal lization', wiien llie 
:ca.rbonal:c is d.i'.sSQlved aiid ro]')recipitatcd. IKvcii 
when extensive, i: e c ry s tal I i .za tion i 11 cai-.bo nate pec i irs, 
extensive carbon isotope exchange will not take place' 
unless good perraeability alldws pcnetratidii by G0a-
rich fluids (SGG Pinckney and RyeJ 1972), 

Prehininary carbon .isotope data fpr the Pre.caiu-
briaii iron carbonates in the HomGStake gpi.d deposit 
indicate that no significant chaiig'je in average V^C 
values df ni<aJQr units occurred during nietamorpht'sm 
(Rye and 'Rye, 1974), Detailed Ktudies (31 marlilcs 
representative of a widt raugcl ot nietaniorplric 
grades, including marbles in analjcctic granites, in
dicate that S'̂ G values of .carhoiiatcs are, in general, 

httle .changejl during regibual metauiorphi.sni even 
when, the metamprphic'fluid/r'p.ck .ratip.̂ i ^a're .Viigh and 
the fluids are CO-j-rich. E.\ce[;)ti;ans -liiay occnf 
where the marbles have- b.ccti deca-rbPtiatcd- (li-ye tnd 
Schuiling, in press) . Host rpck cSrbonatcs occasipn-
a-ily show 'S'-'̂ C variations away -frpm vein. sySteni.s, 
but tliese are usually ipiite limited-in e.x.tent .and. ap
parently QGGur beca.use the. rocks.maintain an appreci-

•ablc permeabilily duriirg- reci-\»st;iiliz;rtid.ii in .(iu; ]'ircs-
once o.t GO'^-rtcti fluids (.ivye, nnpuh. t.l:'ii;i oii 
Providencia; .Piiickiiey and .lyye, .1972; Rye e t al., 
1974b). 'Hydrptlieniial carlipnates are extreineiy 
resistant to carbpn isotop.e 'e.xcii.ange and their -S'̂ C 
values are "frozen in" -as the .ca-rbpnates ci'yst;.vllizG. 
We are not aware' of any pnbli.slic'd evidence w'h'ere 
S'''C values, of early liydrptliermnl car.b.diTates lia-v.e 
been altCre'd by e.x.eliangc with later hydrpthernral 
fluids^ 

Sulfur and Garbon Isotopes and the Chemical 
E n v i r o n m e n t s of H y d r o t h e r m a l 

Ore Depps iti on 

A .sGhGniatie-p-l-r-lq, diagram- (Fig. 20) siio^vs hiiw 
Garboii and sulfnr isotp|ic d;it;i can lie coml.)i.ii..ed In 
define the dGjiositioiial eiivirpiinrGiits of liy.d.rolhGrtii;i.l 
deposits. The eiici rel ed areas in Fi.giire 20 indicate 
the •environments of ore ,dG])g.ii,tion: of niii'c hyi.i'fp-
thernlal de]iosits. The. ore fluids in these dc]i,o"si(.s 
had.' a variety- of pl-l 'and o-xid.;itipn stjites, t-ha.t ar.e 
reflected in various ways by snlfiir and .c'arlioii isO-
iPjiic data oil the. raiiiei-a'ls. 

The pTrl and-Ip-j environments f.or the ore fluids at 
Pr.pvidcn'ci:'i, Casa-|.r.ilc;i, Pasto T^uen^a, and Bincl.scll 
were .sn-cf-i --tlvat clunig'cs- in tliese vari.;i;l,iles were npt 
reflettccl hy sigiiifur.vnt \-;\ria'tions in S''''3 aiul 8''"C. 
values dt the vuiherals. 'X\K. ore nii.ids at .Fclio Hay 
apjicar to .have changed tlieir oxiidution si;i(ie over ;i 
wide r;viigc', a.s i'lirlicated bv the. wide range: of sulfide 
8-'''S valiies, Vei-y low ox.idation -st;itGs.'arc indic:it.cd 
Ijy .large positive 8''-''C valn.Gs. ivi c;i-r|joii;vtcs ;U: I'iiie 
Point, Isotpiig data indicate tliat Ihc fluids for -de
posits sncli as Darwin a'p'|Vareiltly imderwent con
siderable change ef pH,'wliilG fluids for'the Knroko 
deposits and Mognriilianged bri.l|i jil-l. a-nd pxid;i-lipii 
.-.state during the course of o.re dejipsitipii. 

The p.H increase- in (lie pre fin ids at IJnr-wiii w-as ;i 
possible cause of t:lie prCGlpitatipiT of or'e (.R-i-.e el -ai., 
1974b). Tfie f̂ .̂  .deerGiise in the pre fluids ]irol«i)il}-
|i!a-vGd an inij-iortant'rpl'e- in I'h.e precipit;itipn 'oi. Pr.f-
at Echo .Bay (Robinson -and 'O-hniPto, l.,9?3). Pic-
eause'comViincd sulfur and cvrbpvi isrtlojie studi'es. e;ui 

. oftGii help define tiie p H and fo, as well .-i.s otlier 
imp6rt;iiit var.ialilcs- of liydi-.nthcriua-l fluids (e.g., T . 
niv(i, inv|j, Jjĵ , /i:vv^), it seems likely tluit such sl-udii'S 
will becPnic. iiicrea,iingly intcgnLtud witli (Jieorcti't-al 
a.ivd CiXperiniGntal studies of ha.sc iiict;il .siilnbilllies 
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and mineral stabilities in discussions pt the mecha
nisms of ore deposition at specific ore deposits. 
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;<: = 1 or 2 
/<-5[U0jHL(s) -f HjL ̂  UOs(HjL)j] - 1 - 7 
irB[UOjHL(s) -f 2H3L ^ U O j l H j L j j H j L ] - 0 - 5 5 
Ks[(CrO,)3Lj(s) -!- 6H-<- ;^ 3U0,'-*- -|- 2H3L] - 6 - 1 5 
7('si(UO,)3Lj(s) -f- H,L -f sn-^ ^ SVO^njh*] - 2 - 4 0 
KJi(VO,)J...{s) -\- 4H3L ^ 3UOj(H5L) J - 2 - 8 9 
.J<,[{VO^hU{s) -f 7H3L ^ 3U02(HjL)jH3L] 0-53 

UOsHL(s) " = UOjHPO,(H30)4(s) 
cv UOjH.L-^. U0^H3L»-^, UOj(HjL), 
H . L - : A', 3 0 0 . h \ 2-43, /f, 1 -90. 
H,L : /<•, < l - 8 8 . Ps 3-88, Pj 5-23, 
;<•a[UO^(H3L)3»-^] - 0 - 5 3 , - 2 - 2 7 . - 1 - 4 8 , 
;«'a[UO,(H3L)5«-<-] - 1 - 5 2 , - 1 - 1 8 , 
(H-<-;Kj,212) 
/C,(UO.=+NH/L»-) -26-36 , 
Jig(UOi'n<.-^h'~) - 2 3 1 1 , 
Xa{VO^'n-\U-) -10-67, {H-<-: K, 12-44, K „ 6-71, 
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82 STABILITY CONSTANTS SCX^ 

— |4 

• " ' 1 1 

~x 
r — 

.- .a 

Metal 

C r ' + 

CrO««-
MoO,*-

Mettiod 

cond 
? 

sp 
sp 
dist 

dist 

dist 

dist 

UO,'-*- sp 

qh 

Np'-t^ 

Pu'+ 
Pu*-^ 
Am'-f-
AmO,>+ 

Mn'-^ 
Fe«+ 
Fe'-^ 

sp 
cond 
dist 
dist 

dist 
ani ex 
am ex 

. ^P 
V dist -
I dist . 

dist . 

kin 
red 
sp, tp 
sp 
sp 
cond 
kin 
kin 

ap 

Teoop, Medium 

25—100 dil 
25 

25 
25 
25 
10 

25 

40 

25 

25 
20 

20 
25 
10 
25 

40 

25 
25 
10-2 
25-2 
35-3 
25 
25 
25 

25 
30-5 
18 
18 
28 
27 

1 (NaClO,) 
HjSO< var 

2 (HCIO,) 
2 (HCIO,) 
2 (HClOj) 
2 (Na)C10„ 
IH-f-

2 (Na)C104, 
IH-^ 
2 (Na)C10„ 
1 H+ 
2-65(NaC10.), 
2H•^ 
3-5(P). 2 H-I-
1 (NaClO,) 

1 (NaClO,) 
0 corr 
2 (NaClOJ 
2 (NaClOJ 

2 (NaClO,) 
var 
var 
- * 0 
2 (NaClO,) 
2 fNaClOj) 
2 (NaClOj) 
2 (NaClOJ 
2 (NaClO,) 

1 HCIO4 
var 
var 
25 
0 corr 
~ M (NaClOJ 
0066{NaClOJ 
0 corr 
1 H(C10.) 
1 H(C10J 

Log of equilibrium constant, remarks 

ev Cr,(OH)X*-*-, Crj(OH),L,«-
Kiout 1.34 

ev cpx 
ev Mo03SO(OH),-*-
*Ki 2-53, *Ki - 0 - 1 3 
•if i 2-41, *K, 1-32 
A', 3-24, isTj 2-18 (A'l{H-^), M25) (?) 
*Ky 2-63, *K^ 1-34 

*K, 2-52, *K^ 1-35, 

*K, 2-38, *A's 1-38 

•/<:, 0-70 

A S i • 

-3-2, AH-j = 0-9, 
0-7, AS, = 9-3 

R' l . 

75,-s 
77 
78 
79 
80 

80. ct ,> 
80, cf., 

82 

82 

82 

^tial 
Method 

sp 
sp 

sp 

CO' 

Ky l-83[A'i(H-»-) 1-125] 
K, 1-70, A', 0-84, K j 0-86, 
P(UOj=-^L=-Ac-) 3-78, 
P(UO^'i-^L--„Ac-) 4-60 
Kl 1-75, A'j"o-90 
Kl 3-23? 
K, 1-80, K. 0-96 [K,(H-^) 1-01] 
Kl 1-88, K \ 0-97 [/C,(H-<-) 1-08], 
Af/, = 2-3, A ; / , = - 0 - 9 , AS, = 16, AS, = 2 
K , 1-98, /C, 0-93 [^-,(^1+) M 7 ] 
ev UOjL,*-, UjOjL,*-
ev UO3L, UO3L,'- , "UOjL/-, UjOjL,*-
X , 2-96, A'j ~ 1 
•A', 2-4'/, *A', 0-91 
•A'l 2-43, *A's 1-04 [/<',(H-^) 1-08) 
*/<", 2-40, •/tr, I 14 
AH, = 4 0 , AW, = 6-22, AS, = 29-5, AS, = 41-0 
(Kl 1-0), A', 0-62 
A', 3-66 [A',(H+) 0-62] 
ev ani cp.K 
ev cpx 
ev cpx 
Kl 2-28 
K, 004 
A , 3-02 
if, 4-18 
Kl 1-98, A-, 0-97 [A: I (H+) 1-125] 

A', 2 0 3 

83 

83, cf. 71 
84 

84 
85 
86 
86 

86 
87a 
87b 
87c 
88 
88 
88 
88 
89 
IS 
91 
90 
91 
92 
94 
95 
95 
74 
74 

( jo '* 
Co(NH3)5^ 

cond 
dial I 
dial 1 
gl, Bi, sol , 
lit 1 
fp 1 
cond 1 
kin 1 

sp, kin 

sp 

sp 
KU 

Co(NH3),' 

Co(NH,)i 

Coen,'+ 
Copnj'-^ 
Ni*-̂  

Cu»+ 

sol 
cond 
sp 
sp 

Cl»+ 
sp 
cond 
cond 
cond 
dial 
dial 
gl, Bi, 
lit 

fp 
fp 
cond 
cond 
dial 
dial 
cond 

sol 

(75) A. KUnticl, h'. E r jmann , and IL Spilu-kis, Cos Lciler, 
IHS-2, 3 , 73 

(76) H. Erdmann, Atii;eit: Chan. , 1952, C4, 500 
(7,7) U. E. Connirk and JI. S. ' I sao, dmcr. Chan. S o c , 19.53, 
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1956, 1, I9,S3 
(79) F . Chauveau, Compl. rend., 1956, 242, 215-1 
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(82) R, A. Day, jnn. , R. N . Wilhitc, and F . D. l lamil lon, ibid., 

195,5, 77, 3I.S0 
(83) U. H. Belts and R. K. Midiels, / . Chem..Soc,. 1940; S286 
(84) S, Ahrland,. ,Jjia Chinn..Sx:and., 1951, 5, i lS I 
( ^ R.-D. Crown,-\V. 11,13un[;e.r, W. L.-.M.iiv;iiall, and C..H.-Sccoy, 

/ . Amer. Clirnn. Sac.,. 1954, 76, 1532 
(80) E,.A..Day,.juii.,.,-uid.R..JL.Power5,i6i-i(.,-p, 3895 

.135: 

(873) T. V. Arden and G. A. Wood, / . Chem. S o c , 1956, l596 
(67b) T. V. Arden and iM. Kowley. Und., IU57, 1709 
(87c) E . W. D,->vics and C, i i . .Monk, Trans. Faraday Soc. 

53 442 
(88) J . C. Sullivan and J . C. H i n d m a n , / . Amer. Chem.Soc._^yiii 

76, 5931 „,„ J, 
(89) T. W. N'cvvlon and F. B. Baker, / . Phys . Chem., IMB, t -

1417 , 
(90) L. B. Asprey, S. E . Slc;)hanou, and R. A. Pcni!em.-ui. J-

XHier. C/icm. .Soc.,-1951, 73, 5715 
(91) C. N. Yakovicv and V. N. Kosvakov,. P r o c InteraJ 

Conference Geneva, liJSS, Vol. V'lL-Ses 
(92) r. C. J.nnics, Thesis, London, 1947 
(93) i--,. O.- Denney and C- B.- iSlonk, Trans. . Faraday Soc 

4-7-,. 992 
(94) R. U. Huffman and N. -Davldson , / . /)ni«r. CAan .S« . , 19--* 

78, 4836 
(95) K - W . S y k e s . / . G*«».Soc.,-1952. 124 

- [continued 

cond 

Cu-Hg 

sp 

l̂ 
W. Sykes, Chem. ;>-
VV. Lister and u . 

83, 1S91. '*>:' 

, 193). 

I9G) K 

(98)E.Tv.«il«.'-2-/S-H'".' 

| - | ^ „ . , . , ^ l k o v a « a . 

f[.'l^s-if^-^^.^:[;^^^wW'>^'''' 

\ 



Mtiigfo-w^a^H£i;^-t--,,-rif*i:w^ 

90 STABILITY CONSTANTS r 
Metal 

VO'-^ 
Cr'-I-

UO,»-^ 

ru»+ 

Mn»+ 

Mn'-t-

Rc<•^ 

Re'+ 

Fc'-^ 

Method 

dist 

dist 

gl? 

sp 

sp 

est 

dist 

ani ex 

sp 

fp 
qh 
cond 
dist 

dist 

d u g 

qh 

sp 

red 

ani ex 

kin 

sp, Pb , tp 

^ - r a y 

A-'rav 

fp 

red 

ani ex 

icd 

red 

sp 
hyp 

red 

sp 

red 

red 

red 

Temp, 

25 

25 

25? 

25 

25 

25 

25 

25 

~ 0 

20 

25 

10—40 

25 

25 

0—30 
20 

25 

25 

25 

25—30 

25-2 

25 

25—30 

20 

25 

? 

? 

25 

25 

25? 

15 

25 

25 

Medium 

0-5 

0-5 (NaClO.) 

0 corr 

var 

0-5 (NaClOJ 

0 corr 

0 corr 

2(NaC10,),lH+ 

HCI var 

var 

UO,Fj var 

1 (NaClO,) 

0 corr 

2 (NaCIOj) 

2 (NaClO,) 

C{NaC104) 

UOjF, var 

1 (NajClO, 

1 HNOj 

2 HCI 

0 corr 

K F var 

2 (HCIOJ 

solid 

solid 

var 

0-53 KNO3 

K F var 

dil 

0-53 KNO, 

var 

var 

0-5 (NaClO.) 

0-5 (KaClO,) 

0 corr 

0-5 (NaClOJ 

0-5 (NaCIOJ 

0-5 (NaClOJ 

(41) u . 

(42) E. 

(43) E. 

(45) K! 

(46) G 

(47) C. 

(-fS) J . 

(4.9) R. 

(SO) JL 

A. Day, jun., and R. \V. StouKhton, ibid., 1950, 72, 5662 
L. Zcliroski, H. W. Alar, and F. K. llcumann, iliid., 1951, 
73, SBJ6 
R. Seliefler and E. M. Hamnl.-iker. iliid., 19S0, 72, 2575 
S. Wilson and H. 'I-anlie. ibid., 1952, 74, 35U9 
A. Dav, jun., K. N. Wilhite, and F. D. Hamilton, ibid., 
1955, 77, 3ISII 
li. Moore and K. A. Kraus, ORNL-795, 1930 
A. Wake, K. S. Lo«Tic, and K. B. Brown, AJZCD-32I2, 
1951 

p. Johnson and K. A. ICraus,/. Amer. Chem. Soc, 1952, 
74, 4436 
U. Brown, W. B. Bunpcr, VV, L. Marshall, and C. H. 

.Sccoy, ibi.l., 1954, 78. K'SSli 
A. I>ay, jun., and JL M. J'oiva-s, ibid., p. 3S95 

Log of equilibrium constant, remarks 

*Ki 4-63, */i'j 2-86 

*4-2S(Th<+F-N03-) * p(Th*-'-F-,N03-) 6-9 

*A', 4-70, *A', 2-76 

if, 3-15, ev higher cpx 

ev CrF'-^ 

*Ki 1-42, *7fj 0-40, ' i f , - 0 - 4 6 , 

Kl 4-36, if, 3-34, A', 2-48 [ifj(H-^) 2-94] 

if, 5-20 

A*iii = - 0 - 6 , A*/i , = - 0 - 1 

*K, >(5, * P, >S 
*K, 1-18 

if, 4-32 

if, 5-5, p, ~ 8 

tif4,[2UO„F, t^ {UO,Is),] 0-18 

if, 4-59, if, 3-34, K;i 2-56, if . 1-36 [/fi(H-^) 2-94] 

K^ r- ' i - i , ev other cp.-c 

*if, 1-74(10°), 1-42(25°), l-32(40°) 

A*i/, - - 5 - 4 , A*S, = - 1 2 

*Ki 1-42(C = 2), 1-43(C = 1), 1-38(C - 0-5). 

1-S7(C = 0-25), 1-71(C = 0-05) 

t if , , 0-43(0°), 0-85(30'') 

if, 4'54, A', 3-34, A', 2-57, if< 1-34 

[if,(H-^) 2-93], no ev polyn cpx for <0•lM-UO,°-^ 

A", 6-77 rA',(H-^) 3-14] 

cv PuF,' '+ 

if, 7-94 

no ev ani cpx in 10.\i-KF 

•if, 2-51 

cv MnF,"-

ev ReFc^- in K,RoF,(s) 

ev R c F , - in NaReF,(s) etc 

Kl < I - 5 

no cv cpx 

no cv ani cpx in 1 .\i-KF 

Kl 5-52 

Kl 515 , if, 400 [ifl(H-^) 2-94] 

if, 5-30 

if, 4-40, K^ 3-22, if, 200 , if^ 0-36 

•if, 2-28, *K, 1-02, *K, - 0 - 2 4 , 

(H-t-: if, 3-38, K^ 1-52) 

if, 5-21. K, 3-95, K, 2-70 [if,{H-^) 2-93] 

K, 4-90, AW, = 7-5, A.S, = 49 

K l 5-13, K . 3-91, K, 2-85 [A',(H-'-) 2-85] 

'A' l 2-21, ' i f , 1-05, •if, —0-20 

if, 5-17, K^ 3'92, K , 2-91 [if,(H-*-) 2-91] 
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(53) H. -laulw, /. Amer. Clicm. .-ioc, 19-1.1, 70, 3'.I2S 
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films 16.-t58 
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Sfi) K. Peters,2. phvs. Chem., IWS, 26, 193 

(57) C. l)ro.«et, Dis.-;., Stockhohu, 1942 
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Sulfides in Eclogite Nodules from a Kimberlite Pipe, 
South Africa, with Comments on Violarite Stoichiometry' 

GEORGE A. DESBOROUGH 

U.S. Geological Survey, Denver, Colorado 80225 
GERALD K. CZAMANSKE 

U.S. Geological Survey, Menlo Park, California 94025 

Abstract 

An unusual assemblage composed of four sulfides of Fe, Ni, and Cu occurs in rounded 
eclogite nodules which were incliisions in the kimberlite pipe at the Roberts Victor diamond 
mine, 45 miles ENE of Kimberley, South Africa, The polymineralic sulfide aggregates com
monly are spherical and are composed of similar proportions of individual phases; they are 
interpreted-to have developed from an immiscible liquid phase. 

Electron microprobe, X-ray diffraction, ahd reflectivity data indicate that the dominant sul
fide phase in the aggregates is a new mineral, approximate formula (Fe, Ni)iiSu, typically 
containing 2,4 to 3.2 wt percent Ni; the higher Ni concentrations occur in 1 mm wide lamellae. 
Additional phases are Ni-bearing pyrite, a new, violarite-like, (Fe, Ni)oSii phase, and stoichio
metric chalcopyrite. 

The complex sulfide assemblage, considered to have developed on cooling from a homoge
neous liquid, is apparently metastable because it contains phases not reported in synthetic 
studies of the Cu-Fe-Ni-S system. 

Introduction 

Examination of 18 eclogite nodules^ from the 
Roberts Victor diamond mine, South Africa, showed 
that a few specimens have sulfide accessory minerals. 
Specimen USNM 110607 contains the freshest, 
abundant sulfide. This nodule is essentially bimin-
eralic, consisting of about 60 percent subhedral gar
net grains 0.5-6 mm in diameter which occur as soli
tary grains or clots of grains, intergrown with coarser 
omphacite. Subsequent study by Dr. George Switzer 
(oral communication, 1969), indicating that this 
specimen contains the freshest omphacite, is in 
agreement with our impression that secondary proc
esses may be responsible for alteration and removal 
of sulfides from more altered material. 

UnpubUshed analyses of the dominant silicate 
phases in USNM 110607 are reported in Table 1. 
A. T. Anderson (oral communication, 1969), in 
an earlier study of similar Roberts Victor samples, 
found no ilmenite or magnetite, but did find acces
sory chromite having compositions (wt percent) in 
the range MgAlaOj, 2.6-16.1; MgCraO.,, 42.5-47.3; 

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

• The nodules are in the collection of Dr. George Switzer, 
U.S. National Museum, Washington, D. C. 

FeCr204, 25.9-36.0; Fe2Ti04, 1.8-5.6; and Fe304, 
7.4-10.6. 

In all sulfide-containing specimens examined, the 
sulfide occurs as aggregates which are mostly semi-
rounded and elongated blebs between siUcate grains, 
and also as nearly spherical inclusions within single 
crystals of garnet, omphacite, and phlogopite. Sul
fides constitute about 0.2 percent by volume of 
specimen 110607. Individual aggregates are from 
0.05 to 1 mm in greatest dimension and invariably 
consist of at least four phases, listed in order of de
creasing abundance: (1) (Fe,Ni).)Si,, with 2.4 to 3.2 
wt percent Ni; (2) an isotropic, violarite-like mirieral, 
also of (Fe,Ni)nSn stoichiometry, with 21.5 to 30.0 
wt percent Ni; (3) stoichiometric chalcopyrite, and 
(4) pyrite containing 0.6 to 4.8 wt percent Ni. Sec
ondary alteration in the rock has resulted in deposi
tion of minor amounts of Ni-free pyrite which is 
restricted to areas interstitial to the silicates and shows 
no apparent relationship to the four-phase sulfide 
assemblage. 

Because of its strong magnetism and appearance 
in polished section, the major (Fe,Ni)9Sij phase can 
easily be misidentified as pyrrhotite. The intergrowth 
of this phase with the subordinate high-Ni (Fe,Ni)9 
Sn mineral of higher reflectivity is also similar to 
some pyrrhotite-pentlandite intergrowths or to re
placement of pyrrhotite by marcasite (Fig. 1). 
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TABLE 1. Chemical Analyses of Omphacite and Garnet from 
Roberts Victor Eclogite, USNM 110607 

Omphacite Garnet 

wt.I- Cation Proportion^ Oxide Wt.I-' Cation Proportion— 

sio^ 

n o , 

AljO 

FOjOj 

FcO 

«nO 

MgO 

CaO 

KajO 

K,0 

H^Of-"-) 

H j O l - ) 

SUD 

55 .42 

0 . 3 7 

8.S9 

1.35 

3 . 4 1 

0 . 1 0 

1 1 . 5 7 

1 3 . 7 5 

5 . 0 0 

0 . 1 5 

n . d . 

0 . 0 2 

1 0 0 . 0 3 

Sl 

Al 

Al 

Tl 

F e ^ * 

Mg 

F.^-^ 

Na 

Ca 

1.97 

0 . 0 3 

0 . 3 4 

0 . 0 1 

0 . 0 4 

0 . 6 1 

0 . 1 0 

0 . 3 5 

0 . 5 2 

ConponentB: 

A c o l t e 
J a d e i t c 
T s c h c m a k l c e 
H e d c n b e r g l t e 
D i o p s i d e 

2 . 0 0 

I . I O 

0 . 8 7 

4 
31 

3 
10 
50 

S I C , 

TlOj 

" 2 ° 3 

Fooi' 

MnO 

«80 

CaO 

Sum 

4 0 . 7 

0 . 4 

2 3 . 9 

1 6 . 3 

0 .4 

1 5 . 7 

4 . 5 

101 .9 

S l 

Tl 

Al 

F a " 

Mn 

Mg 

Co 

Compon 

Pyrope 
A l n a d l 
S p e s s a 
C r o s s u 

5 . 6 6 

0 . 0 4 

4 . 0 7 

1.97 

0 . 0 5 

3 .44 

0 . 6 9 

e n t s : 

ne 
r t l n e 
l o r 

55.9 
32.0 
0.1 
12.0 

£/ Wet chemical analysis by E. Jarosewlch. 
h / Calculated on the baalB of six and 2A oxygens for 
respectively. 
£/ Microprobe analysis by George Switzer using close 
for background and drift. _, 
d/ Fe • 12.6; all Fe assumed to be Fe . 

omphacite and garnet, 

standards, corrected 

We (Czamanske and Desborough, 1968) have 
previously suggested the formula (Fe,Ni)3S4 for the 
dominant, low-Ni phase, but now believe that this 
formula is incorrect. 

Microprobe analyses of sulfides in eclogitic ma
terial have been made by White (1966) and Meyer 
and Brookins (1971). For a compositionally zoned 
sulfide grain in an ultramaflc inclusion in Hawaiian 
basalt. White reported (Table 8a and p. 293): Fe, 
48.5-50.9; Ni, 12.8-10.8; and S, 37.9-38.0. Meyer 
and Brookins (1971) report finding chalcopyrite, 
pyrrhotite, and apparent pentlandite from the Stock-
dale Kimberlite, Kansas. 

Four-Sulfide Assemblage MinieraJogy 

Aggregate blebs contain fairly uniform proportions 
of the four phases, and the phases are everywhere 
distributed in a characteristic pattern (Fig. l a ) . At 
the center of each bleb is the low-Ni, (Fe,Ni)(,Sii 
phase which comprises 60 to 80 percent of the whole. 
Peripheral to, and as marginal lamellae within this 
phase is the violarite-like, high-Ni (Fe,Ni)9Sii phase. 
Within both of these phases, Ni-bearing pyrite is 
found as subhedral grains as large as 25 /xm across. 
Chalcopyrite, in small amounts, is typically found 
only at the margin of blebs (Fig. l a ) . 

Quantitative electron microprobe analyses were 
performed on these phases in the U.S. Geological 
Survey laboratories in Washington, D. C , and Den
ver, Colorado. Ten synthetic sulfides of appropriate 
composition were used as reference standards. Ap
propriate standards were occupied both before and 
after analysis of the samples. Weight percentages of 
elements in our unknown phases were calculated by 
the uses B-890 computer program. 

Low-Ni, (Fe,Ni)<,Sj,. Quantitative microprobe 
analysis was difficult due to problems of surface im
perfections and beam overlap onto lamellae of a 
more Ni-rich phase (see Fig. 1). However, our best 
analyses of this phase have shown satisfying con
cordance for three distinct analytical efforts on two 
microprobes. We reanalyzed this phase carefully on 
three occasions because of shortcomings in our early 
analyses in which the three principal elements could 
not be measured simultaneously, and because of con
cern over suggesting 9:11 stoichiometry. 

Our ultimate analysis of the low-Ni phase is pre
sented in Table 2; the formula (Fe,Ni)3S4, with com
parable Ni content, would require 43.3 wt percent 
sulfur (cf Table 5) . Therefore we were in error in 
reporting our early data as evidence of a new 
(Fe,Ni)3S4 phase. Simultaneous determinations of Fe 
and Ni consistently show a lesser standard deviation 
for the sums of these two elements than for the in
dividual elements, clearly indicating mutual substitu
tion over a small range. 

A maximum of 7.9 wt percent Ni was measured 
on marginal, fine lamellae of the major low-Ni 
(Fe,Ni)9S,r phase which projected into the high 
Ni-phase; the scattering of X-rays from the high-Ni 
phase may be partially responsible for this high value, 
but the extent of this contribution is unknown. As is 
shown below, the concentration of Co in these lamel
lae shows them to be atypical. 

As much as 1.3 wt percent Co was measured in 
the lamellae of the major low-Ni'(Fe,Ni)9Sn phase 
which project into the high-Ni, violarite-like phase. 
In general the highest Co values were obtained on 
areas adjacent to the violarite-like phase. Among 25 
determinations on central areas of four grains, only 
11 indicated Co above 0.1 wt percent, and only four 
contained more than 0.4 wt percent Co. From 0.2-0.6 
wt percent Cu is present in the major low-Ni phase. 
Probably neither Cu nor Co is essential tb the 
structure of (Fe,Ni)9Si]. 

m 
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(a) (b) 

Fio. 1. (a) Typical polymineralic grain from eclogite mounted in epoxy (reflected light). Pyrite and similar high-
relief central grains = p, chalcopyrite and similar grains = c, white, high-Ni, (Fe,Ni)irSii and continuous submarginal frac
tured material = w; the major central phase is low-Ni, (Fe,Ni)(iSu. 

(b) Enlarged portion of grain in (a) showing parallel l/zm wide lamellae in major low-Ni, (Fe,Ni)BSu. (Noinarski ob
jective, reflected light.) 

TABLE 2. Electron Microprobe Analyses (in weight per
cent)* and Calculated Formulas for Low- and High-Nickel 

9:11 Phases 

Fe 

m 

Fe-I-Nl 

S 

Toi:al 

Fdrnula^ ' 

Low-Nickel 

Range-

55.2-56.4 

2 .4-3 .2 

~ 

40.1-41.6 

(^«8 .575«0 . 414 

Phase 

Mean 

55.5(9) 

2 .8(6) 

58.3(5) 

40.9(7) 

99.2 

8.989^11 

High-Nickel Phase 

Range-

29.2-40.5 

21.5-30.0 

57.4-61.2 

39.1-41.6 

("^4.999^^4 

Mean 

32.3(29) 

27.4(22) 

59.7(12) 

40.8(7) 

100.5 

035^9.034^11 

a l Estimated s tandard dev ia t ions (enc losed in parentheses) 
r e f e r to the l a s t decimal p lace c i t e d . Thus 32.3(29) i n d i 
ca tes an est imated s tandard dev ia t ion of 2 . 9 . -lhis conven
t ion w i l l a l so be followed in the t ex t and in subsequent 
t a b l e s . 
h i Eighteen determinat ions on 10 g r a i n s . 
cl Fif teen determinat ions on f ive g r a i n s . 
d/ Totals normalized to 100.0 

Unfortunately, the small size and finely intergrown 
mineralogy of the sulfide blebs have made it im
possible to obtain completely satisfactory X-ray, re
flectivity, and hardness data for even the major low-
Ni phase. Judging from its polishing characteristics 
relative to the other sulfides present, it is apparently 
about the same hardness as pyrrhotite. Its color and 
anisotropism also may best be described as indis
tinguishable from those of monoclinic pyrrhotite. 

Reflectivity data on this new phase were measured 
by B. F. Leonard in plane-polarized light by means 
of a Reichert photoelectric microphotometer. The 
U.S. primary germanium standard calibrated by the 
National Physical Laboratory, "reddington, England, 
was used as the standard for comparison. Values for 
the germanium standard are 47.0, 51.3, and 52.0 
percent at 470, 546, anii 589 nm. Values for the 
mineral, determined on three grains of suitable size 
and polish, are: 
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470 546 589 nm 

Rg' , 
Rm 
Rp' 
Rg'-Rp' 
R 

38.1 
— 

31.0 
7.1 

34.6 

40.5 
37.4 
35.9 
4.6 

37.7 

41.1 
— 

36.9 
4.2 

38.6 

The probable values for Rg and Rp are indicated by 
primes because one cannot be certain that these few 
grains truly show principal reflectivities. Values for R, 
the midrange of all values for apparent maximum and 
minimum reflectivity at the standard wavelengths, are 
reproducible with a precision of 0.1-0.2 percent. 
Reconnaissance in the critical part of the spectrum 
suggests that the reflectivity curves have a single 
broad peak at or very close to 589 nm. Reflectivity 
at 650 nm was not deterrnined, owing to the inserisi-
tivity ofthe photoreceptor at that wavelength. These 
reflectivity values are slightly higher than those for 
hexagonal pyrrhotite, but distinctly lower than those 
reported by Nickel and Harris (1971) for smythite of 
similar stoichiometry fi-om Cobalt, Ontario. Reflec
tivity data for well-documented monoclinic pyrrhotite 
are not available. 

At the three standard wavelengths, Rp' is parallel 
to the trace of elongate exsolution (?) bodies of both 
the higher Ni (i.e., 7.0 wt percent) lamellae and the 
white, isotropic Ni-Fe sulfide; Rg' is perpendicular 
thereto. The presence of a nearly constant intermedi
ate value of reflectivity, corresponding to Rm, shows 
that the mineral is optically biaxial. 

X-ray powder diffraction investigation of several 
grains of this material was conducted utilizing Mn-
filtered Fe radiation and also Fe-filtered Co radiation. 
The intimate nature of the intergrowth with the 
isotropic,- high-Ni phase precluded- extraction of a 
single phase. However, the fine-grain size and pre
ferred orientation of the intergrowth aided in dis
crimination of the powder lines of each phase. The 
symmetry of the dominant, low-Ni, (Fe,Ni)i)S,i phase 
could not be deduced from X-ray powder data. At
tempts at indexing the X-ray powder lines for a 
hexagonal or tetragonal model were unsuccessful; the 
phase is thus either orthorhombic, monoclinic, or 
triclinic, as we later determined also from the quanti
tative reflectivity data. 

X-ray powder lines of the minerals in the poly
mineralic sulfide assemblage are shown in Table 3. 
A powder pattern of the entire sulfide assemblage is 
shown in the second column. The third column lists 
powder lines obtained from a microprobe-analyzed, 
single crystal fragment extracted from the polished 

surface. (The data are representative of those ob
tained from several additional mounts and films.) 
This crystal was chiefly low-Ni, (Fe,Ni)ySn with 
minoi" amounts of the intergrown white, high-Ni, 
(Fe,Ni)nSn sulfide. The spottiness of the film lines 
associated with the major phase contrast with the 
smooth lines of the minor fine-grained phase to permit 
discrimination of these minerals. Column one of 
Table 3 lists powder lines of material containing 
neither chalcopyrite nor pyrite, and consisting en
tirely of the low-Ni and high-Ni sulfides. The major, 
low-Ni, (Fe,Ni)nSii phase is indicated in the fine-
identity column of Table 3 by triple asterisks. The 
strongest lines of this phase are distinctive enough 
to permit identification and have J-values of 1.73A, 
2.56A, 2.24A, 1.98A, and 1.90A. 

Numerous attempts by Howard T. Evans, U.S. 
Geological Survey, to produce interpretable single 
crystal photographs by both X-ray and electron dif-

TABLE 3. X-Ray Powder Camera Data for Sulfides in 
Eclogite 

( F e , K l ) , S ^ ^ p l u s 

Whi te m - F e 

a p i n d l e 3 , 

d U ) i ' 

5 . 4 7 
3 . 3 3 

2 . 9 8 9 
2 . 8 4 7 
2 . 8 1 0 

2 . 5 6 1 
2 . 4 6 6 

2 . 3 6 2 
2 . 2 4 4 

2 . 1 5 0 

1 .981 
1 .901 

1 .818 
1.730 
1.666 

1 .548 

1 .303 
1 .275 
1 .200 
i . i e i 
1 .100 

— 
— 
— 
0 . 9 8 5 2 

s u l f i d e 

C o / F e ^ ' 

I 

w 
m 

m 
n 
m 

ms 
u 

mw 
m 

m 

D 

n 

w 
vs 
mw 

VW 

u 
VW 

VW 

VW 

BS 

W 

S u l f i d e a g g r e g a t e 

c a p i l l a r y 

Fe/Mn-

d ( A ) ^ ' 

5 . 4 5 
3 .32 
3 .12 
3 . 0 3 
2 . 9 9 
2 . 8 4 

2 . 7 0 
2 . 5 5 
2 . 4 7 
2 . 4 2 
2 . 3 6 
2 . 2 5 
2 . 2 1 
2 . 1 5 
2 . 0 1 
1 .98 
1.92 
1.85 
1 .818 

, , 1 . 7 3 0 
^ ' l . 6 6 8 

1 .635 
1 .590 
1.562 
1.502 
1.450 
1 .423 

1 1.210 
| ; i . l 8 3 
f ' l . 1 0 2 

1 , 1 . 0 4 3 

^ ' 0 . 9 8 6 

t u b e , 

y 

I 

10^ 

s 
w 
s 
u 

VB 

m 
mw 

u 
nw 

6 

•VW 

row 
w 
w 
m 

mt 
w 
a 
m 

DS 

DW 

VW 

VW 

w 
w 
w 

w 
VW 

nw 
w 

VW 

raw 
w 
w 
w 

•• ~ — — 

(Fe .ND^S^ j^ p l u s 

Whi t e N i -Fe 

s p i n d l e 2 . 

ddii' 

3 . 3 5 

2 . 9 9 
2 . 8 5 

2-. 56 

2 . 3 7 
2 . 2 3 

2 . 1 6 
2 . 0 2 
1.98 
1 .905 

1 .730 

1.567 

--— 

s u l f i d e 

F e / « n i ' 

I 

w 

w 
a 

D 

w 
w 

w 
w 
w 
w 

s 

w 

L ine , 
I d e n c l t y -

WUiFeS 
WNI FeS 

py 
cpy 

*** W i F e S 

*** 
py 

*** 
py 

WNlFeS 

*** 
**« 
*** 
«** 
*** 
*** cpy 

WNIFeS 

*** WNIFeS 

py 
cpy 

*** 
*** 
*** 
*** 
*** 
*** 
*** WNiFeS 

*** 
*** 

py 
py 
p y ( ? ) 

• * * 

1/ 114.6 DID diameter powder camera. Relative I n t e n s i t i e s of l ines arc ' 
visual estimates where w " weak, Q " medium, s ~ s t rong. 
V Co/Fe 
2/ Fe/Mn - Mn filtered Fe~ . 
W Corrected for film shrinkage. 
5/ WNlFeS - white, Isotropic Hi, Fa sulfide intergrown with (Fe .Ni)^S^j^; 
cpy - chalcopyrite; py •» pyrite; *** • (Fc,Ni)rtS,.. 
6^/ Very broad line due co large spindle dlaocter. 

Fe filtered Co„ radiation. 
- radiation. 
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fraction - techniques were unsuccessful, due to the 
presence of small domains and more than one phase. 

Taylor (1970) and Nickel and Harris (1971) 
have reported on smythite from Cobalt, Ontario, 
which has a chemical composition almost identical 
to that of our low-Ni (Fe,Ni),,Sn phase (see also 

, last section of the present report and Table -5). We 
emphasize that Buerger precession patterns obtained 
by Evans in one of the original descriptions of smy-

• thite (Erd et al, 1957), and from both Taylor's 
(1970) smythite and our low-Ni (Fe,Ni)!,Sii phase 
clearly show that our phase is not smythite. 

High-Ni, (Fe,Ni).jS,f This white, isotropic phase 
occurs chiefly as a sub-marginal rim (Fig. l a ) , 
separating the dominant, low-Ni phase from the host 
silicate or chalcopyrite. The high-Ni phase has a 
distinctly higher reflectivity than the other sulfides 
and appears to be fractured on a fine scale (Fig. lb ) , 
but this feature may be due to plucking during polish
ing. The high-Ni phase commonly projects into the 
low-Ni (Fe,Ni)»Sn phase as lamellae, 2-10/4m wide 
(Fig. 1), that are similar in texture to some pyrrho
tite-pentlandite intergrowths, or to the replacement of 
pyrrhotite by marcasite. 

