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Figure 4.1 Oxygen and hydrogen isotopic anal yses of fluids dis-

charging in active geothermal areas (from Craig, 1963). The charac­

teristic 0-shift in these systems is indicated by the sub-parallel 

horizontal trajectories in the upper diagram, toward heavier 

values and away from the meteoric water line. This results from 

oxygen isotopic exchange between the heated meteoric-hydrothermal 

fluid and the rocks through which it is flowing. The oD of the 

water does not show a measurable shift because only small quanti­

ties of hydrogen are initially available for exchange in the rocks. 

Although fluids showing cD shifts do occur, they are typically 

found only in hot springs that show evidence of boiling (lower 

diagram). The parallel trajectories with slopes of about 3 that 

are shown in the lower diagram are the result of kinetic fractiona­

tion effects in the boiling fluid (Crai g , 1963). 
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the Great Basin of Nevada, have shown that the OD values of these mete-

oric-hydrothermal fluids were not measureably shifted away from those 

of the local meteoric waters (O'Neil et al , 1973; O'Neil and Silberman, 

1974) . 

Oxygen and hydrogen isotopic analyses of meteoric-hydrothermal 

fluids discharging from hot springs in modern hydrothermal systems 

also exhibit the characteristic 18 0 shift (Fig . 4. 1) (Craig, 1963) . 

Wairakei , New Zealand, however, shows only a small 180 shift, either 

because the rocks have been previously altered or because of a high 

water/rock ratio . Also, geothermal fluids that have experienced boiling 

(e . g . Geysers, Lassen, Yellowstone) are systematically enriched in deu-

terium and 180 along linear , parallel, trends having slopes of about 3 

(Fig. 4.1) . This is due to nonequilibrium evaporation and is a kinetic 

effect (Craig , 1963). 

4 . 1. 2 Isotopic Composition of Tertiary Meteoric Water in the Western 
San Juan Mountains 

Much of the alteration and mineralization in the western San Juan 

Mountains took place in mid to late Tertiary time (Lipman et al, 1976) . 

Isotopic analyses of minerals formed in these meteoric-hydrothermal 

environments can be used to calculate the initial isotopic composition 

of the meteoric water involved in these systems . Taylor (1974a) noted 

that 180-depleted , altered rocks from the Silverton caldera in the 

western San Juans exhibit uniformly low 6D values of -137 to -150 per 

mil, from which he calculated a CD range of about -100 to -120 per mil 

for the hydrothermal fluid . Applying the meteoric water equation (Craig, 



100 

1961) to this range of 60 implies an initial 6 18 0 of -14 to -16 per 

mil for pristine meteoric water. Deuterium analyses of hydrous alter-

ation minerals at the Stony Mountain complex suggest a similar initial 

meteoric water 6 18 0 of -14 to -15 and oo of about -110 per mil (Forester 

and Taylor, 1980). Sheppard et al (1969) analyzed a hydrothermal 

dickite from the Koehler tunnel north of Silverton (60 = -141 per mil; 

618 o = -6.2 per mil) that must have been deposited from a similar type of 

meteoric-hydrothermal fluid. Deuterium analyses of inclusion fluids 

from the Sunnyside vein system range from -96 to -135 per mil (Casadevall 

and Ohmoto, 1977), which imply a 6 180 range of about -13 to -18 per 

mil, using the meteoric water equation (Craig, 1961). The 6 18 0 of 

pristine mid to late Tertiary meteoric water in the western San Juans 

thus appears to have been in the range -13 to -18 per mil, roughly simi-

lar to the present-day values (Friedman et al, 1964). For purposes of 

subsequent discussion, a value of -15 per mil is considered to be 

appropriate for these waters. 

