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Abstract. The OtS/0 is and D/H ratios have been determined for rocks and coexisting minerals 
from several granitic plutons and their contact metamorphic aureoles in the Santa Rosa 
Range, Nevada, and the Eldora area, Colorado, with emphasis on pelitic rocks. A consistent 
order of 01s/o 16 and D/H enrichment in coexisting minerals, and a correlation between iso- 
topic fraetionations among coexisting mineral pairs are commonly observed, suggesting that 
mineral assemblages tend to approach isotopic equilibrium during contact metamorphism. 
In certain cases, a systematic decrease is observed in the oxygen isotopic fraetionations of 
mineral pairs as one approaches the intrusive contacts. Isotopic temperatures generally show 
good agreement with heat flow considerations. Based on the experimentally determined 
quartz-muscovite 018/016 fractionation calibration curve, temperatures are estimated to be 
525 to 625~ at the contacts of the granitic stocks studied. 
Small-scale oxygen isotope exchange effects between intrusive and country rock are observed 
over distances of 0.5 to 3 feet on both sides of the contacts; the isotopic gradients are typically 
2 to 3 per mil per foot. The degree of oxygen isotopic exchange is essentially identical for 
different coexisting minerals. This presumably occurred through a diffusion-controlled 
recrystallization process. The size of the oxygen isotope equilibrium system in the small-scale 
exchanged zones varies from about 1.5 to 30 cm. A xenolith and a re-entrant of country rock 
projecting into an intrusive have both undergone much more extensive isotopic exchange 
(to hundreds of feet); they also show higher isotopic temperatures than the rocks in the 
aureole. The marginal portions of most plutons have unusually high Ols/O 16 ratios compared 
to "normM" igneous rocks, presumably due to large-scale isotopic exchange with metasedi- 
mentary country rocks when the igneous rocks were essentially in a molten state. The isotopic 
data suggest that outward horizontal movement of H~O into the contact metamorphic 
aureoles is very minor, but upward movement of H20 is important. Also, direct influx and 
absorption of H~O from the country rock appears to have occurred in certain intrusive stocks. 
The D/H ratios of biotites in the contact metamorphic rocks and their associated intrusions 
show a geographic correlation that is similar to that shown by the D/tI ratios of meteoric 
surface waters, perhaps indicating that meteoric waters were present in the rocks during 
crystallization of the biotites. 
Except in the exchanged zones, the Ols/O 16 ratios of pelitie rocks do not change appreciably 
during contact metamorphism, even in the cordierite and sillimanite grades; this is in con- 
trast to regional metamorphic rocks which commonly decrease in 0 is with increasing grade. 
Thus, contact metamorphic rocks generally do not exchange with large quantities of "igneous" 
H20 , but regional metamorphic rocks appear to have done so. 

Introduct ion 

The  purpose of the present  s tudy  is to inves t iga te  how the isotopic composit ions 

of rocks and minerals  change in non-carbonate  rocks during contac t  me tamorph ic  

processes. I n  contac t  me tamorph ic  aureoles, one commonly  can t race a single 
l i thologic uni t  f rom an area where the rocks are essentially unaffected to a local i ty  

where the  rocks arc in contac t  wi th  in t rus ive  igneous bodies. The  physical  para-  
meters,  par t icular ly  the  t empera tu re ,  can be a t  least qua l i t a t ive ly  inferred f rom 

* Publications of the Division of Geological Sciences, California Institute of Technology, 
Contribution NTo. 1565. 