Microprobe analyses for Fe, Ni, and S were con
ducted simultaneously and the results are shown in 
Table 2. Measured variations in Fe, Ni, and S are 
shown on Figure 2; cobalt is not considered in this 
figure because its concentration is less than 1 wt 
percent. The average composition of this phase, like 
that of the low-Ni phase, corresponds most closely 
to (Fe,Ni)9Sn, with variations in Fe and Ni due to 
mutual substitution. Some of the variability may be 
due to electron beam placement on the fine inter
growths. 

Because of the slight difference in atomic weight 
between Fe and Ni, a (Fe,Ni)3S4 phase containing 
27 wt percent Ni will have an S content of 42.8 wt 
percent. When normalized to totals of 100 percent, 
the microprobe analyses for the high- and low-Ni 
phases show the expected weight percentage changes 

', in Ni-I-Fe and S values as a function of Ni content. 
The high-Ni, (Fe,Ni)9Sii phase is always in con

tact with the low-Ni, (Fe,Ni).)Sj] phase, but never 
adjacent to Ni-bearing pyrite. We believe this to 
indicate that the high-Ni phase did not react directly 
with the grains of Ni-bearing pyrite which were pro
tected in the low-Ni phase. This interpretation is 
consistent with the fact that the sulfur contents of 
the two phases differ only to the extent required by 
their differing Fe;Ni ratios. 

FIG. 2. Some of the stable phases in the Fe-Ni-S system. 
The new low-Ni, (Fe,Ni)(iSii phase and the coexisting 
Ni-pyrite are plotted with their compositional ranges shown 
by short horizontal lines. Small filled circles represent the 
white, isotropic high-Ni, (Fe,Ni)iiSn sulfide which is similar 
in structure to violarite. 

The intimate intergrowth of high-Ni, (Fe,Ni)nSii 
with the low-Ni (Fe,Ni)oSn phase and with chalco
pyrite prohibited unequivocal elucidation of its X-ray 
powder pattern. However, the seven lines labeled in 
Table 3 as white, isotropic Ni,Fe sulfide (WNiFeS) 
correspond closely to the strongest X-ray powder 
lines of violarite (Berry and Thompson, 1962). It is 
noteworthy that although both the structure and 
composition are very similar to those of violarite, this 

, phase does not correspond to a known phase in the 
Fe-Ni-S system (Fig. 2) . 

Ni-bearing pyrite and chalcopyrite. The pyrite 
disseminated in (Fe,Ni)9Sii as subhedral to euhedral 
grains (Fig. 1) ranges in Ni content from 0.6 to 4.9 
wt percent and in Co content from less than 0.1 to 
0.55 wt percent; the average Ni content determined 
for 16 pyrite grains is 2.1 wt percent. Simultaneous 
analyses of Fe and Ni for 14 grains distributed 
among five separate polymineralic sulfide aggregates 
demonstrates that Ni is substituting for Fe. Nine of 
16 grains contained less than 0.1 wt percent Co, the 
limit of detection for the conditions of analysis. Co
balt values greater than 0.1 wt percent were found 
only in pyrite grains with more than 1.5 wt percent 
Ni; however, there is no linear correlation between 
Ni and Co contents of pyrite. 

The chalcopyrite at the sulfide bleb-silicate inter
face has been determined by microprobe analysis to 
be of stoichiometric composition. 
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Distribution of S, Fe, Nt, and Cu. To supplement 
our detailed mineralogical study, we have also at
tempted to determine the sulfur and sulfide-bound 
metal content of eclogite USNM 110607 and of a 
somewhat less sulfide-rich specimen, USNM 110586. 
Sulfur determinations by X-ray fluorescence on bulk 
powders gave respective values of 0.20 and 0.10 
percent for these specimens. Sulfide-bound metal 
analyses were made by treating ground eclogite with 
bromine water (Czamanske and Ingamells, 1970) 
and analyzing the resulting solution for metals by 
atomic absorption techniques. Specimen 110607 was 
leached twice to check the efficiency of the leaching 
process; Values presented in Table 4 show that more 
than 97 percent of three sulfide-bound metals were 
extracted by the initial leach and give a picture of the 
overall transition-metal distribution in the nodules. 
Total sulfide-bound metals determined on the initial 
leach were 2,340 ppm for USNM 110607 and 709 
ppm for USNM 110586. Metal proportions were, 
respectively, Fe:Ni:Cu—63.5:27.0:9.5 and 
Fe:Ni:Cu—61.0:24.1:14.9. All analyses on speci
men 110607 are considered superior because it is 
less altered than specimen 110586; nevertheless, 
there is general agreement of ratios between the two. 

Discussion 
Carter and MacGregor (1969) reported trace ele

ment data for coexisting garnets and clinopyroxenes 
from Roberts Victor eclogites. Their values (in ppm) 
from eclogites of the 110607 type are for garnet Ni, 
44 to 155; Cu, 0.1 to 22; Co, 55 to 134; and for 
omphacite Ni, 122 to 1,000; Cu, 1.2 to 39; Co, 32 
to 51. On the basis of our work, we believe that their 
analyses are probably upper hmits for metal concen
trations in the silicate phases because of possible 
sulfide inclusions; they did not note sulfides. 

There is thus the suggestion, in comparing our best 

TABLE 4. Distribution of Fe, Ni, Cu, and Co in Two 
Roberts Victor Eclogite Nodules on the Basis of Parts per 

Million in the Whole Rock 

USNM 110607 USNM 110586 

Fe 

Ni 

Cu 

Co 

Whole 

Rock 

— 
680 

240 

N.D. 

f i r s t 

leach 

1480 

630 

220 

10 

Second 

Leach 

33 

14 

8 

0.5 

Leached 

Rock 

— 
25 

12 

N.D. 

Uhole 

Roek 

— 
390 

120 

N.D. 

F i r s t 

Leach 

430 

170 

105 

4 

Second 

Leach 

— 
— 
-
— 

Uached 

Rock 

— 
230 

11 

N.D. 

Total 55.5 

* Analyst, Neil Elsheimer. N.D. s ign i f i e s "not detected" and — 

indicates "not analyzed for . " 

data (USNM 110607) with those of Carter and Mac
Gregor (1969), that where S is present under condi
tions of eclogite formation, the chalcophile metals 
are quantitatively to be found as sulfides. John Gur-
ney (1971, written communication) indicates that a 
search for sulfides among 500 samples from Roberts 
Victor revealed them in nearly all specimens. System- t 
atic investigation of the presence and nature of sul
fides in a broad spectrum of materials of deep origin . 
should be made. 

The roundness, distribution, and similar relative 
proportions of phases of the sulfide aggregates sug
gest an origin by liquid immiscibility within a silicate 
melt. Both the sulfur and sulfur-bound metal values 
that we have obtained for these aggregates indicate 
sulfur contents for sulfides in excess of those for sul
fide associated with sulfide immiscibility in basalts 
under surface conditions (Desborough et al, 1968; 
Skinner and Peck, 1969). In marked contrast to the 
sulfides in basalts reported by Desborough et al 
(1968) and Skinner and Peck (1969), these eclogite 
sulfides lack an iron oxide phase and posses higher 
Ni content. 

The effects of pressure on sulfur solubility and 
fractionation, the sulfur content of the mantle, and 
the metal-sulfur redistribution associated with pos
sible eclogite-to-basalt transitions are topics of con
siderable interest toward which we are here able to 
contribute only meager data. Eclogite nodule USNM 
110607 shows strong fractionation of the typical 
chalcophile elements, Co, Ni, and Cu, toward the 
sulfide fraction, and the sulfidation state of the 
minerals described is not minimal. In particular, the 
exsolution of pyrite is somewhat surprising and in
dicates a sulfide liquid richer in sulfur than would 
be expected for a typical surficial mafic rock with 
appreciable concentrations of chalcophile elements. 
It seems likely that the rather high sulfur and sulfur-
bound metal values which we report can be explained 
in terms of lower oxygen fugacities during crystalliza
tion than are associated with crystallization of pre
viously described mafic-sulfide occurrences (see Mac- .' 
Lean, 1969). The absence of iron oxide phases from 
our material supports this theory. 

Because of the unknown effect of pressure on the 
Fe-Ni-Cu-S system and our observation of two phases 
unknown in extensive synthetic studies,, it seems 
pointless to try to follow a crystallization history for 
the four-phase assemblage we report. We believe that 
the four phases have evolved from an originally 
homogeneous sample of immiscible sulfide liquid. 
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Comments on Violarite Stoichiometry 

The apparent departure of the composition of our 
sulfides from (Fe,Ni).-,S4 warrants discussion of the 
problem of the composition of violarite-like minerals. 

At least two other investigators have reported iron 
sulfides with apparent 9:11 stoichiometry. Taylor 
(1970) and Nickel and Harris (1971) report analy
ses of smythhe from Cobalt, Ontario, as Fe.̂ .onSj. 
Their analyses are compared in Table 5 with ideal 
3:4 and 9:11 stoichiometry. 

On the basis of Craig's (1971) study, Czamanske 
sulfidized homogeneous Mss (monosulfide solid solu
tions) ranging in composition from Fcoi.oSao.o to 
Fê n.4f,Ni43.noSao.r.o- We attempted 3:4 and 9:11 syn
theses at four low-Ni compositions, plus a composi
tion of Fe,Ni content equivalent to violarite. We 
experimented at 200° and 296°C in runs to 6 
months in length. Reactions in the low-Ni experi
ments produced considerable pyrite and yielded no 
phases suitable for microprobe examination. 

We have analyzed our own synthetic violarite-like 
materials, a synthetic violarite supplied by Craig, and 
a natural violarite from Sudbury, Ontario (USNM, 

R-699), furnished by B. F. Leonard. All have an 
X-ray pattern typical of violarite, although the first 
three of our materials listed in Table 6 show traces 
of Mss as well. 

The material provided by Craig and considered to 
be synthetic FeNi2S4 contains traces of both unre
acted Mss and pyrite (or (Fe,Ni)S2) which are visi
ble microscopically at 1625 magnifications using an 
oil immersion objective. Electron microprobe analysis 
of the major phase, presumably FeNi2S4, gives a 
sulfur content of 41.8(4) wt percent, instead of 42.5 
wt percent as expected for stoichiometric FeNi2S4. 

Microscopic study of the four violarite-like ma
terials analyzed for sulfur (Table 6) revealed the 
presence of unreacted Mss in the interior of virtually 
all grams. Traces of pyrite and/or (Fe,Ni)S-2, as 
well as a gray phase within the reaction rim, were 
also detected. 

The accuracy of our analytical method for the 
determination of sulfur content may be evaluated 
in Table 6. For Runs I, II, and III, all values for 
sulfur in the cores (Mss) are within one standard 
deviation of the starting composition—i.e., 36.56 wt 
percent sulfur. The product of Run IV contains only 
very small remnants of Mss plus some very small but 
conspicuous pyrite grains; these factors may have 
contributed to poor electron beam placement on 

TABLE 5. Comparison of Cobalt Smythite (Taylor, 
1970, and Nickel and Harris, 1971) with Theoretical 

Stoichiometry 

Cobalt Smythite 

Taylor Nickel and Harris 

Fe 

Ni 

S 

58.3 

0.65 

41.2 

58.6 

0.1 

41.5 

56.64 58.76 

43.36 41.24 

Mss and thus the slightly higher results for sulfur. 
None of the sulfur contents determined for the pre
pared products are within one standard deviation of 
either FeNioS4 or Fe.iNi«S]i, which have S contents 
of 42.54 and 40.42, respectively. However, the .value 
41.6(5), which includes all of our data in Table 
6 for reacted material, is identical to that obtained 
for Craig's presumed- synthetic FeNi.2S4. 

Natural violarite from Sudbury, Ontario, as shown 
by 20 analyses on 10 grains of the material, contains 
only 41.0(3) wt percent sulfur. This value is not 
directly comparable with the value 40.8(7) wt per
cent sulfur obtained for our high-Ni (Fe,Ni)oSn 
phase, but it is intriguing that the sulfur values for 
the two natural phases are distinctly lower than 
those for the synthetic materials. 

The analytical sulfur data for materials which have 
the X-ray diffraction pattern of violarite, including 
natural violarite, synthetic violarite provided by 
Craig, and our synthetic violarites, force us to con
clude that "violarite" is generally not stoichiometric 
FeNi.,S4. 

Additional evidence supporting this conclusion is 
found in reports on the Marbridge ore bodies, Que
bec, by Buchan and Blowes (1968) and Graterol 
and Naldrett (1971). Both papers report several 

TABLE 6. Microprobe Analysis of Sulfur on Synthetic 
Fe-Ni-S Products, Using Two Spectrometers Simul

taneously* 

Sulfur concent (vt. percent, std, dev.) 

Run Temperature and ""81"= of grains 

No. Intended product 

Monosulfide solid solution 

in core of grains 

Spectrometer Spectrometer 

1 

41.4(6) 

61.8(5) 

41.8(3) 42.0(4) 

41.7(5) 42.1(7) 

36.3(3) 36.4(4) 

36.4(4) 36.3(3) 

36.2(4) 36.3(9) 

37.1(3) 37.6(7) 

* Analyst G. A. Desborough using two spectrometers simultaneously at 
6 kV according to the method of Desborough et_ al̂ . (1971). Estimated 
standard deviations (In parenthesis) are In terms of the last decimal 
place cited. 
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analyses of "violarites," all of which have a metal: 
sulfur ratio greater than 3:4. Specifically, Buchan 
and Blowes identify three types of "violarite" with 
an average metal:sulfur ratio of 3.24:4 or 8.91:11. 
Graterol and Naldrett report four analyses averaging 
3.35:4 or 9.22:11 (excluding one apparently in
ferior analysis with S = 37.1 wt percent, 3.28:4 or 
8.96:11). In each of these studies, the authors 
ascribe deviations from 3:4 stoichiometry to difficul
ties in polishing and resolving fine "violarite" inter
growths. We believe that this explanation is erron
eous and obscures the fact that "violarite" is not 
strictly a 3:4 compound. Clearly, a problem arises 
concerning the proposed solid solution between 
violarite and polydymite (e.g., Graterol and Naldrett, 
Fig. 8). On the basis of our study, that of Graterol 
and Naldrett, and that of Buchan and Blowes (see 
their Fig, 6), it seems more reasonable to propose 
an extensive solid solution series that contains 
throughout a proportion of sulfur more clearly cor
responding to 9:11 than 3:4 stoichiometry and 
ranges from compositions richer in Fe than violarite 
toward polydymite (compositions richer in Ni than 
violarite). 

We propose that synthetic material previously as
sumed to be synthetic FeNi2S4 contained traces of 
pyrite and/or traces of (Ni,Fe)S2, a suggestion com
patible with the phase diagrarn of Craig (1968) at 
temperatures below 450°C. Trace quantities of these 
two additional phases, as well as traces of unreacted 
Mss cores, would change the sulfur content of pre
sumed violarite. Such small quantities are not de
tected in routine X-ray diffraction studies of a bulk 
product and may go unnoticed in microscopic investi
gations unless extreme care is taken. Furthermore, 
only the most careful microprobe study, with well-
known, homogeneous standards of close composi
tion, is able to document unequivocally the observed 
deviation from stoichiometry. 

In any case, the nickel-rich violarite-like material 
we report in eclogite contains 40.8(7) wt percent 
sulfur but is apparently indistinguishable from the 
mineral referred to as violarite. It has the X-ray 
pattern reported for violarite, but does not have 
M3S4 stoichiometry. 
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INTRODUCTION 

I would like to consider a little-understood and sometimes 
maligned family of minerals and its relationship to an ill-defined 
type of rock. The mineral is scapolite, rhe rock is granulite, and 
both are probably more important than some of us think. Before 
going further, however, 1 would like to make it clear that the work 
reported here was done in cooperation with my colleague, Robert 
C. Newton, and although more detailed and extensive versions 
complete with data will appear elsewhere under joint authorship, 
the bylaws of the Geologicai Society of America do not permit 
"co-presidents." 1 hope that this address does not become as well 
known as the one Lincoln gave at Gettysburg, for my conscience 
would suffer the more. This concern would be unnecessary if presi
dential addresses could be seen and not heard, or even better, 
looked at without being read. This latter would permit reprinting 
of the same piece for each President, and editorial and typesetting 
costs could he eliminated. Or, if they must be heard and read, each 
president could be assigned to one of a limited number of ad
dresses, and could work it over, add new data as necessary and 
available, inject or interpret new ideas, polish, hone, modify to 
conform to the existing Zeitgeist, and hopefully do so in an area 
reasonably close to whatever his specialty may be. This approach 
would not only be instructional for the retiring officer, but it could 
conceivably eliminate random and rambling papers, and provide us 
all with current and noncontroversial review articles. 

One current very hot subject is the Earth's mantle, and recent 
interest is not limited to geophysicists, geochemists, and pct-
rologists, for interrelationships with global tectonics bring it be
fore almost every kind of earth scientist. Not very many years ago, 
the mantle was cloaked in obscurity by the crust, and very few-
geologists gave it any thought, although it provided a ray path for 
seismologists and an intelleaual home for a few geophysicists. 

The first meeting of the Society I attended was in Chicago in 
1946, and my mentor, N. L. Bowen, held forth in his usual delight
ful and erudite way on magmatism and granitization, pontiffs, and 
soaks (Bowen, 1947). This was the heyday of the granite con
troversy, and with the crust presenting so much food for thought, 
who cared about the mantle? The new global tectonics has intro
duced a new snobbishness, and a "downward drift" has taken 
place; the mantle is "in," and much of the crust is viewed not as 
food for thought, but as potentially subducrible nutrient for the 
upper mantle. The disdain for the visible and more familiar can 
have sociological as well as scientific overtones; that great con-
man, "Yellow Kid" Weil, commenting about his marks', said "The 
upper crust is composed mostly of crumhs." The upper crust we 
see. We are reasonably sure that wc see fragments of the upper 
mantle brought up as exotics in deep volcanoes and kimberlite 
pipes. Rather few geologists have attempted to characteri7,e the 
lower crust, however, and it is my impression that it currently 
carries a larger clement of the unknown than any other region of 
the Earth; at the same time, it is not a popular area of speculation. 

This may be due to an assumed high degree of complexity, variabil
ity, or inhomogeneity. 

Some of my acquaintances feel that 1 have not been field 
oriented, yet 1 am aware of the fact that there are aspeas of our 
understanding of the Earth that require observations of rocks and 
minerals in their natural habitat. In order to do anything like field 
work in the deep crusr however, one has to be a "trash man" of 
sons. Our best samples of deep crustal as well as mantle material 
are the fragments ripped out of place by the rising magma in the 
above-mentioned volcanoes, and by the kimberlitic and other 
deep-seated pipes; this deep-earth trash, a litter of xenoliths,, is 
picked up at or near the surface by the combination field man and 
refuse collector. This kind of field work appeals to me. 

Collecting these nodules has become scientifically a very 
profitable enterprise, particularly for those working with the (pre-
sumed.l mantle material. Rather little attention has been given to 
the more siliceous nodules, although a number of authors have 
noted the presence of crustal material, panicuiarly granulites. Lov
ering and White (1964) have worked on material from the Delegate 
pipes in eastern Australia and cailed attention to the presence of 
apparently primary scapolite in granulites included in these 
breccia- and basalr-fiiled pipes. Scapolite has also been noted in 
similar occurrences in South Africa and Siberia (Bobrievich nnd 
Soboiev, 1957; Soboiev, 1959; Dawson, 1964, 1968, 1971; Gox 
and others, 1973; Verhoogen, 1938), although as indicated by 
Bobrievich and Soboiev (1957) and by Misch (1964), rhe scapolite 
in metamorphic occurrences is generally viewed as secondar>-, atter 
plagioclase, with no clear mechanism for or time ofthe scapoiiti'/.a-
tion suggested. This statement could be made about most descrip
tions of scapolite terranes or occurrences to be found in the litera
ture. Lovering and White stated that the scapolite in the .^ustralian 
pipes is primary, and that the granulite xenoliths containing it 
come from the deep crust. 

It is difficult to speculate on the genesis of a mineral if nothing is 
known about the conditions for stability and the interrelations of 
composition and stability of rhe species. As 1 attempt to demon
strate in this paper, much ofthe haziness about the role of scapolite 
in a variety of parageneses has been due to lack of information and 
in part to misconceptions about the nature of the scapolite inincr-
iils. Accordingly, an investigation vvas begun to clarify at least .some 
of the coniposition.-il uncertainties and ar the s.imc time to learn 
something about the stability regions of the various compositions. 
It turns our that P. M. Orville h,id been working on the scapolites 
containing carbonate-and chloride as anions; his experiments, car
ried out at lower temperatures and pressures, supplement our dara. 

SCAPOLITE RELATIONS 

Up until this year, almost all of our knowledge of scapolites lias 
come from the examination of natural materials, and Shaw (1960a, 
1960b) and Evans and others (1969) have examined many scapo
lites and summarized the data on them. The designated end mem-
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Figure 1. The system Ab-An-CaCOa at UOO'C and IS kbar. 
3An -CaCOais the scapolite meionite, and the range of scapolite solid solu
tions Slable at this temperature and pressure is from point S, the most sodic, 
to the meionite end member. Four experimentally determined tic lines are 
shown in the field of scapolite -t- plagioclase, the limiting one being the line 
SP, in which a scapolite of the composition S is in equilibrium with a 
plagioclase of composilion P, In the sodic portion of the system, calcite can 
coexist with a plagioclase of any composition between Ano and An^s. 

3An-00304 

40 90 60 

Mol'/o 

Figure 2. The system Ab-An-CaSOj at 1200°C and IS kbar. The range 
of scapolite solid solutions stable at this temperature and pressure is from 
the sulfate meionite end member 3An-CaS04 to the composition S. Four 
experimentally determined lie lines in the field of scapolite + plagioclase 
are shown, the limiting one being the line SP, in which sulfate scapolite 
of the composition S is in equilibrium wilh a plagioclase of the composi
tion P. In the sodic portion of the system, anhydrite can coexist with a 
plagioclase of any composition between AHQ and An^j. 

hers are marialite, 3NaAISi:,0„-NaCI and meionite, 3CaAl2 
SiiiOfi-CaCO.-,, easily remembered as 3 albite -I- NaCl and 3 anor
thite -f CaCO;,. Speaking as one who has spent a good deal of time 
on feldspars and carbonates, 1 think that meionite in particular has 
a friendly feel about it. Analy-/,ed scapolites run from approxi
mately 80 percent marialite to approximately 90 percent meionite, 
although almost all of the analyses cluster between 30 percent (70 
percent marialite) and 80 percent meionite (Evans and others, 
1969). Evans and others (1969) showed that these intermediate 
compositions do not lie on a simple binary join between the end 
members, and Papike (1964) indicated that the anion site can be 
filled with CO:i at approximately 80 percent Me or, according to 
Evans and others (1969), Ca/(Ca-)-Na) = 0.75. Orville (1975) dem
onstrated that if Cl~ is present, the classic marialite-meionite join 
can exist. The Ci" and COj" ions reside in equivalent cavities 
within the silicate structure, which is based on an Al-Si framework 
with tetragonal symmetry. The details and subtleties of the struc
ture are still being investigated by several workers, and although 
complex and interesting, need not be considered for our present 
purposes. 

Some scapolites contain quite a lot of sulfur, now known to be 
present as SO4". We have synthesized and determined the stability 
relations of the end member scapolites 3NaAISi.,0B-NaCI (maria
lite), 3CaAl2Si20»-CaC03 (meionite), and 3CaAl,.iSi.p„-GaS04 
(sulfate meionite), and have determined the isothermal stability 
relations in the systems Ab-An-CaGOj, Ab-An-GaS04, and the 
hybrid system arbitrarily containing one-half carbonate and one-
half sulfate, all at 15 kbar and temperatures in the range 1000° to-
1300°C (15 kbar is equivalent to a depth of about 50 km). In this 
temperature and pressure range, the Ca-end member scapolites 
3An CaCO;, (meionite) and 3An-CaS04 (sulfate meionite) are sta
ble, and phase relations at IZOO'C and 15 kbar are shown in Fig
ures I through 3. 

Figure 1 is the system Ab-An-CaCO, at 1200°C and 15 kbar. 
The end member meionite is shown as 3 An • CaCO^. The horizontal 
line from this end member to point S represents the range of scapo
lite compositions that are stable under these conditions, point S 
being the most sodic composition. Thus, at 1200°C and 15 kbar, 
chlorine-free CaCOs-scapolites are stable with NaiCa ratios up to 
the equivalent of an Ab4i,AnGo plagioclase. The three-phase triangle 
outlines the regions where calcite, plagioclase ofthe composition P, 
and the limiting scapolite S arc in equilibrium. Bulk compositions 
to the left of this triangle do not produce scapolite, but calcite • 
coexists with plagioclases from Ab,oo to Abg, An^ .̂ The upper field 
on the calcic side of the three-phase triangle contains coexisting 
calcite and scapolite. Tie lines could be drawn in this field, radiat
ing from the CaCOj apex co all of the scapolite compositions; the 
same could be done in the two-phase field of calcite and plagio
clase. 

The most interesting field in the diagram is that representing the 
coexistence of scapolite and plagioclase. Four experimentally de
termined de lines in this region are shown, the limiting one to the. 
left also being one side of the three-phase triangle. These rie lines 
connea the composition of scapolite in equilibrium with plagio
clase. 

The scapolites at 1200°C range in composition from pure meio
nite, which can only be in equilibrium with pure anorthite, to one 
represented by point S. Tie lines connect these scapolites with the 
appropriate plagioclase, ranging from An,oo to Abjo An3o. It is 
apparent that at this temperature a large range of scapolite solid 
solutions can exist in the absence of chlorine, or without substitu
tion of the marialite end member as such. These data uphold the 
views of Evans and others (1969) and the observations of Orville 
(1975). 

Figure 2 shows the system Ab-An-CaSO, at 1200°C and 15 kbar. 
The configuration of the diagram is very much like that in the 
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Co CCXCoSO^ 

1200'C 
5 kbar 

,6An'CaCO,'CoSQ, 
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Figure 3. The system Ab-An-CaCO, CaSO, (CaCO,, and CaSO, in 

equimolar proponions) at 1200°C and IS kbar. The range of scapolite solid 
solutions stable at this temperature and pressure is from the end member 
6An-CaCOj-CaSO, to the composition S. Four experimentally determined 
tie lines in the field of scapolite -I- plagioclase are shown, the limiting one 
being the line SP, in which a hybrid scapolite of the composition S is in 
equilibrium with a plagioclase of the composition P. In the sodic portion of 
the system, calcite and anhydrite can coexist with a plagioclase of any 
composilion between An^ and An 27. 

carbonate system, but sulfate-scapolites cover an even larger range 
of solid solutions. Point S, the limiting scapolite composition at 
1200°C, has a plagioclase equivalent of AbijAnsj. The sulfate 
scapolite can take even more albite component in solid solution 
without the need for Cl than can the carbonate scapolite. Three 
experimentally determined tie lines plus the limiting tie line S-P are 
shown. The range of compositions of plagioclase in equilibrium 
with the sulfate scapolites is also slightly larger than in the cat-
bonate system. 

The system containing one-half carbonate and one-half sulfate 
was investigated because of the observed association of these an

ions in subequal proportions in several analyzed scapolites (Knor-
ring and Kennedy, 1958; Lovering and White, 1964). Figure 3 is 
the system Ab-An-CaC03CaS04 at 1200''C and 15 kbar. The 
combination of anions produces a range of solid solutions that is 
somewhat greater than that for either the carbonate or sulfate 
scapolites; point S is at a plagioclase equivalent of Abis2 An48, more 
than one-half of the distance along the join. Again, three experi
mentally determined tie lines plus the limiting tie line are shown. 

The effea of temperature on the extent of the scapolite solid-
solutions and on the scapolite-plagioclase equilibria (tie lines) in 
these three systems has been examined at 1000°, 1100°, 1200°, and 
1300°C. The solid-solution limits are difficult to determine and 
hence poorly known in the sulfate and hybrid system at 1000° and 
1100°C; reaction rates are slower than in the pure carbonate sys
tem. Nevertheless, at least from 1100° to 1300°C, the range of solid 
solution is extended toward more sodic compositions with decreas
ing temperatures. This may not be a simple unidirectional effect, 
however. The effect of temperature on the scapolite-plagioclase 
equilibrium is of greater interest. Rather than show a series of 
isothermal diagrams such as those in Figures 1 through 3, the data 
can be more conveniently plotted as the ratio Na/Na-I-Ga in the 
plagioclase component of the scapolite against the same ratio in the 
plagioclase. This distribution of Na and Ca between scapolite and 
plagioclase in fact defines the tie lines as shown in Figures 1 
through 3. 

Figures 4 through 6 illustrate the effect of temperature on the 
scapolite-plagioclase equilibrium at 15 kbar. Figure 4 is for the 
carbonate-scapolites, Figure 5 for the sulfate scapolites, and Figure 
6 for the 50:50 CaC03CaS04 hybrid. The number of points is 
meager; generally four tie-line determinations at each temperature 
were carried out. The scatter is such that dashed curves are drawn, 
as the best estimate of the Na-Ga distribution. There is, however, a 
consistent trend; the scapolite becomes more sodic relative to the 
plagioclase with decreasing temperature. Thus the tie lines tend to 
"lean" more to the left as the temperature decreases. TTiis effect is 
apparent in all three of the scapolite systems. The Na-Ca distribu
tion between coexisting scapolite and plagioclase can thus be 
treated as a geologic thermometer, at least in the case of the more 
calcic plagioclases and essentially Gl-free scapolites. More precise 
determinations of these equilibria are desirable, and the effect of 
pressure should be evaluated, although more will be said about 
pressure shortly. Point D represents the composition of a scapolite 
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Figure 4. Ploi of lhe ratio Na/Na-f-C.i in the 
plagioclase componenl of the carbonate scapolite 
against the same ratio in the plagioclase, for 
temperatures of 1000°, 1100°, 1200°, and 
1300°C, at 15 kbar. The letter D represents the 
scapolite-plagioclase pair in the two-pyroxene 
granulite inclusions in the Delegate pipes, Aus
tralia (Lovering and While, 1964). 
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plagioclase component of the sulfate scapolite 
against the same ralio in the plagioclase for tem
peratures of 1000°, 1100°, 1200°, and 1300°C, at 
IS kbar. The letter D represents the scapolitc-
pl,igiocl.ise pair in the two-pyroxene granulite in
clusions in the Delegate pipes, Australia (Lovering 
and White, 1964). 
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Figure 6. Plot of the ratio Na/Na-I-Ca in the 
plagioclase componcni of the hybrid carbonale-
sulfate scapolite against the same ratio in the 
plagioclase, for lempcralures of 1000°, 1100°, 
1200°, and 1300°C. at IS kbar. The letter D rep
resents the scapolite-plagioclase pair in the two-
pyroxene granulite inclusions in the Delegate 
pipes, Australia (Lovering and White, 1964). 
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coexisting with plagiocLisc in a 2-pyro,xene granulite nodule from 
the Dc!cg;ne pipes; of Australia describi;d by Lovering and White, 
which also, will be considered shortly. 

STABILITY RELATIONS OF THE 
END-MEMBER SCAPOLITES 

There are a number of metamorphic iQcalities in which almost 
pure anorthite coexists with calcite (Wenk, 1-962; JVlisch, !964),. 
This would ihdica'tc tharunder the particular mctamorphit condi
tions, the end-member meionite is not stable. Orville (1975) has: 
recemly published on the stability of scapolite in the system 
Ah -An-GaCQa-NaCI, at 75,0°C and 4 kbar. k is results-suggest-that 
under these conditions pure meionite is unstable relative to anotr 
thite and calcite, but that scapolite is stabiiiied by the presence of 
Na in the system. Figure 7 is"taken from Orville's work atid indi
cates that in the absence of Cl, a scapolite of liraited range of 
conipositions (about Ab-2AnCaCO.,; Orville uses the old term 
mizzonite for this composition) is in equilibrium with plagioclases 
from approximately -AbrijAn.,,, to AbijAus,,' The field data (and 
Orvilte's results) thus indicate that pure meionite is unstable at 
moderate to low temperatures, Newton atid Goldsmith (1975) 
have shown that the end member meionite is stable at temperatures 
:of 10.00°C, and remains; so up to the meiting curve which exceeds 
150P°C at 20 kbar. The high-pressure breakdown to grossular, 
kyanite, quartz, and caieite in the range 25 to 30 kbar was also 
demonstrated by Newton andEoldsmith, Wc now have additipnal 
data showing that mcionire becomes-imstablc relative to anorthite 
and caki tca t between 850° and 9dfl°C at 15 kbar and between 
825° and 850°C at 8 kbar. The volume change of the reaction is 
quite small, and the equilibrium curve is steep. Thus, meionite is 
unstable at temperatures below 800°C, and iirahy geologieal range 
of pressures, scapolite can be. produced in the reaction 3An -)-
CaGOj ; ^ meionite only at temperatures somewhat greater than 
800°C, These relations are. shown in Figure'8, where the field of 
meionice is outlined by the limiting; stabi I ity curve to the left, the 
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figure 7. The system Ab-An-CaCQ.i at 7S0''C and 4 kbar, according (o 
Orville (1975). The end member meionite is unstable under these condi
tions, and Grville's data indicate.that the range of stable Cl-free;scap6fite 
compositions is; quite limited and in the injzzoniie region of the scapolite 
solid-solution series. 
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Figure 8. The stability relations of meionite, SCaAI^SijOu'CaGOj. The 
continuoiis subsolidu.^-breakdown and meltiiig curves are taken from New
ton and Goldsmith (1976), .is is the curve representing the reaction Me ^ 
Gr-f- Ky + Qz -(- Ce, the lipperpressure limit of meionite. The steep curve 
for the.reaction An + Cc ^ Me is based on reversed reactions at 8 and IS 
kbar. Me = meionite, Gr = grossblarite, Ky = kyanite, Qi = quartz, Ce = 
calcice. Ah =.finoRhite, 

meiting curve to the right, and the high-pressiit;e breakdown of 
meionite to grossular, kyanite, quartz; and calcite ât the top. It is 
apparent that meionite is a high-tem perature.mineral, and .one ca
pable of existing at rather high pressures, as well. 

The pure sulfate-nieiOnite alsohasihtcrcsting properties, and its 
P-T region of stability is,shown in Figure 9- It is quite refractoryi 
and at pressures above about 20 kbar, melts at Higher temperatures 
than anorthite. The steeply risings melting curve is shown to the 
right, crossing the^anorthitc melting cvirve. At these high tempera
tures'and pressures, GaS04 is present along the melting curve — a 
long way from sedinieritary and evaporite conditions! The stability 
curve separating sulfate scapo.)ire from the assemblage anorthite -I-
anhydrite is the lower curve shown in Figure 9, with a negative 
slope, The stability curves for scapolites ih Figures 8 and 9 were 
determined with the use of "reversed" reactions, that is", the reac
tions were made to run in both directions, and thus are true 
equilibrium boundaries. The melting curve projeaed to low pres
sures and projected stabiiity curve intersect at approximately 2 
kbar an'd 1530''C; thusatariy temperature, sulfate meionite is sta
ble only at elevated pressures; and is unusual in thai it is also fa
vored by increasiiig temperature as well as pressure. The:calculated 
curve for the high-pressure breakdown of sulfate meionite to gros
sular, kyanite, quan?,/and CaS.O^ is shown at-the top of the dia
gram. The shape.of the stability field of the end member sulfate 
meionite indicates, thai the minimum temperature of existence of 
the scapoliteis approximately 7 7 5 ^ at 17 kbar, and that sulfate-
rich meionite could only be expected to exist under rather deep-
seated and high-rem perature conditions. Although generally 
metamorphic minerals, the Ca-rich; scapolites are obvioiisly stable 

-in.a temperafurt: range high enough to erystallizeas priinary mag
matic: phases at depth, assuming an adequate supply of COj and 
sulfate.-

Textbooks of mineralogy and petrology, ifthey mention scapo
lites'at all, generally leave the impression that although typically 
metamorphic minerals, they are formed by metasbmatic activity, 
pneumattilytic alteration, or for the most part by secondary ot 
retrogressive processes. Barth, in the 1952 edition of his book 
Theoretical Petrology (p. 283-284) stared, "It is expedient to re-
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Figure 9. The stability relations, of sui fate rmeionite, 3CaAUSiP;a-
CiSoy The steep melting curve is from data of Newton and Gold
smith (1976). The dashed curve for the melting of anorlhite is taken 
from unpubliihed data of Newton and Goldsmith, The curve for the upper 
pressure limit of sulfate-meionite, the reaction sulfate.Me ,,^ Gr -l-'Ky H- Qz 
-(- GaSb, is from Newton and Goldsmith (1976), -fhe Hat cur¥e.\vith the 
negative slope represents the reaction An + GaSO, ^sulfate Me, Me — 
meionite, Gr = grossularite, Ky = kyanite, Qz = quartz, An = anonhitCi 
Cs = calcium sulfate. 

gard meionite and marialite as theJbw-remperatiire 'modifications' 
of anorthite and albite, respectively." He developed a diagram that 
geometrically resembles the plagioclase meiting loop, with pligio-
clases on the top curve and,.scapojites on'the.bbrtom. It was-sug-
gested that any stable plagioclase^ on cooling in the presence of 
carbonate-bearing,solutioiis, will thus break up iiito a more calcic 
scapolite aiid a more, sodic plagioclase. Interestingly, the entire 
discussion of scapoliteswas omitted from the 1962 revision (Barth,. 
1962), Similarly, Fyfe and Turner .(in Fyfe and others^ 1958), in 
agreement with Barth, present-;a hypothetical scapolite stability 
diagram, in which scapolite is shown to be on the low^tcmperature 
side of the curve that represents the reaction scapolite-^ anorthite. 
-f calcite, -These and other authors-had little information with 
which to operate. No one had data indicating;that the equilibrium 
relationship has the opposite sense —that scapolite is the stalwart 
br that scapolite takes over from the weaker combination when 
things get hot. 

If this is an unexpected result, it points up the importance.of 
experiniental pctrplogy as an adjunct to field and theoretical ap
proaches. It is another example of'Bowen's (1938) pica for "Mente 
er Malleo Atque Carino," for here both field pbscT-vations and 
theorizing led to the- wrong conclusion, 1 should hasten to add, 
however, that sloppy experimental-work^ particularly that in -w'hich 
little care is exercised in the attainment of equilibrium, can make 
unreserved fools-of experimentalists. 

Our very recent experiments have shown that marialite is stable 
relative to ajbite plus NaCl in .Thigh-teiTiperature range down to at 
least 8()()°C, a fact not-anticipated by Orville (1975) in his work at 
750°C but nfar ar variance with it. We have tiot been able to deter
mine the lower-temperatiiri; stability boundary of marialite by our 
methods. Our data, in, conjunction with thost; of Orville {1975} 
would place a boundary between 750° arid 800°G in the pressure 
range 0 to 8 kbar, with a steep clP/dT slope. Thus, the general 
appearance of the iiiarialite stability diagram would be very similar 
to that of mcibnirc. This matter will not be pursued further because 
of the fact that chloriric has bcefi found to be present only in trace 

amounts in thcscapplites of deep-seated origin considered here. We 
have already seen that scapolite can contain rather large amounts 
of the sodic component without needing chloride ions, and fur
thermore chlorides are not abundantih the lower crust Marialite 
scapolites are prpbabiy most prevalent in metamorphosed sedi-
iTients containing halite (Hietanen, 1967) or- rocks in which 
chlorides have been metasomatically introduced (Edwards and 
Baker, 1953), If scapolites"were to form in association with the 
comirion native minerals of'the lower crust, one would expect 
rather calcic scapolites containing Carbon (carbonate) and sulfur 
(sulfate), if only on the -basis of the elements that are available. 

The only experimental data on the stability of the interrriediate-
Na-Ca scapolites are the limited-data of Orville (19,75), as shown in 
Figure 7, Orville (1975) has shown that the sodic component 
stabilizes the carbortate scapolite to lower temperatures, and one 
might'assume a similar effect in the case of the. Na-Ga. sulfate 
scapolites, but that would be guesswork. Although we have inves
tigated the tie lines in the'CaGOa-CaSOi hybrid system, nothing 
has been done on the'effect of.a varying GaCOarGaSQ, ratio on the 
P-T relations on the scapolite stability field. It is not too difficult, 
however, to imagine states intermediate between those shown in 
Figures 8 and 9, fepresenting intermediate cpmposirions: Another 
unknown is the effect Na may have on stabilizing the sulfate-
scapolite. to" lower pressures, although it is not unreasonable to 
expect it to do so, Iliis multicomponent system with both P and T 
as variables has hardly bc(:n.touched. 

KOLE OF SCAPOLITES IN CRUST 

We have se'eti that the lime-rich compositions are very refractory 
— perhaps.surprisingly'so, considering that they contain what we 
usually think of as volatile, substances. Goldsmith and others 
(1974) showed that a marialite with-nitrate in place qf chloride was 
stable to fairly high tefnperatures at elevated pressures. At elevated 
temperatures and pfcssufes, calcic feldspar is unstable in the pres
ence of carbonate and (or) sulfate (or G02 0r oxidized sulfur), and 
Ca-rich scapolite is formed. Figures.8 and 9.show that for both the 
carbonate and sulfate end members; the temperature must be 
greater than 800°C for scapolite to form. As wc have seen, the 
presence of Na will .stabilize scapolite at lower temperatures^ and 
calcite plus a plagioclase containing some ailbite wi|l react at tem
peratures well below 800''G. 