4.1.3 Meteoric Water as a Fluid Reservoir for the Lake City Caldera 
Hydrothermal System 

Fluids in meteoric-hydrothermal convection s ystems a round epi-

zonal plutons exchange oxygen isotopes with the wall rocks, and these 

rocks thereby become depleted in 180. A histogram of whole-rock or 

feldspar oxygen isotope compositions from lithologic units associated 

with the Lake City caldera (Fig. 4.2) shows that nearly all the samples 

analyzed in this study are depleted in 18 0 relative to the original 

whole-rock isotopic compositions. The measured 18 0 depletions in these 

various lithologic units form the basis for mapping the hydrothermal 
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Figure 4.2 Histogram showing all whole-rock oxygen isotopic analyses 

made in this study from outcrop samples in the Lake City caldera area. 

The data are grouped by lithology. All of the data shown are whole-rock 

values except those denoted with a slash, which represent feldspar sepa­

rates from the ring domes. The downward pointing arrows indicate our 

best estimates of the initial o18o value of that particular rock unit 

prior to hydrothermal alteration (see text). However, the initial o18o 

values of the me ga breccias and older volcanic rocks are only approxi­

mately known (o 18o in the range +6 to +10). 
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systems associated with the Lake City caldera (to be discussed in Chap­

ter 7). Within each lithologic unit shown on Figure 4.2, almost all of 

the samples show varying degrees of depletion in lSo, from 1 to 10 per 

mil, except for the ring domes. These domes were extruded during the 

later stages of volcanism, were emplaced at the surface, and are peri­

pheral to the major lSo-depleted zones within the caldera; thus the 

outcrop samples from the ring domes were in general not subjected to 

intense hydrothermal activity. However, deeper samples from a 1000-

meter drill core (not plotted in Figure 4.2) do show marked l So deple-

tions, down to a 18 o +1.8 (see Chapter 5). 

Meteoric water and magmatic water represent the only plausible 

sources for the hydrothermal fluids involved in a rhyolitic caldera-

type environment such as Lake City. At temperatures near the granite 

solidus, waters in equilibrium with isotopically normal magmatic rocks 

would have about the same oxygen isotopic composition as the rocks them­

selves, because the mineral-water isotopic fractionations at these high 

temperatures are generally quite small (Taylo r, l974b, 1979). Thus, 

magmatic waters in equilibrium with isotopically normal magmatic rocks 

would have a a 1So range of about +5 to +10 per mil (Taylor, l974b, 1979) 

At temperatures typical of caldera-type hydrothermal systems (less than 

about 500°C), such magmatic fluids would shift whole-rock oxygen isotopic 

compositions to heavier, not lighter, al SO values. Magmatic water thus 

can be virtually eliminated as a possible major component in the hydro­

thermal fluids of the Lake City caldera, and a low- 1So fluid of meteoric 

origin is required to produce the lSo depletions observed in the Lake 

City caldera rocks. This is consistent with fluid sources defined for 
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the other hydrothermal systems that have been studied in the the western 

San Juan Mountains (Sheppard et al, 1969; Taylor, 1974a; Casadevall and 

Ohrnoto, 1977; Forester and Taylor, 1972, 1980; Jackson et al, 1980; 

Ringrose et al, 1981). 

4.2 o18o Variations in the Precambrian Granite of Cataract Gulch 

4.2.1 Initial Magmatic Isotopic Composition 

Although unaltered specimens of the Precambrian granite of Cataract 

Gulch are rare, the original rock is readily inferred to have contained 

about 35 percent tabular, subhedral, perthitic orthoclase; 35 percent 

anhedral, interstitial quartz; 25 percent tabular, subhedral calcic 

oligoclase-sodic andesine; and a total of 5 percent subhedral biotite 

and anhedral muscovite. The granite ranges from hypidiornorphic granular 

(2 to 8 rnrn in grain size) to porphyritic, with up to 20 percent tabular, 

euhedral orthoclase phenocrysts to 1.5 ern in length. Magnetite, apa­

tite, garnet, fluorite, and allanite occur as accessories. The propor­

tions of the primary mineral phases in the granite are approximately 

uniform throughout the area of exposure. All isotopically analyzed 

samples of the granite are, however, either depleted in 18 0 or mineralo­

gically altered, or both. A number of isotopic, petrographic, and loca­

tion data for the samples of granite analyzed in this study are compiled 

in Table 4.1. 