Oxygen and Hydrogen Isotope Studies of Contact Metamorphism 307 

the spatial  configurations of the count ry  rocks and  the intrusions.  More specifi- 
cally, the present  studies aim to determine:  (1) The 01s/o 16 and  D / H  ratios of 
contact  metamorphic  minerals  and  rocks. (2) The ex ten t  of isotopic exchange 
between the count ry  rock and  the intrusive.  (3) The effect of metamorphic  reac- 
t ions upon  the isotopic compositions of metamorphic  rocks. (4) The isotopic 
compositions of HFO liberated by  contact  metamorphic  dehydra t ion  reactions. 
(5) Whether  oxygen isotopic geothermometers are applicable in  a contact  meta-  
morphic  envi ronment .  
Two areas were studied in  detail, the Santa  Rosa Range,  Nevada,  and  the Eldora 
area, Colorado. A companion study, dealing principally with the 01s/o 16 and  
Cls/C 12 variat ions t ha t  result  from contact  metamorphic  decarbonat ion reactions, 
also describes oxygen and  hydrogen istotopic var ia t ions  of pelitic rocks in  the 
contact  zone of a p lu ton  near  Birch Creek, Cahfornia (SHIE~ and  TAYLOr, 1969). 
Extens ive  reference to those data  are made in  the present  s tudy.  

Previous oxygen isotope studies of metamorphic rocks are by: BAERTSCm (1957); E~G~L et al. 
(1958); JAMES and CLAYTON (1962); TAYLOR and EFSTEI~r (1962); TAYLOR et al. (1963); 
S~ARMA et al. (1965); Se~WARCZ (1966); GARLICK and EPSTEI~ (1967); ANDERSON (1967); 
TAYLOR (1968a); TAYLOR and COLE~A~ (1968); and S~EreA~D and SC~WA~eZ (1968). 
The only previous oxygen isotope study of a contact metamorphic aureole, however, is that 
of PERRY and BON~ICHSE~r (1966) who found that the quartz-magnetite isotopic fraetionations 
in the metamorphosed Biwabik iron formation varied fairly systematically from 7.4 to 11.5 per 
rail outward for t5 to 210 m from the Duluth gabbro contact. 
Hydrogen isotope variations in igneous and metamorphic minerals have been studied by 
Go] )~ .y  (1962), FRIED~rA~r et al. (1964a), and TAYLOR and EPSTEIN (1966). 
The experimental oxygen isotopic calibrations of several mineral-HFO systems are pertinent 
to the present study. These are: quartz-water and magnetite-water by O'NEIL and CLAYTON 
(1964), alkali feldspar-water and anorthite-water by O'NEIL and TAYLOR (1967), and musco- 
vite-water by O'NEIL and TAYLOR (1966), for various temperatures from 250 to 800 ~ C. 

Experimental Techniques 
Sample Collections 

The exact locations and field relations of the samples are very important in order to interpret 
the isotopic data, particularly for samples near the intrusive contacts. For samples less than 
1 foot from the contact, the distances were marked before they were broken from the outcrop. 
The rock samples adjoining each contact were sliced at 1/2 to 1 inch intervals parallel to the 
contact surface before they were crushed for mineral separation. 
Sample-distances within 50 feet of the contact were measured by a steel tape. Sample- 
distances greater than 50 feet from the contact were measured by pacing. At distances greater 
than 500 feet, sample localities were located on a geologic or topographic map. Whenever 
possible, samples of a traverse were collected along the strike of a single bed or lithologic unit. 

Sample Preparations 

For oxygen isotopic analysis, mineral separations were made on as small a volume of rock as 
possible. This is particularly important for samples very close to the intrusive contacts 
because of the steep isotopic compositional gradient. If samples are very coarse-grained, 
hand-picking was used. Otherwise, routine magnetic and heavy liquid procedures were per- 
formed. Quartz was separated from feldspar by dissolving away the feldspars in cold hydro- 
fluoric acid. By combining the above methods, a purity of 95 to 100 percent was obtained. 
For hydrogen isotope analysis, purity is not critical with respect to non-hydrous minerals. 
Muscovite was easily separated magnetically from biotite, and since coexisting biotite and 
hornblende invariably have similar D/H ratios (GODFREY, 1962; TAYLOR and EFSTF, I~, 1966) 
it is not necessary to make completely pure separates of these two minerals. 
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Oxygen Extraction/tom Silicates and Oxides 
The extraction of oxygen from silicates and oxides was performed by reacting with BrF 5 at 
500 to 650~ in nickel reaction vessels, as described by CLAYTON and ~AYE])A (1963) and 
GARLICK (1964). Mass spectrometric analyses were performed on CO 2 gas obtained from this 
oxygen by combustion with a resistance-heated graphite rod as described by TAYLOR and 
EeST]~I~ (1962). 
For most silicates, a grain size as coarse as 50 to 100 mesh is easily reacted at 500~ and a 
time of 8 h. However, andalusite and magnetite are exceptions. These minerals have to be 
ground exceedingly fine in order to obtain high yields. If coupled with higher reaction tem- 
peratures (~630~ and longer reaction time (24 to 48 h), near 100% yields can usually be 
obtained. Andalusite was not analyzed previous to the present study; a study of yields vs. 
isotopic compositions was therefore made and the oxygen isotopic compositions are, within 
experimental error, independent of per cent yields. 