Lovering and White (1964), using as a basis their analysis ofthe 
scapolite occurrences irfgrahii lite; nodules from the Di; leg ate pipes 
in Australia, suggested that the lower crust beneath Australia may 
contain as much as 5 percent scapolite as a primary phase. Dawson 
(1964, 1968, 1971) Has noted the-pi-eschcc of .scapolite in calc-
silicate granulites in kimberlite diatrernes, and stated (1971), ". . . 
it is, a possibility that the granulite xenolith's in kimberlites; were 
perhaps'd eri ved from lenses or layers ofjgranuliteat the basejif the 
crust or in the extreme upper levels of the-upper mantle," As indi
cated above, scapolite has now been observed in granulite'inclu-
sions' from three continents and may be more coriimon than the 
published record shows, for there is a tendency to preferentially 
.collect and examine the more, basic xenoliths, presumed to have 
come from tbe mantle. It is fair to say that the extent to which 
meionitic si:apdlite cxistsm the lower crust is largely dependent on 
the availability of carbonate and sulfate as well as.on the distribu
tion of basic plagioclase. 

The words scapolite and granulite are associated in the title of 
this address. It appears to me that most of the Ca-rich scapolites 
occur ill granulites or related high-grade rocks; Fyfe and others 
(1958) h;ivc suggested that scapolite is,a granulite-facies mineral. 
Several corisidefarions that relate composition and P-7'i"stability tb 
this association favor a hypothesis that granulites are the typical 
lower-crustal rocks bf much of the continental areas. More about 
this follows. 
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The Delegate pipe material is, one of thcfew documented exam
ples of anal y/.cd sea pull te from rbcjdecp earth. Is it,possible to drdw 
isome conchisions as to the pressure and rcinpcr.-irurc condiriijns of 
its fo'^mation? Lovering and White.(1964) report a high sulfur 
content, as much as 73-percent of the caj-bon (in carboniite) re
placed by S (now known to be sulfate) in the scapolite of one of the 
two. types o f gra lui I i tes they li a ve exa in i ned. A plagiocl ase of A n gflis 
associated with the scapolite. This material is plotted asthe letter D 
in Figures 4 through 6; from our tic-line data, vve must conclude 
that this scapolite-plagioclase pair equilibrated at a temperature 
b'elow iO()0.°C. Thus it is unlikclythat this pair is a primary igneous' 
associatibn directly related to the magmatism which carried it close 
to the surface, i t ijs more likely that the .scapolite is a primary 
metamorphic constituent of an •issemblage which may be quite 
representative-" of the constitution of much of the bwer crust O.f 
eastern Australia, i rvi ng (.1974) also.made this interpretation ofthe 
sca'pblife-bearing, twD-pyroxene granulites from the Delegate oc-
'currerice oii the basis .of textures aiid trace elements. This use ofthe 
scapolite-pTagioclasc pair as a 'geothermometer assumes no 
significant pressure correction; it has been investigated only at 15 
kbar. 

There is little doubt that much of the carbonate in the deep-
seated scapolites comes from the man rie. Newton arid Sharp {1975) 
present evidence- against the presence of free CO2 in the upper 
manric, for the assemblage MgCQs -I- MgSiOj is stable relative to 
MgaSiO^.and CO2, at l.east under siibcontin'enra) cnyironriients. 
Whethcrthe carbonate groups in scapolite came from gaseous CO2 
or from C.O^ in solution in a melt or cvf;iras a solid carbonate would 
make little difference to the^seapolite, however; inany case, theteis 
certainly oxidized carbon in the upper mantle, Tourer (1971} stated 
that COa is given off by the •crystallization of deep-seated basic 
ititrusions containing COj in solution, and that thi;-CO, permeates 
the metamorphic terrane in a wave of dry regional granulite 
metamorphism, rf,;hovvcver, the intrusibiVs crystallize" at the kvel of 
the lower ci-ust, the CO2 would crystallize in primary- igneous 
scapolite, and th&scapolite would re-equilibrate with plagio'ciase as 
the intrusion cooled. 

We have seen in Figure 9 that thcpure suifate-meionite is "a triic 
high-pressu re- mineral favored by both high pressures and high 
temperatures. The sulfate cohteht of scapolite thus has the poten
tial of yielding information ori the pressure' of crystallization or 
equilibration. Before it cari be useful as a geo barometer, however, it 
mustbe, calibrated as a function, bPcomposition, The effect of the 
,C03/SO4 ratio and of the Na/Ca ratio oh thesldpe of the-stability 
boundary itiust be known. This is a large order, and it means 
working out the P-7" stability relations in the,4-component systern 
Ab-An-CaGOj-CaSOi., It is not likely, however, that the substitu
tion bf Na will have a great effect on the slope of the stability 
bpundary, for the vbiume change with substirurion is smalJ. It will 
shift the equilibrium to lower temperatures, however, and the reac
tion will become'divadant. In the Na-free, system, as sulfate re
places carbonate',, the steep stability curve of meionite (Fig. 8) musr 
steepen even more, become vertical, theri become negative and ap
prpach the.flai negative slope of the sulfate end member. Thus, i:he. 
sulfate-rich meioriites; are poferitially excellent geo barometers, as
suming that the presence of Na and the development of divariancy 
does not drastically-alter the shape of things. 

The Delegate scapolite has nearly a 4:1 Ca/Na ratio, and the 
sulfate substitution of 70 percent or more is large enoiigh to make 
-.temptirig the claim for a deep-seated Origin, even if rio ancillary 
evidence were available, and with no data on the-effect of Na. This 
view is strengthened by thepublished analysts bf scapolites (Shaw; 
1960a;,Deer and others, 1963); those with high sulfur content all 
appear to be jfrom deeprseared ^sources. 

Is sulfur alwiiys available at depth? Brimstone is surely as
sociated with volcanic fires, but little attention has been given to 
the abundance and state of sulfur in the mantle. Presumed upper-
mantle rocks con tai 11 .sulfur in sulfides, and lam not aware of any 
report of sulfate (n kimbeHitcs and peridotitcs; if it taere to be 
noted, it might well be passed off as an alteration product. Is the 
sulfate in ,sea polite derived from reaction with sulfides or other 
fonii-S of reduced sulfur from the mantle? Very probably so, and it 
islik'ely that oxidation takes place by a-ferrous-ferric, equilibrium 
with deep crustal minerals, and with no transfer of oxygen or need 
for other oxidizing agents, A bare-bones simplification, with ions 
pulle'd out of their silicate and oxide context would be: 

5"- _̂  4Fe ,0 i _^ SO,- _̂  8 FeO 
(in sulfide) (in magnetite) (in scapolite) (insilicate) ' 

We dd see "sulfur as well as carbon brought in one form or 
another to the surface. Sulfur, SOj, SO3, or even sulfate are as
sociated with volcanism;. we must assume that in basaltic vol-
canoiis, it has, been rather quickly brought up froin the mantle with 
little chance fpr oxidation. Carbon also acts as a traveler iri the 
crust, explosively rammed thrpugh in,kimberlite diatrernes. Aside 
from diamonds, which may be residents of the niantle, but surely 
tt;ansients in the crust, carboii as carbonate or CO2 should react 
with plagioclase in the deep crust and assume residential status as 
scapolite. The sulfur that becomes oxidized should do the same, 
and the existence of sulfate-bcaring scapolite in deep-crustal 
xenoliths isjgood evidence that this is what takes place. 

We have seen the need for -a deep, hot situa tiori for Ca-rich 
scapolite. Just as the sulfate-rich scapolites come from depths, the 
meionites also come from hot spots; the most Ca-rich known is 
frorii Monta-Somma, a pyrometamorphic occurrence. In fact, the 
P-T conditions (e^ecially T) for nearly pure meionite are so strin
gent that they surely can npt be met, along a normal geothermal 
gradient but could only be satisfied by-suchja,locally hot situation. 
A reasonable amount ofNa in tbe sysrem lowers the temperature 
needed forsta bility, and more sodic scapolites settle for less severe 
conditions. The granulite facies rcpresefits-the highest grade-of re
gional metamorphism in the crust, and may well offer the minimal 
conditions needed for the Ca- and S-rieh scapolites, at least. It'ts 
unlikely that scapolite.exists in the eclogite facies, for we have seen 
that, the upper pressure limit, where scapolites; break dov^n to 
isochemical assemblages containihg garnet, kyanite,.quartz (Figs. 8 
and 9), and presumably jadeite if Na is pî esenf, is close to that of 
the equivalent feldspar. Granulites are thought of in terms of te-
giqnaLmetamOrphism — but where is the "region"? Is metamor
phism always che result of an "event"? .Many insinuate that it is, 
yet is.it.not rriore reasonable to, assume that this cypeof regional 
metamorphism is a normal form of subcontinental deep-crustal 
behavior? This view is a throwback to'the concept of successive 
depth zones, the catazone being the home of'granuiites and related 
rocks. Granulites, are frbm deeply eroded Precambrian gneissic 
areas — from where else should they come but the lower crust? 
Their variability is an expression of crustal inhomogeneityj and 
.metamorphic grade may be related to a "Ipcal" geothermal grar 
dienf, stronglyvaffected by intrusion of molteh material from the 
mantle. 

Granulites are: known ,as: dry rocks. Bowen {1947), in arguing 
'againsta high water content in basaltic magma at depth and point
ing but the,dry nature of deep-zone metamorphic rocks, said, "One 
possible interpretation of this situation is that the temperature in 
the deeper zones is too high for the form arion of the hydrous -
minerals e-ven at: the high pressure there prevailing; but a more 
probable interpretation is that the principal source of water for 
rocks is at the .surface o r atsballow depths, and the mechanical 
barriers to the penetrarion of such water to great depths are al-
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together effeaive." We now know that hydrous minerals aiNs stable 
'in the deeper zones; granulites iire dry because of the absence of 
-water. One might also argue that granulites are granulites and iiot 
amphibolites; at least in part because of this reason (Gjelsvik,^ 
1952; Yoder, 1952;: Ppldei-yaart, 1953; thompson, 1955; Bud
dington, 1963; Misch, i96'4, p, 354; "Touret, 1971), Furthermore, 
Bowen was unaware of the'tnechanism of-carrying water to deep 
rocks by subduction. Itis quite possible that a revealing geographic 
restriction can be placed on gran uLtes—- might they be indicators 
of relatively stable regions of the, deep continental crust removed 
from those areas in which subduaion has. taken place? A |isring of 
the classic granulite locaUties reads Uke a recitation of sucb ancient 
and stable areas of the wbrld. 

The role of water in the structure of scapolites'and its relations to 
' the stability of these minerals become important with respeet to 
the anhydrous nature of granulites. Many of the scapolite analyses 
show H2O to be present, but one.is hard.p'utto avbid contamina
tion, Shaw (1960a) states-that the water seen in the analyses is of 
uncertain significance, but the possibility of sttucturally bound 
•water is not discounted, Zoisite arid meionite have chemical com
positions that differ only with respect to the anionic group: 

scapolite: 3CaAl^iiQ[,-CaG03, 
zoisite; 3CaAliSi2D|Ca{OH)j 

We have found that in the experimental runs made on meionite at 
temperatutes of approximately 900°C or below^ great paitis had to 
betaken to avoid the crystallizatioribf zoisite;atthe,expensc of the 
scapolite. Not only'was it necessary--to thoroughly dry the reactants 
before welding shut the platinum capsule that contained them, but 
the entire as'sembly had to be baked out. Any source of H2© withiri 
the capsule or of hydrogen in the extctnal ;setup, including that 
formed from the decomposition,of H^O at elevated temperature, 
must be avoided, H^ readily diffuses through the platinum, reduces 
thecarbbnateto carbon, and the water thus formed reacts with the 
chatge to produce zoisite. Here is still another system thatj'needs 
study, for the equiUbrium relations between zoisite and meionite 
are functions of f"; T, arid the partial pressures ofGOi and H2O, It 
is apparent that zpisitc-and scapolite have-an antithetical relatipn
ship and that watet would hardly be expected to be^a component of 
meionite. It is most probable, however, that as Na enters the'^capo-
lite structure, the need for large COa/HjO ratips; becomes less 
stringent. The existence; of Na-concaining scapplites in epidote-
amphiboiite rocks and even in the greenschist facies (Hietanen, 
1967) wciuld indicate that increasing Na permits a tolerance for 
water, as does the recent experiment of Milhollen {l974), in which 
a-scapotite of the composition 2An + lAb + GaCO.i was formed in 
theHpresence.of a liquid,in a nepheline syenite ihelt, with vapor rich 
in,,C02and H20 at pressures above 3 kbar. Hietanen (1967) points 
out the increased Nacohferit of scapolite. arid the accompanying 
progtessive decrease in metamorphic grade with distance from the 
Idaho batholith, in the St, Joe-Clearwater region, Idaho. This ef
fect is arialogOus to the breakdow;n of plagiOclasc in the presence of 
water to form zoisite (epidote). Calcic plagioclase reacts to form 
zoisite and an albitic plagioclase, and the more sodic plagioclases 
are"more resistant to this alteration at low temperatures. 

A hot, dry environment is wh.-it alime-rich scapolite wants, and 
that is just what a granulite.has, Touret (1975) considers granulites 
to be catazorial rocks in which mctamotphism takes place in the 
presence of a water-free and COo-rich fluid phase, tKcCO,, pre
sumably coming from the upper, mantle, Touret noted that high-
density, COirrich fluid inclusions" arc abiindant in graiiuliretacies 
rocks, frOm all over the wprld, Froni the location and features of 
these-rocks, he modeled the distribution of fluids within the conti
nental crust and suggested that GO.j is conccritrated-tn.the lower 

crust, betweeri the Conrad and Mohorbvicit discoinririuities. Our 
data suggest that Touret's picture pf volatiles in the lower crust 
should be modified. Mafic compositions surely have prevailed at 
Earth levels equivalent to the'preserit lower criist, and this region 
must have acted as a trap for oxidized carbon and sulfur. CO 2 
would not be in the form of included fluids, but would be locked up 
as scapolite. Much of the work done on fluid inclusions by Touret 
has been in acidic quartz-feldspathic rocks with which CO2 could 
not react. Figures 1 through 3 show that in the absence of chlorine, 
seapblites .are not stable in the Na- and Si--rich "portions of the 
systems, 

Those parts of the preserit lower crust that are appropriately 
basic must still be acting as.a."getter" for sulfur and CO2 coming 
from the deeper earth. The lower crust could be a principal place of 
residence for these Volatile elements, and, in the case of sulfur, 
might be orie of the more impoi-tant repositories in the Earth. Deep 
conrinental drilling in selected sites might give us some insight into 
these and other aspeas of the lower ctust, although jusrifying such 
activity fOr scienrific purposes is not an easy thing to do. 

The carbon and;Sulfur are readily freed to the upper crust and 
atmosphere, and ultimately to the biosphere by any activity that 
takes scapolite out bf its field of stability. If calcic scapolite is 
carried upward by diastrophic or volcanic processes, it will uki-
mately decompose at the elevated temperatures and low pressures. 
If water is carried down to it by subduction, it may also decom
pose, depending upon jhe Na content'and,H2O/C02H-SD>i ratio. In 
general, -with respect to Ga-rich varieties, the retrogressive proc
esses that are commonly corisidered to produce scapolite (see, for 
example, Misch, 1964) are probably the very processes that destroy 
"it. It is not too fat fetched to assume that most of the CO2 (and SO j 
of the air we breathe and therefore the.cairbon of our bodies has at 
one time been in scapolite, it is unlikely that the carbon cycle 
operates as deeply as the lower crust, and although subduction may 
carry quantities of carbon into the rnantle and thus recycle spmepf 
us, we,' the crumbs of the uppet crust, are hardly in equilibrium 
with scapolites of the nether regions. ' 
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Note Added. In I'roof: My attention has been tailed to several publica
tions by A. F. Wilson that contain views quite similar to some presented 
here. At this time, only one of these publications is available tome (Wilson, 
A. F,, 1969, Prpblcins'of exploration for metals ingrariujite terrains, with 
particular reference to Australian localities: Geol. Soc. Australia, Spec, 
l?ubs. No. 2, p. 375-376). Wilson calls attention to the very-high sulfur 
content of some of the scapolites from the Musgrave"̂  Ranges pf central 
Australia, and states that "ahhoughgranulites are normally considered to be 
very 'dry' rpcks, chemical analyscs»show that large amounts'of normal 
'volatile "siibstances' that are. iiivolved in hydrothermal mirieralisatioii arc 
fixed in many granulites." He also ̂ .states that "scapolite is much more 
widespread in glanulites than is generally recognized. It is superficially like 
plagioclase," He further indKates, referring to Lovering and Whiic (1964^ 
that ponidnspf thcdeep crustmay contain large amoimts of sulfur in the 
sciipolite.structure and th.it retrograde metamorphism must release sulfur 
which could be available for reaction witli metals that arc released froni 
pyroxenes to form minerals of economic interest. 
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Scapolites, granulites, and volatiles in the lower crust 

Address as Retiring President of the Geological Society of America, Salt Lake City, Utah , October 1975 

JULIAN R. GOLDSMI-fH Department ofthe Geophysical Sciences, University of Chicago, Chicago, Illinois 60637 

INTRODUCTION 

I would like to consider a little-understood and sometimes 
maligned family of minerals and its relationship to an ill-defined 
type of rock. The mineral is scapolite, the rock is granulite, and 
both are probably more important than some of us think. Before 
going furthet, however, 1 would like to make it clear that the work 
reported here was done in cooperation with my colleague, Robert 
G. Newton, and although more detailed and extensive versions 
complete with data will "appear elsewhere under joint authorship, 
lhe bylaws of the Geological Society of America do not perinit 
"co-ptesidents." 1 hope that this address does not become as well 
known as the one Lincoln gave at Gettysburg, for my conscience 
would suffer the mote. This concern would be unnecessary if presi
dential addresses could be seen and not heard, or even better, 
looked at without being read. This latter would permit reprinting 
of the same piece for each President, and editorial and typesetting 
costs could be eliminated. Or, if they must be heard and read, each 
president could be assigned to one of a limited number of ad
dresses, and could work it over, add new data as necessary and 
available, inject or interpret new ideas, polish, hone, modify to 
conform to the existing Zeitgeist, and hopefully do so in an atea 
reasonably close to whatever his specialty may be. This approach 
would not only be instructional for the retiring officer, but it could 
conceivably eliminate random and rambling papers, and provide us 
all with current and noncontroversial review articles. 

One current very hot subject is the Earth's mantle, and recent 
interest is not limited to geophysicists, geochemists, and pet-
rologists, for interrelationships with global tectonics bring it be
fore almost every kind of earth scientist. Not very many years ago, 
the mantle was cloaked in obscurity by the crust, and very few 
geologists gave it any thought, although it provided a ray path for 
seismologists and an intellectual home for a few geophysicists. 

The first meeting of the Society- I attended was in Chicago in 
1946, and my mentor, N. L. Bowen, held forth in his usual delight
ful and erudite way on magmatism and granitization, pontiffs, and 
soaks (Bowen, 1947). This was the heyday of the granite con
troversy, and with the crust presenting so much food for thought, 
who cated about the mantle? The new global tectonics has intro
duced a new snobbishness, and a "downward drift" has taken 
place; the mantle is "in," and much of the crust is viewed not as 
food for thought, but as potentially subductible nutrient for the 
uppet mantle. The disdain for the visible and more familiar can 
have sociological as well as scientific overtones; that great con-
man, "Yellow Kid" VX'eil, commenting about his marks, said "The 
upper crust is composed mostly of crumbs." The upper crust we 
see. We are reasonably sure that we see fragments of the upper 
mantle brought up as exotics in deep volcanoes and kimberlite 
pipes. Rather few geologists have attempted to characterize the 
lower crust, however, and it is my impression that it curtently 
carries a larger clement of the unknown than any other region of 
the Earth; at the same time, it is not a popular area of speculation. 

This may be due to an assumed high degree of complexity, variabil
ity, or inhomogeneity. 

Some of my acquaintances feel that I have not been field 
oriented, yet I am aware of the fact that there are aspects of our 
understanding of the Earth that require observations of rocks and 
minerals in their natural habitat. In order ro do anything like field 
work in the deep crust however, one has to be a "trash man" of 
sorts. Our best samples of deep crustal as well as mantle material 
are the fragments ripped out of place by the rising magma in the 
above-mentioned volcanoes, and by the kimberlitic and other 
deep-seated pipes; this deep-earth trash, a litter of xenoliths, is 
picked up at or near the surface bv the combination field man and 
refuse collector This kind of fiela work appeals to me. 

Collecting these nodules has become scientifically a very 
profitable enterprise, particularly for those working with the (pre
sumed) mantle material. Rather little attention has been given to 
the more siliceous nodules, although a number of authors have 
noted the presence of crustal material, particularly granulites. Lov
ering and White (1964) have worked on material from the Delegate 
pipes in eastern Austtalia and called attention to the presence of 
apparently primary scapolite in granulites included in these 
breccia- and basalt-filled pipes. Scapolite has also been noted in 
similar occurrences in South Africa and Siberia (Bobrievich and 
Soboiev, 1957; Soboiev, 1959; Dawson, 1964, 1968, 1971; Gox 
and others, 1973; Verhoogen, 1938), although as indicated by 
Bobfievich and Soboiev (1957) and by Misch (1964), the scapolite 
in metamorphic occurrences is generally viewed as secondary, after 
plagioclase, with no clear mechanism for or time ofthe scapolitiza
tion suggested. This statement could be made about most descrip
tions of scapolite terranes or occurrences to be found in the litera
ture. Lovering and White stated that the scapolite in the Australian 
pipes is primary, and that the granulite xenoliths containing it 
come from the deep crust. 

It is difficult to speculate on the genesis of a mineral if nothing is 
known about the conditions for stability and the interrelations of 
composition and stability of the species. As I attempt to demon
strate in this paper, much of the haziness about the role of scapolite 
in a variety of parageneses has been due to lack of information and 
in part to misconceptions about the nature of the scapolite miner
als. Accordingly, an investigation was begun to clarif)' at least some 
of the compositional uncertainties and at the same time to learn 
something about the stability regions of the various compositions. 
It turns out that P. M. Orville had been working on the scapolites 
containing carbonate <ind chloride as anions; his experiments, car
ried out at lower temperatures and ptessures, supplement our data. 

SCAPOLITE RELATIONS 

Up unril this year, almost all of our knowledge of scapolites has 
come from the examination of natural materials, and Shaw (1960a, 
1960b) and Evans and others (1969) have examined many scapo
lites and summarized the data on them. The designated end mem-
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Figure 1. The system Ab-An-CaCO, at 1200°C and IS kbar. 
3An-CaCO .lis the scapolite meionite, and the range of scapolite solid solu
tions stable at this temperaiure and pressure is from point S, the mosl sodic, 
to the meionite end member. Four experimentally determined tie lines are 
shown in the field of scapolite -f plagioclase, the limiting one being the line 
SP, in which a scapolite of the composition S is in equilibrium with a 
plagioclase of composition P. In the sodic portion of the system, calcite can 
coexist with a plagioclase of any composition between Ano and An^j. 
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Figure 2. The system Ab-An-CaSO, at 1200°C and IS kbar. The range 
of scapolite solid solutions stable at this temperaiure and pressure is from 
the sulfate meionite end member 3An-CaS04 to the composition S. Four 
experimentally determined tic lines in the field of scapolite -f plagioclase 
are shown, the limiting one being the line SP, in which sulfate scapolite 
of the composilion S is in equilibrium with a plagioclase of the composi
tion P. In the sodic portion of the system, anhydrite can coexist wilh a 
plagioclase of any composilion between Ang and Ans,. 

hers are marialite, 3NaAlSi.,0„-NaCl and meionite, 3CaAl2 
SijOg-CaCO;,, easily remembered as 3 albite -1- NaCl and 3 anor
thite -¥ CaCO..,. Speaking as one who has spent a good deal of time 
on feldspars and carbonates, 1 think that meionite in particular has 
a friendly feel about it. Analyzed scapolites run from approxi
mately 80 percent marialite to approximately 90 percent mcitinite, 
although almost all of the analyses cluster between 30 percent (70 
percent marialite) and 80 percent meionite (Evans and others, 
1969). Evans and others (1969) show-ed that these intermediate 
compositions do not lie on a simple binary join between the end 
members, and Papike (1964) indicated that the anion site can be 
filled with C O J at approxiinately 80 percent Me or, according to 
Evans and others (1969), Ca/(Ca-f Na) = 0.75. Orville (1975) dem
onstrated that if Gl~ is present, the classic marialite-meionite join 
can exist. The Gl" and C03°° ions reside in equivalent cavities 
within the silicate structure, which is based on an Al-Si framework 
with tetragonal symmetry. The details and subtleties of the struc
ture are still being investigated by several workers, and although 
complex and interesting, need not be considered for our present 
purposes. 

Some scapolires contain quite a lot of sulfur, now known to be 
present as SOj°. We have synthesized and determined the stability 
relations of the end member scapolites 3NaAISi308-NaCI (maria
lite), 3GaAl2Si20g-CaGO.., (meionite), and 3CaAl..,Si20„-CaS04 
(sulfate meionite), and have determined the isothermal stability 
relarions in the systems Ab-An-CaCOa, Ab-An-CaS04, and the 
hybrid system arbitrarily containing one-half carbonate and one-
half sulfate, all at 15 kbar and temperarurcs in the range 1000° to 
1300''C (15 kbar is equivalent to a depth of about 50 km). In this 
temperature and pressure range, the Ca-end member scapolites 
3An CaCO.! (meionite) and 3An 03504 (sulfate meionite) are sta-
hltt, and phase relations at 1200°C and 15 kbar are shown in Fig
ures 1 through 3. 

Figure 1 is the system Ab-An-CaCOj at 1200°C and 15 kbar. 
The end member meionite is shown as 3 An • CaCO:,. The horizontal 
line from this end member to point S represents the range of scapo
lite compositions that are stable under these conditions, point S 
being the most sodic composition. Thus, at 1200°C and 15 kbar, 
chlorine-free CaCOj-scapolites are stable with Na/Ca ratios up to 
the equivalent of an Ab^oAue,, plagioclase. The three-phase triangle 
outlines the regions where calcite, plagioclaseof the composirion P, 
and the limiting scapolite S are in equilibrium. Bulk compositions 
to the left of this triangle do not produce scapolite, but calcite 
coexists with plagioclases from Ab,„(,to Ab„7 Auai. The upper field 
on the calcic side of the three-phase triangle contains coexisting 
calcite and scapolite. Tie lines could be drawn in this field, radiat
ing from the CaCOs apex to all of the scapolite composirions; the 
same could be done in the two-phase field of calcite and plagio
clase. 

The most interesring field in the diagram is that representing the 
coexistence of scapolite and plagioclase. Four experimentally de
termined tie lines in this region are shown, the limiting one to the 
left also being one side of the three-phase triangle. These rie.lines 
conneCT the composirion of scapolite in equilibrium with plagio
clase. 

The scapolites at 1200°C range in composition from pure meio
nite, which can only be in equilibrium with pure anorthite, to one 
represented by point S. Tie lines connect these scapolites with the 
appropriate plagioclase, ranging from An,oo to Abio Aujo. It is 
apparent that at this temperature a large range of scapolite solid 
solurions can exist in the absence of chlorine, or without substitu-
rion of the marialite end member as such. These data uphold the 
views of Evans and others (1969) and the obscrvarions of Orville 
(1975). 

Figure 2 shows the system Ab-An-CaSO^at 1 2 0 0 ^ and 15 kbar. 
The configuration of the diagram is very much like that in the 
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Figure 3. The system Ab-An-CaCOj CaSO^ (CaCO, and CaS04 in 
equimolar proportions) at 1200°C and IS kbar. The range of scapolite solid 
solutions Slable at this temperature and pressure is from the end member 
6An -CaCOs-CaSO^ to the composition S. Four experimentally determined 
tie lines in lhe field of scapolite -¥ plagioclase are shovirn, ihe limiting one 
being the line SP, in which a hybrid scapolite of the composidon S is in 
equilibrium wiih a plagioclase of lhe composition P. In the sodic portion of 
the system, calcite and anhydrite can coexist with a plagioclase of any 
composition between Ano and An,,. 

carbonate system, but sulfate-scapolites cover an even larger range 
of solid solutions. Point S, the limiting scapolite composition at 
1200°G, has a plagioclase equivalent of Ab47An53. "The sulfate 
scapolite can take even more albite component in solid solution 
without the need for Gl than can the carbonate scapolite. Three 
experimentally determined rie lines plus the limiring tie line S-P are 
shown. The range of compositions of plagioclase in equilibrium 
with the sulfate scapolites is also slightly larger than in the car
bonate system. 

The system containing one-half carbonate and one-half sulfate 
was investigated because of the observed associarion of these an

ions in subequal proportions in several analyzed scapolites (Knor
ring and Kennedy, 1958; Lovering and White, 1964). Figure 3 is 
the system Ab-An-CaGO,,CaS04 at 1200°C and 15 kbar. The 
combination of anions produces a range of solid solutions that is 
somewhat greater than that for either the carbonate or sulfate 
scapolites; point S is at a plagioclase equivalent of Ab^i An48, more 
than one-half of the distance along the join. Again, three experi
mentally determined rie lines plus the limiting rie line are shown. 

The effea of temperature on the extent of the scapolite solid 
solutions and on the scapolite-plagioclase equilibria (rie lines) in 
these three systems has been examined at 1000°, 1100°, 1200°, and 
1300°C. The solid-solution limits are difficult to determine and 
hence poorly known in the sulfate and hybrid system at 1000° and 
1100°C; reaction rates are slower than in the pure carbonate sys
tem. Nevertheless, at least from 1100° to 1300°C, the range of solid 
solution is extended toward more sodic composirions with decreas
ing temperatures. This may not be a simple unidirecrional effea, 
however. The effect of temperature on the scapolite-plagioclase 
equilibrium is of greater interest. Rather than show a series of 
isothermal diagrams such as those in Figures 1 through 3, the data 
can be more conveniendy plotted as the ratio Na/Na-I-Ca in the 
plagioclase component of the scapolite against the same rario in the 
plagioclase. This distriburion of Na and Ga between scapolite and 
plagioclase in fact defines the tie lines as shown in Figures 1 
through 3. 

Figures 4 through 6 illustrate the effea of temperature on the 
scapolite-plagioclase equilibrium at 15 kbar. Figure 4 is for the 
catbonate-scapolites, Figure 5 for the sulfate scapolites, and Figure 
6 for the 50:50 CaCOj-CaSOj hybrid. The number of points is 
meager; generally four tie-line determinations at each temperature 
were carried out. The scatter is such that dashed curves arc drawn, 
as the best estimate of the Na-Ca distribution. There is, however, a 
consistent trend; the scapolite becomes more sodic relative to the 
plagioclase with decreasing temperature. Thus the tie lines tend to 
"lean" more to the left as the temperature decreases. Tliis effect is 
apparent in all three of the scapolite systems. The Na-Ca distribu
tion between coexisting scapolite and plagioclase can thus be 
treated as a geologic thetmometer, at least in the case of the more 
calcic plagioclases and essentially Gl-free scapolites. More precise 
determinations of these equilibria are desirable, and the effect of 
pressure should be evaluated, although more will be said about 
pressure shonly. Point D represents the composirion of a scapolite 
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coexisting with plagioclase in a 2-pyroxcne granulite nodule .from 
the Delegate pipes of Australia d'escribed-by Lovering and White, 
which also-will be considered shortly.. 

STABILITY RELATIONS OF THE 
END-MEMBER SCAPOLITES 

There arc a number of metamorphic localities in which almost 
pure anorthite coexists with calcite (Wt;nk, 19,62; Misch, 1964), 
This would indicate that under the particular.mctamorphic condi-
tinns, the end-member meionite is hot stable, Orville (1975) has 
recently published on the stability of scapolite in the system 
Ab-An-eaGOa-NaCl at 750°G.and 4 kbar. His results suggest that 
under these conditions pure.meionite is uristable relative to apor-
thiie and calcite, but that scapolite is stabilized by the presence of 
Na in the, systern. Figure 7 is taken from Orvillc^s-wOrk and indi
cates that in the absence of Gl, a scapolite of limited range of 
compositions (about Ab-2 An-CaCO;,; Orville uses the old term 
mizzonite for this tompbsitton)is in equilibrium with plagioclases 
from approximately AbeoAnjD to AbisAn^jj. The field data (and 
Orville's results) thus indicate that pure meionite is unstable at 
moderate to low temperatures, Newton and Goldsmith (1975) 
have shown that the end member meionite is stableat temperatures 
of 1000°C, and remains so up to the melting curve which exceeds 
IiOO°C at 20 kbar, The high-pressure breakdown to grossular, 
kyanite, quartz, and calcite iii the range 25 to 30 kbar was also 
demonstrated by Newton and Gqidsmith, We now have additional 
data showing that meionite becomes unstable reladve to anorthite 
and calcite at between 850° and 9S)0°C at 15 kbar and herwecn 
825° and 850°C at S kbar. The volume change of the reactioti is 
quite small, and rhe equihbriiim curve is steep. Thus, meionite is 
unstable at temperatures.below 800°C, and in any-geological range' 
of pressures; scapolite can be produced in the reaction 3An -I-
CaC03 ;^ meionite onlyat temperatures somewhat greater than 
8b0°C, These relarions are shown in Figure 8, vyhere the field of 
meionite is outlined by the limiting stability curve to the left, the 

CoGO 

Orville 
750 "C 
4 kbar 

PIOB-tl) 

XAN-
Pl09.(2) 

Figure 7, The system Ab-An-CaCO, at 750°Cand-4 kbar, according to 
Orville (1975). The end member meionite Is unstable under these'condi-
tibns, and Orville's iiata iridicati: thatthe range of stable Cl-frce scapolite 
compositions is quite limited, and in the mizzohite region ofthe scapolite 
solid-solution series. 

33 

30 

25 

20, 

15 

10 

5 

0 

_ 

3-
-

-

~~ 

1 1 " 

-

t ^ i y J ^ 

<t 1 

W* 

/ 1 

1 1 1 

j ^ 

1 -

.^5 
cn-V 

5 1 ^ - -
y ^ 

y ^ 

^ ^ 

SCaAlgStgO, 

(Me) 

^ - ^ 
1 iCOt 

^ 
^ 

J'CQCOJ 

^ j - y 

1 

W 
y -K V\<^ 
V 

1 

/ 

1 1 

\ • 

\ \, 

\ 

\t 

fCfV \s. 

i^ ii \ 1 o 
I c 
l< 
1 -
i 

1 / 1 
?00 ' BOO' 900 ' tOOO* HOO' 1200' tiOO? 1«0C 1500* 1600* 

Temperoture, "C 
Figure 8, The stability relations-of meionite, 3CaAl JijO«'CaCO,. The 

continuous subsolidus-brcfskdown and melting curves are laken from New
ton and Goldsmith (1976), as is the curve representing the reaction Me ^ 
Gr-1- Ky -t- CJz -1- Cc, the upper pressure limit of meionite. The steep curve 
for the reaction An -t Cc ^ Me is based on reversed reactions at 8 and IS 
kbar, Mc = rneionite, Gf = grossularite, Ky = kyanite, Qi = quartz, Gc -
calcite, An = anorthite. 

melting curve to the right,, and the high-pressure breakdown of 
meionite to grossular, kyanite, quartz, and caiciteat the top. It is 
apparent that meionite is a high-temperature mineral, and one ca
pable of existing at rather high pressures, as well. 

The pure siilfate-nieionite also has interesring propertied, and its 
P-T region of stability isshOwn in Figure.9, It is quite refractory, 
and at pressutes above about 2Q kbar, melts arhigher temperatures 
than anorthite. Th-e.stecply rising melting curve is shown to the 
right, crossing the anorthite meltiiig curve. At these-high tempera
tutes,and pressures, CaSOj is.present along the rnelfing curve-— a 
long way from sedimentary and evaporite conditions! The slability 
curve separating sulfate •scapolite from the assemblage anorthite--f-
anhydrite is the lower curve shown in Figure 9, with a negarive 
slope. The stability curves for scapolites in Figures 8 and 9 were 
determined with the use of "reversed" reactions, that is, the reac
tions weri: made to run in both directions, and thus are true 
equilibrium boundaries. The melting curve projected to low pres
sures and projected stability curve intersect at approximately 2 
kbar and 1530°C; thus at any temperature, sulfate meionite is sta
ble only at elevated pressures and is unusual in that it is also fa
vored by increasing temperaturei.aswcU "as pressure. The calculated 
ciirve for the high-pressure breakdown of sulfate meionite to gros-
siilar, kyanite, quanz, and CaS.04 is shown at the top ofthe dia
gram. The shape of the stability field of the end member sulfate 
meionite indicates that the minimum temperature of existence of 
the scapolite is approximately 775*C at l ? kbar, and that sulfate-
rich meionite could only be expected to exist under rather deep-
seated, and high-temperature condition?. Although generally 
metamorphic minerals, the Ga-rich scapolites ate obviously stable 
in a temperature range high enough to crystallize.as primary mag-
maric phas^es at'depth, assuming an-adequate supply of CO2 and 
sulfate. 

Textbooks of mineralogy and petrology, ifthey mention scapo-
lites-at all, generally leave the impression that although typically 
metamorphic minerals, they are formed by metasomatic activity,, 
pneumatolytic alteration, or for the niost part by secondary or 
retrogressive processes. Barth, in the 1,952 edition of his book 
Theoretical Petrology (p, 283-284) stated,. "It is expedient to. rc-
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Figure 9. TTie stability relations of sulfale-meionile, 3CaAl2SiP8-

CaSo4. The steep melting curve is from dala of Newton and Gold
smith (1976). The dashed curve for the melling of anorthite is taken 
from unpublished data of Newton and Goldsmith. The curve for the upper, 
pressure limit of sulfate-meionite, the reaction sulfate Me =i Gr -H- Ky -1- Qz 
-I- CaS04 is from Newton and Goldsmith (1976). The flat curve with lhe 
negative slope represents the reaction An -I- CaSO, ;=: sulfate Me. Me = 
meionite, Gr = grossularite, Ky = kyanite, Qz = quanz, An = anorthite, 
Cs = calcium sulfate. 

gard meionite and marialite as the low-temperaturc 'modifications' 
of anorthite and albite, respeaively." He developed a diagram that 
geometrically resembles the plagioclase melring loop, with plagio
clases on the top curve and scapolites on the bottom. It was sug
gested that any stable plagioclase, on cooling in the presence of 
carbonate-bearing solutions, will thus break up into a more calcic 
scapolite and a more sodic plagioclase. interestingly, the entire 
discussion of scapolites was omitted from the 1962 revision (Barth, 
1962). Similarly, Fyfe and Turner (in Fyfe and others, 1958), in 
agreement with Barth, present a hypothetical scapolite stability 
diagram, in which scapolite is shown to be on the low-temperature 
side of the curve that represents the reaction scapolite ^ anorthite 
-I- calcite. These and othet authors had little information with 
which to operate. No one had data indicating that the equilibtium 
rclarionship has the opposite sense — that scapolite is the'stalwart 
or that scapolite takes over from the weaker combination when 
things get hot. 

If this is an unexpected result, it points up the importance of 
experimental petrology as an adjunct to field and theotetical ap
proaches. It is another example of Bowen's (1938) plea for "Mente 
et Malleo Atque Catino," for here both field observations and 
theorizing led to the wrong conclusion. I should hasten to add, 
however, that sloppy experimental work, particularly that in which 
jittle care is exercised in the attainment of equilibrium, can make 
unreserved fools of experimentalists. 

Our very recent experiments have shown that marialite is stable 
relative to albite plus NaCl in a high-temperature tange down to at 
least 800°C, a faa not anticipated by Orville (1975) in his work at 
750°C but not at variance with it. We have not been able to deter
mine the lower-temperature stability boundary of marialite by our 
methods. Our data, in conjunction with those of Otvillc (1975) 
would place a boundary between 750° and 800°G in the pressure 
range 0 to 8 kbar, with a steep dP/dT slope. Thus, the general 
appearance ofthe marialite stability diagram would be very similar 
to that of meionite. This matter will not be pursued further because 
of the fact that chlorine has been found to be present only in trace 

amounts in the scapolites of deep-seated origin considered here. We 
have already seen that scapolite can contain rather large amounts 
of the sodic component without needing chloride ions, and fur
thermore chlorides are not abundant in the lower crust. Marialite 
scapolites are probably most prevalent in metamorphosed sedi
ments containing halite (Hietanen, 1967) or rocks in which 
chlorides have been metasomatically introduced (Edwards and 
Baker, 1953). If scapolites were to form in association with the 
common native minerals of the lower crust, one would expect 
rather calcic scapolites containing carbon (carbonate) and sulfur 
(sulfate), if only on the basis of the elements that are available. 