Analyzed quartz from the Cataract Gulch granite has o18o = +9.5 

to +10.5, and averages +10.0. Analyzed orthoclase ranges from +1.5 to 

+8.6, and averages +4.0. Quartz-orthoclase 18 0 fractionations range 

from 1.9 to 8.5 per mil, compared to the "normal" quartz-orthoclase 



T
ab

le
 

4 
.I

 
Is

o
to

p
ic

, 
pe

tr
o

R
r

ap
h

i
c

, 
an

d 
lo

c
a

ti
o

n
 

d
a

ta
 

fo
r 

s
a
m
p
l
~
s
 

o
f 

th
e 

P
re

ca
m

b
r

ia
n 

g
ra

T
li

te
 

o
f 

c:
a

ta
ra

ct
 

G
u

lc
h

. 
Is

o
to

p
ic

 
d

a
ta

 
a

r
e
 

p
er

 
m

il
, 

r
E

-l
a

ti
v

e
 

to
 
S
M
O
~
~
 

fl
.h

b
re

v
1

a
t1

o
n

s 
a

r
e

: 
O

T
Z

, 
q

u
a

r
tz

; 
O

R
'n

l,
 

o
r
th

o
c
la

s
e
; 

S
, 

s
e
r
ic

it
e
; 

C
, 

c
h

lo
r
it

e
; 

A
, 

c
la

y
s;

 
t
, 

tu
r
b

id
. 

*
f
o

r
 

6 
O

fiR
T

il 
d

e
n

o
te

s 
v

a
lu

e
s 

ca
l

cu
la

te
d

 
fr

o
m

 
th

e 
w

h
o

le
-r

o
ck

 
v

iS
,u

es
, 

a
ss

u
m

in
g

 
f
~
 

O
P

..n
i/O

T
Z

 
r
a
t
!
~
 

o
f 

7
:)

 
In

 
th

e 
,R

ra
n

tt
e

, 
an

d
 

u
s
in

g
 

th
e
 
r
e
~
r
e
s
s
i
o
n
 

eq
u

a
ti

o
n

: 
6 

O
O

R
'Jl

l 
• 

8
.7

5 
6 

O
O

TZ
 

-R
J 

(s
e
e
 
H
~

. 
4

.3
).

 

S
am

p
le

 
D

is
ta

n
cP

 
E

le
v

i\
t 

io
n

 
D

is
 r

a
n

ee
 

6
1

8
0

 
6

IR
o

 
6

0T
Z

-0
R

T
II

 
A

ve
 r

a
g

e
 

O
rt

h
o

c
la

s
e 

R
io

t 
it

e
 

R
t
o

r
t 
te

 
P

la
g

io
c
la

se
 

N
u

m
b

e
r 

F
ro

m
 

R
l 
n
~
 

(m
) 

F
ro

m
 

G
ra

b
e

n
 

W
h

o
le

 
O

rt
 h

o
-

G
ra

1
 n

 
M

eg
a

cr
y

st
 

X
 A

lt
e
r
e
d

 
A

lt
e
r
a

ti
o

n
 

r. 
A

lt
e
r
e
d

 
F

a
u

lt
 

(m
) 

A
x

is
 

(k
m

) 
R

o
c

k 
c

la
s

e 
S

t 
z
e

 
(m

m
) 

S
t 

ze
 

(m
m

) 
P

ro
rl

u
c

ts
 

G
R

A
B

EN
 

G
R

O
U

P 
S

C
-7

5
 

1
0

0
 

3
9

0
8

 
1

.2
 

3
.6

 
I.

 I
* 

2 
1

0
0

 
s 

20
 

S
C

-9
0

 
2

0
0

 
3

2
7

7
 

0
.4

 
2

.6
 

-0
. 3

* 
4 

1
0

0
 

s 
15

 
SC

-
9

5
 

ll
5

0
 

1
3

2
2

 
0

.3
 

4
.0

 
2

. 1
,1

 •
 7

• 
7

.5
 

4 
1

2 
9

0
 

C
>S

 
10

 
S

C
-9

7 
1

2(
1(

) 
11

01
 

0
.1

 
0

. 7
 

-2
 .