Hydrogen Extraction 
The experimental technique for extraction of hydrogen from OH-bearing minerals is similar 
to that  described by FRIED~A~ (1953) and GODFREY (1962). Samples, after degassing at 
room temperature under high vacuum for about 1 h, were heated by an induction furnace 
to a maximum temperature of 1,300 to 1,500~ to liberate hydrogen and water. Water was 
converted to hydrogen by passing it over hot uranium at about 750 ~ C. The volume of total 
hydrogen evolved was measured and the gas was then ready for mass spectrometric analysis. 

Mass Spectrometry and Standards 
Mass spectrometric analyses of oxygen isotopes are performed on CO 2 gas, and of hydrogen 
isotopes on hydrogen gas. The mass spectrometers used are 60 degree, single-focusing, double- 
collecting, dual gas-feed, Nier-McKinney type instruments. The analytical error for oxygen 
samples is about 0.1 to 0.2 per rail and for hydrogen samples about 2 to 3 per mfl. The oxygen 
and hydrogen isotope data reported in this work are relative to Standard Mean Ocean Water 
(S~OW) as defined by C~AIG (1961) and CLAYTO~ and MAYEDA (1963). During the course of 
this research, a working standard (St. Peter sandstone, ~ -- 10.9) was usually included in each 
set of six samples analyzed. 

Notation 

T h e  f r a c t i o n a t i o n  f a c t o r  ~A-B b e t w e e n  t w o  chemica l  c o m p o u n d s  or  phases  A a n d  

B is de f ined  b y :  

~ - B =  R./ R~ 
where  R : (01s/o  16) or  (D/H). 

T h e  e x p e r i m e n t a l  d a t a  a re  r e p o r t e d  in t e r m s  of t h e  q u a n t i t y  ($ de f ined  b y  

RA -- Rs~a 
~ ~ •std X 1,000 

whe re  Rst a is t h e  re fe rence  s t a n d a r d  (SMOW).  
I f  ~A-B is v e r y  close to  un i ty ,  t h e n  1,000 in  ~A_B~ 6~- -6B .  F o r  a b b r e v i a t i o n ,  

1,000 In ~A-B wil l  be  d e n o t e d  b y  dA_ B in  t h e  p r e s e n t  work .  

Ana ly t i c a l  Resu l t s  (P r e sen t ed  in  T a b l e  l)  

Santa Rosa Range, Nevada 

Geological Relationships. T h e  c o n t a c t  m e t a m o r p h i s m  in  t h e  S a n t a  R o s a  R a n g e  of 
N e v a d a  has  been  s t u d i e d  b y  COMPTO~ (1960). T h e  m e t a m o r p h i c  rocks  of t h e  a rea  
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Table 1. Oxygen and hydrogen isotope analyses o/minerals and rocks 

Sample Distance Mineral 
~rom 
contact 
(feet) 

6 0 is per mil 6 D per rail 

Sawtooth traverse I 
St~0-18 

Trondhjemite 
Quartz 11.7 =L 0.1 e (3) d 
Plagioclase (An15) 9.2 (1) 
Biotite (H20 4.6%) b 5 .5~0.1  (6) 
Magnetite --0.3 ~= 0.1 (2) 

SRO-17 --10 Quartz 11.8 ~= 0.1 (2) 
Trondhjemite Plagioelase (An15) 9.7 (1) 

S1~O-16 --  8 Quartz 11.5 ~ 0.2 (2) 
Quartz vein in 
Trondhjemite 

SRO-19AI -- 0.5 Quartz 14.5 • 0.2 (3) 
Trondhjemite Plagioclase (An15) 12.1 (1) 