The only experimental data on the stability of the intermediate 
Na-Ga scapolites are the limited data of Orville (1975), as shown in 
Figure 7. Orville (1975) has shown that the sodic component 
stabilizes the carbonate scapolite to lower temperatures, and one 
might assume a similar effect in the case of the Na-Ca sulfate 
scapolites, but that would be guesswork. Although we have inves-
rigated the tie lines in the CaC03CaS04 hybrid system, nothing 
has been done on the effect of a varying GaC03-CaS04 tatio on the 
P-T relations on the scapolite stability field. It is not too difficult, 
however, to imagine states intermediate benveen those shown in 
Figures 8 and 9, represenring intermediate composirions. Another 
unknown is the effea Na may have on stabilizing the sulfate-
scapolite to lower pressures, although it is not unreasonable to 
expect it to do so. This multicomponent system with both P and T 
as variables has hardly been touched. 

ROLE OF SCAPOLFIES IN CRUST 

We have seen that the lime-rich composirions are very refractory 
— perhaps surprisingly so, considering that they contain what we 
usually think of as volatile substances. Goldsmith and others 
(1974) showed that a marialite with nitrate in place of chloride was 
stable to fairly high temperatures at elevated pressures. At elevated 
temperatures and pressures, calcic feldspar is unstable in the pres
ence of carbonate and (or) sulfate (or G02or oxidized sulfur), and 
Ca-rich scapolite is formed. Figures 8 and 9 show that for both the 
carbonate and sulfate end members, the- temperature must be 
greater than 800°G for scapolite to form. As we have seen, the 
presence of Na will stabilize scapolite at lower temperatures, and 
calcite plus a plagioclase containing some albite will teact at tem
peratures well below 800°C. 

Lovering and White (1964), using as a basis their analysis ofthe 
scapolite occurrences in granulite nodules from the Delegate pipes 
in Austtalia, suggested that the lower crust beneath Australia may 
contain as much as 5 percent scapolite as a primary phase. Dawson 
(1964, 1968, 1971) has noted the presence of scapolite in calc-
silicate granulites in kimberlite diatremes, and stated (1971), " . . . 
it is a possibility that the granulite xenoliths in kimberlitcs were 
perhaps derived from lenses or layers of granulite at the base of the 
crust or in the extreme upper levels of the upper mantle." As indi
cated above, scapolite has now been observed in granulite inclu
sions from three continents and may be more common than the 
published record shows, for there is a tendency to preferentially 
collect and examine the more basic xenoliths, presumed to have 
come from the mantle. It is fair to say that the extent to which 
meionitic scapolite exists in the lowet crust is largely dependent on 
the availability of carbonate and sulfate as well as on the distribu
tion of basic plagioclase. 

The words scapolite and granulite are associated in the title of 
this address. It appears to me that most of the Ga-rich scapolites 
occur in granulites or related high-grade rocks; Fyfe and others 
(1958) have suggested that scapolite is a granulite-facies mineral. 
Several considerations that relate composition and P-T stability to 
this association favor a hypothesis that granulites are the typical 
lowcr-crustal rocks of much of the continental areas. More about 
this follows. 
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The Delegate pipe material is one of the few documented exam
ples of analy-/.ed scapolite from the deep earth. Is it possible to draw 
some conclusions as to the pressure and temperature conditions of 
its formation? Lovering and White (1964) report a high sulfur 
content, as much as 72 percent of the catbon (in carbonate) te-
placcd by S (now known to be sulfate) in the scapolite of one ofthe 
rwo types of granulites they have examined. A plagioclase of An«ii is 
associated with the scapolite. This material is plotted as the letter D 
in Figures 4 through 6; from our tie-line data, we must conclude 
that this scapolite-plagioclase pair equilibrated at a temperature 
below I000°C. Thus it is unlikely that this pair is a primary igneous 
associarion directly related to the magmatism which carried it close 
to the surface. It is more likely that the scapolite is a primary 
metamorphic constituent of an assemblage which may be quite 
representative of the constitution of much of the lower crust of 
eastern Australia. Irving (1974) also made this interpretation ofthe 
scapolitc-bcaring, two-pyroxene granulites from the Delegate oc
currence on the basis of textures and ttace elements. This use of the 
scapolite-plagioclase pair as a geothermometer assumes no 
significant pressure correction; it has been invesrigated only at 15 
kbar. 

There is little doubt that much of the carbonate in the deep-
seated scapolites comes from the mantle. Newton and Sharp (1975) 
present evidence against the presence of free CO.. in the upper 
mantle, for the assemblage MgCOa -I- MgSiOj is stable relative to 
Mg2Si04 and GO2, at least under subcontinental environments. 
Whether the carbonate groups in scapolite came from gaseous CO2 
or from CO.j in solution in a melt or even as a solid carbonate would 
make little difference to rhe scapolite, however; in any case, there is 
certainly oxidi'zcd carbon in the upper mantle. Touret (1971) stated 
that CO.2 is given off by the crystallization of deep-seated basic 
intrusions containing COo in solution, and that the C0.> permeates 
the metamorphic terrane in a wave of dry regional granulite 
metamorphism. If, however, the intrusions crystallize at the level of 
the lower crust, the CO2 would crystallize in primary igneous 
scapolite, and the scapolite would re-equilibrate with plagioclase as 
the intrusion cooled. 

We have seen in Figure 9 that the pure sulfate-meionite is a true 
high-pressure mineral favored by both high pressures and high 
temperatures. The sulfate content of scapolite thus has the poten
tial of yielding information on the pressure of crystallization or 
equilibration. Before it can be useful as a geobarometer, however, it 
must be calibrated as a function of composition. The effect of the 
COs/SOj ratio and of the Na/Ca ratio on the slope of the stability 
boundary must be known. This is a large order, and it means 
working out the P-T stability relations in the 4-component system 
Ab-An-CaCOa-CaS04. It is not likely, however, that the substitu-
rion of Na will have a great effect on the slope of the stability 
boundary, for the volume change with substiturion is small. It will 
shift the equilibrium to lower temperatures, however, and the reac
tion will become divariant. In the Na-free system, as sulfate re
places carbonate, the steep stability curve of meionite (Fig. 8) must 
steepen even more, become vertical, then become negarive and ap
proach the flat negarive slope of the sulfate end member. Thus, the 
sulfate-rich meionites arc potenrially excellent geobarometers, as
suming that the presence of Na and the development of divariancy 
does not drastically alter the shape of things. 

The Delegate scapolite has nearly a 4:1 Ca/Na ratio, and the 
sulfate substiturion of 70 percent or more is large enough to make 
tempring the claim for a deep-seated origin, even if no ancillary 
evidence were available and with no data on the effect of Na. This 
view is strengthened by the published analyses of scapolites (Shaw, 
1960a; Deer and others, 1963); those with high sulfur content all 
appear to be from deep-seated sources. 

Is sulfur always available at depth? Brimstone is surely as
sociated with volcanic fires, hut little attention has been given to 
the abundance and state of sulfur in the mantle. Presumed upper-
mantle rocks contain sulfur in sulfides, and 1 am not aware of any 
report of sulfate in kimberlitcs and p'eridorites; if it laere to be 
noted, it might well be passed off as an alterarion product. Is the 
sulfate in scapolite derived from reaction with sulfides or other 
fornis of reduced sulfur from the mantle? Very probably so, and it 
is likely thar oxidation takes place by a ferrous-ferric equilibrium 
with deep crustal minerals, and with no transfer of oxygen or need 
for other oxidizing agents. A bare-bones simplification, with ions 
pulled out of their silicate and oxide context would be: 

S - 4 FejOj _ SO4" _̂  8 FeO 
(in sulfide) (in magnetite) ^ (in scapolite) (insilicate) " 

We do see sulfur as well as carbon brought in one form or 
another to the surface. Sulfur, SO2, SO3, or even sulfate are as
sociated with volcanism; we must assume that in basalric vol
canoes, it has been rather quickly brought up from the mantle with 
little chance for oxidarion. Carbon also acts as a traveler in the 
crust, explosively rammed through in kimberlite diatremes. Aside 
from diamonds, which may be residents of the mantle, but surely 
transients in the crusr, carbon as carbonate or CO2 should reart 
with plagioclase in the deep crust and assume residenrial status as 
scapolite. The sulfur that becomes oxidized should do the same, 
and the existence of sulfate-bearing scapolite in deep-crustal 
xenoliths is good evidence that this is what takes place. 

We have seen the need for a deep, hot situation for Ca-rich 
scapolite. Just as the sulfate-rich scapolites come from depths, the 
meionites also come from hot spots; the most Ca-rich known is 
from Monta-Somma, a pyrometamorphic occurrence. In fact, the 
P-T conditions (especially T) for nearly pure meionite are so strin
gent that they surely cannot be met along a notmal geothermal 
gradient but could only be satisfied by such a locally hot situarion. 
A reasonable amount of Na in the system lowers the temperature 
needed for stability, and more sodic scapolites settle for less severe 
conditions. The granulite facies represents the highest grade of re
gional metamorphism in the crust, and may well offer the minimal 
conditions needed for the Ga- and S-rich scapolites, at least. It is 
unlikely that scapolite exists in the eclogite facies, for we have seen 
that the upper pressure limit, where scapolites break down to 
isochemical assemblages containing garnet, kyanite, quartz (Figs. 8 
and 9), and presumably jadeite if Na is present, is close to that of 
the equivalent feldspat. Granulites are thought of in terms of re
gional metamorphism — but where is the "region"? Is metamor
phism always the result of an "event"? Many insinuate that it is, 
yet is it not more reasonable to assume that this type of regional 
metamorphism is a normal form of subconrinental deep-crustal 
behavior? This view is a throwback to the concept of successive 
depth zones, the catazone being the home of granulites and related 
rocks. Granulites are from deeply eroded Precambrian gneissic 
areas — from where else should they come but the lower crust? 
Their variability is an expression of crustal inhomogeneity, and 
metamorphic grade may be related to a "local" geothermal gra
dient, strongly affeaed by intrusion of molten material from the 
mantle. 

Granulites are known as dry rocks. Bowen (1947), in arguing 
against a high water content in basalric magma at depth and point
ing out the dry nature of deep-zone metamorphic rocks, said, "One 
possible interpretation of this situation is that the temperature in 
the deeper zones is too high for the formarion of the hydrous 
minerals even at the high pressure thete prevailing; but a more 
probable interpretarion is that the principal source of water for 
rocks is at the surface or at shallow depths, and the mechanical 
barriers to the penetration of such water to great depths are al-
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together effeaive." We now know that hydrous minerals are stable 
in the deeper zones; granulites are dry because of the absence of 
water. One might also argue that granulites are granulites and not 
amphibolites, at least in part because of this reason (Gjelsvik, 
1952; Yoder, 1952; Poldervaart, 1953; Thompson, 1955; Bud
dington, 1963; Misch, 1964, p. 354; Touret, 1971). Funhermore, 
Bowen was unaware of the mechanism of carrying water to deep 
rocks by subduction. It is quite possible that a revealing geographic 
restriaion can be placed on granulites — might they be indicators 
of relatively stable regions of the deep conrinental crusr removed 
from those areas in which subduaion has taken place? A listing of 
the classic granulite localiries reads like a recitation of such ancient 
and stable areas of the world. 

The role of water in the structure of scapolites and its relations to 
the stability of these minerals become important with respect to 
the anhydrous nature of granulites. Many ofthe scapolite analyses 
show HjO to be present, but one is hard put to avoid contamina
tion. Shaw (1960a) states that the water seen in the analyses is of 
uncertain significance, but the possibility of struaurally bound 
water is not discounted. Zoisite and meionite have chemical com
positions that differ only with respea to the anionic group: 

scapolite: 3CaAl2SijO|,CaCOj 
zoisite: 3CaAl2Si20e-Ca(OH)a 

We have found that in the experimental runs made on meionite at 
temperatures of approximately 900°G or below, great pains had to 
be taken to avoid the crystallization of zoisite at the expense ofthe 
scapolite. Not only was it necessary to thotoughly dry the reactants 
before welding shut the platinum capsule that contained them, but 
the enrire assembly had to be baked out. Any source of HjO within 
the capsule or of hydrogen in the external setup, including that 
formed from the decomposition of H2O at elevated tempetaturc, 
must be avoided. H2 readily diffuses through the platinum, reduces 
the carbonate to carbon, and the water thus formed reacts with the 
charge to produce zoisite. Hete is still another system that needs 
study, for the equilibrium relations between zoisite and meionite 
arc functions of P, T, and the partial pressures of GO2 and H2O. It 
is apparent that zoisite and scapolite have an antithetical rclarion
ship and that water would hardly be expeaed to be a component of 
meionite. It is most probable, however, that as Na enters the scapo
lite structute, the need for large CO2/H2O ratios becomes less 
stringent. The existence of Na-containing scapolites in cpidote-
amphibolite rocks and even in the greenschist facies (Hietanen, 
1967) would indicate that increasing Na permits a tolerance for 
water, as docs the recent experiment of Milhollen (1974), in which 
a scapolite of the composition 2An -I- lAb -f CaCOj was formed in 
the presence of a liquid in a nepheline syenite melt, with vapor rich 
in C02and H2O at pressures above 3 kbar. Hietanen (1967) points 
out the increased Na content of scapolite and the accompanying 
progressive decrease in metamorphic grade with distance from the 
Idaho batholith, in the St. Joe-Clcarwater region, Idaho. This ef
fea is analogous to the breakdown of plagioclase in the presence of 
water to form zoisite (epidote). Calcic plagioclase reacts to form 
zoisite and an albitic plagioclase, and the more sodic plagioclases 
are more resistant to this alteration at low temperatures. 

A hot, dry environment is what a lime-rich scapolite wants, and 
that is just what a granulite has. Touret (1975) considers granulites 
to be catazonal rocks in which metamorphism takes place in the 
presence of a water-free and CO.j-rich fluid phase, the CO2 pte-
sumably coming from the upper mantle. Touret noted that high-
density, COo-fich fluid inclusions are abundant in granulite facies 
rocks from all over the world. From the location and features of 
these rocks, he modeled the distribution of fluids within the conti
nental crust and suggested that COj is concentrated in the lower 

crust, between the Conrad and Mohorovicic disconrinuities. Our 
data suggest that Touret's picture of volatiles in the lower crust 
should be modified. Mafic compositions surely have prevailed at 
Earth levels equivalent to the present lower crust, and this region 
must have aaed as a trap for oxidized carbon and sulfur. COj 
would not be in the form of included fluids, but would be locked up 
as scapolite. Much of the work done on fluid inclusions by Touret 
has been in acidic quartz-feldspathic rocks with which CO2 could 
not react. Figures 1 through 3 show that in the absence of chlorine, 
scapolites are not stable in the Na- and Si-rich portions of the 
systems. 

Those parts of the present lower crust that are appropriately 
basic must srill be aaing as a "getter" for sulfur and CO2 coming 
from the deeper earth. The lower crust could be a principal place of 
residence for these volarile elements, and, in the case of sulfur, 
might be one of the more important repositories in the Earth, Deep 
conrinental drilling in selected sites might give us some insight into 
these and other aspects of the lower crust, although justifying such 
activity for scienrific purposes is not an easy thing to do. 

The carbon and sulfur are readily freed to the upper crust and 
atmosphete, and ultimately to the biosphere by any aaivity that 
takes scapolite out of its field of stability. If calcic scapolite is 
carried upward by diastrophic or volcanic processes, it will ulti
mately decompose at the elevated temperatures and low pressures. 
If water is carried down to it by subducrion, it may also decom
pose, depending upon the Na content and H20/C02-+-S03 ratio. In 
general, with respect to Ca-rich varieties, the retrogressive proc
esses that are commonly considered to produce scapolite (sec, for 
example, Misch, 1964) are probably rhe very processes that destroy 
it. It is not too far fetched to assume that most of the COo (and SOJ 
ofthe air we breathe and therefore the carbon of our bodies has at 
one time been in scapolite. It is unlikely that the carbon cycle 
operates as deeply as the lower crust, and although subduction may 
carry quanrities of carbon into the mantle and thus recycle some of 
us, we, the crumbs of the upper crust, are hardly in equilibrium 
with scapolites of the nether regions. 
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Note Added In Proof: My attention has been called to several publica
tions by A. F. Wilson that contain views quite similar to some presented 
here. At this time, only one of these publications is available to me (Wilson, 
A, F,, 1969, Problems of exploration for metals in granulite terrains, with 
particular reference to Australian localities: Gcol. Soc. Australia, Spec. 
Pubs. No. 2, p. 375-376). Wilson calls attention to the very high sulfur 
content of some of the scapolites from the Musgrave Ranges of central 
Australia and states that "although granulites are normally considered to be 
very 'dry' rocks, chemical analyses show that large amounts of normal 
'volatile substances' that arc involved in hydrothermal mineralisation are 
fixed in many granulites." He also states that "scapolite is much more 
widespread in granulites than is generally recognized. It is superficially like 
plagioclase." He further indicates, referring to Lovering and White (1964), 
that portions of the deep crust may contain large amounts of sulfur in the 
scapolite structure and that retrograde metamorphism must release sulfur 
which could be available for reaction with metals that are released from 
pyroxenes to form minerals of economic interest. 
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EARTH SCiEWCEtAB 
SILICA SOLURILITY, 0°-200'' C , AND THE DIAGENESIS 

OF SILICEOUS SEDIMENTS' 

RAYMOND SIEVER 

Harvard University, Cambridge, Massachusetts -

ABSTRACT 
The data on solubility of amorphous silica and quartz at low temperatures are reviewed. Determinations 

of the metastable equilibrium solubility of amorphous silica at 25° C. in distilled waler and artificial sea 
water give values of about 140 p.p.m., in agreement wilh eariicr workers' rcsulls. Solubility in simulated oil
field brines of 30,000 and 50,000 p.p.m. is about llic same. Solubility was drastically reduced in peat waters, 
presumably due to adsorption of organic material on free silica surfaces. Quartz solubility was determined 
between 125° and 181° C. in sealed bombs; the results interpolate well between the lower temperature dala of 
Van Lier and the higher temperature dala of Kennedy. The solubility of quarts under directed slress at 
95° C. appro.vimates that of amorphous silica at the same temperature. 

. Diagenetic changes in silica content of sediments, in particular the origin of chert and silica cementation 
of sandstones, are explained by the melaslability of amorphous silica, lhe dissolution of biogenic amorphous 
silica, the e/Tecls of increased ionic slrcnglh of subsurf.ace formation waters on silica and carbonate solubility, 
the equilibria between clay minerals of dilTering Si/AI ratios, the action of clays as semipermeable membranes, 
and the elTects of pressure a.i-i temjicrature increase on burial. 

A large number of papers on the solubilitj' 
of silica have appeared in the pa.st decade, 
and attempts have been made to relate these 
fundamental data to the occurrence of pri
mary and secondary silica in sedimentary 
rocks. It is the purpose of this paper to sum
marize and integrate this information, to 
add to the data on solubility of silica below 
200° C , and to examine carefully the bear
ing these data have on the precipitation of 
various forms of silica in sediments afler 
deposition. In the discus.sion, I shall draw on 
the pertinent general geologic and pclro-
grapliic information. 

I. SILICA SOLUBILITY 

In the discu.ssion of solubility one must 
distinguish between the different silica poly
morphs, for they do not have the same solu-

' ' Published under the auspices of the Committee 
on F,.\pcrinienlal Geology and Geophysics and the 
DepartmcMt of Geological Sciences al Harvard Uni
versity. Manuscript received April 4, 1961. 

bility. Because this paper is concerned only 
with sedimentary rocks, the two silica spe
cies that are of interest arc ordinary low 
quartz and amorphous silica. In the range of 
temperature under consideration, 0°-200°,-
C , low quartz is the stable form of SiOj. In i 
this range amorphous silica is metastable, but j 
because of the sluggishness of the inversion 
to quartz at low temperatures, it may be 
characterized by a metastable equilibrium 
solubility. Included as amorphous .silicas aie"-
the different varieties of hydrated and de^ 
hydrated silica gels, silica glass, siliceous 
sinters, opals, and the skeletal remains of 
silica-secreting organisms, such as diatoms, 
radiolaria, and siliceous sponges. A more 
complete discussion of the forms of solid 
silica found in sediments can be found in an 
earlier paper (Siever, 1957). 

AMOUrilOUS SIl.TCA SOLinill-lTY 

The metastable equilibrium .solubility of 
amorphous silica in the range 0°-200° C. is 
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now fairly well known. It lias been estab
lished lhat there is a definite solubility value 
and that this value differs only slightly fron-i 
one kind of amorphous silica to another. 
Her (1955) has .summarized the literature on 
this subject up to 1954. Since that time pa
pers have ai>pcared (by Krauskopf [1956, 
1959], White, Brannock, and Murata [1956], 
Okamoto [1957], and Greenberg [1957]) that 
have confirmed and extended conclusions 
reached earlier. The solubility of amorphotis 
silica is fairly well known up to 200° C. but 
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FlG. 1.—Tlic solubility of amorphous silica as a 
function of temperature (afler Alexander et al., 
1954). 

less well known above that point. Using 
silica glass, Kennedy (1950) gives some data 
for higher leniperatures. The curve for tem
perature versus solubility is given in figure 1. 

The .solubility of amorphous silica, at 
25° C. as a function of pH has been meas
ured by a number of workers and, in the 

j i a s t , has been the subject of some dispute. 
Although Correns (1941) found that the 
solubility steadily increases with higher pH 

jjbovc pH5, later workers have confirmed 
(the work of Alexander el al. (1954), which 

indiealed lhat lhe solubilily of amorphous 
silica as monomcric silicic acid, ILiSiOj, was 
iiKlepcndcnt of pH from pH values 2 lo 
about 9.5. Al higher jiII values the solubility 

docs increase, mainly as a result of ioniza
tion of H4Si04. It is not clear wherein the 
discrepancy between Correns' and the others' 
data lies, but repeated expcrimenls with 
many different starting materials, approach
ing equilibrium from both under- and super
saturated solutions, indicate that Alexander 
ct al. are correct. 

QUARTZ SOLUBILITY 

The solubilily of quartz below 200° C. has 
' been little studied, mainly because the rale 
/ of dissolution is so slow at these tcmpcra-
[ tures. An additional difficulty is the fact 

that quartz docs not precipitate readily" 
from low-temperature solutions so lhat solu
bility values cannot be easily demonstrated 
to be equilibrium figures by precipitating 
from supersaturated solutions as well as dis
solving from undersaturated ones. The low
est-temperature runs made by Kennedy 
(1950) were at 160° and 182° C. Figures 
were rcporleci by Gardner (1938) and Len-̂  
her (1921) as 6 and 30 p.p.m., rcspcctivcl}'. 
Van Lier (1959) carcfullj' and sj'stcmatically 
nieasured the solubility of quartz between 
60° and 100° C. Fournier (I960) has re
ported data at 84° and 165° C. 

EXPEKlifENTAL METHODS 

Quartz used for solubilily studies re
ported here was prepared by hand picking 
optically clear quartz crystals (Hot Springs, 
Ark.) then crushing and grinding them to 
appropriate sizes. Very fine sizes were pre
pared by settling in glass cylinders. Coarser 
grades were prepared by sieving after first 
running a throw-away sample through the 
sieves to reduce lhe possibility of contamina
tion. DifTerent sized samples were then 
treated with 1 N hydrofluoric acid for one 
minute to remove any disordered surfiice' 
layers of amorphous silica produced in the 
grinding and cnt.shing process. Powders 
were then washed with dilule alkali, fol
lowed by three successive dislillcd water 
washings.' A size check on the fine powders 

' Th i s preparation, similar lo the one u.sed by 
van Lier (I9.S9), is aUsolutely necessary if all traces 
of amorphous silica, Na-*, ;ui(l F" ions, which alTect 
the solubility, arc lo be removed from the samples. 
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sliowed no appreciable decrease in size after 
the HF treatment. 

Amorphous silica powders were prepared 
by running sodium silicate .solutions (pre
pared from reagent grade sodium silicate) 
through an ion-exchange column of Nalcite 
HCR resin in order to remove all sodium, 
and then evaporating to dryness. Synthetic 
opal was prepared by making a supersatu
rated .silica sol free of Na and by drying very 
slowly. The product was a glassy clear, hard, 

Teflon 0-rings were first used and then re
jected, because of contamination of solu
tions by F~ ion. Neoprenc 0-rings proved 
satisfactory. Several blanks were run with 
each vessel; these showed no contamination 
with inatcrials that might affect quartz solu
bilily. The dc-sign of the reaction vessels is 
shown in figure 2, a and b. Vessel B proved 
more satisfactory for the runs between 150° 
and 200° C , and all later runs were made 
with this vessel. No attempt was made lo 
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FlO. 2.—Pressure vessels used in solubility determinations 

brittle solid that gave an amorphous silica 
X-ray diffraction pattern (Warren and 
Biscoc, 1938). 

Long-term solubility runs a.1 room tem
peratures were made in iDolyclhylenc bottles, 
with periodic checks made of ^vater loss by 
transpiration through the polyethylene. 
Such loss was negligible except in runs that 
ran longer than six months. Higher-tem
perature runs were made in reaction vessels, 
machined from a nickel stainless steel, and 
were healed for 24 hours at 400° C. in order 
to form an oxide coating (Kennedy, 19.50). 

control pressure—rather, the systems were 
completely closed after filling to one-half 
capacity and so under autogenous water-
vapor pressure. 

Temperature was controlled by immers
ing the ves.sels completely in a stirred high-
tempcraturc wax bath with thermostatic 
control. The temperatures in the bath and in 
the thermowcll in the vessels were measured 
by calibrated mercury thermometers. Tem
perature excursion of the sample in the wax 
bath was less than l-i° C. Temperature 
gradients within the vessel were negligible. 

;?S;i<;;^Bt<tiCTa4BjW<'Jt»«mbWfcWwi.iau'uiL!l,'j^ 

•I 



r:ma^•.M^•t^^/iK'i»»»^idf'' ' ' ' ' ' ' '*^''^'^'^^^^ £U>alu;j, 

130 RAYMOND SIEVER 

At the conclusion of each run the vessel 
was rapidly quenched, the sample of solu
lion was centrifuged, and analysis for dis
solved silica was made immediately. Weight 
loss of the solid was used as a check only in* 
the liighest-teiTipcrature runs where the sol
ubilily was sufficiently high to be judged by 
this method. Highly supersaturated silica 
solutions, which formed in some higli-tem-
peralurc runs, started polymerizing almost 
immediately after quenching and formed 
gelatinous precipitates. Because of this rapid 
polymerization, some of which may have 
taken place before the vessel could be 
opened, there was some doubt regarding the 
accuracy of these runs, and they were not 
used. 

The analysis of the solutions was made by 
the silicomolybdatc, yellow colorimetric de
termination, using the same techniques as 
Alexander, Heston, and Her (1954). The op
tical density was determined with a Beck-
man DU spectrophotometer ;il 400 mp. 
Prepared solutions of known silica concen
tration were used lo calibrate KCrOj sec
ondary .standards. All analyses are given di
rectly in terms of parts per million (p.p.m.) 
in table 1. Samples with high amounts of 
dissolved salts were corrected for the salt 
effect on the color development (Chow and 
Robinson, 1953). Samples were diluted by 
different amounts to keep the optical den
sity low enough to insure good sensitivity. 
The determinations are accurate lo 2 per 
cent of the amount of silica prcsc)-it. 

The determination with the silicomolyb
datc yellow was made so that the amount of 
monomcric silicic acid could be determined 
in addition to the total silica (.Alexander et 
al., 1954). In all cases where the solubility of 
amorphous silica at room temperature was 
nol exceeded, all silica present was as the 
monomer, Si(0H)4. Except where other
wise noted, the pH of the starting solution 
was between 6 and 7. 

Several experiments were run in which 
EDTA (ethylene dinitriloacetic acid) di-
sodium salt was added to the solutions to 
chelate metals lhat might complex with 
silicic acid. Runs wilh and without EDTA 
showed negligible differciKes. 

RATES OF DISSOLUTION AMD ATTAINMENT 

OF EQUIIipRtUM 

Samples run at room temperatures were 
checked periodically lo follow the rate of di.s-
solulion, the. sample bottle being rcsealcd 
afler a pipetted sample was removed. The 
course of dissolution of the higlier-tcmpcra-
ture runs was followed by immensing four 
vessels in the same bath, using splits of the 
same powdered sample and removing them 
afler different lengths of lime. The rates of 
solulion show roughly the same picture for 
quartz and amorphous silica lhat have been 
given by van Lier (1959), Krauskopf (1957), 
Okamoto (1957), and others. There is a rap
id increase in dissolved silica in the begin
ning of the run and leveling off al a pre
sumed equilibrium value. In the high-tem
perature runs attainment of equilibrium was 
judged (1) by the point at which dissolved 
silica .showed no change in two successive 
time intervals and (2) by duplicate runs at 
the same temperature. .__̂  

The rate of attainment of equilibrium is 
strongly dependent on the particle size of 
the sample powder and the temperature of 
the run, as well as on the nature of the staxl<^ 
ing material. For reasons of time, most 
samples were sized to 2 X 5 microns. Other 
size grades, in particular 60-80 mesh, were 
run, but these coarse sizes were not consid
ered to have reached equilibrium except at 
the highest temperatures. Amorphoussilica 
reached equilibrium more quickly than the 
synthetic opal, and both were much quicker 
than quartz. In fact no values for quartz aiW) 
reported below 95° C. because of lack of; 
certainty that equilibrium was reached,' 
Quartz samples al 25° C. did not .show mcas-'; 
urablc dissolution after thrte years! \ 

n 
DISCUSSION OF RESULTS 

The samples of various kinds of amor
phous silicas all showed about the same solii- • 
bility at 25° C , between 120 and 140 p.p.m. ; 
The synthetic opals were on the low end ofi 
the range at 120 and 122 p.p.m. The find)' 
jrowdcred gels were at the high end at 135 | 
ancl 145 p.p.m. Rooin-tcmiicralurc solubiM 
ity of amorphous silica in artificial sea water 
(Lyman and Fleming, 1940) was apjiroxi-

• ';^jBl^w^H4l.!H»umiii,'r*i,*Utf Uf" " ' • I ' , "i-w •wiHLiw^<".wvw.JiH'.l . ^A.t<m,iunfmin»i>^imi*'a^. WMJJt|l»»m>iii ".I .u M »JWM.>.uyT«.,tKWfct-*J^fH''*»^ 
y.„ 



»^.i».-^vv.An.-Mati^aiiafe-n^-;.M-^.^^(;^;^,^yaf;^#f lifiufe^^t't-rfaiMitw.^a^i-ji^ja.lVi^s.'^ 

I N M E N T 

tures were 
rateof dis-
g rcsealcd 
oved. The 
r-tempera-
rsing four 
)Hts of the 
ving them 
ic rates of 
picture for 
have been 
)pf (1957), 
re is a rap-
the begin-
at a pre-
high-lem-
brium was 
I dissolved 
successive 
Lie runs at 

1 is 
; ofi 

ilibrium 
cle size of 
icrature of/ 
f the stattH 
ime, most 
ons. Other 
nesh, were, 
lot consid-
i except at 
ihous silica 
y than the 
ich quicker 
quartz a i ^ 
of lack of; 
s reached.; 
>how meas--
irs! \ 

—I 
s of amor-1 
;.samesolu- j 
140 p,p.m. \ 
low end oT 
The finely 
end at 135 
.tro solubilj^ 
ll sea water 
IS ajiproxi-

SILICA SOLUllILITy, 0°-200'' G., AND DIAGENESIS OF Si:i)IMENTS 131 

mately the same as in distilled water, about approximate the composition of sonic deep 
140 p.p.m., checking Krauskojif's (1956) oil-field brines (Mcents cl al., 1952) also 
conclusions lhat ionic strength, at least up showed a lack of effect of ionic strength on 
to the concentralion of sea water, had lillle solubilily. There is no discrepancy herewith 
effect on the solubility. the conclusions of Greenberg (1957), who 

Room-tempcraturc runs of amorphous found the solubility reduced a little less than 
silica in two concentrated brines prepared to 10 per cent in neutral 1 N sodium chloride 

TABLE 1 

SOLUn ILITY DATA* 
Temperature SiOi 

Samiilc Ucscriplion (• C.) (p.p.m.) 
Amorphous silica: 

Gel, distilled M:0 ' . . . . . ' 25 135 
Gel, distilled 11,0 25 136 
Gel, distilled Il-.,0 25 142 
Gel, distilled HjO 25 145 
Gel, distilled H2O, stirred constantly 25 132 
Gel, distilled 11:0, stirred constantly 25 145 
Powdered dried gel, distilled \ W .' 25 135 
Powdered dried gel, distilled HjO : 25 148 
Synthetic opal, dislilled H2O. . . .- 25 120 
Synthetic opal, distilled 11:0 25 122 
Gel, artificial sea water : 25 132 
Gel, artificial sea water 25 135 
Gel, artificial sea water : : . . . . . . . . , , . . . . . . . . . . ; .- .- 25 145 
Gel, artificial sea waler-f calcite, pH 8.5 ' . . - ' . ' . : . . . : ' 25 - 140 
Gel, artificial sea waler-f-calcile, p l l 8.5 , . . -. 25 150 
Synthetic opal, arlilicial sea waler . . . 25 120 
Gel, brine (30,000 p.p.m.)t 25 140 
Gel, brine (30,000 p.p.m.)! 25 142 

• Gel, brine (50,000 p.p.m.)t 25 138 
Gel, raw peat waler, pH 4.8 25 14 
Gel, filtered peat waler, pH 5.2 25 23 
Gel, peat-fdistillcd H.O, pH 4.6 25 IS 
Gel, r.DTA-hdIslillcd J-I-.0 25 130 
Gel, EDTA+distillcd H ,0 25 148 
Gel, EDTA4-dislilled II.O 95 420 

Quartz: 
Quartz crystal, crushed, washed, 2-5 n, distilled HjO 125 94 
Quarlz crystal, crushed, washed, 2-5 p., dislilled HjO 125 100 
Quartz crystal, crushed, washed, 2-5 n, dislilled II-.0 125 103 
Quarlz crystal, crushed, u-.ashed, 2-5 n .distilled HjO 125 . 104 
Quartz crystal, crushed, washed, 2-5 /i, distilled lijO 140 125 
Quarlz crystal, crushed, washed, 2-5 /i, distilled H..0 140 127 
Quarlz crystal, crushed, washed, 2-5 p, dislilled H.jO 140 128 
Quartz crystal, crii.slieil, washed, 2-5 p, dislilled H.O 140 132 
Quartz crystal, crushed, washed, 2-5 p, distilled HjO, pH 8.5, adjusted willi KOH 161 107 
Quartz crystal, crushed, washcil, 2-.S p, distilled H^O, pH 8.5, adjusted wilh KOH 161 176 
Quarlz crystal, crushed, washed, 2-5 p, dislilled H2O, p l l 8,5, adjusted wiih KOH 161 176 
Quartz crystal, crushed, w.aslicd, 2-5 p, distilled HjO, pH 8.5, adjusted wilh KOll 161 181 
Quarlz crystal, crushed, washed, 2-5 p, distilled H,;0, pH 8.5, adjusted with KOH 181.5 195 
Quarlz crystal, crushed, washed, 2-5 p, dislilled H.O, p l l 8.5, adjusted with KOH IS! .5 196 
Quartz crystal, crushed, washod, 2-5 p, distilled H2O, pH 8.5, ailjusled wilh KOH 181.5 203 
Quartz crystal, crushed, washed, 2-5 p, distilled 11,0, \ M 8.5, adjusted wilh KOH 181.5 205 
Sl. Peter .sandstone 100X200 mesh, washed, under pressure, fluid at 1 almospliere, 

distilled H-O • 95 380 
St. Peler sandstone 100X200 mesh, washed, under pressure, fluid al 1 alniosphcrc, 

distilled H:0 95 395 
St, Peler sandstone 100X200 mesh, washed, under pressure, fluid al 1 atmosphere, 

distilled 11:0 95 395 
St, Peter .sandstone 100X200 iiicsli, washed, underpressure, fluid at 1 nlnio.sphcrc, 

dislilled 11,0 95 430 
• All runs nt 25° C. clii-ckcJ for two yc.irs. 

i Hiincs miuic up Ijy mi.Tlnp N a C l , K C l , M B S 0 4 , C a C l j , M K C I - / lo ap i i rox imale typica l rormalioi i walers as K'vtn l)y 
M e c n t s d u / . (1952). 
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solutions while finding no appreciable effect 
of 0.0001-0.10 A' sodium chloride and 
0.005^.20 A' sodium sulfate solutions; the 
brines used for the runs reported here are 
less concentrated than equivalent 1 N .so
dium chloride solutions. Grcenbcrg's data 
imply lhat silica solubility in those brines 
which arc more concentrated than • 1 N 
should continue lo fall off as the ionic 
strength increases. 

Amorphous silica solubilily in several 
humic acid solutions apjjcars lo be greatly 
reduced over that in distilled water. Samples 
of peat and peat water were collected from a 
bog (Tophet swamp, Lexington, Mass.), 
and some of the peat water was filtered. 
Solubility determinations were made of 
amorphous silica in raw peat water (14 
p.p.m.), filtered peat water (23 p.p.m.), and 
distilled water mixed with raw, wet peat (15 
p.p.m.). In these determinations the blanks 
were the same solutions without silica added 
in order to eliminate the effect of the humic 
acid color on the colorimetric determination. 
The peat waters were mixed with solutions 
of known silica content and were found to 
have no effect on liie development of the 
silicomolybdatc complex. The raw peat wa
ter as collected contained less than 1 p.p.m. 
dissolved silica; the solid peat contained 
minute quantities of silt-sized quartz. 

The solubility values in the peat solutions 
were attained as quickly as in distilled wa
ter. No change was observed after six weeks 
up to two years, ^^'ithoul more extensive 
work, it is difficult to judge whether the re
sults are equilibrium values. The simplest 
explanation for the anomalously low results 
is that colloidal organic compounds in the 
peat ancl peat water were adsorbed on the 
free silica gel surface and prevented that 
surface from fully saturating the soltition. 

The results of the quartz solubility deter
minations fit well with the interpolation 
made by van Lier (1959) between his data 
below 100° and Kennedy's (1950) data at 
200° and above. The lowest temperature 
runs of Kennedy, tlio.se at 160° and 182,° are 
lower than values obtained here. As noted 
above, particle size strongly affects the rule 

of solution, and it seems likely that even 
with the long duration of his runs equilib
rium was not reached with the large single 
crystal oscillator plates used. From his data, 
van Lier derived an empirical equation for 
the .solubility of quartz as a function of tem
perature: 

- l o g C = - 0 . 1 5 1 - f - 1 . 1 6 2 •,|;-10-\ 

where C is concentration in molcs/litcr and 
T is in degrees Kelvin. Using a combination 
of the data of van Lier, Fournier, Kennedy 
(excluding the figures at 160° and 182°), and 
the present report, a revised equation was 
calculated by the method of least squares: 

1 
log c = 4 . 8 2 9 - 1 . 1 3 2 - ^ - l 0' 

where c is concentralion in parts per million 
and T is degrees Kelvin. With appropriate 
conversion factors for the different conccn-
tratioii units used, the two equations arc in 
good agreement.' Extrapolation of the re
vised equation to 25° C. gives a solubility of 
10.8 p.p.m., in fair agreement with estimates 
of solubilily from free-energy dala (Siever, 
1957). The standard heat of dissolution, 
AH°, can be calculated from the solubility 
equation as 5.18 Kcal/mole, again not very 
different from van Licr's value of 5.32 
Kcal/raole. 

Several quartz solubility runs at 95° C. 
were made to estimate the magnitude of 
"pressure solution," a term used by Hcald 
(1956) for dissolution of solid particles under 
higher pressure than the water solutions 
surrounding them. The quartz used was 
100 X 200 mesh St. Peter sandstone, cavc-
fullj' washed with hydroffuoric acid, alkali, 
and distilled water as were the other 
samples. The solid was put under pressure 
by means of a solid steel rod when the vessel 
was scaled, while the ffuid remained uncon
fined. With this crude device it was impos
sible to estimate the pressure on the solid. 
The quartz grains were examined under a 
petrographic inicroscojic before and after 

' Using p.p.m. as concentration units, van Lier's 
equation becomes log c = 4.929 — 1.162' l /y-10' . 
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runs and showed no visible evidence of frac
turing and breaking of grains. The solution 
was at one atmosphere pressure. 

The average of the results of four runs,-;-
plotted on figure 3, lies close to the solubiJ]t;^ 
curve for amorphous silica. It would appear I 
that granulation and subniicroscopic frac- / 
luring at grain contacts effectively pro-/ 
duced some amorphous silica in much the 
same way that grinding of quartz does. Al:j 
though it would be inappropriate to use 
these dala directly in interpreting the raag
nitude of "pressure solulion" in the geologic 
case of compaction of sandstones, il is not 
unreasonable to speculate that this mecha
nism does operate in nature. If so, pore wa-' 
ters in compacting sandstones might reach 
saturation vvith respect lo amorphous silica 
even though only quarlz was present origi
nally. 

The solubility-temperature curves of 
amorphous silica and quartz (fig. 3) appear 
to converge at higher temperatures and pre
sumably would meet at some temperature 
close to the critical temperature of water if 

/They were extrapolated. In fact, at high tem-' 
I peratures the concept of metastable cqui--
; librium of amorphous silica breaks down be-
sjause above 200° C. quartz can be precipi

tated easily from solution. As amorphoug 
silica dissolves, the more stable solid, quartz, 
precipitates, and all the amorphous silica is 
converted to quartz, the silica in solution . 
being that in equilibrium with quartz rather 
than amorphous silica. This is not true at 
lower temperatures because of the difficulty 
with which quartz precipitates, in harmony 
with the geologic occuirence of amorphous 
silica being restricted to low-temperature 
deposits. 