9*
 

5 
1

0
 

9
0

 
C

,A
 

75
 

H
P

-1
 

7
0

0
 

3
5

5
1 

2
.2

 
3

. 9
 

4
.4

,1
.6

*
 

5
. 7

 
5 

95
 

C
»

S
 

20
 

LC
-

17
 

2
1

0
0

 
3

3
7

7
 

0
.0

 
3

.3
 

1
.9

,0
. 

7•
 

8
.5

 
25

 
9

5
 

C
>S

 
20

 

5
.5

 
to

 
9

.0
 

km
 

G
R

O
U

P 

L
O

W
-E

L
E

V
A

T
IO

N
 

SU
B

-G
R

O
U

P 
S

C
-8

6
 

50
0 

2R
R

6 
8

. 7
 

4
.6

 
4

.0
,2

.5
• 

5
.9

 
5 

9
0

 
S

•C
 

10
 

S
C

-1
0

2
 

2
1

0
0

 
3

2
0

0
 

7 
.9

 
4

.9
 

2 
.8

• 
3 

1
0

 
50

 
C

>S
 

1
0

 
S

C
-1

0
5

 
3

3
0

0
 

3
3

9
2

 
8

.6
 

6
.4

 
4 

.8
• 

4 
1

2 
5 

c 
t 

SC
-
ll

2
 

3
4

0
0

 
3

5
6

0
 

6
.3

 
7

.5
 

6
. 

3•
 

2 
B

 
1

0
 

c 
t 

S
C

-1
1

7
 

7
0

0
 

32
77

 
6

.6
 

5
.6

 
3

. 7
• 

4 
40

 
s 

1
0

 
S

R
-1

7 
1

0
0

 
3

0
8

2
 

6
.2

 
4 

.I
 

5
. 5

 ,
I 

.H
* 

4
.5

 
4 

1
4

 
10

0
 

S•
C

 
20

 
SR

-
1

9
 

6
0

0
 

3
0

3
3

 
7 

.1
 

4 
.I

 
5

.0
,1

.8
*

 
4

.5
 

2 
6 

8
0

 
C

)S
 

1
0

 
S

R
-2

1 
4

5
0

 
2

9
8

6
 

7
.5

 
4

.4
 

2 
.1

• 
3 

7 
T

h
in

 
S

e
c
ti

o
n

 
N

ot
 

A
v

a
il

a
b

le
 

.....
. 

S
R

-2
3

 
4

5
0

 
2

9
5

0
 

7
.9

 
2

.3
 

-
0

.8
• 

3 
5

0
 

c 
t 

0 \J
1

 
H

P
-9

 
4

7
0

0
 

3
3

5
9

 
6

.0
 

6
.0

 
4

. 
3*

 
2 

1
5

 
9

0
 

C
))

S
 

15
 

Il
P

-I
I 

4
2

0
0

 
32

/i
 7

 
5

.4
 

5
.5

 
4

.3
,3

.8
• 

5
.9

 
4 

9
0

 
c-

s 
1

0
 

H
P

-
1

3
 

2R
O

O
 

3
1

8
8

 
5

.5
 

4
.1

 
2 

.l
l*

 
5 

9
0

 
C

))
S

 
H

P
-1

5 
1

0
0

0
 

30
1

1 
6

.3
 

4
.3

 
2 
.o

• 
3 

10
 

C
>S

 
II

P
-1

6 
ll

O
O

 
2

9
6

9
 

7
.0

 
4

.9
 

2 
.8

• 
7 

1
0

0
 

H
IG

H
-E

L
E

V
A

T
IO

N
 

SU
R

-G
R

O
U

P 
S

C
-1

0
3

 
2

7
5

0
 

32
8(

1 
8

.3
 

3
.4

 
0

. 7
• 

6 
1

5 
8

0
 

C
»