Muscovite 11.2• (3) - -64 (1) 
Bio t i t e (H20~4 .1% ) 7.9~=0.1 (4) - - 1 0 5 •  (2) 
Magnetite 0.2 =~ 0.0 (2) 

S1~O-15 C --0.17 Quartz 16.0 ~ 0.1 (4) 
Trondhjemite Plagioclase (An15) 13.4 (1) 

Muscovite 12.7• (3) - -62 (1) 
Biotite (H20~3.6%)  9.7+0.1 (2) - - 1 0 4 ~ 2 ( 2 )  

SRO-15A --0.04 Quartz 15.9• 0.1 (4) 
Trondhjemite Plagioclase (An15) 14.2 (1) 

Muscovite 13.1• (4) - -66 (i) 
Biotite (I-I20--3.7%) 10.0~0.1 (2) - - 1 0 3 i 4 ( 2 )  

SRO-15B + 0.08 Quartz 16.1 :~ 0.2 (4) 
Porphyroblastie Andalusite 15.2 :~ 0.1 (2) 
andalusite schist Muscovite 13.2• (5) - -65 (1) 

Biotite (H20--4.3%) 9 . 9 i 0 . 1  (5) --97~_1 (2) 
Whole rock (H20 =2.9%) 13.5 (calc.) - -75 (1) 

SRO-19AII +0 .5  Quartz 16.7 :~ 0.0 (2) 
Porphyroblastic Andalusite 14.4 ~: 0.1 (2) 
sil]imanite- Muscovite 14.1 • 0.2 (4) --  59 :~ 0 (2) 
staurolite-andalusite Biotite (H20:=3.6%) 10.9~=0.1 (4) --86~=3 (8) 
schist Magnetite 0.3 (1) 

Whole rock 14.5 (1) 

SR0-19B +1 .0  Quartz 18.7 ~= 0.1 (2) 
Porphyroblastic Andalusite 15.8• (4) 
andalusite schist Muscovite (H20 ~ 4.6%) 15.3 • 0.2 (3) --  57 ~ 2 (2) 

Biotite (H20=4.4%) 11.84-0.2 (4) -- 110~-2(2) 
Whole rock (HeO 2.6%) 15.9 (1) - -83 (1) 

S1~0-19 b + 1.0 Quartz 17.4 • 0.2 (2) 
Aplite dike Muscovite 16.1 • 0.2 (2) 

Whole rock 17.1 (1) 

- -  5 0  ~ 

--95-4-0 (2) 

a Negative distances are measured inward into the intrusive; positive distances are meas- 
ured outward into the country rock. 
b H20 contents are given in weight per cent. 
c Analytical error shown is average deviation from the mean. 
d :Numbers in parentheses represent number of separate analyses. 
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Table 1 (continued) 

Sample Distance 
from 
contact 
(feet) 

Mineral 6 0  xs per mil d D per rail 

SRO-19C 
Andalusite schist 

SRO-19D 
Porphyroblastic 
phyllite 

SRO- 19E 
Phyllite 

SRO-19F 
Phyllite 

SRO-20A 
Phyllite 

+ 50 

+ 600 

+ 2,000 

+ 2,500 

-[- 7,000 

Quartz 19.2 :~ 0.1 (2) 
3/fuscovite 15.5=k0.1 (2) - 6 9  (1) 
Biotite (H20=4 .3%)  12.0~:0.0 (3) - - 98 :L0  (2) 
Whole rock (H~O = 1.5%) 16.6 (1) --  81 (1) 
Quartz pod 18.0=t=0.1 (3) 

Quartz 19.15_ 0.2 (2) 
Andalusite 16.2 ~: 0.1 (2) 
Muscovite t6.4~:0.1 (2) - - 7 3 : ~ 2  (2) 
Chlorite 12.2 ~0 .1  (2) 
Whole rock (H~0=3 .6%)  16.8 (1) - -79  (I) 
Quartz in quartzite 18.6 =k 0.1 (3) 

Whole rock ( t t 20=0 .8%)  19.8 (1) - -63 (1) 

Whole rock (H20--3 .0%) 16.2 (1) - -80  (1) 
Quartz 18.9 =t= 0.0 (2) 
Grey mica* 14.0 (1) 
Muscovite (calc.)** 15.0 
Chlorite (calc.)** 11.0 
* X-ray diffraction shows: muscovite ~ 7 5 %  chlorite 
~ 2 5 %  
**Assuming d muscovite --  d chlorite = 4. 