Natural walers.—Extrapolation of the 
temperature-solubility curves to 5° C. indi
cates that quartz would have a solubility of 
aboul 5.7 p.p.m. and amorphous silica, 
about 60 p.p.m. The great bulk of the oceans 
is between 2-5° C , where average SiOj con
centrations are very low, usually less than 
1 p.p.m. and with a maximum of 4 p.p.m. 
Thus those parts of the ocean with higher 
dissolved silica concentrations, between 1 

and 4 p.p.m., are only slightly undersatu
rated with respect to quartz, allhough some
thing like 1/10 saturation with respect to 
amorphous silica. As pointed out in an ear
lier paper (Siever, 1957), it is" organisms 
which undoubtedly keep the oceans so low 
in dissolved silica; for it is apparent that 
quartz precipitation is too slow near 0° C , 
even in special situations in the oceans 
where the water is slightly supersaturated. 

If the oceans of the geologic past were 
somewhat warmer, as deduced from paleo
temperatures based on O'VO'" ratios (Urey 
el al., 1951) and paleontologic and paleo-
bolanic evidence and if the silica-.secrcling 
organisms maintained the same low concen
tration of dissolved silica in the sea as at 
present, the oceans presumably would have 
been more greatly undersaturated as the 
solubility increased as a function of tem
perature. The magnitude of soluliility in
crease with just a few degrees rise ia ocean 
temperature is small; its importance is that 
it is even more unlikely that in most of the 
geologic past there was any significant 
amount of inorganic precipitation of silica 
from sea water. 

The experimental work reported here 
confirms statements by Her (1955) that the 
external form of amorphous silica seems to 
matter little and that the solubilities of 
glasses, sols, and powders are all much the 
same except for opals, both natural and syn
thetic, which appear lo be somewhat lower. 
Her (1955) has presented an argument that 
amorphous silica increases in solubility as a 
function of particle size only when the par
ticle diameters are reduced to less than 50 
m^i, Lewin (1961) gives 123 and 89 myg for 
the specific surface (measured by nitrogen 
adsorption) of two diatom species, values 
that correspond to the specific surface of 
hollow spheres of about 4 p diameter. But 
electron micrographs of diatoms show that 
the internal surface of the sinall delicate 
forms may be so great that the effective par
ticle size is less than 50 mp. This may ex
plain why diatoms dissolve and reprccipitatc 
as ordinary amorphous silica gel of lower 
specific surface area and therefore lower 
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solubilily. II this were so, there should be a 
corres[)ondcncc between fragility and deli
cacy of the diatom structure and its prcser-

•vation. In fact at present it is commonly the 
more robust forms that arc preserved in deep 
sea oozes. 

The question of rate of equilibration in 
nature has not been answered by the study 
of equilibrium solubilities. I t is clear lhat 
•quartz-water solutions in the laboratory a t 

\ low temperatures arc very slow lo react, so 
1 slow that rales of dissolution and precipita
tion are probably best measured in geologic 
Itimcs. I t is also api>arcnt lhat the ainor-
phous silica-water system is relalively quick, 

\ to come to equilibrium.- Some forms of 
\ amorphous silica will equilibrate at room 
'( temperature in a matter of a few weeks; only 

a few kinds of amorphous silica, such as 
fused silica glass, do not equilibrate .in six 

.njonths. Thus we expect to find natural wa
ters that are not in equilibrium with quartz 

'but do not expect to find such walers in con-
jtact with solid amorphous silica that are not 
/ in equilibrium with it. 

If we consider a sediment containing both 
quartz and amorphous silica, we may expect 
that the amorphous silica will gradually dis
solve and the quartz will precipitate. Inas-

. much as the rate of dissolution of amorphous . 
. silica is much faster than the rate of precipi

tation of quartz, any natural water in con
tact with the sediment should be saturated 

-^with respect to amorphous silica.and not 
quartz. But this docs not always seem to be 
the case in nalure. 

Reports of silica concentrations in inter
stitial waters made by Bezrukov (1955), 
Brucvilch (1953), and Emery and Ritten-
bcrg (1952) show that , although the waters 
arc more concentrated than the sea water 
overlying the sediment, they are normall}' 
below saturation values as determined in the 
laboratory. The low values arc not to be ex
plained by lack of sufEcient solid -amorphous 
silica to keep the water saturated, for amor
phous silica skeletal materials are present. 

In this, as in so many other natural situa
tions, we reach the conclusion that major 
factors to be considered arc (1) that the be
havior of nalur;il materials in the geologic 

environment cannot be precisely judged by 
comparison with pure materials in the labo
ratory and (2) lhat other chemical com
ponents may be affecting the equilibria. The 
equilibrium solubility of biogenic amorphous 
silica (diatoms, radiolaria, elc.) m.ay be 
more or less than that of the pure prepared 
silicas used in the laboratory. The rate of 
solulion of biogenic amorphous silica in sea 
water or interstitial waters similar to sea 
water in composition may be much slower 
than tha t measured in the laboratory, so 
much slower that they may take geologically 
significant times to saturate a solution. One 
cannot neglect the unlikely possibility that 
in the natural environment the rale of pre
cipitation of quartz is speeded up so that it 
is almost the same as the rate of dis.solulion 
of amorphous silica; then the solution would 
lake a long lime to become saturated with 
respect lo amorphous silica. 

Recent work on diatom dissolution by 
Lewin (1961) shows that in many cases the 
behavior of the diatoms may be causing the 
apparently anomalous situation. She found 
tha t rates of dissolution of diatoms vary 
greatly, depending on such factors as the 
kind of metal ions in solution (Al being most 
important) and the way in which the dia
toms died (chemical destruction, depriva
tion of light for photosynthesis). I t is not 
certain lhat all species of diatoms have the 
same solubility; it may vary with the kinds 
and amounts of metal ions and organic ma
terial bound lo the silica. 

Tha t organic matter may play an impor
tant role in the dissolution of amorphous 
silica is suggested by the solubility detcr-

, minations in peat solutions. If the lowered 
solubility is the result of organic adsorbatcs 
on the silica surface, we may expect that the 
silica will not come to equilibrium with the 
surrounding waters until the organic matter 
has been removed by bacterial decay and 
oxidation. On the other hand, some oiganic 
compounds may form organic-silica com
plexes (Siever and Scott, 1961) and increase 
the solubility. At present, not enough is 
known of the occurrence of these complexes 
in nature to warrant any definite conclu
sions. 

ill 
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Answers to many of the problems posed 
above may come in the study of solubilities 
and the rates of solulion of the biogenic 
silicas found in natural environments in rela
tion to variations in trace elements, specific 
surface area, and interaction with organic 
materials. It is also necessary to have much 
more data on the amount of dissolved Si02 in 
interstitial sediment waters in diatom and 
radiolarian oozes to see what supposed satu
ration values arc. 

Effect of olher componenis.—^Thus far we 
have considered only the silica-water system 

~and its controls on silica precipitaiion. If 
other components arc added, in particular, 
aluminum, the alkalies, and the alkaline 
earths, the precipitation of silica raay be 
governed by equilibria with aluminosili
cates. At low temperatures and pressures the 
minerals of most concern arc the clay min
erals. Alteration of one clay type to anotber 
with different silica/alumina ratios will lead 
to silica liberation to or absorption from the 
surroundings (Siever, 1957). The reactions 
of greatest interest are those involving trans
formations of montmorillonite to muscovite, 
illite, or kaolinite—ail of which result in the 
release of silica. 

If we lake the montmorillonite formula 
given by Ross and Hendricks (1945) and 
write the appropriate equations for trans
formations to muscovite, kaolinite, and il
lite (formula given by Yoder and Eugster, 
1955), the relative amounts of silica can be 
calculated. 

Monlmorillonile 

1.2[Nao.c6Al3.3iMgo.66Sis02o(OH)4 • i t lW] 
Kaolin 

-1- 6.4 H-*- = 2 MiShOt (0H)4 -{-5.6 

SiOa + 0.79 Na-<- 4- 0.79 Mg++ 

-1-(1.2». 4-3.6) H A 

1.8 [Nao.cGAl3.3,|Mgo.c(;Si802o (OI-I)j 

•HHaO]-!- 1.6H-*--l-2K-'-
Muscovite 

= 2KAl3Si30,o (0H)2 -j- 8.4 SiOj (2) 

-f 1.19 Na-^ 4- 1.19 Mg-H- -f (1.8;* 

-1-2.4) HjO. 

1:78 [Nao.6cAl3.34Mgo.6cSis02o (OlVfi 

• nHjO]-f 3.7 H-t--}- 1.33 K-<-

4- 4.82 Mg-H- (3) 
Illite 

= Kl.83Al6.33Mg6SicX70jo (OH) 4 .• , 

-f 7.63 SiOj -I-1.18 Na+ -\- (1.78» 

-f 3.4) H2O. 

If wc compute the relative amounts of silica 
and clay mineral products of these reactions, 
wc find that for (1) 1 gm. silica is produced 
for 1.53 gm. kaolinite; for (2) 1 gm. silica is 
produced for 1.57 gm. muscovite; and for 
(3), 1 gm. silica is produced for 2 gm. illite.. 

Garrels and Christ (unpublished manu
script) have calculated equilibrium con
stants for many of the reactions between 
clay minerals; feldspars, and aqueous solu
tions by estimating the standard free ener
gies of fonnation of the minerals involvcd.-
Froin the equilibrium constants, it is pos
sible to calculate amounts of silica in equi
librium with montmorillonite, kaolinite, and 
muscovite in aqueous solutions with various 
amounts of cations. The calculations can be 
approximate only, for appreciable error is in
troduced in estimating the free energies of 
formalion of the minerals involved. From 
the calculations it appears that, if the wa
lers are in equilibrium wilh kaolinite, the 
silica concentrations will vary from 20 to 60 
p.p.m. when the Na+/H-*-ratio ranges from 
5 to 8. Higher concentrations of silica would 
lead lo the formation of Na-montinoril-
lonite. Similar calculations can be carried 
out for the muscovite-orthoclasc pair, which 
is dependent on the K+ZH-*' ratio and silica 
conceniration (Garrels and Howard, 1957). 

Abrasion sohiiioii.—Abnormally high sili
ca concentrations in waters in contact with 
quarlz bave been produced by Fournier 
(1960), who tumbled quartz in polyethylene 
vessels for over a j'car and found that the 
solulion increased steadily to a maximum of 
300 p.p.m. dissolved silica, vastly supersalu-
rated with respect to amorphous silica. 

The mechanism of abrasion solution 
seems to be one of disordering and hydraling 
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the surface layers of quartz by continued 
inii)acts of other grains lo jiroducc a finely 
divided amorphous silica. Indeed, it is the 
production pf this surface layer tha t is 
troublesome when pure quartz is wanted 
from a grinding operation. Van Lier (1959) 
has calculated that there is a disturbed 
layer about 300 A. thick on 2-5 p quarlz 
grains produced by grinding. 

I I . DIAGENESIS OF SILICA 

SILICA IN THE SEDIMENTARY KNVlRONMICNT 

Before the when ahd where of silica dis
solution and precipitation during diagenesis 
can be specified, the silica available and pre
cipitated in the sedimentary environment 
must be evaluated (Siever, 1957). In the dis
cussion, I shall use the word "pr imary" lo 
indicate the material which is precipitated 
from the free waler of the environment,, in
cluding the biogenic component of the sedi
ment, before any burial takes place. I t 
woulti also include any detrital material as 
finally deposited (after any mechanical re
working). Thus both a precipitate forming 
while detritus is being deposited and a pre
cipitate added lo the surface layer of a sedi
ment after final mechanical deposition 
would qualify as "primary." This usage is 
dictated by the impossibility of operation
ally establishing a reasonable differentiation 
between "during deposition" and "ahready 
deposited but not yet bu,ried.". 

I shall use the work" "diagenesis" in a 
- loose sense for any process after initial burial 

of a layer by the next deposited layer of sedi
ment, recognizing lhat there is no real 
boundary between diagenesis and meta
morphism, on the one hand, and diagenesis 
and weathering, on the other. 

r-~— The opcit ocean.—Amorphous silica is prc-
cipilalcd in the oceans by organisms: dia
toms, radiolaria, siliceous sponges, and sili-
coflagcllatcs. No substantiated occurrence of the Mesozoic; the radiolaria to the early 

(1959) have indicated that dissolved silica in 
Mississipjii River water may be adsorbed on 
suspended mailer in and around the delta. 
Open sea waler is undcr.saluratcd with re
spect to both quarlz and amorphous silica, 
and so non-biogcnic precipitation as free 
silica is ruled out, although silicates may 
precipitate by reaction of silica with alumina 
or aluminosilicates. 

This is not to say that biogenic removal 
of silica from the sea is not conditioned by 
changes in silica content of the water. Local 
diatom blooms may occur as a result of high 
silica concentrations frotn the alteration of 
volcanic materials. The productivity of dia
toms is determined by many organic and in
organic nutrients, among them silica (Har
vey, 1957). But their use of silica is depend
ent on the amount of silica in the water. This 
is especially illustrated by fresh water diatoms 
that live in lakes of varying SiOs content, 
where, other things being equal, there is a di
rect relation between the size of diatom pop
ulations and available silica. Silica-deficient 
shells are produced in cultures grown in low 
silica nutrient solutions (Harvey, 1957). 
The diatoms can precipitate silica from solu
tion even at very low concentrations, less 
than 1 p.p.m., but they cannot be abundant 
unless there is enough SiOj in solution lo 
support the population. Thus a higher pro
ductivity of diatoms and siliceous sediments 
resulting therefrom is the consequence of a 
greaier quantity of dissolved SiOo supplied 
to the environment rather than.the con
verse. We know most about the diatoms; 
available knowledge of present and past pat
terns of sedimentation suggest that the 
radiolaria and siliceous sponges act in the 
same way. Fundamentally, it is the con Iri-1 
bulion from inorganic sources that deter
mines the presence or absence or amount of 
siliceous sediment. 

The diatoms extend back in time only lo 

quartz being precipitated at the present 
time is known; nor is there any definite rec
ord of primary amorphous silica being pre
cipitated in the sea at present by any non-
biological processes, although Bicii cl al. 

Paleozoic. The siliceous sponges extend back 
lo the beginning of the Paleozoic, but we are 
unsure whether the}' existed during the Pre
cambrian. The silicoflagclhitcs' evolutionary 
patt'crii is poorly known, but they extend 
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back to llic Upper Cretaceous. By a line of 
reasoning fully explored in an eariicr pa[)cr 
(Siever, 1957), it was concluded that silica 
sedimentation in the later Precambrian 
must have been much like today, that is, 
primarily biogenic, for there is no essential 
difference between later Precambrian sedi
mentary sections and younger rocks insofar 
as siliceous rocks are concerned. This im
plies the existence during the Precambrian 
of silica-secreting organisms even though the 
direct fossil evidence is missing. 

It is worthwhile to consider silica precipi
tation in eariicr Precambrian seas in which 
no silica-secreting organisms had yet 
evolved. The simplest analysis of the pure 
silica-water system would lead us to con
clude that the rate of supply of silica lo the 
oceans and the lime available would have 
led to saturation with respect to amorphous 
silica, for quartz would have been as slow 
to precipitate in the earlier Precambrian as 
loday. As additional dissolved silica was 
supplied by rivers, the excess would liave 
been precipitated as a silica gel, later to be 
altered to chert or microcrystalline quartz. 
The quantity of siliceous sedin-ienl deposited 
in this early ocean would have been solely a 
function of supply from the weathering of 
continental rocks. If Archean rocks repre
sent the later part of this lime, then wc 
should expect sedimentary sections wilh a 
more or less constant component of silica. 
But Petiijohn (1943) has marshalled a greal 
deal of evidence to show tliat Archean sedi
mentation was the same as in later times, 
and, in particular, he pointed out that the 
origin of Precambrian chert must have been 
the same as for later cherts, at least for 
those bedded cherts associated with the geo
synclinal graywacke suite This implies that 
cither silica-.secrcliiig organisms ; evolved 
very early indeed or that this variety of 
chert is not dependent on organisms. A 
third but unlikely alternative is that inonl-
niorillonitc was formed by reaction of silica 
with kaolin or illite, and this reaction kept 
the early oceans undersaturated with re
spect to amorphous silica. This reaction is 
not possible in the prescnl oceans because of 

low silica conccniralions cau.scd by organ
isms, but it would have been jjo.'̂ siblc before 
the silica sccrclers had evolved. 

Speculation on the origin of life in the 
early ocean (Oparin, 1953) has led lo the 
hypothesis that an organic-rich "soup" was 
the raw material that was converted by 
some form of energy (electrical discharge, 
ultraviolet radiation, etc.) into ;iniino acids 
and then protein molecules. This would htivc 
led lo the adsorption of organic compounds 
on free silica surfaces and thus lo the preven
tion of silica dissolving to saturation. In ad
dition, the number and variety of organic 
compounds present in the early seas may 
have made more probable the wholesale 
complexing of dissolved silica, thus increas
ing the solubility and- lessening the likeli
hood of saturation. 

Restricted environments.—We may ask 
what would happen in restricted jjarts of the 
sea with poor mixing with the open ocean 
reservoir. If in such cnvi.roninents the sup
ply of non-siliceous nutrients necessary to 
support sizable populations of silica-secret-
crs is low (so lhat biogenic precipitation can
not keep silica concentrations in the water 
low) and there is an abundant supplj' of 
sihca by weathering or volcanism, it is pos
sible for local supersaturation and precipita
tion to take place i-ion-biogenically. This is 
more likely lo have happened before the 
evolution of the diatoms, for at present this 
kind of environment normally has suflicicnt 
nutrients to support a population of diatoms 
adequate to keep silica concentrations be
low saturation levels. 

If a restricted environment becomes the 
site of extensive evaporation so that soluble 
salts are precipitated, there is the po.ssibility 
that, after sulTicicnl concentration of the 
bittern, silica will precipitate. If wc take 1 
p.p.m. as a somewhat liberal cstiinatc for 
dissolved silica in sea water, then that water 
would have lo be reduced in volume over 
100 times before saturation with respect to 
amorphous silica is reached. This same mag
nitude of reduction of volume is necessary 
for KCl to precipitate, and so in those .salt 
deposits where KCl is found, amorphous 
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silica (perhaps now recrystallized lo quartz) 
should be found. However, the amount of 
SiOz is small comp;ired lo KCl and so woiild 
be present in minor ainoun ts. This obviously 
is not the place to look for siliceous sedi
ments or a" source of silica. 

Lakes.—Some lakes, in particular the so
dium carbonate lakes, may have high con
centrations of dissolved silica. Some are 
highly supersaturated as, Tor example, 
Owens Lake, California, wilh 300 p.p.m. 
dissolved silica (Clarke, 1924). Deposits 
fomied in such lakes are cxpcclcd to show 
appreciable silica. Whether the silica is bio
genic or not depends on the available nu
trients and also on other condilions, such as 
pH, that may affect the viability of diatoms. 
In some soda lake deposils lhat are very 
alkaline and aluminum rich, the dissolved 
silica may combine with aluminate ion and 
forra an alkali aluminosilicate precipitate 
such as analcite or montmorillonite. 

Abrasion solution during re-working.—Ex
perimental work with tumbling barrels and 
observations of rounding and size decrease 
in natural streams has led sedimentary pe-
trologists (Pettijohn, 1957, p. 533-540) lo 
the conclusion that purely mechanical abra
sion is very slow to change angular quarlz 
particles into rounded ones or lo reduce their 
size. The abrasion involved in an average 
distance of transport in one sedinientary 
.cycle is apparently insufficient to account 
for anj' significant rounding or size decrease. 
Yet there are many well-rounded quartz 
sandstones in the geologic column. The dis-
crcpanc)' has been explained by assuming 
either multiple cj'cles of transport or con
stant re-working in a beach or near-shore en
vironment during one cycle to perinit suf
ficient abrasion to accomplish the rounding. 
I t may be equally' well explained by the fact 
that quartz particles may dissolve chemi
cally more quickly under abrasion condi
tions—such dissolution alm'ost certainly re
sulting in greater rounding of theiJarticles. 
As noted eariicr, Fournier's (1960) experi
ments indicated that abnision may produce 
supersaturated .solutions. His work, taken 
together wilh llic arguments on rounding of 

quartz particles, raises the possibility that 
in those sedimentary environments in which" 
sands are constantly being shifted and 
abraded, .such as beaches, bars, and near-
shore littoral areas, dis.solved silica may 
reacli high concentrations. 

Here one must distinguish between two 
types of transport—suspended load and bed 
load. In suspended-load transport, abrasion 
solulion will release silica lo the open waters 
of the environment, which are well mixed by 
the currents competent to transport sand. 
As a rule, the waters of these environments 
are undersaturated, and, because of rapid 
mixing, the silica concentration of the reser
voir will not be built up to any significant 
extent. The sole result may be decrea.se in 
grain size and rounding of the particles. 

In bed-load transport, the entire upper 
part of the bed may be in transit, with at
tendant impacts and mutual abrasion of 
grains. The waler wiihin the bed is nol al
ways well mixed wilh the overlying water, 
and it is conceivable that dissolved silica 
concentrations could build up locally to give 
solutions supersaturated with respect to 
quartz and possibly even ^yilh respect to 
amorphous silica. The high silica concentra
tions in the interstitial waters of the moving 
bed would not be reduced by the activities 
of organisms, for this is not the ecological 
niche of the siliceous sponges, and the olher 
siliceous organisms are pelagic. 

Is il possible that this mechanism is re
sponsible for those rounded sands cemented 
by silica, in which petrographic evidence 
shows lhat the cementalion took place be
fore appreciable compaction (Siever, 1959)? 
Fournier (1960) reported that his high su
persaturation values were eventually re
duced, presumably first by amorphous silica 
and then by quartz precipitation. Here is ex
perimental evidence that quartz may be 
precipitated at room" tenipcratures, given 
enough time and enough quartz grains to 
act as nuclei. A test for this hypothesis is to 
take .sands presumably formed in these en
vironments and see whether there is any 
positive correlation between cementation 
and roundness. Another test would be the 
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careful mca.surcmenl of silica concentrations 
in interstitial waters of sands in the aj)pro-
priate modern environments. . 

EARLY DIAGENESIS 

By early diagenesis I shall -mean lhat 
stage in the history of sediment during 
which .it is buried oni}' up to a few lens of 
feet. During this stage the sediment is not 
yet compacted greatly and has a high poros
ity and water content and may be moder
ately permeable. It has been established 
that bacteria may be active in this soft sedi
ment and instrumental in promoting chemi
cal reactions. A further characteristic of this 
stage is the jiassage of water expressed by 
compaction upward through the sediment. 
The greater the gradient of compaction in
the uppermost few feet of sediment, the 
gr.eater the flow through of water. 

Dissolulion of organisms.—During early 
diagenesis any siliceous organisms trapped 
in the sediment should .slowly dissolve if the 
interstitial walers, essentially trapped sea 
_water, are undersaturated in silica. Thus in 
the cdse of a marine sediment containing 
diatoms, the diatom walls, protected from 
dissolution during life, will slowly corrode, 
releasing dissolved silica to the interstitial 
waters. 

The rate of solution depends, among 
olher factors, on the concentralion of silica 
in solution and will be expected to slow as 
the concentration builds up. The rate of 
flow through of water expressed by compac
tion fundamentally depends on the rate of 
accumulalion of sediment overburden. Rates 
of sedimentation arc slow; even in areas of 
relativcl}' rapid deposition, they may reach 
only 0.1 mm/yr averaged over long geologic 
times. The rate of dis.solulion, of diatoms, up 
lo 50 mg/l for the first month (Lewin, 
1961), is more than sufficient to saturate the 
water squeezed oul by compaction as it 
passes through the sediment. Then we may 
anticipate a buildup of silica in solution if 
any siliceous organisms are jiresent. If such 
organisms arc not present in excess, they 
may dissolve, leaving no relic behind. The 
analyses of interstitial waters of some soutli-

. cm California modern sediments by Emery 
and Ritlcnbcrg (19.52) lhat show increases 
in dissolved silica below the sediment sur
face arc good evidence for this buildup. In
terstitial waters of some Atlantic Ocean sedi
ments analyzed in the writer's kiboratory 
show the same kind of increase. 

As mentioned earlier, the high surface" 
areas of some diatoms may give rise to ab
normally high solubilities and rates of solu
lion lhat might lead to supersaturation and 
consequent precipitation of a gel. One may 
-think of this as a simple process of recrystal^ 
lization or digestion of a precipitate from a 
state of higher surface area to a state of 
lower surface area, the decrease in surface 
energy being the driving force of the trans
formation-

There is also the possibility lhat the in
terstitial walers enriched in silica by the dis
solution of organisms will relieve their super-
saturation with respect to quartz by pre
cipitation as quartz crystals or overgrowths. 
Quartz crystallization may depend on the 
presence of nuclei in the form of quarlz sand 
or silt grains. 

Alleration of volcanic glass.—VolcanIc>.j 
glass is unstable in sea water and will hy- / 
drolyze and release silica to solulion. Dc-1 
pending on the concentration of dissolved 
silica in equilibrium with the particular gla.ss 
in sea waler, the interstitial waters may be
come supersaturated and amorphous silica 
may precipitate. Even if saturation'witii re
spect to amorphous silica is not reached, 
quartz may precipitate. The association of 
volcanic glass and secondary opal in ash falls 
has been noted frequently and seems to be a 
fairly common occurrence. Also common is 
the as.socialion of a silicified zone with ben-
lonites. The marine alteration of volcanic 
glass has been studied by Zen (19596) in 
some modern sediments from the Peru-
Chile trench. Zen noted devitrification al all 
levels in most of the forty cores studied, and, 
from index of refraction measurements on 
fresh glass, he deduced a dominantly bn.sal-
tic composition. Some beds had such an 
abundance of glass that they could be con
sidered ash beds. The amount of silica rc-
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ORIGIN OF a i E R T 

Most of the silica in chert consists of 
microcr}'slallinc quarlz (Midglcy, 1951; 
Folk and Weaver, 1952). The very fine crys
tal size of the quartz, the occurrence of opal 
in recent cherts, the abundance of water-
filled cavities (Folk and Weaver, 1952), and 
the evidence that there may be an admix
ture of amorphous silica between quartz 
•fibers in chalcedony (Sosman, 1927; Correns 
and Nagelschmidt, 1933; Donnay, 1936)— 

Pall suggest that most, if not all, cherts were 
I originally precipitated as amorphous silica 
^rather than quartz. This does not neces

sarily mean that the precipitate was a low-
densil}', high-water content, soft gel. Gels 
can be precipitated in a wide variety of wa
ter contents, particle sizes, and states of ag
gregation (Iler, 1955, p. 127-134). Opal is a 
dense form of amorphous silica, and gels 
with simOar characteristics can be made eas
ily in the laboratory without resort to ex
treme condilions of temperature and pres
sure. The fact lhat some chert nodules have 
shown resistance lo compaction greater than 
the surrounding carbonate sediment sup
ports the conclusion lhat this silica was no 
soft gel but a hard opaloid precipitate. 

j The alternative to amorphous silica pre
cipitation is that chert was originally pre
cipitated as microcrystalline quartz, and its 
extremely fine particle size is due lo the lack 
of nuclei of larger crystals of quartz in the 
form of silt or sand grains or lack of quartz 

'oiuclci fornied spontaneously. Supporting 
this suggestion is the fact that microcrystal
line quartz precipitates arc obtained in high-
teniperaturc quartz synthesis experiments 
when nuclei arc absent or precipitation is 
too rapid. Militating against this argument 
is the fact that chert has been observed as 
cement between quarlz grains in sandstones 
(and in sandy limestones), where presum
ably some of the abundant quartz grains 
would have acted as nuclei. 

Bedded chert.—I will not attempt here to 

summarize the literature on this problem; 
that has been done ably by Petiijohn (1957). 
Recent contributions include those of Gold
stein (1959) and Eisscll (1959), who have dis
cussed the geologic occurrence and origiii of 
bedded cherts in the Ouachita and Cordil
lera belts, respectively. The weight of the 
evidence supports the primary or early dia
genetic origin of bedded chert, but there is 
no general agreement on whether it origi
nates from biogenic precipitation or altera
tion of volcanics. The petrographic and geo
logic arguments reduce lo a question of 
whether siliceous fossil remains can be 
found in the chert or the chert beds arc as
sociated wilh volcanic rocks in the near vi
cinity. Either or both have been described in 
various bedded cherts. The cherts of un
known origin are those that contain no rec-
ognizabltj siliceous fossil remains and are not 
associated with volcanic rocks. 

The argument that the sea waler of the 
environment became supersaturated by al
teration of volcanic materials and so pre
cipitated silica non-biogenically assumes 
either (1) lhat silica-accreting organisms 
could not reduce concentrations as rapidly 
as solutions were supersaturated or (2) that 
the diatoms and silicoflagellates did not exist 
before the Cretaceous, and the radiolaria and 
siliceous sponges were not efiScicnt in reduc
ing silica supersaturation. The first asssump-
lion, at least so far as the diatoms are con
cerned, is not justified from studies of mod
ern sediments and environments, in which 
the organisms are able lo keep up with the 
supply. If the second assumption were so, 
sea waters generally would have become sat
urated carl}' in geologic history, after which 
there would have been precipitated a rela
tively constant component of silica to all 
marine sediments; this has not been ob
served. In addition, there is no evidence 
ftom the lilciature lhat prc-Crctaceous 
cherts are generally different from younger 
ones. The assumptions (1) and (2) arc not 
justified; therefore the original statement 
lacks basis. 

The best argument in favor of non-bio
gcnic precipitation from supersaturated sea 
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water is that the bedded cherts were depos
ited in restricted basins (Pettijohn, 1957) in 
which the supply of nutrients other than 
silica was restricted and .so could not support 
a silica-secreting population. This would be 
particularly true of tho.sc stagnant basins 
wilh slable density stratifications; bottom 
walers rich in nutrients would not mix witb 
surface waters, and the latter would become 
depleted and not be able lo support large 
planktonic populations. In these basins, be
cause of lack of vertical mixing, the bottom 
waters might become enriched in silica as a 
result of the inability of sponges to live on a 
deoxygenated bottom and the lack of com
munication with surface waters where the 

- diatoms, silicoflagellates, and radiolaria live 
Any disruption of the stable stratification 

that would lead lo vertical circulation arid 
regeneration of nutrients in the surface wa
lers would make possible a flourishing of 
planktonic populations-and abundant bio
genic precipitation of silica. Periodic over
turn alternating with stable stratification 
could'lead lo alternation of biogenic and 
non-biogcnic siliceous deposits. 

/' The origin of bedded chert as an early 
( diagenetic product of the alteration of vol-
\ canic materials is implied by the observa-
j tions on devitrification and alteration of vol-
Ccanic glass in modern sediments. Zen (1959o) 

has described the association of calcite and 
kaolinite as alteration products of devitrified 
glass. A chert formed in this way would be 
expected to show, in addition to quartz, 
mineral assemblages, such as calcile-kaolin-
ite, calcitc-chlorite-kaolinile, calcite-dolo-
mite-chloritc, and others, depending on the 
number of components and phases in the 
system. Obviously, only the impure argil
laceous and carbonate-rich lieddcd cherts 

_\vould fit with this origin. The siliceous 
\ Mowry shale (Rubey,. 1929) may have origi-
/ nated in this way. 

"" An explanation for the pure bedded cherts 
that have no siliceous organisms preserved 
may be sought in the relation of the rate of 
sedimentation to the rate of dissolulion of 
the organisms during early diagenesis. Ac
cording lo this view, the organisms, given 

' enough time, will dissolve and reprccipitatc 
as structureless amorphous silica gel in early 
stages of diagenesis, before compaction and 
lithification. If, however, the siliceous ooze is 
rapidly buried and compacted afler only 
partical dissolution and rc[)rccipitation of 
the organisms, the individual shells may be
come "frozen in" and protected frotn disso
lution by lack of pore space and fluid in 
which to dissolve, analogous to the exqui
site preservation, of calcium carbonate shells 
showing original structures and composition 
in some argillaceous limestones and marls. 
Then cherts like the Monterey (Bramlette, 
1946), in which diatoms are preserved, 
would represent high rates of sedimentation, 
and cherts in which no fossils are preserved 
resulted from low rates. 

Nodular cherts.—The weight of petro
graphic evidence is in favor of most chert 
nodules, most often associated with marine 
limestones, being postconsolidation, epigenc 
replacement deposits. The main evidence for 
this has been summarized by Pettijohn 
(1957). On the other hand, the differential 
compaction of limestone around and the 
lack of compression of fossils within some 
chert nodules point to some silica emplace
ment at early stages of compaction before 
much interstitial water had been squeezed 
out by the weight of overlying sediments. 

For simplicity -yi'e shall- take the case of 
small, discontinuous nOdiiles-distributed 
along a bedding plane in a limestone, in 
which there is petrographic evidence for rc^ 
placement origin. A model of origin that will 
be consistent with our knowledge of silica 
chemistry and explain such an occurrence 
must fulfil three major requirements. I t 
must explain (1) how supersaturated silica 
solutions are produced that enable precipita
tion of amorphous silica or microcrystalline 

• quartz, (2) the conditions for replacement 
under which carbonate is dissolved as silica 
is precipitated, and (3) the distribution as 
discontinuous nodules instead of a uniform 
bed. ^-...^ 

The source of the silica and the nieclia
nism by which suiicrsaluratcd solutions arc 
produced is probably the lc;ist diflicult of the 
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three requirements. Siliceous organisms 
have been present at least since the early 
Paleozoic, and their remains arc to be found 
in many limestones and chert nodules. As 
discussed above, we may expect a high pro
portion of these organisms to dissolve in the 
interstitial waters afler death and burial. 
The almost exclusive association of nodules 
with biogenic carbonate rocks is circumstan
tial evidence that il is thc.organisins that are 
the primary source of the material, for here 
we have lillle or no detrital material as a 
supply, and silica does nol precipitate from 
normal sea water non-biogcnically. Another 
important support for this hypothesis is the 
occurrence of siliceous sponge spicules in the 
chert nodules and the lack of siliceous spic
ules in the limestone away from the nodules, 
as reported from several localities (Lowen-
stam, 1948; Newell el al., 1953; Pitlman, 
1959). Finally, it is the dissolution of or
ganisms lhat is most likely to result in super
saturated solutions because of the fine struc
ture of the siliceous skcleta.' materials. Even 
very fine-grained quartz silt particles would 
not dissolve beyond equilibrium. 

If volcanic glass were associated with the 
deposit, its devitrification would also con
tribute to silica in solution. Still another 
source of silica is the transforination of 
montmorillonite lo illite during diagenesis, a 
hypothesis that is supported by tbe relative 
decrease in abundance of montmorillonite in 
older sedimentary rocks. 

No better answer to the ])roblcin of get
ting supersaturated solutions is given by 
hypothesizing mass transfer of supersatu
rated solution into the bed from elsewhere, 
for this just conijiouiids the difficulty by im
posing the necessity for explaining the how 
and why of the mass transfer as well as slill 
requiring that supersaturated solutions be 
built up someplace 

The laboratory condition.s" under whicii 
carbonate is dissolved and silica iirccipilated 
are fairly well known, although no one bas 
demonstrated actual replacement. It is con
venient lo discuss carbonate solubility in 
terms of pH, although, in fact, the doininant 
independent variable in geologic situations 

is the activity of CO2, pH being the (Icpcnd-
cnt variable and not the controlling factor. 
Carbonate dissolves in acid and precipitates 
in alkaline solutions, the precise value of pH 
at the point of precipitation depending on 
the activity of CO2, Ca++, and CO3 , pres
sure, and temperature. 

The relationship of silica solubility to pH 
is not at all similar to lhat of carbonate As 
pointed out eariicr in this paper, all the re
cent work has shown that solubility is inde
pendent of p l i between 2 and 9 and incrciuscs 
greatly only in alkaline solutions of p l i 9.5 
and higher. Therefore, the appealing rela
tionship expounded by Correns (1950)— 
wherein al lower pH values silica precipi
tates as carbonate dissolves, while at higher 
pH values silica dissolves as carbonate pre-
cipitalcs-^is nol validl}' based on tixpcri-

. mental data on equilibrium solubilities, at 
least for that range of pH values found in the 
vast majority of natural environments 
(Baas-Becking c/0./., 1960). 

Whether or'not pH has anything to do 
with silica precipitation, the conditions for • 
replacement of carbonate can be related to 
localized areas in which the pH is lowered at 
an early diagenetic stage. This situation is 
readily explained by the addition of CO2 to 
the systein by bacterial decomposition of or
ganic matter. This effect has been noted in 
modern sediments by Emery and Riltcnbcig 
(1952), van Andel and Poslma (1954), and 
Siever cl al. (1961). The localizaUon of the 
increase in COj may be explained by the ir
regular distribution and clumping of orgiinic 
mailer. Al these sites of organic decay the 

-carbonate would dissolve, increasing the 
conccnlration of HCOj" and Ca-*'+ (plus 
Mg-i-̂  if dolomite or magnesian calcite is 
present). This would set iip a concentration 
gradient between the sites and surrounding 
areas where no CO2 was added, making jios
sible diffusion of dissolved carbonate aw;iy 
from-the sites of organic decay. This ex
plains the disappearance of carbonate from 

.the site but not the appearance of silica. 
The appearance of silica at the site of or

ganic decay cannot be ascribed lo the influ
ence of pH change on silica solubility. Nor 
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can one explain il by the effect of pH on rale 
of polymcrizati.on of supersaturated solu
tions (Ilcr, 1955, p. 45-48), for in strong 
electrolyte solutions such as sea water the 
rate of polymerization is high regardless of 
pH, But clay mineral-silica reactions arc 
strongly affected by pH; lowered alkalinity 
would displace the nionlmorillonitc-kaolin-
ilc reaction toward the production of kaolin-

SCDIMENT = C o C O j • SlOzuMonPHOUS)^^ ORGANIC MATTER 

r DirrusiON 
t 

OPAUNE SILICA PRECIPITATES 

LOWERS SILICA SOLUBILITY 

1 
ABSORBED ON SILICA 

I 

BACTERIAL DECAY 

p H LOWERS 

i 
CoCX), DISSOLVES 

SURROUNDINGS 

DIFFUSION 

CoCOj 
PRECIPITATES 
AS CLEAR 
CALCITE IN VOIDS 

«= ^ 
FIG. 4.—Possible mode of formation of early 

diagenetic chert nodules as related lo lhe presence of 
organic matter. 

ite and silica. The argillaceous cherts may 
owe their origin to this reaction. 

Emery and Ritlcnbcrg (1952). have sug
gested that what may liapj-ien at the site of 
organic decay is the lowering of solubility of 
silica by adsorption on org.anic matter, 
w-hcthcr originally deposited or produced as 
the metabolic products of bacteria. In addi
tion, the adsorption of organic matter on 
sflica, for which wc have ample evidence, 
may have its effect. This would act in the 
following way. What siliceous organisms 
there were at the site would dissolve very 
slowly and slightly bcctiusc of organic ad
sorption, whereas the siliceous organisms in 

the surrounding areas without organic ad-
.sorbalcs would be free lo di.ssolve A concen
tralion gradient of dissolved silica would be 
set up, making possible diffusion from the 
surroundings into the site where organic ma
terial would continue lo immobilize the silica 
by producing insoluble organic silica com
plexes. The process would continue, as in 
figure 4, carbonate dissolving and silica pre
cipitating at the .site until the organic matter 
was cither complclcly oxidized by bacteria 
or complexed with silica,or until the bacteri
al activity that produced CO2 cca.scd. 

The test of the above hypothesis would be 
to demonstrate more clearly the role of or
ganic matter in complexing silica, the pres
ence of secondarily precipitated clear calcite 
iu the .surroundings of the chert nodule,'aiKl 
the already noted difference in preservation 
of siliceous organisms in and surrounding 
the nodules. 

The mechanism proposed above would 
not account for the more abundant postcon
solidation nodules, for at \:liis stage bacterial 
activity and oxidalion of organic matter 
would have.ccased. Here also, local pH. vari
ations could not be used for an explanation, 
for we know of no reason why pH should be 
heterogeneous in a consolidated rock other 
than random minor fluctuations. The an
swer should be sought in variations in solu
bility of carbonate and .silica related to 
changes in porc-watcr composition, pres
sure, or lemperalure, or any combination of 
the three 

Pressure and temperature increase with 
depth of burial, the pressure increasing by 
the weight of overburden and the tempera
ture increasing along the geothermal gradi
ent. The effect of temperature and pressure 
on silica solubility reinforce each other and 
make silica much more soluble at higher 
lempcralurcs and pressures. The effect of 
temperature is much greater than that of 
pressure (Kennedy, 1950). Thus wc expect 
silica to dissolve as the rock gets deeply 
buried and the pore waters in equilibrium 
with lhat rock lo get more concentrated 
with dissolved silica. The amount of silica 
dis.solvcd depends on the depth of burial and 
the amount of [lorc water iivailablc. 
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The effects of pressure and temperature 
on carbonate, solubilily arc more compli
cated, for inextricably tied up with car
bonate solubility is the activity of CO2, and 
CO2 solubility in water is strongly affected 
by lemperature and jiressure If CO2 pres
sure is constant, carbonate solubility in
creases with greater jircssiirc and decreases 
wilh higher temperature (Miller, 1952; Ellis, 
1959). If, however, wc specify the more ap-
projiriale geologic situation in which a cer
tain amount of CO2 is trapped initially and 
then the system is scaled so that CO2 pres
sure also varies wilh lemperature and pres
sure, the solubilily changes in a different 
way. Weyl (1959a) measured the solubility 
as a function of temperature in this way, but 
no data arc available as a function of pres
sure. Owen and Brinkley (1941) used jxar-
lial molal volumes lo calculate the change in 
carbonate equilibrium constants with pres
sure, and we can use these figures and 
Weyl's to roughly calculate the magnitude 
of the change in solubility with increasing 
temperature and pressure along earth crustal 
gradients (Siever, R., and Garrels, R. M., 
unpublished Ms.). Somewhat surprisingly, 
the results are that the solubilily is pracri-
cally unchanged or very slightly decreased 
with burial, tbe effects of pressure and tem
perature almost exactly balancing each 
olher. 