S
 

10
 

S
C

-I
 0

6 
3

5
5

0
 

3
4

4
4

 
8

.8
 

5 
.o

 
2 

.9
*

 
4 

I 
5 

70
 

c 
1

0
 

S
C

-I
 0

7 
4

1
0

0
 

3
5

2
0

 
9

.0
 

6
.2

 
4 

.6
• 

8 
12

 
lh

in
 

S
ec

ti
o

n
 

N
ot

 
A

v
a

il
a

b
le

 
SC

-I
 0

9 
2

4
0

0
 

4
0

2
1

 
6

.9
 

6
.2

 
4 

.6
• 

8 
12

 
9

0
 

c 
t 

S
C

-1
1

0
 

2
9

0
0

 
3

8
8

9
 

6
.7

 
7

. 3
 

6 
.l

l*
 

I 
10

 
c 

(
t 

S
C

-I
 I

I 
3

4
0

0
 

3
7

1
9

 
6

.5
 

7 
.8

 
6

. 
7*

 
2 

R
 

T
h

in
 

S
e
c
ti

o
n

 
N

o
t 

A
v

a
il

a
b

le
 

S
C

-1
1

4
 

4
5

0
 

3
6

0
9

 
5

. 9
 

3
.2

 
o.

 5*
 

3 
9

0
 

C
))

S
 

S
C

-1
1

6
 

5
0

0
 

3
4

7
5

 
6

.2
 

4
.9

 
2 

.8
• 

4 
1

0
 

nO
 

C
»

S
 

t 
H

P
-5

 
6

6
0

0
 

3
4

9
3

 
6

.5
 

3
.3

 
1

. 
5

,0
. 7

• 
8

. 
2 

3 
8 

1
0

0
 

s 
1

0
 

H
P

-6
 

5
7

0
0

 
3

4
2

9
 

6
.3

 
4

.7
 

2
. 5

* 
3 

14
 

9
0

 
S

))
C

 
1

0
 

>
9

.0
 

l<m
 

G
R

O
U

P 
S

C
-8

4 
50

 
29

1 
7 

9
.5

 
7

.9
 

6
. 9

• 
3 

1
0

0
 

s 
1

0
 

S
C

-8
5 

2
0

0
 

28
74

 
9

.3
 

5 
.R

 
4 

.
()

>
 

5 
40

 
S=

C
 

t 
C

G
-6

 
1

7
0

0
 

2R
R

O
 

1
2

.1
 

8
.5

 
7

. 7
• 

3 
1

0
0

 
S

,A
 

10
0

 
C

C
-I

! 
1

7
5

0 
3

0
7

2
 

II
 .

6
 

9
.2

 
8 

.l
i.

 9
 .

0
*

 
I 

.9
 

4 
25

 
s 

C
G

-1
3 

4
5

0
 

2R
ii2

 
1

0
.)

 
R

 .4
 

7
. 5

* 
5 

F
re

s
h

 
t 

C
G

-3
5 

11
0

0
 

28
4 

7 
II

 .
 3

 
8

.2
 

7
. 

3•
 

5 
70

 
c 

1
0

 
C

G
-J

ii
 

1
7

0
0 

2H
 1

2 
12

 .
I 

7
.4

 
6

. 
2*

 
4 

9
0

 
S

))
A

 



106 

fractionation of about 1.5 per mil in unaltered plutonic rocks (Taylor 

and Epstein, 1962b; Taylor, 1968; Blattner and Bird, 1974; Criss and 

Taylor, 1983). Isotopic analyses of quartz-orthoclase pairs from the 

Cataract Gulch granite exhibit systematics (Fig. 4.3) similar to those 

observed by Criss and Taylor (1983) in the meteoric-hydrothermally 

altered rocks of the Idaho Batholith (Fig . 4.4). The points in Figure 

4.3 that lie below the primary magmatic fractionation line all have 

anomalous quartz-orthoclase fractionations, clearly indicative of ex­

change with hot, low- 18 o fluids . Compared to the orthoclase, the 

quartz exchanged very slowly with the meteoric-hydrothermal fluids. 