The above analysis shows that pressure 
and temperature changes associaied with 
burial cannot be used to account for silica 
replacement of carbonate, for carbonate 
solubility is not very responsive to tempera
ture and Jiressure. It could conceivably have 
some slight importance in the filling of open-
pore spaces by silica, associated with uplift, 
lowering of temperature and jjrcssure, and 
consequent lowering of silica solubility. 

Changes in pore-water coniposition arc 
left as the driving force behind replacement 
of carbonate by silica. Wc know that the 
major long-term change attendant on burial 
is increase in salinity up to 150,000 p.p.m. 
and more (Mcen.ts cl al., 1952; Chave, 
1960). The salinity incrca.scs with depth in a 
basin and thus also wilh ;igc. Although the 
comi-iosilion of the waters is soincwiiat dif-

• ferent from concentrated sea water, the 
over-all aspect of the avcnigc brine is a con
centrated NaCl solution, generally simihtr in 
relative proportions lo sea water. The jiH of 
brines ajipcars to be slightly reduced over 
lhat of sea water, but it is difficult to trust 
the mca.surcn-icnts as being the same as lhat 
in the in silu fluid. 

The dominant effect of the change in 
brine coniposition is that of increasing ionic 
strength and its effect on the solubility of 
silica and carbonate The increased ionic 
strength, up lo 1.5, dc<:reases the activity 
coefficients of Ca-H-, C O r " , and H C O r 
(Harned and Owens, 1950; Garrels cl al., 
1961) and thus effecrively increases the con
centration of the dissolved .species and the 
equilibrium solubility of carbonates. On the 
other hand, Grcenbcrg's (1957) data show 
lhat silica solubilily decreases in NaCl solu
tions of high ionic strength. Here, then, is an 
effect which may explain the simultaneous 
solution.of carbonate and precipitation of 
silica in a postlithificat-.on stage, whicii is 
presumably associaied with nioderate to 
deep burial. I t now remains to examine this 
concept quantitatively to see whether it can 
account for the volumes of silica precipi
tated. 

It is obvious that, if there is no move
ment of pore fluid through the rock, only 
minute amounts of carbonate and silica can 
be dissolved and precipitated, rcspecrivcly. 
Let us take the case of 1 cc. of limestone 
with 25 per cent porosity, the pores filled 
with a silica-saturated brine. A reduction of 
silica solubilily of 15 per cent would mean 
that at a depth of 10,000 feet, corresponding 
lo a temperature of about 110° C. and a 
pressure of about 600 atmospheres, the solu
bility of jimorplious silica would be reduced 
from about 500 p.p.m. to 425 p.ji.in. and the 
brine would be supersaturated by 75 ii.ji.ni., 
or aboul 0.075 nig/cc. Further, assuining 
that quartz (density = 2.65) was precipi
tated, this would amount to 0.0000283 cc. 
of quartz precipitated per cc. of solution. 
Witli 25 per cent porosity the amount of 
quartz jirccipitated would be only 0.0000071 
cc. per cc. of rock. This would amount lo 1 
chert nodule 7 cc. in volume in 1 cubic mulcr 
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of rock. This certainly corrcsjionds lo the 
lower limit of volume of chert observed. 
Most cherty limestones contain far more 
than this; a typical occurrence might con
tain a thousand times the amount calcu
lated, and many rocks include far more than 
that. Clearly, if the replacement were to be 
quantitatively significant, there must be 
greater quantities of solution ciiculating 
through the rock and continually dis.solving 
carbonate and precipitating silica. 

Ample demonstration has been given of 
the fact of circulation through rocks, even in 
formalions thousands of feet deep; a recent 
summary and analysis of this phenomenon is 

laboratory experiments (McKcIvcy and 
Milne, I960) and imjilicd by dclcrniin.-ilions 
of salinities in modern sediment interstitial 
waters (Siever cl al., 1961). Wc can repre
sent this situation by a simple model as in 
figure 5, in whicii water is passing through a 
semipermeable membrane. As a salt solution 
passes through, the fluid becomes more con
centrated beneath the membrane and less 
concentrated above the membrane. If dis
solved silica, H.)Si04, docs not jiass through 
the membrane as the ionic strength in
creases below the membrane, the silica be
comes less soluble, eventually builds up to 
supersaturation and precipitates, while car-

WATER 
EXPRESSED 

AT 
COMPACTION 

IONIC ACTIVITY SOLUBILITY SOLUBILITY 

STRENGTH H j O S i02 CaCO, 

FIG. 5.—Changes in conijxisilion of pore waters as a result of waler of comii.ictioii jiassing througii semi
permeable membranes. 

given by Hubbert (1953). Aside from the di
rect evidence of water-column heights in 
drill holes, there is the indirect evidence 
given by increa.se in density of .shales witb 
depth (Alhy, 1930; Hcdberg, 1936), a fact 
which imj.)lics increasing comjjaction and 
niovement of water uj^ward in the column 
over a long period of time The rate of com
paction is cxj.ionential wilh time, and so wa
ter movement would be greater initially 
than for long limes afterward. We may in
quire as to the effects of this movement. 

A rauch merited explanation for the in
creasing concentration of brines with depth 
is that propo.sed by DeSitler (1947), who 
reasoned lhat, as shales became comp.ictcd, 
they would act as semipermeable mem
branes, kiting water llirough but retarding 
ions. This effect has recently been noted in 

bonate becomes more .soluble below and dis
solves. Above the membrane the solutions 
arc undersaturated and only solution can 
take jDlace The dissolution of carbonate be
low the membrane can continue only until 
the solution becomes so concentrated that, 
calcium carbonate also becomes supersatu
rated and starts prccijiilaling along with the 
silica. It is difficult lo evaluate this effect 
quantitatively becau.sc so little data arc 
available on the magnitude of the retarda
tion, of ions as a function of compaction of 
.shales; but a comjiari.son of the general in
crease in brine salinity and compaction with 
dcplh suggests that there is more than 
enough water enriched in silica passing up
ward through the .section to account for the 
amount of chert observed. 

If the effect of ionic strength is reinforced 
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by the slight temperature and pressure ef
fects on solubility, the possibilities are im
proved; if wc further hypothesize that much 
of the source is amorjihous silica frotn or
ganisms and silica released by the alteration 
of monlmorillonile, there is certainly enough 
material that can be emplaeed. 

The question of the cause of the distribu
tion of the nodules would then be answered 
by noting that, in essence, the replacement 
is determined by permeabilily distributions, 
which exhibit many seemingly random ir
regularities within beds and between beds 
that arc complex functions of the fabric of 
the rock, including porosity, permeability, 

I 

relical (Wcyl, 19596). Results of pressure 
solution experiments given in Part I above 
are in accord wilh their conclusions. Ther
modynamic approaches to the problem, as 
related lo change in preferred orientation of 
quarlz crystals, have been given by Mac
Donald (1957), Kamb (19.59), and Brace 
(1960). 

The origin of silica cement in sandstones 
that show no interpenetralion of grains is 
nol so clear. In a general way, one can make 
the statement that the supersaturated solu
rions produced by pressure solulion may 
migrate into a rock with little jiressure solu
tion and precipitate there. The validity of 

lirougli semi-

)w and dis-
c solutions 
llu tion can 
bonate be-
only until 

:rated that 
suporsalu-
ng with the 
this effect 

; data arc 
ic rctarda-
ipaction of 
general in-
iction with 
nore than 
lassing uji-
unt for the 

reinforced 

/ / / / / THIN CLAY FILI«1 
FIG 6—Sequence of stages in the development of sand grains cemented by pressure solulion. In stage / 

the two beds differ only in the jjresencc of inlerslitial clay. In stage 2 pressure solulion has begun, decreasing 
the volume of pore space A. In stage 3 some fluid from A escapes to B, reduces pressure, and precipilaies 
quartz. 

and tortuosity of flow channels. A .sophisti
cated analysis of the probable distribution 
patterns of this kind of replacement phe
nomena has yet to be made 

SILIC-̂  CEMENTATION OP SANDSTONES 

/ ""Most of the reasoning on origin of silica 
/ cem en la tion of sandstones has been based 
^ o n petrographic observations. Much of the 

literature has been summarized in Pettijohn 
(1957), Siever (1959), and Thomson (1959). 
Although there is no general agreement on a 
single mode of origin for al! silica cement, 

. there is arising a consensus (Hcald, 1955, 
1956; Siever, 1959; Thomson, 1959; Wcyl, 
19596) lhat "pressure solution" at points of 
contact of quartz sand grains is rcsjionsiblc 
for cementation of sands showing interpene
trating detrital quartz grains. The evidence 
is bolh petrographic (Heald, 1956) and tlico-

this statement depends in part on a plausible 
mechanism for movement of super.saturated 
pore waters from one horizon to another. 
Consideration of a model that is in accord 
with the facts of jjetrography leads to such a 
mechanism. 

Let us take two sandstone beds, A and B, 
as shown in figur.e 6. Initially the only dif
ference between the two beds is the small 
amount of interstitial clay present in A and 
absent in B. 'J'he relation of sniall amounts -
of clay to pressure solution was first pointed 
out by Heald (19.56), and that relationship 
was analyzed in delail by Wcyl (19596) on a_̂  
theoretical basis. In stage II, pressure solu
lion has started in A because of the clay con
tent but has not proceeded at all in B. As a 
result of the pressure solution, the grains of 
A have become slightly inlcrpcnctrated and 
the jiorc sjiace bas been reduced. As a result 
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of the pressure solution, the pore waters in A 
have become supersaturated, and as a conse
quence of pore-volume reduction, the pres
sure on the pore water in A has increased. 
In response to the pressure increase some of 
the pore waters migrate away from A to re
gions of lower pressure, such as at Ii, where 
pore volume has nol been reduced by pres
sure solulion. In stage III interpenetralion 
is more advanced al A and the sujiersatu-
ratcd pore waters, in part originally from A 
and now in B precipitate quartz cement in 
B. The process raay be expected to continue 
until equilibrium has been reached over a 
very long period of time \vith both A and B 
completely cemented—A by intcrpenetra-
Uon ("welding") and B by precipitation of 
introduced silica. 

The natural situation is raore comj)lex, 
but the mechanism proposed allows for more 
or less pressure solution depending on the 
amount of interstitial cla.}*, the depth of 
burial, and the time. The movement of the 
dissolved silica may be over short distances 
or long ones, for we have seen that solutions 
supersaturated with respect to quartz raay 
persist for long limes at low temperatures. 
I t is easy to see why cementation may not be 
at all uniform in a sedimentary section, 
eitiier vertically or laterally. 

We have not yet accounted for all the 
sandstones that show quartz cement, for 
silica-cemented sandstones have been de
scribed that were cemented very early in 
their history. Examples studied by the au-, 
thor come from the Pennsylvanian of the 
northeastern United States. The evidence 
for the early origin is the presence of quartz 
cemented pebbles of a lower sandstone found 
in a calcitc-ceincnted conglomerate, where 
the pebble is much better cemented than 
the conglomerate This cement could 
not have come from pressure solution, for 
much time and depth of burial is needed for 
that process. Since the occurrences noted arc 
far from any evidence of volcanism, there is 
no possibility of deriving the cement frora 
glass. Possibilities lhat remain arc the dis
solulion of siliceous organisins and rcjirccipi-
tation as quartz and the concentriilion of 
silica in solution by the aclion of clay incm-

branes, as was pointed out in the section on 
chert. 

CONCLUSION 

It appears that raost of the occurrences of 
silica that give evidence of having formed in 
the postdepositional history of rocks are ex
plicable in terras of (1) the melaslability of 
amorj-)hous silica al low temperatures; (2) 
the temperature and pressure coefficients of 
silica .solubility, including pressure solution 
at points of contact; and (3) the effects of 
clay and shale beds acting as semijU'rmcable 
membranes. 

The metastability of amorphous silica 
leads to widespread production of solutions 
super.saturated with respect to quarlz that 
will, given enough .lime, precipitate that 
mineral. The source of primary amorphous 
silica appears to be dominantly the silica-
secreting organisms lhat keep the oceans de-
jMeted in dissolved silica far below saturation 
levels. I t is not yet known by what bio
chemical mechanism the organisms are able 
to acconijjlish the precipitation. 

Experimental determinations by many 
workers have established the dependence of 
quarlz and amorphous silica solubility on 
teinperature and jiressure. Pressure solution 
at points of contact has been established 
both observationally and experimcn tally. 
The changes in solubility are of such magni
tude that they could account for the quanti
ties of silica that must have moved through 
rocks. The a.ssumption of movement of 
silica-bearing solutions through rocks is 
made necessary by the abundance of silica 
of replacement origin which could not have 
been contained in static -pore waters. The 
role of clay membranes as concentrators of 
dissolved materials has been demonstrated 
exjDeriiiientally and by iinjjlication from ob
.servations on modern .sediment waters and 
ancient rock brines and connate waters. 
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SoLircelines, Sourceregions, and Pathlines for Fluids in 
• Hydrothermal Systeins Related to Cooling Plutons 

DENIS NOUTON 

A b s t r a c t 

Simulation of hydrothermal systems by numerical methods permits computation of the 
initial positions (sources) of all fluids in the system. The locus of these positions, which 
are sourcelines, defines an essential link between the theories of irreversible mass trans
fer and those of thermally driven fluid flow. The concept of a fluid sourceline is intro
duced to facilitate the quantitative description of the initial composition of fluids which 
ultimately circulate through rocks in the vicinity of hot plutons. 

The mathematical definition of fluid sourcelines and pathlines for hydrothermal systems 
permits the quantitative prediction of the initial position and, hence, initial composi
tions of all fluids which circulate through rocks in the vicinity of an igneous intrusion 
and the variations in temperature, pressure, and rock type along flow paths and, hence, 
the changes in composition of the fluid as it flows from its source to a position of 
interest in the system. 

Examples of fluid sourcelines, sourceregions, and pathlines defined for inert fluids in 
an idealized hydrothermal system indicate the predominant source of fluids flowing 
through permeable hot plutons is from host rock environments adjacent to and above 
the pluton. These sourceregions in two dimensions include rocks from a 50-km^ 
region as far as 5.5 km away from a 2.7-kni-\vide and-4.5-kni-tall pluton. 

I n t r o d u c t i o n 

F L U I D convection appears to be a universnl process 
related to igneous and volcanic activity in the upper 
crust. Fur thermore , the flow of fluids from one 
geologic environment into another is suggested by 
observations of active geothermal systeins (Lapwood, 
1948; Elder, 1965; Wooding, 1957; Donaldson, 
1962), stable-light isotope data (Taylor, 1974), gains 
and losses of major and minor coniponents from 
host rocks, and changes in mineralogy (Meyer, 
1950; Villas, 1975) . Also, calculations which simu
late interactions between fluids and rocks (Helgeson, 
1970; Nor ton , 1971) and fluid convecrion around 
cooling plutons (Nor ton and Knight, 1977) indicate 
that thorough redistribution of large masses of fluids 
is a natural feature of these environments. 

Fluids in the Wairakei geothermal system are 
estimated to have circulated through permeable rocks 
for distances of tens of kilometers during the active 
thermal history of this region (Elder, 1965; Grind
ley, 1965) . Similarly, meteoric waler circulation to 
depths of several kilometers is called upon to ac
count for the o.xygen isotope values measured in 
numerous plutons (Taylor , 1974). The circulation 
paths of meteoric water through various host rock 
environments, at moderate temperatures without 
significant isotopic changes, ulrimately flow into 
many plutons, where exchange reactions result in 
the depletion of the ^'O content of the igneous rocks. 

There are numerous references in the literature to 

rock alteration associated with plutons einplaced into 
both the upper continental and oceanic crusts; how
ever, only a few typical examples are mentioned 
herein. Compositional and mineralogical changes in 
carbonate ancl noncarbonate rocks around plutons 
have been, noted several kilometers away from the 
plutons (Cooper, 1957; Brown and Ellis, 1970), as 
well as in the plutons themselves (Nielson, 1968; 
Gustafson and Hun t , 1975). Extensive alterarions 
of rock composition clearly occur as a consequence 
of the large masses of reactive fluids circularing 
through the rocks. 

The simulation of rock alteration processes, using 
reasonable estimates of initial' fluid compositions, 
further supports the concept of extensive fluid cir
culation and reactions between fluids and rocks in the 
temperature range frotn 25° to 350°C (Helgeson, 
1970). Analogous studies of the circulation process 
have described the style of fluid motion (Wooding, 
1957; Ribando et a l . , ' l 9 7 6 ; Nor ton and Cathles, in 
press ; Henley, 1973) and have provided some notion 
of the masses of fluid in the hydrothermal systems. 
The description of actual fluid flow paths and effec
tive fluid: rock ratios related lo cooling plutons has 
provided quantitative heuristic models of these sys
tems (Norton and Knight , 1977). The process of 
fluid circulation and concomitant reaction with rocks 
is, however, not well enough understood to enable 
ore deposit geologists either to test hypotheses re
garding the sources of fluids and ore-forming coin-
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jioiicnts or to jiredict the occurrence of sul)Siirf;ice 
ore dcjiosits on the basis of limited surface or drill 
hole data. 

The purpose of this coinnuinication is to describe 
the concepts that perinit quantitative description of 
the sources and flow paths of inert fluids which cir
culate in the vicinity of cooling plutons. These 
concepts jDerniit the quantitative description of the 
initial positions of all fluids which ultimately circu
late through rocks in the vicinity of an igneous intru
sion and the paths along which the fluids flow (in
cluding the teinperature, pressure, and compositional 
variations of the path) from the fluid source to any 
jDOsition of interesl in the system. Quantitative 
description of reactive circulation and mineral zoning 
in hydrothennal systeins follows simply from the 
concepts presented below, when they are coupled 
with those of irreversible mass transfer between 
fluids and rocks (Helgeson, 1970). The sources and 
redistribution of the chemical components in reactive 
fluids will form the basis of a future communication. 

Fluid Circulation around Cooling Plutons 

Hydrothermal fluid flow is caused by lateral 
density perturbations in the fluids confined within 
the flow porosity of rocks. Fluid density anomalies 
resulting from thermal and concentration effects are 
relatively common in ujjper crustal rocks, especially 
the large thermal perturbations which occur in plu
ton environments. Therefore, it is reasonable to e.x
pect fluid circulation lo be a characteristic feature of 
these environments, if the rock permeability is suf
ficiently large. 

Fluid circulation in natural systems is nol easily 
studied by direct observation since even the most 
thoroughly explored geothermal systems are a small 
sample of the total system and the duration of 
field studies represents only a small fraction of the 
time duration of the thermal anomalies. The lack of 
a quantitative understanding of fluid circulation is, 
therefore, not surprising. 

However, the fluid flow in pluton environments 
can be effectively scaled and repre.senled by partial 
differential equations which describe the conserva
tion of mass, inomentum, and energy for the fluid-
rock .system (Norton and Knight, 1977) : 

aT __ _ __ 

(conservation of energy) (1) 
and 

V — V — d p 
- \ ? . - V^' = R T -
k k dy 

where T is the .temjjeraturc; >l' the scalar stream-
function; q the fluid flux; H, p, and i- are the en-
tbalj:)}'̂ , density, and viscosity of the fluid; k is the 
permeability of tbe rock; K the thermal conducrivity 
and y the volumetric heat capacity of the fluid satu
rated media; R the Rayleigh iuiniber; t the time; V 
the gradient operator; and y the horizontal distance 
in the two-dimensional section to which these equa
tions apply. The conservation of mass is explicitly 
included in equations (1) and (2) . Equarions (1) 
and (2) are approximated by finite difference nu
merical equations which permit the computation of 
the values of the dependent variables al discrete 
points in the domain from the initial and boundary 
values specified for the system. 

The physical meaning of equations (1) and (2) is 
apparent if one considers that the fluid density gradi
ents, on the right-hand side of equarion (2) , result
ing from a thermal anomaly cause fluid circulation; 
e.g., they define gradient values of the streamfunction 
and, therefore, fluid flux since q, = —d^/By and 
qj. = d-^/dz. The fluid flux, q', in turn transports 
heat away from the thermal anomaly, i.e., the second 
term on the left of equarion ( 1 ) ; at the same time, 
thermal energy is conducted away from the thermal 
anomaly, the right-hand side in equation (1) . Both 
of these processes give rise to a decrease in tem-
j)erature with respect to time and, therefore, decrease 
the horizontal fluid density gradients; and, conse
quently, the thermal anomaly is decreased by the 
combined convective and conductive heat transfer. 
The coujDled solurion of (1) and (2) is achieved by 
a series of steady-state computarions at explicitly 
stable time steps, thereby defining the temperature 
and fluid flux as a function of rime. Tbe pressure is 
in turn computed at each steady-state step by inte
gration of the Darcy equation, 

q = - ^ [VP -f- pg], (3) 

in which the fluid properties, v and p, are expressed 
as a function of temperature and pressure, P, and 
the gravitational force vector, g, is constant. Fluid 
velocities are then determined frora 

V = q/p- (4) 

(conservation of momentum) (2) 

Numerical simulation of the equations quantita
tively predicts the hature of hydrothermal fluid flow 
and provides the ore deposit geologist with a key to 
understanding how these processes operated in the 
past. The reliability of these computations and their 
applicability to specific locations is a direct function 
of the degree to w-hich those parameters that affect 
heat and mass transport in the hydrothermal system 
(e.g., perineabilit}-, flow porosity, heat source geome-
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try, and transport properties of the fluid and rock) 
are known. The permeability of fossil hydrothennal 
systems is poorly known and difficult to estimate but 
is requisite knowledge for understanding the ore-
forming process. As a consequence of the inade
quate data base, especially with regard to perme
ability, computer stimulation requires estimation of 
these data; numerical results are therefore obtained 
for geologically reasonable ranges • of parameters. 
The reliability of the computations for a given set of 

- transport parameters depends directly on the niiniber 
of discrete points used and on the convergence and 
stability of the numerical algorithm. 

Analysis of idealized pluton environments using 
the above procedure indicates that in systems where 
permeabilities are greater than 10*'" cm" convective 
fluid circulation accounts for 10 percent or more of 
the total heat transport. Permeabilities of this order 
are realized in fractured rocks where the fracture 
frequency is on the order of one fracture per meter 
and the fracture aperture is --̂  2 pm. The abun
dance of fractures commonly observed in pluton en
vironments suggests that many of the'se rocks are host 
to e-xtensive fluid circulation. The most significant 
aspect of these computer experiments for the subse
quent discussion is that the fluid flux and velocity (of 
inert fluids, e.g., fluid approximated by the HoO 
system) can be quantitatively determined for ideal
ized pluton environments. . 

The Sourceline Concept in Hydro-
thermal Systems 

Fluid velocities may be computed for thermal or 
solute perturbations that cause fluid flow in geologic 
systems for which rock permeabilities are known or 
can be estimated. These, fluid velocities in turn 
permit the quantitative description of fluid pathlines. 
Consider a fluid packet of some arbitrary position in 
the system, then the fluid path is defined by 

di = Vdt, .' (5) 

where V is the Darcy velocity and dl is the incre
mental distance along the path traveled during time 
interval, dt. Since the velocity is known as a func
tion of time from equations (1) , (2) , and (4), equa
tion (5) may be integrated for the n//i such fluid 
packet during time interval t — to in the system. 

L = f ' v „ 
Jio 

(t)dt, (6) 

where Vn(t) is the' average velocity of the n//t 
particle during the discrete time interval At (Fig. 1). 
Along the nIh such path, variations in temperaiure 
and pressure are also defined from the transport 
equations (1) and (2) , and variations in tbe rock 

ROCK VOLUME (R) 

PATHLINES (1-4) 

FIG. 1. A schematic of fluid pathlines and sourcelines. 
Pathlines are defined by equation (6) for n = 4 fluid packets 
where the box indicates the initial position, 7„ = 0, of each 
fluid packet at time = 0, and their respective positions are 
indicated by tic marks which represent equal elapsed times. 
The variation in distance between the tics along a pathline 
reflects the fluid velocity variations. The fluid packets flow 
sef|uentially through a common rock volume in this schematic 
example; however, this is a special case. The line con
necting the original positions, boxes, of this special set of 
pathlines defines the fluid sourceline for the rock volume, R. 
The sourceline may be computed directly from equation (9) 
for n=:4. Note that the sourceline for the rock volume de
fines the fluid source, but the sourceline is significantly dif
ferent from the paths followed by the fluids from their sources 
to the rock volume. Since tht simulation is computed in two 
dimensions, the rock volume has an arbitrary unit depth. 

environment are determined by geologic data. There
fore, the reaction history of each fluid packet may be 
explicitly determined on the basis of its initial com
position and subsequent flow path. However, as a 
packet moves from one position lo another it flows 
through rocks which may have already reacted with 
fluid which flowed through earlier, and probably 

- altered the initial composition or mineralogy of the 
rock. This requires, then, a concept by which to 
simulate the flow-reaction processes at discrete points 
in the system instead of following the fluid circula
tion. 

The concept of a fluid sourceline is introduced in 
order to study the circulation-reaction process with 
respect to fixed positions in the system. A fluid 
sourceline is the locus of points of all fluid packets 
whose pathline intersect a fixed position of interest 
in the system. Consider such a position in a rock 
volume, R (Fig. 1), The position vector Sij, of a 
fluid sourceline for this position is defined in terms 
of the individual fluid packet position vectors: 

Sii = f i 4- [ f i+ i - f i ] f i , 0 < î < 1 
i = 1, N - 1 (V) 

where ft and fi,.i are the position vectors for the fluid 
packets at an initial time, to, which flow through the 
rock volume, and ĵ is an interpolation factor which 
varies continuously from 0 to 1 as j increases. The 
individual vectors are in turn defined by equation 
(6) , but since we are tracing back along the flow 
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path, the?integration limits are rever.?ed with respect 
to eqi),ution ( 6 ) : 

fio _ 
COdt, (S) 

w-here tj is the tiine af w-hich particle i- vvas a t - the 
position of interest, R, The,'sourceline position vec
tor in equation (7 ) becomes 

^-r [ V i ( t ) + (V,+i(t} - Vi(t:))^i]dt, (9) 

The definition of a soureeline, for an arbi trary 
tiine interval prior to, the- end :of a thermal event, 
follows directly from equation (9,) (Fig . T). 

A fluid sourceline may be defined at each discrete 
point in the sj'Steni at which the variation in fluid 
velocity is kiio.wn for the elapsed time: interval df 
interest. Since hydrothermal fluid velocities aroutid 
cooling plutons: typieally'vary over several orders of-
magnitude throughout the cooling event, sourcelines 
may accordingly be very sinuous lines. 

E x a m p l e s of Source l ines and P a t h l i n e s 

Fluid pathlines arid sourcelines for a.hydrotbermal, 
system in the region-of a cooling pluton which was; 
empIaceS into a stratified permeable host rock en
vi r o n in e 111 b a \' e b ee n Gal culated. A1 th pu gh the eo iicep t 
of so'urcelines and p'athliiles' is quite independent of 
extenuating geologic circumstanGesi the extension of 
this concept to natural systems: is not, "Therefore, the 
following e.%ainple is ,merely a first approximation to 
nature. Dne natural , analog to this systeiii is the 
stratified ,hpst rock environment in southeastern 
Arizona that many plutons have intruded (Fig: 2 A ) : 
The thermal history of ihi.? system, for a period of 
r-^2 X lO) years , has been simulated by the methods 
summarized above. The details of this analysis are 
thoroughly described in Nor ton and Knight (1977) . 
Those-aspects of the system'relevant ' to this discus-

• sion are the initial and bouridary conditions (Fig . 
2B) and the t ime variation of the pluton perme
ability (Fig. 3 ) . The . fluid yelociries computed at 
discrete time intervals permit . the calculation of fluid 
pathlines and sourcelines of the inert fluid, assumed 
to be in the .si'stem. 

Firs t we. examine examples of pathline.? in the 
systera and the teniperature-pressure variatioils ert-
countered along the flow paths. Pathlines for fluid 
packets (F ig , 4 ) , 1, .which occurs iri the relatively 
jierineable rocks and is initially several kilometers 
away latGrally and .above the pkiton, 2, which is 
adjacent to t h e pluton near the contact bet\veen low 
and high permeability ' î oc-ks, and 3, which is 
adjacent to the pluton in the low pefraeabilit}- rocks 
near the pluton side contact and deep in the: system. 
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FIG. 2. A two-dim ens ional cross section of pluton en
vironment. A. Hypothetical geologic units re jiresent iiig 
stratified host rocks-around magma ihi tially at 920°G. B. 
Initial and boundary conditions appropriate for an idealized 
system for which host rock permeabilitieE were assigned on 
the basis bf estimates^ Norton and .Knapp (197?). The 
level- of eippla'cernent of -the pluto.d was selected by an 
analog to Tertiary plutons. Avhich bcc-ur in 'southeastern 
Arizona. The bottom boundary conditions for flow and 
energy simulate decreases in permeability and increases in 
temperature with depth, and the conditions at the top of the 
system simulate conductive eiiergy loss and no loss of fluid 
to surface hot springs. Side boundaries are selected for. 
cbnveiiience and do not significantly affect the results dis
cussed herein-. Pluton perriicability is 10'" cm°, .or ef
fectively zero, ill order to represent an initially unfractured 
magma'. The domain is syinrnetrlca! with respect to a verti
cal centerline through the phiton. The domain was dis-
jretizejl infp 144 points for the numerical solution of equa-
tioiis, resulting in k spatia! error on the order ,61 5 percent 
of the system height. Discrete time steps were cbmputeH 
such that the computations converge to -within approximately 
teti percent of .the.- true value "defined by the differential 
equations. 

are'considered. T h e length and shape of these cireu-
lafion paths are-directly related to the spatial and 
teniporal variation in the fluid velocities. The fluid 
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FIG. 3. Eermeability variafions -with respect td time in 
the upper portion df the pluton, Figure 1, points 1 and 2. 
V.'ilues of k = 1 0 ' " cm" are equivalent to a millidarcy. 
Instantaneous: pcrineablhty variations were used to-simulate 
fracturing of pluton as it crystallizes and cools to below 
solidus tempeFaturesi circa 800°C. These variations are in 
accof.d with the'obscrv-atiori- that plutons in these types- of 
systems'are-thoroughly fractured. 
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paths are initially through host rock environments 
then into"the pluton, where packet 3 reinains for the 
2 X lO'-year durarion of the event wiiile 1 and 2 
move out the pluton top and through host rocks 
again. The Darcy velociries of the fluids along their 
respective paths range from an average of 10"' cm/sec 
for packet 2 to < 10"* cm/sec for packet 3. 

Representing the path of the fluid packets through 
temperature-pressure space with respect to the phases 
in the HoO systein permits quantitative prediction of 
the solurion properties ofthe circularing fluid packets 
(Fig. 5). Packet 1 flows downward along a nearly 
normal temperature-pressure gradient, then its tem
perature increases at constant pressure as it flows 
into the pluton. The pluton temperature by this 
time has decreased to —' 200°C. This packet then 
flows out the pluton top and upward into overlying 
host rocks subparallel to a nearly normal gradient. 
Packets 2.and 3 have similar paths except that they 
are initially at higher pressures than they subse
quently encounter along their paths. The solution 
properties of liquid and supercritical fluid along these 
types of paths vary in a manner that undoubtedly 
has a profound affect on fluid-rock reactions along 
the path (Helgeson and Kirkham, 1974a, 1974b). 

Sourcelines for fluids which flow through posi
tions 1 and 2 in the pluton indicate that during the 
inirial 5,000- to 15,000-year cooling period fluid 
sources occurred entirely within the solidified and 
permeable pluton, but that at rimes > 10"' years fluids 
vi'ere derived from the surrounding host rocks 
(Fig-. 6A). An implicit assumption in the computa
tion is that the fractures which form in the pluton are 
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FIG. 4. Fluid pathlines 1-3 after 2 X 10°-years elapsed 
time: 1, for fluids whose initial positions are in relatively 
permeable host rocks and far away from the pluton; 2, in 
low permeability host rocks, near the side contact of the 
pluton and adjacent to the portion of the pluton which has 
time dependent permeability; and 3, near the base of the 
system adjacent to the pluton. Tic intervals along the path-
lines arc at 25,000-year increments, and arrows represent the 
direction of fluid packet motion. 
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FIC. 5. Fluid pathlines after 2 X lO'-years elapsed time, 
1-3, from Figure 4 projected onto a temperature-pressure 
section.of the H-O system, illustrating variations in condi
tions encountered along flow paths with respect to the liquid-
vapor surface. Arrows represent direction of flow and tic 
marks represent 25,000-year time increments. 

filled with fluids derived from the magma crystalliza
tion process. These fluids are analogous to magmatic 
fluids but are approximated by the HoQ system. 
Relatively large concentrations, > 15 weight percent, 
of dissolved components in this fluid phase might 
temporarily alter the flow pattern as a result of the 
higher density of these fluids with respect to lower 
concentrations in the surrounding host rock fluids. 
The important point here is that during the cooling 
period fluids derived from the host rock environ
ments are the predominant fluids which flow through 
the pluton. Fluid sources within the host rocks, 
however, occur as far as 2 km above and 5 km 
laterally aw-ay from the pluton (Fig. 6A, sourcehne 
I, source point M) but are dominantly from within 
the 2.7-km-thick permeable layer. The inflections in 
sourceline 1 between position (1) and the tic mark at 
25,000 years reflect both the fracture of the pluton, 
simulated by a sudden increase' in its perraeability, 
and the shift in the fluid density perturbarion upward 
as the rocks and fluids above the pluton become 
heated. 

Sets of sourcelines defined for the pluton describe 
a sourceregion from, which all fluids circulating 
through the pluton for some time interval were 
derived. The sourceregion in the host rocks for 
fluids which flowed through the example pluton ex
tends over a —' 50 kin= cross-sectional area (Fig. 
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Fic. 6. Sourcelines and sourceregions for fluids which 
flow through the pluton. A. Sourcelines for positions 1 
and 2 for the system in Figure 2, for all fluids which flow 
through these positions in 2 X 10° years elapsed time. Tic 
marks on the sourcelines are at 2.5 X lO'-year intervals, start
ing at the end of the line marked with the position number. 
Position 3 represents a region of effectively zero perme
ability and therefore cools predominantly by conductive heat 
transfer for comparison with 1 and 2. The box, M. repre
sents the fluid source farthest from position 1 and coincides 
with M in Figure 4 on pathline 1. Note the difference be
tween the sourcelines and the actual pathlines that fluids 
flow along. The regions around the positions (indicated by 
dashed lines) denote the effective volume (1.25 km' and 
1 cm deep) used in computing mass flux in the vicinity of a 
respective position. B. Sourceregions for all fluids flowing 
through the pluton. Regions are delimited by contours 
depicting 100 and 50 percent of those fluids whose source are 
in the host rocks and were defined by 25 independent source-
lines. 

6B). During the initial 5 X 10''-year cooling period 
the fluid mass that circulates through the pluton 
from host rock sources is derived entirely from 
between the 50 percent contour and the pluton mar
gins. Figure 6B. The fluid from these sources 
aniounls to approximately 95 percent of the fluid 
flowing through the upper 2 km of the pluton during 
the 5 X 10*-year time interval; the other 5 percent 
of the fluid flowing through the upper 2 km of the 
pluton w-as derived from sources within the pluton. 
At an elapsed time of 2 X 10° years, only 2 per
cent of the fluid was derived from sources within the 
pluton, and 98 percent w âs derived from between 
the 100 percent host rock contour value and the 
pluton margins. Also, more than 75 percent of the 
fluid flowing through the upper 2 km of the pluton 
was derived from the permeable stratigraphic unit in 
the host rocks. 

Sourcelines for fluids which flow through posi
tions in the host rocks are considerably more di
versified than for fluids through "posirions in the 
pluton. At positions in the relatively permeable 
host rocks, typified by 4, Figure 7, a considerable 
amount of fluid recirculation is evident," even to the 
degree that fluid originating in the vicinity of 4 

circulates back through 4 in 4 X 10-"' years. This 
recirculation is cli;iracteristic of borizontall}' strati
fied host rocks within confined j)ermeable units. 
Positions directly above the jjluton, 5, 6, and S, have 
sourcelines which indicate a portion of the fluids 
were derived from sources within the pluton; how
ever, a predominance of these fluids is from sources 
-svithin host rocks. Because of the thorough redis
tribution of fluids from host rocks adjacent to the 
pluton to'regions above the pluton, the effect of fluids 
frotn magmatic sources is probably obscured. 

Sources for hydrothermal fluids in natural sys
tems analogous to the model system analyzed herein 
are predicted to be predominantly from the host rocks 
adjacent lo and above the pluton. These source-
regions encompass rocks up to 5.5 kn-i away from the 
side of the pluton. A jxirtion of the fluids is derived 
from w-ithin the pluton, but it only accounts for less 
than a few weight percent of the total fluid mass that 
ulrimately circulates through the pluton. The com
positions of these fluids are a function of conditions 
at their sources prior to pluton emplacement, as well 
as temperature-jiressure variarions and the composi
tions of fluids and rocks along their pathlines. 

The nature of fluid sourcehnes in, other types of 
systems, such as those with uniformly permeable 
host rocks, vertical fracture zones over the jDluton, 
impermeable jDlutons, and. boundary conditions open 
to flow, have been examined. The sourcelines in 
these systems are similar to the model systems dis
cussed. However, in systeins with impermeable plu
tons, k < 10'^* cm-, a minor amount of fluids circu
late through the hot plutons. Variations in bound
ary conditions, permeabilities (for values > 10"** 
cm-), and pluton geometry result in variations in the 
shape of the sourcelines and pathlines, but the over-
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FIC. 7. Sourceliiies for fluids which flow through host 
rocks. The sourcelines for positions 4-8, marked by small 
circles, indicate a diversity of sourcelines and sourceregions 
in the domain and a thorough mixing of fluids. Tic marks 
occur at every 2.5 X 10' years. 
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all conclusions discussed above are not significantly 
different for other systems. 

The nature of fluid-rock reactions may be predicted 
if the temperature, pressure, fluid velocity, and 
amount' of fluid flowing through the positions of 
interest are known. Therefore, these variables were 
defined for regions in the pluton coincident with 
sourcehnes positions, as represented in Figure 6A. 
The temperature variation with time at position 3 in 
the pluton is included since it is analogous to a plu
ton which cools by simple conduction, whereas the 
variatioiis at positions 1 and 2 are affected by the 
large convective heat transport (Fig. 8A) . At 
position 1, Figure 6A, temperatures decrease rapidly 
to 2S0°C-at ' - ' 6 X 10^ years, coincident with a 
second fracture event. At position 2 temperatures 
decrease to < 400°C at > 3 X IO'' years, suggesting 
that relatively low temperatures are common for the 
major portion of the cooling time in relatively perme
able plutons (Fig.' 8A) . In general, the increase in 
pluton permeability to ^ IO'*'' cm- results in the 
rapid cooling of the upper portion of the pluton to a 
few tens of degrees above the regional temperature 
at the corresponding depth. Pressure does not vary 
significantly during the cooling event and tends to 
remain at about hydrostatic pressure. However, the 
fluid velocity increases rapidly in response to the 
initial conditions and the permeability changes. Darcy 
velocity maximums of 5 X 10"' cm/sec and 5 X 10"° 
cm/sec are realized at positions 1 and 2, respectively. 
Figure SB. A subsequent decrease in velocity fol
lows this initial peak and then a gradual increase to 
a second maxima. This second maxiina in velocities 
occurs at ^-' 3 X lÔ * years, as a consequence of fluid 
transport properties (Norton and Knight, 1977). As 
a consequence of these large velocities, 60 percent of 
the fluid which circulates through these regions does 
so in ^^ 10* years elapsed rime (Fig. 8C). 

Conclusions 

The redistribution of fluids in hydrothermal sys
tems can be effectively estimated on the basis of 
numerical solutions to partial differential equations 
which simulate the cooling of a pluton. The amount 
and velocity of the fluid flowing through a reference 
position in the system can also be simulated. The 
source and flow path of all the fluid which flows 
through the reference position can be. quantitatively 
determined from the numerical data and the concept 
of fluid pathlines and sourcelines. These concepts 
are applicable in any environment where fluids circu
late through rocks but apjiear particularly useful in 
studies of hydrothermal systems. A detailed ap-
-pro.ximation of the sourcelines in real systems ob
viously requires estimations of bulk rock perme
ability, a geometric description of the geologic units. 
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FIC. 8. Transient values for transport variables in the 
region around sourceline positions 1, 2, and 3 in the pluton. 
Figure 6A ; note tic marks on the ordinate occur at 2.5 X 
IO*-year increments, similar to sourceline tics. A, tempera
ture, B, Darcy velocity, and C, mass flux as a function 
of time through a 1.25 km" area around a respective position. 
The velocity arid mass flu.x for position 3 plot along the 
ordinate at the scale of these plots. The maxima on the veloc
ity and mass flu.x plots near 3 X 10'' years result from the 
emplacement of the pluton. The subsequent decrease is a re
sult of the permeability increase of the pluton. The ma.xiina 
around 3 X 10* years are the result of the. system evolving to 
temperature-pressure condilions at which the transport prop
erties of the fluid are optimized. Mass flux is computed for 1 
cm depth extent into cposs section. 
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and equations of state for saline fluids. There ap
pears to be ample qualitative evidence to suggest 
that permeabilities in natural systeins exceed the 10"'* 
cin^ minimum in many instances, but by how much 
is unknown. The scanty data on saline fluids sug
gest lhat, as the concentrations of salts approach -—3 
molal, significant variations in circulation patterns 
may be expected, but these effects are highly de
jiendent on the initial distribution of the fluids. The 
importance of obtaining data on the transjDort prop
erties of natural systems is clear from' the theoretical 
considerations discussed above. 

The example pluton system analyzed suggests that 
many notions regarding the source of fluid in hydro
lhermal systems can be quantitatively tested. In 
particular, the quantity of fluid derived from outside 
the plutons which cool in permeable host rocks and 
are themselves permeable appears to be even greater 
than has been indicated by stable isotope data. Per
haps this is because these data clearly indicate where 

-fluid is not in ecpiilibrium with the rocks it .flows 
through, but once fluid and rock are in -isotopic 
equilibrium the isotopes are no longer a viable tracer. 

A definition bf the fluid sources and the inirial 
compositions of fluids together with their flow paths 
are necessar)' conditions required to simulate the 
mass transfer of components between fluids and 
rocks. The previous reaction history of rocks with 
earlier jDackets of fluid is then sufficient to define 
the condirions that jjrevail during fluid-rock reac
tions in a hydrothermal system. 
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T H E OHAKI-BROADLANDS IIYDROTHERAfAL 
AREA, NEW ZEALAND: 

MINERALOGY AND RELATED GEOCHEMISTRY 
' k \ •- ^ P. R. L.BROWNE* and A. J. ELLIS'* 
.AUSTRACT. Deep drilling in llic Oli.-iki-nroadlands geothermal area. New Zealand, 
tv-ilh riinei-alogjcal cx'<iinination of hydrothcnnally allered volcinic rocks at level* 
flo-.\-n lo 7000 ft (2134 m) and (he clicinial analysis of coexisting fluids, shows that 
liydrothcmiaT mineral alteration at temperatures of 230 to 290° at deep levels in 
jit-nncable i-ocks tends to an equilibrium assemblage of K-mica, K-fcIdspar, albite,' 
chloriic, calcite, and quartz (and occasionally wairakite). The deep waters arc dilute 
(-~ 1200 ppm CI-~) diloriue-bicarbonate solutions containing appreci.ible carbon 
di'oadc (mco, = 0.15). Individual minerals and tlieir occurrences are discussed briefly, 
:>iid stability dianrains arc dcveloporl to correlate obscrl'cd rock alteration mineralogy 
«.itli vvaic-r clicniistry. Changes in waltr coniposition caused by boiling off steam and 
CO; can be related to changes in mineral n.ssemblages, such as caldte prcci|jjtation and 
»<hibria and epidote fonnation. Variations in mineralogy arc discussed in terms of 
temperature, pci-mcability, ivalcr composition, and carbon dio.vide concentrations, and 
o i.->mpnrison is made wilh alteration at Wairakei where the caibon dioxide coiiccn-
imtjoii is lower. Tyrite, pyiTholiJc, cIia!cop)Tite, sphalerite, and g.-:]rna occur .it depth 
•'.I <omc Broadlands altered rocks and are mentioned briefly. 

I.NTRODUCTION 

The natural liydrothermal activity in tlie Ohaki-Rroadlai-ids area con-
sisi.-s of a large, near-boiling spring (Ohaki Pool) on the west side of the 
Waikato River (fig. 1), together with minor outflows of lower tempera
mre, more dilute chloride water on the nearby river banks, and also 3 
km lo the southeast near drillholes 7 and 16 (fig. 1). Before drilling in-

"v«Jigatlons,'the Ohaki pool had a 10 1/sec outflow of near-neutral pH, 
fliloride-birarbonate water at Qa'C. I t Iiad a ivell-dc\clopcd silica sinter 
n'.irgln and produced.an anlhnony-arscnic sulphide precipitate rich in 
•race melals such as gold, thallium, and silver (Weissberg, 19G9). Spring 
water an.ilyscs arc shown in table 1. T h e waters are all of a sirnilar coni-
I»f>S)iion, vai-ying n-iaiuly in their degree of dilution by surface waters, 
rijc high boron and bicarbonate concentrations velaiivc to cliloride are 
the major features. 

During a geothermal exploration program, deep drillholes on both 
»'dcs of the 'Waikato River tapped high lemperalure chloride water at 
depihs var)'ing from 2500 to 7000 ft (762 to 2134 m). Maximum icmpera-
»urcs aie usually in tlic range 270o to 290°C, and mass outflows from 
liole.̂  vary from almost zero to 250 metric tons per hour. In this paper 
'"1 f'Utlinc is given of the geological structure revealed by drilling and of 
^'c cliemistry of the drillhole discharges. Tlie hydrotliemial alteration 

* Geology Oeiiartment, Victoria University of Wellington, New Zealand and Staff 
.Bicnibcr, New Zciland Geological Survey, Box 30368. Lower Hull. New Zealand. 

• 1. ** Chcmiitry Division. Department Scientific Iiidusirial Rtscarch, Private Bag, 
Icione. Nev Zealand. ' - «» 
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Fig. 1. Map of Oliaki-Broadlands locating the positions of drillholes. Inset sim'-' 

position of Ohaki-Broadlands in the North Island, New Zealand, 

of the rocks at various dcptlis is described in detail, and a corrclaiiur. 
made between mineral stabilities and tlie temperatures and composition' 
of the fluids. 

GEOLOGY 
Rocks exposed in the Taupo Volcanic Zone include a series "'• 

rhyolitic airfall arid ashflow tiiffs, water-deposited volcanic sediincni*. 
several rhyolite domes, and rare basalt (Grindley, 1960 and 1961). Ex
posures around the Broadlands area however are poor, and infonnaiior. 
on the sub.surface geology of tlie field is based almost entirely upon *••' 
examination of cores and cuttings recovered during drilling. 

Tlic geology of tne field has been described in unpublished (op̂ "--̂  
file DSIR) reports by Healy (ms, 19G8a; ins, 196Sb) and Grindley at -
Browne (ms). The rocks penetrated by the' drillholes consist niainb '•• 
Quaternary horizontal and near-horizontal airfall, ashflow, and waict-
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TADLP. 1 

Compositions of waters from sjirings and driilliolcs 

C o n c c n i r a l i o n s in m g / k g in w a t e r di^cl iargcd lo a t m o s p h e r e A t o m i c ra t ios 

.Source 
p H 

(2U«) 

of Ct to of N a to 

!.!• Na ' K» Rb» Ca»' Mg«* I'— C l - S O . » - U SiOj N H , U r Cs • Li 

Dri l lhole SS 10.9 
8.ji 11.7 
S.N . 12JJ 
H..15 11.8 

1065 I.")2 0.6 0.6 4.6 — 6.2 1700 43 4.S 50r. 12 
2 2 1.7 2.2 — 7.3 1743 8 •; 

230 
lO.'iO 224 22 1.7 2.2 — 7.3 1743 8 48 K05- 2.1 
1015 2I.S — — .I.O _ r.,1 l a o o o ^r< 7,10 4 • 
1075 218 I — -— 3.0 _ 4j IH-iO 29 DO 880 2 J 
HOO Hfi ^ i - — — — — 1142 _ _ _ 0.2 
1040 246 — — 0.0 _ 8.0 1186 4 .W 70.") 2.? 

030 20.1 — — 2 — 8.0 1709 4 44 SO.') _ 
-910 H.S I.l 1.4 1.1 0.05 6.2 1244 12 55 0.35 1,2 
1020 210 1.7 1.4 7.3 — 6.4 1794 10 49 803 l,.l 
980 21)0 2 .2 - 1.3 2.4 0.02 4JJ IOCS 7 48 7.50 1.9 IU2 

11000 
8800 

3300 
480(1 
•1801) 

.S))i-ing I (95") 

(Olinki I'iKil) 
.'ipriii);3 (25') 
.S|>riii(;-I (75") 
.Spring 7 (42'') 

7.05 7.4 860 82 0 .1 .1 .2 2.5 _ 5.2 IOOO IliO 32 .1.18 :».« ./fiHO lO.I 109.. 3300 35 17.8 

2.0 • 4,6 440 44 — _ .̂ lO 
8.05 .*1.6 4311 32 — — 28 " -
7 J 4.0 500 21 — — 7 

..« 
2.2 
4-.2 

f.80 531) 
525 132 
63H 185 

19 
14.5 
23.5 

280 
2S0 
232 

5.8 
O.I 
l.l 

0 
322 
188 

10,9 
Il.O 
K2 

_ 
128 
81 
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.Kiid lufEs and breccias, interbedded with rhyolite and dacite flows un-
\ conformably overlying the.Mesozoic graywacke and argillite basement 

surface (Grindley, 1961) (see fig. 2). T h e hydrological sequence effectively 
consists of a series of "alternating permeable and impenneable fonnatiuns 
locally disrupted by faults and dikes. 

Rocks considered to be part of the Mesozoic graywacke and argilliic 
basement, which crops out 18 miles (29 km) southeast of the field (Grind
ley, 1960), were penetrated below 3000 ft (914 m) by llirec eastem drill
holes, Br-7, Br^lO and Br-16 (fig. 2). These rocks have low porosi ly, (4-
8 percent), poorly defined bedding, and are likely to be permeable only 

' where brecciated. . - . " 
Locally overlying the basement and with a maximum-thickness of 

,. about 900 ft (274 m) is a sequence of cryslal-rich ignimbrites, thinly 
bedded sandstone, basement derived conglomerate, coarse tuffs, and non-

^ yolcanic sandstone. (These ignimbrites have been found only in Rr-l 
. and iherefore are not shown in figure 2.) This group of rocks, wilh ilic 
• possible exception of the tuff, are of low porosity and, as shown by ihc 

absence of extensive hydrothemial alteration in spite of high temperature, 
ave relalively impermeable to geothennal fluids except where fractured. 

A qiKirt-z-plagioclase ignimbrite coniaining volcanic rock fragments 
in places is probably composed of several ash .flows. I t has been peneirntcd 
by most deep drillholes. I t varies from 100 to MOO ft (30-427 in) in thick
ness and is imporiant in controlling the hydrology of the field. The de
gree of welding varies with its thickness, and in the most highly welded 

.zone, it has shards (originally glass) that are so elongated that its le.vinrc 
is iindistingnishable from a flow-baiuled rhyolite. In the upper zone ii 
is nnwelded (above 3500 ft (10G8 m) in Br-9), and the gioundmass :inil 
feldspar phenocrysts of the ignimbrite are extensively allered. At gi-cnter 
deplh the degree of welding increases (ancl porosity deacases), and ihr 

. amount of alteration deacases until, in places, it is almost fresh dcsjiiic 
a measured temperature of 287°. Below 4000 ft (1219 m) the dcgiec of 
welding again deoeases, and the porosity and extent of hydrothennal 
alleration inaeases. _ ^ 

Above the ignimbrite, and occurring in all drillholes, is a hciii"-
gcneous foiinaiion ot tuff-breccia and luffs (between COO and 900 ft (18!^ 
274 ill) thick) which are of major hydrological importance. They occur 
below a deplli of 2400 ft (732 m) and typically are poorly sorted :iiul com
posed of qua ru and feldspar crystals and abundant liiliic fragnicnu 
(piedominanlly pumice, pumiceous rhyolite, and rhyolite). In places ihc 
tuffs have a well developed unwelded vitroclasiic texture. Tlieir tcxmrc. 
high porosity, and susceptibility to hydrolhermal alleration indicate that 
tliis formation functions as an aquifer, and it is, in fact, the main pro
duction zone for drillholes 13 and 14 as w^ell as contributing to produc
tion Irom drillholes 2, 3, 4, V a n d 9. 

T h i n beds (0-250 ft (0-76 ni) thick) of relatively impermcalilc sili-
stone locally overlie tlî e luffs and tuff-breccia and, in turn, are overlain 
in the west by thick (0-1500 ft (0-^57 m)) dense, impermeable plagioclase-
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bearing rhyolite of low porosity and east of the river by dacite from Jm 
to 1400 ft (30-427 m) in thickness. Tliese formations act primarilv •" < 
caprock and are permeable only along fracture zones; consequently (i,-. 
have seldom altered to an equilibrium mineral assemblage. Howeva. j -
places the dacite occurs as abreccia , and this has apparently allnuc-i 
accesrof water to the upper flows, resulting in the formation of abuiii!.,i,: 
clays. •» 

A water-laid pumiceous tuff-breccia formation which thicken!. i-.r 
the west from 0 to 900 ft (0-274 m) overlies the lavas. I t is of high poi.n:;. 
and permeability and serves as the upper steam and waler aquiltr, i» 
demonstrated by its high susccj)tibilily to alteration. It is the nuir. 

"source of fluid proiluction for drillholes 2, 4, 8, 9, and 11 and is UMia-U 
capped by aboul 40 fl (12 m) of imijermeable mudstone and 0 10 Mou !t 
(0-426 m) of hornblcnde-biolile-qu.irlz-andcsine rhyolite. l l i i s foii:-;j. 
tion is of variable porosity, pethneability, and degiec of alteratien, !•< 
example, in Br-5 it is unaltered but where fractured in drillholes 2, •!. ?. 
and 11 contains abundant secondary quarlz and adularia. 

Tuffs (in places pisolitic), tuffaceous siltstones and.sandstones, laruv 
trine sediments, gravels, and ash extend over the entire field and in 1!:: 
vicinity of Br-10 are up to 1100 ft (335 m) thick bu t arc of little inij>.: 
tance for geolhermal protluctioy and are seldom exicnsivcly altered ;il»i.\c 
a low temperaiure assemblage. \ 

FKED CHANNELS 

Grindley and Browne (ms), on the basis of the fractured and slitaif.'-
nature of some recovered corey suggested that several faults otmr i . , 
the Ohaki-Broadlands field, altliough they have liitle surface expn•>:••:• 
Faulting is common in the region however (Grindley, 1961 ami ll*"!'-
and Grindley and Browije (ms) suggested lhat faults, for example in i* • 
zone intersected by Br-2, provide penneable channels for gcoilurn.-' 
fluid and. allow upflow into the two main aquifers. Healy (ms. If.-"-' 
however, considers that rupture zones formed by the intrusion of rhyiil.:: 
dikes would be more likely upflow centers. T h e trends and ontpni* •̂ • 
the drillholes are consistent with the presence of a natural floiv »h:ii>i."' 
in the vicinity of drillholes 2, 8, and 11. ' 

CUKMISTRY OF.DRILX.HOIJE: DISCHAKCCS 

Only essential points of the geochemistry of the Ohaki-Broaill:'i: •' 
area are given here, as this will be the subject of a detailed public:iii---
Table 1 gives the compositions of water tajjpcd by the drillhole^ r ' 
pres-scd as^mg/kg of constituents in -waters separated fiom the mi^-^ 
steam and water discharges at local atmo.spheric jiressure (boiling pv-' 
about 99°C). 

Wi th the exceptions of drillholes 5 and 0 on the cool margins ol 1 ••-'. 
area, the general chemistry of the ilcep waters is similar throughoul i-' 
field. However, the wnleis of the eastern and western zones differ i" •̂'•'•' 
C l / B and C l / l I C O , ratios, and this difference can be explaiiu'5 =' 
additional boron and carbon dioxide being liberated by the inici'."^^'" 

. « - : • s - • ' . ' . 
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of hot water with graywacke sedimenu found at the base of the eastern 
drillholes (fig. 2). All the waters had pH values in the region of 7.5 to 
8.5 after collection and cooling. Tlic close association bctwcenthe source 
of spring and drillhole waters can be seen in terms of Cl /B, Cl/Cs, and 
Na/Li ratios. The very low magnesium concentrations are typical of 
high temperature, dilute, natural waler systems (Ellis, 1969). Bicarbonate 
ion concentrations in the highest temperature deep waters are about 10 
limes tho.<ic found in the Waimkei gcothcii-mal area but arc siinilar in 
magnitude to tho.sc in the deep hot water at Kawerau and AVaiotapu, 
New Zealand. For equal ionic strengths and temperatures, the bicar
bonate concentration at depth in natural high temperature waters is 
proportional to the carbon dioxide concentration (Ellis, 1969). 

Br-5 is on the southern margin of the field where chloride waier 
has become cooled by conduction and dilution, and the lower lempera-

• tures have allowed high bicarbonate concentrations lo develop through 
reaction of carbon dioxide with rhyolite rock. Br-6 taps a low-chloride 

• ground water which has probably been warmed by steam (and carbon 
dioxide) migrating from tlie main hot system. 

Proj)ortions of steam and water in a drillhole discharge dejDend on 
the heat content of the deep inflow and the pre."isure at which the observa
tion is made. Drillholes that tap water alone at the average Broadlands 
inflow temperature of 260°C discharge 32 percent steinn and 63 percent, 
water at 99°C to the atmosphere. This type of production, however, is 
sustained only in zones of high rock permeabilily. In impermeable zones, 
local pressure drawdown occurs in the country rocks, the water boils,' 
and drillholes may t:ip an inflow of steam and water. Consequently, the 
outflow has a higher proportion of steam (high enthalpy discharge) than 
is expcctctl from the deep waler lemperalure. This is a common feature 
with Broadlands drillholes, for example Br-7 in the eastem side of the 
field disdiarges nearly dry steam. 

TADtE 2 

- • Gas content and composition in steam 

r 

i 

> 

Drillhole 
no. 

1 

2 

7 

9 

11 

Enthalpy 
(Btu/lb) 

1150 

"530 

— 

550 

. 525 

Steara 
collection 
pressure 

(psi|^ 

20 

60 

— 

40 

168 

Total 
g.-»sin' 
steam 

(mole %) 

2.77 ^ 

0.94 

— 

0.70 

1.07 

Total 

origmal 
water 

(mole %) 

— 
0.26 

— 
0.22 

052 

Composition of 

CO, n s HC* 

95.0 0J5 2.1 

94.4 l £ 22 

92.4 0.8 3.8 

93.5 1.8 S.0 

95.0 2.1 12 

gas (mole %) 

H, N, + A 

02 22 

Q2 1.5 

0£ 2.4 

0.15 1.6 

0 2 1.5 

m 

• M 

t . - :.vc, 

r.i--,--SI' 
^> :̂rJ^ 

IS 

ii 
m 

*HC = total hydrorarljon gases 
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TABLE 3 -^ 

Depth and lemperalure infornintiun on minerals in cores from Broadlands geolhermal drillholes .', 
Depths in fi; T e m p in *C 

o 

Mineral 

Bore no. 
Islcore 

depth (ft) 

1 
100 

4585 

2 
183 

3397 

3 
188 

2997 

4 
188 

J5351 

5 • 6 
187 183 

4436 35SG 

7 • 
196 , 

3677 

8 
388 • 

2530 

9 
185 

4403 

10 
232 
3372 

11 
228 

2498 

12 13 -
ISO - 182' 

4497. 8549-

Biotitc 

Hombltncle 

Pyroxene • 

M:igi ie i i lc 

Class 

Andesine 

\yCi-islnli , i l i ic 

Sidcrilc 

Cilcitc 

Pyrite. 

I'yrrlioilic 

greatest dcplh 138S <390 
liighcsl temp 170 <I94 

V greatest dcpih 581 <390 
^ highest temp 73 <194 

grcii test depth 
highest temp 
giraicstflcpili 
liighcst tump 
greatest depth 
highest lemp 
greaicst depUi 
highest temp 

" . shallowest depth 
lowest temp 
greatest depth 
highest temp 
shallowcsl dcplh N.P. 
lowest temp 
greatest depth 
highest temp 
shallowcsl clcplh 581 
lowest temp 75 
greatest deptli 4585 
liighesttemp 275 
shallowest dcplh 1179 
lowest icmp 152 
greatest depth 3988 
highest lemp 266 
shallowest dcplh 1688 
lowest temp 198 
urcalcJt depth 4178 
hinliCKl t e m p SOS 

It.iv- tiii'l:il 
.tiilphiilc.v 

138S 
170 
5S1 
73 

531 
75 

581 
75 

792 
IOS 

2088 
241 
671 
88 

884 
119 

<390 
<170 

<.n90 <390 
<I94 <170 
<39fl <.t90 

<390 <288 
<I70 <I40 

< i y i 
<390 
<I94 

688 
240 

N,P. 

N.l', 

183 
120 

3397 
285 
288 
156 

3397 
285 

N.P. 

<l7i ) 
<390 
<170 
1180 
246 

N.P. 

<288 
<140 
<288 
< H 0 
<288 
< H 0 
<288 
<140 
<288 
<140 
N.P. 

N.P. N.P. 

588 
ISO 

2898 
278 
692 
180 

2997 
280 

N.P. 

28S 
HO 

3151 
270 
188 
120 

1888 
99 

888 
73 

13S8 
46 

1388 
46 

1788 
86 

2400 
73 

688 
46 

2272 
143 

N.P. 

1014 
46 

3715 
230 

838 
76 

888 
76 

8SS 
76 

N.P. 

2503 
120 

3556 
160 
593 

95 
2503 

120 
2203 

49 
2613 

98 
288 
98 

3556 
160 

N.P. 

N.P. 

N.P. 

N.P. 

1253 
190 

1560 
228 

N.P.; 

N.P. 

338 
80 

3677 
290 

<3R8 
'<149 
<3S8 
<149 
<388 
<149 

.<388 
<I49 
<388 
< H 9 
<388 
<149 

•N.P. 
.. . 

-
N.P. 

2089 
265 

T - - , . , 

.^ 

786 
172 

<337 
<I71 
<337 
<I71 
<S37 
<171 
<3:i7 242 
<17I- 69 
3970 2263 
289 245 

N.P. 

N.P. 

N.P. 

N.P. 

1545 188 
56 53 

3145 2981 2914 
270 200 160 

2400 N,P. 
152 

2715 
231) 

2311 
203 
3351 
ar.H 

196 
42 

3243 
,276 
2758 
272 

388 
149 

N.P. 

493 
176 

N.P. 

185 
147 

4493 
292 
337 
166 

232 
68 

288 
76 

",3" 
'os 
242 
09 

288 
76 

3071 
258 
588 
1.52 

<341 
<112 
<3.-W 
<I12 
<341 
<112 
<34I 
< I I2 
<r341 
<112 
<341 

i'̂  

1143, 
78 

1143 
78 

N.P. 

N.P. 

H4G-
106 

1838. 
122 
330 •• 

1491 
• 164 
<94l 
<I35 
N.P; 

N.P. 

182 
• 51 

1732 
.• 204 
-. 033 

N.P. 

3749 3071 
292 258 

N.P. N.P. 

50 
1990 
130 
180 
37 

1990 
130 
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The sleam discliar^ed from the drillholes was collected for analpij 
from tappings on the clischargc pipes and separated from the liquid bv 
a sniall cyclone operating at the pressure in the pipe. The composilion 
of Sleam from several holes is given in lable 2. ANlierc drillholes have a 
liciuid infloAV, that is. a combined ovaflow enlhalpy that corresponds in. 
lhat for waler al the underground temperaiure,* the deep water composi
tion can be calculated from the analyses of steam and water. For example, 
for non-volaiile constituents the concentralion factor for water at 2fift'-
through slcam flashing 10 atmospheric pressure is 1.47. Gas conteniraiions 
in the original deep water can also be calculated and arc shown in table 
2 for drillholes 2, 9, and 11. which at the times of collection were ihc 
only holes supplied by a single liquid phase. Tlie deep waler in ilic 
western zone contains -about 0.20 to 0.25 moles carbon dioxide and about 
0.005 to 0.006 moles hydrogen sidphide per 100 moles w-aier. . 

The pH ot the deep ivaler before sleam separation can be calculaii-il 
from the.inlcgialed analyses of sleaiti and water collected at the surfaic 
(Ellis, 1967). Knowledge is required of the ionization constants of the 
various weak acids and bases in ihe waler at tlie high temperature. .\s an 
example the pH of deep water at 260°. in lhe western area is cstiniatcit 
10 be about 6.0 lo 6.2, which is very slightly alkaline with respect to the 
neutral pH of w:iicr (5.7) al this temperaiure. 

The partial pressure of gases dissolved in Uie original deep water tan 
be calculated for holes such as 2, 9, and 11 from steam analyses, the «li\ 
charge enlhalpy, and through kno\\ing llie solubility of the various n:iM-» 
in waler at high temperatures (Ellis,-1967). The approximale pnnia! 
pressures in atmospheres at 260° are as follows: 

CO, = 12; H.S = 0.1; H, = 0.1; CH. = 0.5; N, = 1.0. 
An estimate of lhe depth of first boiling for water rising in a \Kt 

meable zone, such as near holes 2, 8. and 11, can be obtained by bakuu-
ing the steani and gas pressure against hydrostatic pressures. At l'.i-o-.n\ 
lands this would be at about 2000 ft (609 m) for waler at 260° ami :<•. 
aboui 3000 ft (915 m) for water at 285°.'• 

IIYUROIHERMAI. A L T 1 - : R A T I 0 N IN INDIVIDUAL URIU.HOUES 

The identification of hydrothermal alteration minerals in corc» i' 
based on a combination of peirogiaphy, differential thermal an.alysi' 
qua 11 lit alive infra-red spectroscopy, and senii-quanliialive X-ray diflij'-
lion analysis vising a technique similar to that desnibed by Tail'i V 
(1966) and .ilso used by Mufller and While (1969). Clay minerals wur 
mainly identified by X-ray dilTraciion of a separated clay fraction lKf'>'.t 
and afler ueaime|[it with etliylene glycol, and the Na.O and KjO t"''-
renirations in the rocks were determined by flai-ne photomelry. T.iblc ^ 
summarizes ibe range of distribution of ihe common minerals in tl-
Ohaki-Broadlands geothennal field, and figures 3 lo 6 show the miî '-
alog)' of holes 2, 4, 6, and 9. These figures are intended to illu'«t)'a-' 

' The gas composilion of the disdrarge provides an esua diirilc on llie th:-:-' 
in.itching uf enthalpy through a mixed steam 4- waicr intalie lo the drillhole. 
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Fig. 3. Distribution of some mineials in drillhole 2. Cores arc rcprc.<;enlc-d by 
circles and straight lines have arbilr.-trily been drawn hctwccn cirrlcs. Not shown is 
lhe dislribuUon of epidote -which occurs in traces in deeper parts of the hole and a 
^nlalI amount of .tnusum at a H.-nili «F r,on t. /•"> -• ' - ' ^nn^ n.no.in, of s)inmn al a depth o A M h ( m Z , - r U P ^ y * " " , ^"'^ =•"«» » 
h-ft uses the s.ime MialioTanhic svmV^l. ... ,i < " \ " ' ) - ••;"= geological rohimn al the 
1--67 ft (416 m). •"'S^^'P'^" sjnibols as ihose shown in r.giire 2. Hole is cased lo 
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O N A U CARBONAU ni lOLITE CLAYS PUkCIOCLASE ALKAUES PYRrrE TIMPEKATURE 
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Fig. 5. Distribution of some minerals in drillhole Br-O. Hole is cased lo 2702 tl 
(842 m). ' . 
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changes in mineral abundance wilh depdi and temperature, and a hijjli 
degice of accuracy is not claimed. In particular it is possible for the 
quantities of adularia and clay to be in error by several percent. Not 
shown is the distribution of leucoxene, sphene, gypsum, and epidote 
which are all of limited distribution or else nol present in sulficicnt 
quantity to detect by instrumental methods. A further point is tlini 
cores were usually taken at between 50 and 250 ft (15 and 76 m) interv.nls, 
and it is therefore dtfficull lo know how representative they are. 

A simplified geological column and the measured downhole tempcin-
tures in the bore holes are also shown in figures 3 lo 6. Temperalurrs 
were measured several limes between drilling and initial discharge, but 
the readings made immediately before discharge are considered closest 
to the undisturbed subsurface temperature (N.D. Dcnch, personal com
mun.). Drillholes 3. 7. and 11 were discharged before suflicient time had 
elapsed to estimate the steady-state leiiiperaiures accurately, and they 
:nay be in error by several degrees. 

I t may be notetl from figures 3 to 6 lhat there is some correlation 
between the albite and N a , 0 contents of lhe cores, because albite is the 
only hydrothemi.al sodium mineral, whereas potassium is present in botli 
adularia and illite. ' . ' v . 

J -• ' . • - . " ; ' 
' , STAUIUrY OF TRtMARY MINtRALS , 
Before alleration most of llie, rocks of the Ohaki-Broadlands field 

contained quartz, andesine, and gioundmass (glassy or devitrified), often 
with minor hornblende, biotite, hyperslhene, and magnetite. Of ihcsc, 
only quarU is unaffected durjng alteration. 
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•Volcanic glass is very susceptible to alleration and readily alters at 
temperatures below 120° (lable 3) to moiilmorillonilc. illite, and less 
coEninonly, chlorite, calcite, siderite, K-feldspar, and quartz. Magnetiic 
is also rehitivcly sensitive lo alteration and "generally alters either to 
pyrite or leucoxene at temperatures as low as 80°. . 

Hyperslhene, hornblende, and biotite alter at progressively higher 
icmperalurcs and are generally replaced by chloride, illite, calcite. quartz. 
or pyrite. Andesine is less readily altered than bioiite at Ohaki-Broad
lands, in contrast to Wairakei (Steiner, 1968), and its stability and reac
tion products are parlicul.irly influenced by temperature, permeability, 
aud fluid composition. Under condilions of VC17 low pcnne.nbiliiy, 
andesine may persist lb temperatures in excess of 285°. In the S:ilton Sea 
drillhole I.I.D. No. 1, calcic plagioclase was present in irKc^nsely altered 
rocks below 5000 ft (1524 m) and above a temperature of 323°C, but 

' this was considered by Muffler and While (1969) to be due to the excep
tionally high Ca content of tlie associated geothennal brine. In Ohaki-
Broadlands, andesine may be replaced by one or more of the following: 
adulari.1. albite, calcite, illite, waii.ikite, epidote, or qu:u-lz. 

HVDKOTIIER.MAL MINERALS 

Z(f"//tC5.—These have only a limited disiribulion and are not as 
common at Ohaki-Broadlands as at W:iir;ikci, mainly because of dif
ferences in water composition. Neither heulandite nor laumontite have 
been positively identified in the cores, although both are present at 
Wairakei (Coombs and others, 1959). However, ptilolite is present in 
se»cral cores where measured temperatures are between 60° and 170° 
(lable 3). The^e temperatures are comparable with those for its occur
rence at Wairakei (Steiner. l'J53 and 19G8) where it fornis between 60' 
and 160° and in Iceland where il occurs at 120° (Sigvaldason, 1953) but 
louver tlian temperatures reported by Coombs and otliers (1959). Ellis 
(1960) crystallized ptilolite (possibly meia|ijibly) from obsidian at 2.10° 
during e-xposiire to natural hydrothermal solutions. In cores from Ohaki-
Broadlands, ptilolite ocairs as sniall, fibrous a7sials, which have been 
deposited directly from solution in pumice or rhyolite cavities, and il 
Ciocs nol appear to form directly from glass hydralion or devilrificaiiuii. 

T h e other zeolite present at Ohaki-Broadlands is wairakite, whicli 
occurs in only a few cores. Measured tempcr.ntures are between 232° and 
276° (lable 3). which compare with temperatures from 142° to 250° at 
Wairakei (Sieiner, 1953 and r968; Coombs and others, 1959), and 222" 
to 260" in the Tauhara geothermal field, Nev/ Zealand. Generally the 
wairakite occurs as twinned, weakly birefrigcnt, euhedral crystals up to 
3 mm in diameter lining fraciures, where they have been deposited from 
solution. I t only rarely replaces plagioclase. 

Both ptilolite and wairakite are high-silica zeolites. The i r distribu
tion conforms wilh the esinblishcd paiieriKof the more liydr:ited species 
forming a t the lower teiiiperaiure. .Kt Ohaki-Broadlands, teinprratuic 
and water composition (pariicularlykpH, Ca content, and silica activity) 
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appear to be the main factors affecting zeolite stability, although the 
forraation of ptilolite is favored by the presence of glass in the" host rock. 

Qiiar/z.—Quartz is abundant both as a primary ctmstttuent of most 
rocks and as product of devitrification and hydrolhei-mal alteration. I t 
is possible to distinguish origins only by using a microscope. Figures 8 
lo 6 therefore show the total quarlz in the cores. In common with rocks 
in other New Zealand geothermal fields, priniar)' quarlz remains unaf
fected during contact with the silica-saturated geolhermal waler. Hydro-
thermal quartz is also widespread both as a replacement mineral and 
as clear, inclusion free, euhedral crystals up to several railnnieters in 
length, lining cavities and fractures. I t is particularly common as a re
placement of pumice, plagioclase, and glass and forms at depths where 
temperatures are above about 100° but is most abundant in zones of good 
steam production. 

Crislobalile.—a-ci-'tsidhnVne (X-ray peak at 4:05A) is present in sev
eral holes but is most abundant in holes 5 and 6, where some cores con-
l:iin up to 25 percent. It occurs as round, ne.ar-isotopic spherules less than 
0.1 mm in diameter, between tempci-atures of 46° and 176°, and lo a 
maximuin depth of 2503 ft (763 m). At higher temperatures it probably 
changes to quartz. Its origin is uncertain, but the low temperature of 
occuiTcnce, its abundance, and occasional association wilh nionlmoril-
Itiiiite suggest lhat it is possibly a metastable, first alteration product of 
volcanic glass. However, cristobalite is commonly considered to be a 
high temperature devitrification product, and this is also its origiii in 
drillhole Y-1, Yellowstone National Park (Honda and Muffler, in press). 
It may also have originated this way at Ohaki-Broadlands, bu t it -was 
nol reported by Ewart (1966) in surface rocks of the region. 

CA/orifc—Chloriie is a common mineral ir^^all drillholes and may 
conslitute up to 40 percent of the rocks. It is usually f^nied from ground-
mass or pumice alteration but raay be an alteration product of primary 
ferromagnesian minerals or occasionally plagioclase. More rarely, it is 
deposited directly from solution. Typically, the chlorite is green, slightly 
plcochroic. weakly birefiingcnl, and of variable crystallinity. Infra-red 
and X-ray diffraction data show il to be an iron-rich, trioctohedral non-
iwclling type, similar lo tliat commonly found at Wairakei (Steiner. 
19G8). Tlie distribution of chlorite indicates that its slability is largely 
iiidcpendent of depth, permeabilily. and temperature (tabic 3), and i u 
abundance appears "to- be related to the initial iron content of the un
altered rocks (MgO content < 0 - 3 percent in unaltered rocks). In places 
however, there has also been addition of iron'to the rocks to form chlorite 
w pyrite, 

A'no/;'n.—Surface hydrothennal activity at Ohaki-Broadlands is minor 
toinjKucd with that at Wairakei, and iherefore supergcne kaolin, opal, 
ind alunite are >'irtually absent even in shallow cores. Hoivevcr, several 
forcs from Br-5, Br-6. and Br-12 contain kaolinite whicli has fornied as 
»n alteration product of volcanic glass. >fcasurcd temperatures here are 
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low (table 3), and ilic.se drillholes have the poorest production in the 
field. The presence of kaolinite may be due to .one of the following tea. 
sons: - " . •--.;• - . - V • • - , ' • , • . • ." 

,. A. It represents bu r iM zones of superficial acid alleration. - ' 
B. I t was fonned by an inflow orbxygcnated ground water, cau«in^ 

acid conditions by sulphide o.xidation. 
C. At low temperatures, kaolin is a stable phase in -waters of Broad. 

• lands composition. 
T h e third explanation is preferred because the kaolinite is locdly 

associated with small amounts of botli carbonate and pyrite, iniplvin!» 
non-acid, reducing conditions, and iis comparatively broad vertical dij--
iribulioii in the rhyolite in drillhole Br-6 (fig. 5) suggests that it is not 
fossil .alteration. Extrapolated experimental data (sec later) indicate that 
at a t empaa tu rc of about 100° the kaolinite-mica phase bound.iries for 
waters of Broadlands coniposition would be at about p H 7. , 

IllitCj interlayered illite-moniniorillonite, and montmorillonite.— 
These minerals are widespread and abundant at Ohaki-Broadlands and 
consiiluie more than half of some recovered cores. With increasing tem
perature and depth, there is a jjcneral sequence of nionlniorillonite-^in-
terlayercd illiie-montmorillonite (rich in montmorilloniie)-?intei-laycri'«l 
illite (ricli in illite)-»illite, although local reversals are not iincoinni<.in, 
and in places, illite and montmorillonile may coexist, without interhncr-
ing. T h e amount of the illite component in the interlayered illiit:-
montmorilloniie generally increases wilh temperaiure, but, unlike 
•Wairakei (Sieiner. 1968), clay mineral type appears lo be unrelated tr» 
fault-fissures. Clay minerals form from the alteration of plagioclase, fcn-w 
magnesian minerals, and particularly pumice fragments but in plact- ,̂ 
where the lOcks arc fractiyed. may also be deposited directly from solu
tion. 

Montmorillonite occurs in the calcium form, usually as minute " 
Aveakly birefringcnt grains -with an 001 reflection about 14A, although this 
decreases with increasing illite interlayering. In places, for example. 
Br-7 at 2758 ft (841 m), the illite is comparatively coarse grained, hii 
sharp basal reflections, a high birefringence, docs not have a low tempera
ture D.T..\ . cndothcrniic pc.ik, and may be more coirectly called sericite 
(Taboadela and Ferrandis, 1957). In the later disaission the tenns illiie, 
sericite, and K-mica are considere<li"synonyinous. Sieiner (19GS) gave 
evidence that illite fortns from silicic volcanic glass via the sequence; 
moiiimorillonite->uiixcd-layer illii'e-raontmorillonite deficient in iiiicr-
stratificd illite-*niixcd-layer illite-monlmorilloniie with dominant illite 
-»illite. Although a similar assemblage and sequence is also found'at 
Ohaki-Broadlands, the evidence would be consistent -with contem
poraneous formalion of days, with distiibution and type dominantly a 
function of lemperature. ,̂ In some places, predominantly sedimenlary 
rocks at depth contain illite that has not "been derived from glass, and a* 
previously mentioned illite may be deposited directly from solution. 
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Montmorilloniic, illite, and interlayered illiic-monlmorinonite dis
tribution is similar to that at Salton Sea, whCre Muffler and White (1969) 
found that montmorillonile existed at surface tcmpciaturc but disap-
iHNircd as a disacic phase at about lOO^C, and illiic-monlmorillonile con
verted to K-mica at aboul 210°. . 1 ") 

Albite.—A\hile is present in varying amounts in cores from all drill
holes. Wilh the exception of a sniall amount in Br-5 at 1090 ft (332 m) 
;dbitc does not occur above a depth of 1500 ft (457 m) (table 3)-^in con
trast to AVairakei and "\Vaiol:ipu where it forms at depths as shallow as 
2S0 ft (86 m) (Steiner. 1953 and 1963) and 200 ft (61 in) in Steamboat 
.<:j>riiigs drillliole GS-3 (Schoen and AVhite, 1965). / 

Table 3 shows that the albite may form at temperatures as low as-
122" (in Br-O), but in holes wilh geothennal giadienis more typical of 
lhe area, it gencially fornis first between tempciatiires of 232° and 279°. 
This compares with its ocairrence at temperatures of 230° to 250° at 
Wairakei (Coombs and others, 1959). Typically it forms twinned, un-

-.zoned, clouded ci^stals, in places together with adulari,!, rejdacing, or 
partly replacing, primar)' pLigioclase. Albite is seldom pure. As slioivTi by 
icfi-active indices and infra-red spectra, it v.nries in composition up to 
about An,i,' although most seems to be in the r.inge .•\nj to An,o. Tlie 
ica.-ion for the variable calcium content is not known but may be a re-
s;ilt of incomjjleie reaction beiivcen the water and the primary plagio
clase. In the later discussion the tenn albite refers to all secondary 
jil.igiodase regardless of composition. T h e clouded appeai-ance of the 
Jilljite crystals contrasts with the clear, inclusion-free andesine and 
adularia and suggests that the inclusions fomied during the alteration 
}<ioccs.<;es. Tlicse minute inclusions inobably consist of iron o.vide and 
indicate that iron is less soluble in sodic plagioclase than in eidier K-
Itldspar or more calcic pl.agioclase, a conclusion'consistent with llie work 
I'fRibbe and Smith (1966). " v. 