Only one sample of the granite, CG-11, exhibits a very small 

quartz-orthoclase fractionation (1.9 per mil), compatible with little 

or no hydrothermal exchange. The whole rock o18o analysis of this 

sample, +9.2, is within the range of normal granitic plutonic rocks 

(Taylor, 1968). Note, however, that the biotite, which makes up less 

than 5 volume percent of this sample, is about 25 percent altered to 

sericite, indicating at least some hydrothermal alteration. Based upon 

the quartz o18 o value of +10.5, The initial o18 o of this rock was 

probably slightly greater than +9.2, perhaps as high as +9.4 to +9.8 per 

mil. 

4 . 2.2 Mineral-Mineral Isotopic Relationships 

Thirty-five whole-rock samples of the Precambrian granite of Cata­

ract Gulch were analyzed for o18 o, representing most known outcrops out­

side the southern and western margins of the Lake City caldera. The 

results range from +0.7 to +9.2 (Fig. 4.2). A number of mineral sepa-
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Figure 4.3 Oxygen isotopic analyses of quartz-orthoclase pairs from 

the Precambrian granite of Cataract Gulch. Also shown is the diagonal, 

45° quartz-orthoclase fractionation line at 2 per mil; values of 1 to 2 

per mil are typical of unaltered plutonic rocks, and all known samples 

with ~ 18 oo-F > 2.0 have undergone subsolidus isotopic exchange (Taylor, 

1968) • The 6 18 0 values in the Cataract Gulch granite all indicate 

marked isotopic disequilibrium, except CG-11, the sample that plots on 

the unaltered plutonic curve; similar relationships were found for mine­

ral pairs from the Idaho batholith by Criss and Taylor ( 1983) (see Fig. 

4.4). Seven of the nine samples of Cataract Gulch granite define a 

(dashed) 18 0 exchange line with a very steep slope (o 18 oKSPAR 

8.75o 18 o 0Tz- 83). Two samples plot slightly off this dashed line, 

SR-19 and LC-17; their slightly anomalous o 18 o values are readily ex­

plained by grain-size effects (Section 4.2.5), because relative to the 

other samples on the main trend line, SR-19 is a fine-grained sample and 

LC-17 is a very coarse-grained sample. The quartz in these samples 

thus would be, respectively, much less resistant and much more 

resistant to hydrothermal 18 0 exchange than the average granite sample. 
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Figure 4.4 Oxygen isotopic analyses of quartz-feldspar pairs 

from the Idaho batholith (from Criss and Taylor, 1983). Data from 

the Precambrian granite of Cataract Gulch define a nearly identical 

relationship (Fig. 4.3), although the Idaho batholith data show 

a more pronounced decrease in quartz o18 o values with decreasing 

feldspar values (because of the shallower level and lower tempera­

ture of hydrothermal activity at Lake City?). 
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rates from these samples were also analyzed; the quartz-orthoclase 

fractionations are discussed above (Fig . 4.3) . Although the orthoclase 

was thoroughly isotopically altered as a result of exchange with the 

meteoric-hydrothermal fluids, it is mineralogically unaltered in nearly 

all the samples. Minor turbidity is only rarely developed in the 

orthoclase. In contrast, the plagioclase in all samples displays 

variable degrees of turbidity, due to the development of alteration 

products (minute flakes of clay?) throughout the grains . Although the 

alteration minerals were not positively identified, they display a high 

birefringence similar to that of sericite . 

Biotite exhibits the widest variation in mineralogic alteration, 

and ranges from fresh to totally altered. Common biotite alteration pro­

ducts are sericite, chlorite, and very fine-grained opaque minerals. 

Quartz and clay are less common alteration products. Sericite and 

chlorite occur in variable proportions replacing the biotite along 

cleavage planes and along rims. 

Isotopic data for the mineral separates are plotted in Figure 4.5 

versus the whole-rock o18o values of the respective samples. All mine­

ral phases except quartz, and perhaps muscovite, exhibit depletions 

in 18 0, the magnitudes of which correlate positively with the magnitudes 

of the whole-rock 18 0 depletions . 

The isotopic fractionations among the coexisting phases can be used 

to evaluate the relative isotopic exchange rates between the minerals 

and the hydrothermal fluids, assuming the appropriate fractionation 

factors are known. Equilibrium fractionation curves utilized in the 

following discussion are shown graphically in Figure 4 . 6. Mineral-
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Figure 4.5 Oxygen isotopic compositions of minerals from the Pre-

cambrian granite of Cataract Gulch, plotted as a function of whole­

rock a1So of the granite. Quartz and muscovite show only minor lSo 

variations, but the alSo of orthoclase decreases systematically with 

whole-rock alSo value. Thus the alSo variations in the rocks are 

mostly attributable to effects in the alkali feldspar, which is the 

most abundant mineral in the rock. Limited data for plagioclase and 

chlorite (an alteration product of the biotite) indicate lSo effects 

similar to that observed for the orthoclase. 
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Figure 4.6 Mineral-mineral fractionation factors used in dis-

cussion of the mineral isotopic analyses. Data sources are listed 

in the text. Abbreviations used in the figure are: KSPAR, alkali 

f eldspar; CHL, chlorite; MUSC, muscovite; QTZ, quartz. 
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mineral fractionation curves were derived by combining the appropriate 

mineral-water fractionation curves, first assuming that the fractiona­

tion, ~. between phases A and B can be approximated by: 

~ A-B 

where a is the ratio of 18o; 15o in mineral A to that in mineral R. The 

experimentally determined fractionation curves of O'Neil and Taylor 

(1969) for muscovite-water, of O'Neil and Taylor (1967) for alkali 

feldspar-water, and of Clayton et al (1972) for quartz-water were used, 

together with the empirically determined chlorite-water curve of Wenner 

and Taylor (1971). Calculated equilibrium fractionation temperatures 

for mineral pairs from the Precambrian granite are shown in Table 4.2. 

Muscovite-orthoclase fractionations of 2.6 and 4.5 per mil are 

observed in samples SC-86 and HP-5, r espec tively. These data clearly 

represent isotopic disequilibrium between these phases, as the alkali 

feldspar should have a higher 18o; 15o ratio than that of the muscovite 

(Fig. 4.6). Also, unli ke the orthoclase, the muscovite does not show a 

progressive 18 0 depletion correlative with the whole-rock 180 deple­

tion (Fig. 4.5). It appears that the muscovite exchanged oxygen with 

the hydrothermal fluids very slowly, as did quartz (Fig. 4.3). However, 

the muscovite did not perfectly preserve its initial magmatic o18o value 

throughout the duration of the hydrothermal event, because the quartz­

muscovite fractionations of 3.3, 3.7, and 2.9 per mil measured for 

samples SC-86, HP-5, and CG-36, respectively, yield equilibrium frac­

tionation temperatures of about 335° to 450°C (Fig. 4.6), clearly lower 
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Table 4. 2 Oxygen isotopic fractionation temperatures for mineral 

pairs from the Precambrian granite of Cataract Gulch (assuming isotopic 

equilibrium) • Minerals are abbreviated as: QTZ, quartz; MUSC, musco­

vite; ORTH, orthoclase; CHL, chlorite. Fractionation curves used for 

these calculations are plotted on Figure 4.6. 

Field II 

SC-86 

HP-1 

HP-5 

CG-36 

LC-17 

t:,. QTZ-MUSC 

3.3 

3.7 

2.9 

t:,. ORTH-CHL TQTZ-MUSC ToRTH-CHL 

6.6 

4.7 
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than granite solidus temperatures . This conceivably could be in part 

due to subsolidus oxygen isotopic exchange during cooling of the granite 

in Precambrian time, as has been demonstrated for a number of intrusive 

rocks by Taylor (1968). However, Taylor's (1968) compilation of oxygen 

isotopic fractionation temperatures for typical intrusive rocks shows 

that such exchange does not appreciably occur below about 500°C, so 

these muscovites have apparently exchanged with the mid-Tertiary hydro­

thermal fluids (at a rate faster than quartz and slower than orthoclase). 