At Ohaki-Broadlands, albite fonnation ajipcars to be particularly 
alfecied by temperaiure and dcptli but not by permeability, since it is 
jiic.-?ent in cores from aH holes. Its formation also requires that plagioclase 
be present in the unaltered rock. 

Potash /fMi/jnr,—Secondary monoclinic potash fehlsjjar, referred to as 
-. adul.-iria) is an imjiortant hydrothennal mineral at Ohaki-Broadlands. 

'ncausc its jiicsence and abundance is related to the mea.surcd outjjut of 
individual drillholes (Browne, in preparation). It has three raodes of 
oiTiirrence: - ., ; . C\ 

-V Commonly it replaces primary plagiodase in a manner similar 
to albite witli wliich it may coexist ih equilibrium. TTiese a y ^ 
tals are deal- and generally structurally complex. 

B. In llie groundmass of cores from several holes, particularly the 
upper thousand feet of drillholes 2, 8. and l l . i t occurs as ininule, 
diamond-shajied crystals. These must be formed by major pota.sh 
infusion, since some cores from Br-11 contain as much as 11 per-
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cent K , 0 , and this cannot be Accounted for by glass devitrifira-
' " ' ' t i o n alone. I t ajipears jJ ia t this tyjie of adularia may form at 

lower lempcralurcs than that formed by replacement of andesine.. 

C. More rarely, it occurs as euhedral crystals lining cavities and tore 
• fractures (for example, Br-4'at 1093^(1 (333 m) and Br.7, 2758 ft 

(840 ni)) Avhere it has been deposited directly from solution in 
response to change of JDH and loss of CO, during boiling. This 
is a rajiid non-equilibrium process. 

Adularia is abundant in some cores from drillholes 2, 4, 7. 8, and 11 
and is a ininor constituent of drillholes 3, 9,. 10. 1?, and 13, where it 
usually coexists with albite. Though in Br-11 it has formed at a depth of 
only 228 ft (69 m) where the lemjicrauuc is 75°, it commonly occurs 
below about 800 ft (244 m) and above aboui 220°, which compares wiih 
Wairakei where it is found below 1263 ft (385 in) and above 230° (Sieiner. 

"1968; .Coombs and others, 1959). Adularia appears to fonn in places 
where there is good penneability, but its stability is markedly affected by 
changes in Avaier composilion (figs. 8, 11, and 12). 

£p;</ote.—Epidote is an uncommon mineral ai Ohaki-Broadlands bui 
is abundant at Wairakei (Sieiner, 195.^) and ihe Sallon Sea (Mufller and 
WHiite, 1969). At Ohaki-Broadlands it is jjre,sciit in cunccntiaiions below 
about 1 percent. 

Ejiidole is most abundant in a core from Br-13 at 3540 ft (1079 in), 
where it occurs as euhedral, slightly jileochroic crystals -in thin (1 mm 
widcy'vcins and in vugs together with calcite. In rare instances it appc-irs 
that calcite has been deposited directly on top of epidote. An electron 
microprobe cxaminaiion of a crystal showed it to be an iron-rich varieiy 
(ajjprox 13 percent Fe; C. P. Wood, personal commun.). 

Tlie formation of ejiidole ai Ohaki-Broadlands is probably reslrictc'il 
because of high underground carbo'n dioxide concentrations which 
favor tlie formation' of calcite (.see later), bu t it does not seem lo form 
below a temperature of about 260°. This compares with measured mini
mum formalion temperatures of 290° at Salton Sea (Mufflei- and White, 
1969) and aboul 250° at bolh Wairakei (Steiner, 1908) and in die 
Tauhara ,field. Hoivever, it is considerably higher than Iceland where 
epidote occurs at .about 225° at Hveragerdi and only 130° at Reykjavik 
(White and Sig\aldason, 1903). Mufller and A\Tiiic (1969) noied that at 
.Sallon Sea a deaease in caldte.complemented an inaease of epidoic 
which they considered due to incorjioraiion of Ca into epidote following 
the breakdown of caldte, bu f ih i s does not seem to have been the case 
at Ohaki-Broadlands. Its distribution is not shown in lable 3 because of 
its low abundunce in recovered cores. ' » • 

Cn/ci'/e.—This is a common and imjiortant mineral at Ohaki-Broad
lands, present in all drillholes. I t is usually most abund:uit below a 
depth of about 2000 ft (610 m), bu t it aUo occurs at shallower depths 
(lable 3) and at icmjicratures below 100°. 
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It fonns as a replacement, or partial replacement, of andesine to
gether with secondary albite, adularia, or quartz bu t also ocairs as 
irregular grains in the gToiindmass of some rocks. Less commonly it has 
been deposited as scaly crystals filling or lining fractures and civities 
nnd is occasionally ejected during initial bore discharges as while rhom-
bohedral crystals up to 1.5 cm long. Typically it 'is white, inclusion free, 
and nearly pure CaCO, in composition (C. P. Wood, peison.al commun.). 

Its formation at Ohaki-Broa<llands is little affected by temperature, 
but it is Jiarticularly .•Jcnsitivc lo changes in water and gas comjiosition, 
caused, for examjile, by boiling. _^^ 

S/dcr//e.—Siderite is an uncommon miiieml at Ohaki-Broadlands 
but is present in amounts of up to 10 jicrcenl, in cores from Br-6, Br-10, 
and Br-12. Il occui-s either as minute sjiherules or larger irregular grains 
iiji lo 0.1 mm long in the groundmass of some rocks, but, unlike caldte, 
it does not replace jikagiodase. Siderite from Br-1*2 at 1850 ft (564 m) 
(temp 122°), which ajijiaienlly coexists in equilibrium wilh calcite, 
was examined by electron miaojirobe and found to contain about 6 
j:>cn:cnt CaO and dcteciable MgO and MnO (C. P. ^Vood, jicrsonal 
commun.), whereas the calcite cont:iins less than 2 jjcrccnt FeO. Siderite 
occurs at temjiernlures between 37° and 130° (table 3). This comjiares 
with slightly higher temperatures at the Salton Sea (about 135°, Muffler 
and Wliiie, 1969), but it does nol occur at the dejiths of base metal sul-
jihidcs, in contrast to several hydroiheimal ore deposits where it is often 
a<.sociated with bnse-melal sulphide veins (for examjile, Shaw, 1959). In 
drillhole 6, AYaiiakei, il also occurs at low lem jicratures at a dejith of 
only 90 ft (27 m) (Steiner, 1953). It does not coexist wiih magnetite and 
•eUlom with pyrile, suggesting that some of the iron is ilerived from the 
.ilieration of magnetite, jirobably under relatively high Pco. and low P© 
condilions (Garrels and Christ, 1965). 

Iron sulphides.—The iron suljihides jirescnt are jiyrite and pyr-
rhoiitc. Marcasite has not been identified at Ohaki-Broadlands. Pyrite 
in amounts of up to 10 percent is the most common sulphide and is 
jnesent in cores from all drillholes. In most places it forras evenly dis-
•"nbuied, euhedral crystals iiji to 2 mm in diameter or small irregukar and 
<it-ca.sionally "'doiighiiiit-shaped" grains, but it also ocairs in thin veins 
and small vugs. Pyrile ci7stals from Br-4 analyzed sjicclrochc-mically by 
AV. C. Tcnnant, Chemistry Division, contain uji to 1000 jijini arsenic, but 
Jis^locil concentrations of :ii-.sciiic could not be detected under the clec-
frtniniicrojjrobe (G. A. Challis, jDcrsona| commun.) it ajijiears lhat this 
clement docs not form a discrete mineral. PjTihotile is much less abun-
d:int than pyiite, bu t it occurs in 6 drillholes (table 3) below 1600 ft 
(•iS8 in), commonly as m.agnetic brown-black pscudohcxagonal crystals 
(composition near FcsSo, by X-ray diffraction) up to 4 mm in diameter, 
and usually in evenly distributed clusters. A sniall amount of yellow 
:ii<'iiocliiiic (?) pjTrhoiiie occurs at a depth of about 2758 ft (840 in) in 
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hole Brr7 (Browne, 1909). Pscudohcxagonal jiyrrhoiitc was also present 
in a scaly dejio.sit on the sloitctl liners removed from Br-1. 

. Pyrile and jiyrrhotite may form from the alteration of magnetite 
and ferromagnesian minerals, but the abundance of pyrile and its pre
sence in veins and vugs suggest most must have been dejiositcd from 
solulion by addition of iron and sulphur. Pyrile forms readily at lem
pcralurcs below 100°, bu t pynhoti ie is jirescni only above 152° (table 3) 
and under the lower P„ s /P„ conditions lhat may occur in more imper
meable zones. It may be significant that ji.seiidohexagonal ji\rrhotitc is 
present in cores from drillholes lhat are all jioor steam jiroducers. Tlic 
Torrnalion of jiyrrhoiite is also favored by the jiresencCof organic mtitter, 
and this seems lo have been the case in some fine-grained sedimer.is from 
Br-12. . . ^ 

Bolh iron suljihides coexist, apparenily in equilibrium, in a core from 
'•2189 ft (667 m), Br-13, where the measured lemperature is 237°. Pyrite is 
common at Wairakei and Waiolapu (Steiner, 1953; 1963), but pyrrhotite 
has not been found in the latter geotiiermal field and is only a minor 
consliluent at Wairakei (Steiner, jiersonal commun.). In the Salton Sea 
area, jiyriie occurs in the I.I.D. No. 1 and Sjiortsinan No. 1 drillholes 
below a depih ot 2000 ft (610 m) :ind above a lemperaiure of 200=' (Muf
fler and •\VJiile, 1969), but jiyrrhoiite is a minor jih:ise. 

Basc-mctal ji///;/iidci.—Sni.ill quantities of sjihalerite, galena, and 
chalcojjyrite were found in cores and cuitiiigs from 5 chillholes (7, 10, 14, 
15, 16) and are of interest because lexlural evidence suggests they are in 
equilibrium wilh one another, v.ith other hydrothennal minerals, and 
with the fluid discharged (Browne, 19l>9). l l i e y are mosl abundant in 
drillholes 7 and 16, where they occur in silicified rhyolites and luffs, and 
are less common in the other holes where the host rocks arc conglomerates 
and luffs. Sjihalerite is generally the mosl abundant, but locally galena 
and rarely chalcoj-jyrite may jiredominale. The waters associated with 

. these sidphides are of low salinity (lable 1) and have low conceiilntions 
(few pjib of cojiper, lead, and zinc), which indicate that base-meial sul
jihides may deposit from solutions of quite a different character from ihc 
metal-rich, s.iline brines as found at Sal ion Sea or in the Red Sea dcejis. 
A jirecijiitate rich in Sb, As. T l , Au. and Ag which was dcjiositcd from die 
Oli.aki Pool, some 200 yards from bore Br-3 and from tlic Br-2 discharge 
was discussed by ^Veis.sbiirg (19i59). •\Vaier frtmi the jiool has a similar 
comjiosition to tliat discharged from the driflholes. A crude mei:illiferous 
zoning process exists with Cu-Pb-Zn jiredominaiing at between 140° lo 
300° and As, Sb, Tg , T l . and Au iie.ar 100° (Ellis. 1969; and Browne, in 
preparation). . -^ , 

FACTORS INFLUENCING IIVPROTMEKMAL ALTERATION 

Tlic formation and slability of the hydroiheniial minerals is in-
. fliienced by factors tliat include (1) lemperalure, (2) permeability and 

porosity, (3) rock type, (4) fluid composilion, (5) total pressure, and (6) 
water flow and time for reaction. 
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Tcinpcralurc, rock comjiosition, and jieimcability arc jirohably the 
most imporiant factors in static systems. It is apjiaicnt from tabic 3 that 
the lemjieralurc at whicJi a mineral first forms varies from drillhole to 
drillhole, due to olher influences. In most rases, however, there is a 
icinjicraiiire i-aiige for the Ohaki-Broadhinds system oiitsiilc which a 
mineral will not form or persist under the nait'ual hydrolhermal c.ontli-

».lions, and lable 3 indicates lliis range. For example, it is ajijinrcni that 
calcite and jiyritc arc less sensitive to tcmjierature than anTzeolilCs, clays, 
siderite, cristobalite. and albite. 

Below 4C00 ft (1219 m) depth, lempcralures may leadi 292°, but 
over most of the active part of the field, including jiroduction zones. 

• icnipcraturcs vary between 220** and 270°. T h e jihase diagrams (figs. 7-12) 
di.scussetl below, referring to a lemjieralurc of 260°. are ajiplicable to the 
most common mea.surcd subsurface condilions. Temjieraiurc generally 
increases wilh dejith, but several inversions occur, notably in Br-6 where 
at a depth-of 200 ft (61 m) the lemperature is 160°. but at 2200 ft (670 m) 
ii is only 49°. 

Over the dejiths drilled tlie moderate jire^sures of up to about 200 
atm in excess of waler vajior jiressurcs arc unlikely to have a major effect 
on formation of mineral assemblages. However, White and Sigvaldason 
(1063) suggested epidote formation m.ay be a function of depth. Indirect
ly, total Jiressure is a very imjioriaiit variable as it deicrmines the dejiih 
:tiid tcinjicraiurc of boiling, a jirocess that changes fluid composition and 
in iiirn affects mineral stabilities. ' 

Permeability has an imjiortant control on the fonnation of hydro-
thermal minerals, since minenilogic.al changes are for the most jiart 
not isochemical, and although some water is available in pore sjiaces, 
die rocks must be ojien for the addition and removal, of constituents. It 

. is ajipareiit that in places the more dense, impenneable rocks, such as . 
rhyolite and ignimbrite are little altered, even at high temperatures. For 
example, in some places there is incomjileie alleration of andesine to 

• "J^alcite. clay, quartz, or albite. whereas in cores from more porous, per-
. meable zones, reaction is complete. In some fissure zones, for example. 

lir-7 at about 27;".8 ft (840 m) and Br-2 at 1660 to 2080 (506-634 m), where 
'here is good penneability and a coniinuous flow of fluid, qu.irtz, calcite, 

. a^d adularia arc abundant. These arc zones of boiling, and as discussed 
; "below ihest minerals piecijiitaie through the water trying to adjust its 

composition toward that for an equilibrium a.ssemblage stable at the 
higher jiH and a lovi^er tempcniture. 

-At Ohaki-Broadlands the infliiente of rock type on hydrolhermal 
iiltcraiion is mainly through texture and jiorosily variations affecting 
permeability. Mo.st of the rocks are chemically and mineralogically 
-'imibr, containing jirimary quartz and.andcsinc but not K-fcldsjiar, and 
'bus variation in the original rock chemistry, is not cspedally significant 
^luring hydrothennal alteration. Ho-\vcvcr, the maximum quantity of 
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Hole no. 
M.i.x Icmp 
measured ' ! ! IO i r.N-./) 

1 
2 
S 
4 
5 
6 
7 
8 
9 
10 
11 
IS 

278 
276 
281 
265 
244 
170 
279 
263 
290 
270 
271 
258 

225-235 
250 
230 
266 

200 
200 
244 
260 
255 

200-210 
2S0-290 
275-290 
270-280 
195 
190 

250-260 
300 
290 
245 

• 290 
280 

i t has been observed in geolhermal systems that the solution/tjuartz 
equilibrium adjusts more rajiidly wilh changing icnijiciaiures than docs 
the solulion N.a/K miner.il equilibrium. Olijiki-Broadlands tcmjieralurcs 
by the Na /K method are oflen higher than those obtained by the silica 
Iiiethod, particularly in the niorc jiernicablc zones. Maximum measured 
temperatures before protluction arc closest to the N a / K lemperaiures, 
but the silica lemperaiures are more in line with nieasurenients at the 
production levels. T h e higher Na/K tcmjieratures may be a memory 

^ffcct reflecting characteristics acquired by the waters at deep levels in 
the Geld. • - . 

Atineral equilibria.—The usefulness of these two simple mineral-
water equilibrium considcralions encouraged a more detailed examina
tion of the rclaiion-ship between waler chemistry and hydrothcnn-il al
teration minerals. In this resjiect the work of Hemley and Jones (1964) 
on the .solution ratios of mx.vmH< '"""I ' " K ' / " ' H » f̂ r̂ equilibrium with 
sodium jiot:issiuin feldspars, micas, and clays is of jiarticular significance. 
Helgeson (1967) showed how this cjcpoinienial information, together 

/ • 

albite, whidi may form during alteration, is controlled by the amount > - , 
ot primary plagiodase originally present in the rock. W/ ^>v>'«~,9^<^^ 

CORREL/VTION O F MINKRAI.OCY AND WATKR CIIE-MISIXV 

Temperahire cslitnntion.—M:\hon (I960) and Fournier and Rowe 
(1966) showed lhat the deep hot waters in geothermal areas contain silica 
concentrations at a level for equilibrium wilh quartz,jind this fact may 

. be u,scd to estimate undeiground temperatures from silica''aiialyses on 
•ivaiers discharged from drillholes. In a hydrothermal! system containing 
sodium and potassium fcldsjiai-s in the mineral alteration assemblage, 
there is an iniersc relationship between temperature and N a / K ralio in 
the walers (Ellis, 1969, and discussion below). In table 4. temperatures 
estimated from the silica and the N.VK methods are compared with tlie 
ma.ximum temjicralurcs nieasured in individual drillholes by the New 
Zealand Ministry of Works. 

TABLE 4 
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Ko.O 

Fig. 1. Compositions of n]incr."ils occurring in lhe Ohnlci-Broadlands Celd. Tie-lines 
join coe.visiing minerals. A solid point gives lhe average rhyolite romposilion in the 
ri-g-on. 

widi lhe composition of waters taken at measured lempcralures from 
t̂tju^fers in which equilibrium mineral assemblages existed, could be 

u^ed to construct mineral stability diagrams in terms of ionic concentra
tions in the -water. His diagiams for the Salton Sea geothennal area are 
iiot directly applicable to New Zealand geothermal areas, but through 
u>e of the same jirincijiles, mineral phase diagrams for the Broadlands 
«rca have been devclojied. 

Figures 7A. B. C give the comjiosition of the various minerals found 
in hydrothcnnally altered zones in the Ohaki-Broadlands and the . 
"IV-iir^kci hydrolhermal areas, and lie lines show their associaiions. An 
average rhyolite coniposition for Jhe "W^airakei-Broadlands district is 
£;iven as a solid point, but clement transport, which in some cases occurs 
't<-ely in a hydrothermal area, may markedly change the overall composi
tion of the rock. Here and in most later di.igiams, for the sake of siiri-
.Siidty, interjayered illiic-monimorillnnite is~consideicd lo consist of two 
^:«Teic phases—illite and montmorillonile. 

Figure 8A is a Hemlcy-Helgeson K-Ca-H diagiam for Broadlands 
=:;ieiation, constructed from published experimental information on the 
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Fig. 8. Mineral stability diagrams for cildum and potassium minerals al 260°, in 

terms of solution ion ratios and various nico. v.iliics. 

potassium mineral system (Hemley and Jones, 1964), from drill-core 
mineralogy, and from analytical data for calcium, potassium, and hy
drogen ion concentrations in the waters. T h e figure is drawn for 260°, 
for although higher teraperatures have been measured in ilie area, this 
is the average lemperalure in the most jiroductive zones (sec table 4). 
Tl ie main calcium and potassium minerals occurring in the Broadlands 
system are calcite, epidote (zoisite), wairakite, calcium montmorillonite, 
K-mica. and K-fcldspar. In the discussion lhat follows q u a r u is assumed 
always to be present. 

Hemley and Jones' mineral equilibrium boundaries in temis of 
ratios of concentrations of univalent "ions (mK»/"^K«» '"xa/i"ii«) "wtre 
ccjuated to lori activity ratios. Boundaries were adjusted for the lower 
pressure conditions of the Broadlands system, for example, tlie v.alue of 
log (OKV^H*) ^or 'be K-mica, K-feldspar equilibrium increases by 0.15 
jjci' 1 UOO bars jircssurc rise. 

T o obtain values of the solution ratios a^-,./a„., aca.^/^H.', et cetera, 
values of an* were calculaied from water analyses and acid-base equilibria 
(Ellis, 1967). T h e activitv coefficient of univalent ions was taken to be 
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rig. 9. Mineral stability diagrams for c.ilcium and jsodjiim minerals at 200°, iu 
terras of soJtiiion ion-ratios .ind various m^Oj values, 

0.70, and for calcium and raagnesium ions, 0.25 (the solution ionic 
st rength is abou t 0.04 m). 

Figures 9.A, lOA, and I] :ire diagrams for tlie N a - C i - H , the Ci-Afg-
H, and N a - K - H .systems respectively, relev;int to the Broadlands niincr-
.ilogy and water chcniistry. T h e effect of intersubstitution of ions has 

^becn neglected (straight line jihasc boundaries) except for the Na-Ca 
moiHmoril Ion ites. (The Oliaki-Broatllands and Wairakei montmoril
lonites are as the calcium form.) 

Each of the diagrams represents a particular element combination 
plane in a more comjilex phase diagiam. T h e slabiliiy conditions in 
figure fiA, for example, arc those in the presence of particular solution 
concentrations of other elements such as sodium, rnngncsium, aud iron. 
Except for calcite the phase boundaries for.ihc calcium :iTid m.igncsium 
minerals :ire only ajiproxlmate bu t are dio.-;cn to give the best fit with 
ihc observed dicniistry and mineraldgy. TTie di:igrn!ns themselves give 
no new information but provide a convenient means of following (he 

.reasons for differing nuncralogy at varioiLS levels and positions in the 
field. 
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Bo-jTidories p ^ ' h n d of WQla-

-Broadlands 
wa te r ccmposilion 

260* 

3 4 5 

Fig. i t . Mini.-ral sialiiUty di.njjinm for sudiiim and poiassiiim niinerals at 2G0° in 
iL-iiTis itf sohiiiun Itm riiiu-t,i)ir,iiioii ratios (braltcn lines show 2-30° Iipinidarlcs). 

also disapjiear. The jircscnce or absence of calcium epidote or wairakite 
in other geological sellings such as in low grade regional meta mor jihisiu 
can also be inlerjirctcd in terms of the associated carbrm dioxide concen
trations (Zen, 1961); 

Although chlorite is inlerproted in the phase diagrams with the 
magnesium ion conccnlration as a major control on its stability, it ocairs 
as an iron-rich \-aricty both at Broadlands and Wairakei, and the epidote 
also contains apjiicciablc iron. The com jiosition range of montmoril-
lonitc-illites has been hatched in on figures 7A, B, C. 

IIl-DROniHR^fAL AI .TI -RJVTION S E Q U K N C E S 

Figures 8B, 9B, lOB, nnd 11 show that the nvcr.ige composition of 
the deep Broadlands water falls in a jiosition on the mineral stability 
diagr.iins (solid jioiiit) close to equilihrinm for K-mica, K-fcldsisar, albite, 
chlorite, wairakite; cakJtc, and quarlz. Compositions and icinjicraturcs 
of the original waters will vary slightly from place to jilace. Saturation 
with ealcile may not .^hvays be achieved. -

Tlie fact that the water composition falls in the stability field of a 
mineial gives no indication of the quantity of the mineral present, since 
m addition to the factors already't(iscus.sed, die ability of a jihase to 
nvidcnte as a new mineral and the r.ite of crystal growth also ijidiicncc 
the raineral alteration ussciiiblige. .Nevertheless, ihe mineral eqiiilibrimn 
diagrams jirovidc a convenient base on which to examine the varialions 
mminera l asscnihlages with depth and water conditions. 
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Changes in water lemjieratnre c.iuse changes in the posilions of 
phase boundary lines, so lhat a ininernl assemblage stable at a given 
water composition and tempera lure may be unslnblc a t a higher or lower 
temperature. Trends in water p H which acconijiany the loss ot steam 
and carbon dioxide, caused through boiling of the deep water also give 
rise to consequent changes in the mineralogy. Other changes, such as 
those due to condensation of COi-rich steam into a water jihase or to 
dilulion, can also be irilcr|iieicd on the diagrams, 

Willi the cxccjiiion ot the jjoiassium/sodium system there is no 
quantitative in forma lion on the iiiovL-mcni ot jiliasc boundaries with 
tcnijicratuVe. On figure 11, the iih;tsc boundaries for 230° arc given as a 
dashed line fur comjiarison with the 200° jiota.=;sium/sodium mincnil 
boundaiics, but boundaries on olher diagranis have a short arrow which 
suggests their directioii otmo\-emciit i\'ith decreasing lempcralures. 

T h e effect of steam boiling off from the deeji 260° water jihase is 
first considered. On figures S to 11 a short hcuA'y line \vith an .jrrowlicad 
gives the general trend in waier coraposition with sicam loss. For a few 
jicrcent steam loss, conccnlration ot the ions by evaporalion can be 
neglected, and Uic important effects are a rise in water jiH and a slight 
cooling of the iv,iter. 

VV îth jiicrcasing steam loss from the deep 260° ivatcr (and ;s-iih rising 
pH) the diagrams suggest that the ivater rising through the field would 
tend to inTjiose the following .sequence of hydiothciraal alteration min
erals into the rocks, and the sctjueivcc wimkl usually be one of diminish
ing depth. All assemblages include quartz. 

1. Water at 260° in equilibrium with albite, K-mica, K-feldspar^ 
calcite, wairakite, and chlorite. 

2. "With slight steain loss and p H rise the water comjiosiiion jioint 
ivould move in the directibn shoivn by tlie arrow line. On figure 
SC, K-feldspar and wairakite ivould be stable niiiier.ils, on figure 
9C the tVatcr comjinsition would lie along the alliite-wairakite 
boundary, wliilc figure lOG shows that chlorile would reniaiu 
stable. Calcite would be jiiecijittated. as the calcite "blind" rises 
pro jiorlj onal ly to pH change, but lhe water composilion jiuint 
rises jirop or tion ally to iivice the jiH di:iiige. Due to the shift 
of phase boundaries with temjjcrature, groivth ot K-feldsjiar is 
necessary lo remove potassium ions in excess ot those for equili
brium two-feldspar conditions (fig. 11). Depending on the direc
tion ot movement ^vilh temperature of the '\*'airakiie-K-Ieldsjiar 
and the wairakitc-a]bite boundaries, the slight cooling with con
tinuing steain loss \sould cause growth of one or oiher of each 

- niineral pair so'as lo mainlain the water composition at equili
br ium Ca /K or Ca/Na ratips, respectively, for the livo-jihase 
boundary conditions.^Croivth ot chlorite would occur. 

3. With a" tew percent steam loss the same trends would follow, 
except lhat epidote (zoisite) gj-bwih \vould' be iniUared (figs, 8C 
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and 9C). Calcite and K-fcldsppr would contlmic to be fonned, 
. and the mineral asscmblngc would at this st.igc trend toward 
. K-fcldspar, .ilbiie, ralcitc, epidote, and chlorite. 

After about 3 to 4 jiercent steam Joss by boiling, ihc carbon dioxide 
conccnlration in solulion would be then about 0.2 of the original or 
.nbout 0.03 in. l"he water comjiosition would trend toward a pnint for 
equilibrium with ealcile and K-feldsjiur (fig 8C), nlbite and calrifc (fig. 
!)C), and clilorite and c.ilcite (fig. JOC). However, the rock^iniucral sys
tein has a buffering action toward the changes which ihc iLstng w.iter 
pi I tries lo bring aboiiti T h e trends in ininccilogy are ce-rtain, but the 
extent tb which changes arc brought about In a homogeneous rock at 
a ji.nrticular level dcjitjiViIs on the volimie of water of the particular com
po.sition if lat jiasses throiigh tlic rock, the rock porosity, and jieniica bility, 
.-ind (he rc.ictivily of various minerals. 

Tlie preceding discussion considered steam boiling from a. homo
geneous aquifer of slowly rising hot water. In conlmst, a flow of water 

. rising In a fi.sstire and rapidly boiling off steam ivoiild pioduce secondary 
niiiicralogy abom the fissure dominated by the first minerals rqrmcd 
t!]roiig]i the water trying to adjust Its conipo,iition tow.Tjd that for an 
equilibrium rainer.1l assemblage at the liigher jiII ;nid lower temperarure-
Hitfrerlng effects from the rock n'ould lie minimal, and the irtaiii minerals 
fornied .^bo«l the fissure would be K-feldsjiar, CTldte, and quartz thiough 
a continuous sujiply of elements from the wafer ffbw. This relationship 

- heiwecn alteration and jjermeability has been used as .in aid to esiiin,nc 
j.ieain :ind water juoduction of indlvrdiial drillholes (Browne, In jircjjara-
lion). Meyer .nnd Hemley (1367) also discuss this type of mechanism. 
Formulion of it';tirakitc (or chlorile) in fissures at the level ot first Ijolling, 
folloucd by epidote (or chlorite) at a higher level would also be r-.msls-
lent ivlth the jihase di?igrams. 

The case of water heated hy the condensation Into it of steam rich 
ill c.irbon dioxide may be CGusidcred. T h e jihasc dl.igiains show that 
the lower jiH conditions nonld cause a trend toward mineral assemblages 
.'iiicli as albite, K-mica, wairakite, or montniorillonilc, K-mica, wairakite. 

T h e f!i.igr.nns shotv taoliniic lo be iSlable at temjieratures of ilie 
ordcr.of 260°, only under low pTI condilions. Clays of lhis lyjic are often 
found near surface levels where acid conditions occur through hydrogen 
.MiJjjhide oxidation, although the diagrams of Hemley and Jones (1904) 
show that at lower tempera Mires very a d d conditions are not necessary 
for their forraation. ' 
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temjicralurcs. In a few rocks, epidote and K-mica coexist, suggesting lhat 
al these places ihc minerals have not attained equilibrium. 

Broadlands hydrolhermal alteration.—Ywrihcr brief comipenls on 
rock alteration at various depdis al Ohaki-Broadlands can be made with 
reference to the stability di.igrams and, where ajijiropriale, figures 3 to 6. 
These comments arc iiiiended to show how obseived hyrlrolhcnnal min
eral assemblages in individual holes may be related to subsurfjicc fluid ^ 
behavior, for allhough the stability diagrams are dr;iwn for aver;ige 260° 
conditions, their general form will apjily over a range of temperatures. 

Hole Br-1. Alteration is sliglit at higher levels allhough tcmjieratures 
in some pliiccs arc in excess of 200°, but below about 2800 ft (853 m). 
albite and K-mica otcur. This alteration corresjionds to water comjiosi-
lions likely in imjiermeable rocks under static aquifer condilions, Snd 
this conclusion is supported by the f:ict lhat the hole does not jiroduce. 

Hole Br-2. Below a dcpdi of 2300 ft (701 m), albite, adularia, chlorite, 
calcite, and very minor epidote coexist (fig. 3), and this assemblage 
could be formed by waler rising to these levels and boiling off a few jier
cent steam (and CO,)- Between 1650 ft (502 m) and 2000 ft (609 m) the 
rocks arc highly silicified and in addition lo abundant hydrothermal 
quartz contain adularia and ealcile but not albite. This suggests that this 
is a zone of vigorous boiling, with rajiidly rising jiH and cooling of the 
water flow. . \ simil:ir but smaller zone of this kind also occurs between 
750 and 1000 ft (229-305 m), but ihe remainder of the alteration above 
1600 ft (488 m), characterized by illite, could be allributcd lo the cooler 
conditions at higher levels, ciuscd by considerable steam loss, and jiossi-
bly also to some conduction and convection. In this situaiion, as the p H 
rise of the water is limited to the effect cau.-cd by the loss of most of the 
CO; from solution, the effect of cooling in moving the K-mica, K-feldsjiar 
boundary to higher aK./a,i. values could cau.se K-mica to become stable, 
overriding the ojjjiosing effect of jiH-rise. Under cooler ne:u-surface 
condilions, the rates of mineral growih may be more important than 
trends toward an equilibrium mineral assemblage. 

7io/e Br~4. Figure 4 shows that al about 3300 ft (1006 m) minor 
adularia occurs with illite and chlorite, indicating a cooling zone, but 
the.absence of calcite or cjiidoie suggests lhat this cooling is by convec
tion or conduction rather than by boiling. 

From 2300 to 3300 ft1f701-1006 m) the hydrothennal minerals are . 
dominantly albite, illite, chlorite, and calcite. This and the absence of 
adularia cxcejil for traces in the ujijier level of this section may indicate 
levels where water rises in lemjieralurc by conduction. 

From about 1500 to 2300 ft (457-701 m) there is a broad zone of 
albite, adularia, calcite, chlorite, and illiie which suggests this is an 
aquifer of Avatcr coniaining ajipreciable cirbon dioxide. T h e disajijicar-
ance of albite al the top of these levels may be caused by boiling, but 
the jicrsistcncc of illiie suggests thai sufficient coniaci of water with rock 
surfaces was retained lo hold the .system on the K-mica, K-feUlspar 
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boundary line; that is, the conditions arc those of a jioroiis arjuifcr rather 
than a fissure flow...^ narrow zone of adularia at a depth of about 1100 
ft (335 m), but without calcite, ejiidote, or albite and containing illite, 
suggests lhat this is a zone of cooling, but nol one of major fissure flow • 
of boiling water. 

Hole Br-6. T h e distribution of minerals in this hole and the meas
ured downhole tciujicralurc are shoAvii in figure 5. The jiersistcnce of 
Jirimary minerals below 2400 fl (730 m) and absence of adularia sug
gest that impermeable conditions occur over most of the hole, but the 
small amount of albite in some cores below 3000 fl (914 m) may indicate 
that there is minrjr conduclive heating. In the shaUower levels of the 
hole, the iiTcgular distribution of some hydrolhermal minerals allied 
with tcinjieiature revers.als imjilies that there is cooling water circulating 
laterally between rhyolite flows. • 

Hole Br-7. Mesozoic graywacke and argillite basement rocks from 
below 3100 ft (945 ni) contain albite, illite, chlorite, and calcite (Browne, 
1909), but some of these minerals may have formed by burial mclamor-
jihism jireceding geothermal activity. However, a icmpcrnture increase 
below 3100 ft (945 m) points lo conductive heating. From 2300 to 3000 
fl (701-914 m), abunrlaiit adularia, quartz, and minor calcite with little 
albite and illiie (sericite) reveals this lo be a zone with a flow of boiling 
water. The jiersistc-ncc of minor illite (.sericite) suggests that the flow, 
however, is not siifficionily great in comjiuri.son with the surface area of 
cxjiosed rock to raise the water jiH above ihc illitc-K-fcldsjiar jihasc 
Vioiuidary. Between aboui 900 and 1700 ft (274 and 518 m), unaltered 
Jilagioclase shows that there has been little access of v.atcr to allow reac
tion with the mainly imjicimeable Broadlands dacite, but .ibovc a dcjilh 
of 900 ft (274 m) there is abundant montmorillonite which may h;ive 
formed by reaction bciween rocks and circulating river ivater. 

Hole Br-9. . \ t the rlcejiest levels the hydrothermal minerals present 
in dense ignimbrite are quartz, calcite, chlorite, illite, and albiie (fig. 6), 
an assemblage that suggests reaction, under rather imjienneable condi
tions ol rising waier tcmjieratures. 

Piom 2500 to •'•200 ft (762-9^76 m), albiie, adularia, calcite, and quartz 
with an absence of illite, reveal a lower aquifer in which a few jiercent 
of steam boils from water as it moves lhrough the zone. 

The ajipcarancc of illite and wairakite and the disajipcaranre of 
caldte and feldspars at about 2100 ft (640 m), just above the Broadlands 
rhyolite, suggest a water of lower pH, jiossibly due to steam (-{- CO-) 
condensing into it. «, ,. 

n m rRK.vci-:s nKXivKEX ROCK ALTKRAIIOX AT WA!R,\KI:I AXn AT iiiiOAui./\Nns 
.-\s shown by Steiner (1953 and 1908) the most common hydiotliermal 

alici-aiion mineral* at highest temjicralurcs and deep levels in the AVest-
cm \Vairakci field are albite, K-feldsjiar, K-mica, cjiidote, quartz, and 
va Iraki te. 
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A ni:ijor difference between Wairakei and Broadlands high tempera
ture alteration is Uiat calcite is common at Broadlands and much less 
common at Wainikci, while die opposite situation apjilies for wair^jkite 
and ejiidote. l l i c reason for this can be interpreted by means of the 
Jihasc equilibrium diagrams (figs. 8-11) aud lies in the jiosition of the 
deep water composition point wiili respect lo the epidote, wairakite, 
K-mica, and calcite suibilily fields, at the p:iriir.ular carbon dioxide con
centralion. 

As shown by Ellis (1909) the Wairakei water composilion wilh 
"''eo, — 0.01 is near the wairakite, epidote, K-feldspar coexistence 
poinl=. T h e coniposition is shown as W on figure 8A, and il is apprecia-
lily below the calcite solubilily line that occurs at log (aca/^ir) = 9-.1 
for 0.01 m CO, concentration. Slight separation of sicam and p H rise 
would bring the water on to the epidote (zoisite), K-fcldspar slability 
line, aud an appreciable slcam seji:iralion would be required before lhe 
comjiosition point reached the calcite line. 

Broadlands. however, has a deep water composition point close to 
the K-mica. K-feldsjiar. and wair.akite coexistence point and to lhe 
caldte line. With steam scjiaration. caldte would be precijiiialed, and 
allhough the comjiosition jioint would subsequently follow along the 
wairakite, K-fcldsjiar boundary, it is unlikely wairakite would nmleaie 
and glow with any efficiency while calcite was forming. 

For a given lemperalure there is a jiarticular concentralion bf car
bon dioxide in the underground water .above which caldte will jire-
cipitatc as the calcium mineral jihase wilh first sleam separation, and 
below which a calcium silicate phase fornis or remains stable wilh steam 
separation. Al 200° this carbon dioxide conteiilralion is about the Broad
lands value (0.1 m). Calcium silicate jih:iscs are unlikely to nucleate in 
drill-pijies, wlicrcas ealcile can do so. Slight calciling of drillholes occurs 
at Bi-o:idlands but nol at AVairakei. Rcasonin.g along these lines may 
make it jiossible to distinguish at an early stage of develojimcni the 
geothemial fields whidi could give trouble wilh calcite jirccipiiation 
caused by first fiasliing of sic:im from hot water. The CO^ concentralion 
of die deep water is a key factor. 

I ron .^xtlphidc phases.—Th(^ equatioii relating the relative siabililies 
of jiyrrhoiitc and pyrite to measurable iiar:nneters, P„ s (partial pressure 
of HjS) and P„_ (jiartial jiressilrc of hydrogen) is as follows: 

FeSj + H , = FeS -f H,S 
In figure 12, log ( P H , S / P K J for coexistence of the minerals is drawn 

versus tcmpciaturc, showing the pyrite field at high H-S /H , ratios and 
the pyrrhotite field at low ratios. 

Tl ie conccnlration ralio H:.S/H, in the steam phase of a drillhole 
discharge is obtained from gas analy.ses. T h e solubility of hydrogen sul-
phide ' is ten times that of hydrogen at 260° (Ellis, 1967) so that it it is 

° Uiiforluiialelv, in Ellis (1969) values of in^, were used in error for a<.,, valiirs, 
so that llic veriiraf sialc on lhe diagiam differs fioin ilic picscnt diagrams by 0.6. 
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certain that lhe drillhole discharge is derived from a single 2C0° liquid 
Jihase at dejiili, the partial pressure lat io of die g,-iscs in the original 
liquid can be ralcnkiled. Unforiiin;itteiy, most BrbadLinds drillholes 
draw on fl two-phase steam-liquid mixture at dejitb, with consequent high 
enth;iipy discharges. Some drillholes such as 2 and 9 and II , wJicn fim 
run. had -cnthaljiics that could be reconciled with a simple hot water 
infloiv, but before aimh-ses for hydrogcri ivere <}onc for Br-2 and Br-9,' 
the enthalpy had risen to a two-jihasc Inflow condition. .-Vs hydrogen 
suljihidc is much more soluble than hydrogen, ch-i!Iholes that draw excess 
stc.Tin boiled from water in the coimlry have n low n ,S/H; : ratio. 

Taking the ITeiny's Law solubilities of l l .S and H» to be Si and S., 
jjoinis are marked on figure 12 for tlic logarithm of the jirodtict (H-.S/Hj). 
(S,/S,) for drillholes I. 2. 7, 9, and I I . The \nines for Bi-1, Br-2, Br-7, 
and Br-9 ivill not correspond to log (Pjus/l^ii,) 'values for unboiled deep 
water but should do so for hole I I , Below holes 1, 2, 9, and 11, the 
original P H , S / I ' I I , ratios for unboiled w,ilcrs would be MIthin lhe pyrite 
fieltL 

' 'Couiitiy rock exjjoscd tb'scjwraied steain may prodtice pyrrhotite 
instead of pyrite because of the loiv PII . ,S/I 'H, ratios in the steara, n'heieas 
residual ivater after steam separation has a high P|i,s/I*ii ratio and so 
favors jjyrite. "Where organic-rich sediments occur, breakdown of organic 
iiiateri.Til may cause a local, Joiv PM^S/PK. pressure and bring the system 
into the pynhotife field. This process may ojiciviie for examjile in hole 
Br-4 flora 2200 to 2G00 ft (670-793 ra) and in Br-13 at 1601 ft (488 ra). 
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