Chloritized biotites from two samples, HP-1 and LC-17, exhibit 

6 180 values of -2 .2 and -2.8, respectively. The biotite in both these 

rocks is 90 to 95 percent altered to chlorite, with less than 10 percent 

sericite. Because of the very fine-grained nature of the chlorite­

biotite-sericite intergrowth, pure chlorite cannot be separated from 

the samples. However, based on numerous isotopic and chemical analyses 

of altered biotites from the Idaho Batholith, the oxygen isotopic frac­

tionation between igneous biotite and hydrothermal chlorite was shown to 

be on the order of 5 to 10 per mil for meteoric-hydrothermal alteration 

at 150° to 400°C (Criss and Taylor, 1983). Also, Figure 4.6 shows that, 

at equilibrium, muscovite (sericite) is always richer in 18 0 than coexis­

ting chlorite over this temperature range. Thus, contamination of the 

chlorite separate by biotite and sericite produces higher 6 18 0 values 

than we would observe in pure chlorite, implying that the measured ortho­

clase-chlorite equilibrium fractionations are, if anything, too small in 

HP-1 and LC-17. The temperatures of 230° and 355°C would therefore be 

maximum alteration temperatures, if equilibrium was attained and if the 

calibration curves utilized in Figure 4.6 are correct. 



119 

From sulfur isotope fractionation data among pyrite, chalcopyrite, 

and galena, Krasowski (1976) estimates the temperature of vein 

formation at the Bon Homme mine, within the Eureka graben, to be about 

250° to 335°C. Sample LC-17, which yields an orthoclase-chlorite tempe-

rature of 355°C, was collected from the dump at this mine. 

Assuming an alteration temperature of 300°C, which is consistent 

with both the sulfur and oxygen isotopic data, water in isotopic equili-

brium with the 180-depleted orthoclase in LC-17 would have a o1Bo 

-3.6 using the alkali feldspar-water fractionation curve of O'Neil and 

Taylor (1967). At 250° and 350°C, this water would have o18o = -5.4 

and -2.2, respectively. The hydrothermal fluids, therefore, clearly 

experienced an 18 0 shift from the pristine meteoric o18o value of -15, 

as a result of prior interaction with rocks elsewhere in the hydro-

thermal system. 

4.2.3 Water/Rock Ratios and Mineral Alteration 

Ideally, if equilibrium is attained in a closed hydrothermal system, 

it is possible to calculate the total amount of water in the system 

using the mass balance of oxygen isotopes distributed between the 

fluid and the rock. This is a function of the temperature of the inter-

action, and the initial isotopic compositions of the fluid (6iw) and 

rock (Oir)• For a closed system that undergoes cyclic convection with 

no loss of H20, the conservation relation can be written (Taylor, 1977): 

W/RcLOSED 
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where W/R is the ratio of water to rock in the system on the basis of 

the ratio of atomic oxygen, ofr is the isotopic composition of the 

altered rock, and 6 is the fractionation factor between the water and 

the rock at the temperature of interest. For an open system, where 

each packet of fluid equilibrates with the rock and then leaves the 

system forever, this equation becomes, by integration (Taylor, 1977): 

W/RoPEN ln [ -----------------

or: 

W/RoPEN ln ( W/RcLOSED + 1 ). 

Plots of W/R versus ofr for the Precambrian granite at tempera-

tures of 200° and 300°C are shown in Figure 4.7. Oir was taken as 9.2 

per mil, the isotopic analysis of that sample of the granite which gave 

a magmatic quartz-orthoclase fractionation, CG-11. Two values of 6iw 

were used: -15 per mil, pristine mid-Tertiary western San Juan meteo-

ric water; and -5 per mil, representative of a plausible 18 0 shifted 

meteoric-hydrothermal fluid, as described in the previous section. 

6 was assumed to be that of the alkali feldspar-water fractionation for 

the appropriate temperature (O'Neil and Taylor, 1967). If equilibrium 

is not achieved between the rock and water, the 18 0 depletion in the 

rock would not be as large as indicated . The W/R plots are thus minimum 

estimates of the actual W/R ratios in the hydrothermal system . 
























































































































































































































































































































































































































































































































































































































































































