Whole rock (H20~2 .4%)  18.0 (1) - -79  (1) 

Sawtooth traverse 1 I  

SRO-22F 
Trondhjemite 

SR0-22 E 
Trondhjemite 

SR0-22 D 
Gneiss 

SRO-22C 
Porphyroblastic 
andalusite schist 

SRO-22A 
Porphyroblastic 
staurolite- 
andalusite 
schist 

- -  5 0  

- -  1.5 

+0 .17  

§  

+ 85 

Quartz 11.4•  0.1 (2) 
Plagioclase (Anl~) 9.4 (1) 
Biotite 5.3 =t= 0.1 (2) 

Quartz 11.3 -4- 0.0 (2) 
Plagioclase 9.8 (1) 
Biotite 5.6 4- 0.0 (2) 

Quartz 12.1 :~0.1 (2) 
Muscovite 9.2 • 0.0 (2) 
Biotite 6.5 • 0.0 (2) 
Whole rock 10.2 (1) 

Quartz 15.1 -k 0.0 (3) 
Andalusite 14.3 4- 0.0 (2) 
Muscovite 12.6 i 0.2 (2) 
Biotite 9.7 ~ 0.1 (2) 
Whole rock 14.3 (1) 

Quartz 15.3 =}= 0.0 (2) 
Andalusite 14.0 =c 0.0 (2) 
Muscovite 13.3 ~_ 0.2 (2) 
Biotite 10.3 :~ 0.1 (2) 
Whole rock 13.9 (1) 
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Table 1 (continued) 

Sample Distance Mineral 
from 
contact 

(feet) 

6 0  is per rail 6 D per rail 

SR0-25 b 
Chloritoid 
phylli te 

S1~0-25 
Phylli te 

+ 2,000 

+ 2,000 

Quartz 18.0 (1) 
Grey Mica* 14.3 (1) 
Whole rock 15.7 (1) 
Muscovite (calc.)** 15.3 
Chlorite (calc.)** 11.3 

* X-ray diffraction shows a mixture of muscovite and  
chlorite roughly in a proportion of 3:1. 
** Assuming 6 muscovite --  6 chlorite --  4. 

Whole rock 14.9 (1) 

Sawtooth stock, other samples 
SR0-24 + 2,000 

Staurolite 
phyllite 

SRO-A - -  500 
Trondhjemite 

SRO-B 
Porphyroblastic 
andalusite schist 

+ 1 . 0  

SI~0-C + 20 
Garnet  hornfels 

SRO-D + 30 
Pegmati te  dike 

Quartz 17.7 ~=0.1 (2) 
Grey mica* 14.6 (1) 
Quartz pod 17.6 (1) 
Muscovite (calc.)** 15.6 
Chlorite (calc.)** l l . 6  

* X-ray diffraction shows a mixture of muscovite and  
chlorite in roughly 3:1 ratio. 
**Assuming 6 muscovite --  (~ chlorite --  4. 

Quartz 11.4 • 0.1 (2) 
Plagioclase (An15) 9.5 (1) 
Biotite 5.3 ~= 0.1 (2) 

Quartz 15.8 •  (2) 
Andalusite 14.8 ~ 0.0 (2) 
Muscovite 12.2 :~ 0.1 (2) 
Biotite 9.4 =j: 0.0 (2) 

Quartz 19.3 (1) 

Pure quartz core 18.3 (1) 
Quartz 17.8 (1) 
K-feldspar 12.4 (1) 
Muscovite 15.7 (1) 

Flynn north traverse 
SRO-4 

Granodiorite 

SRO-3C 
Granodiorite 

SRO-3A-1 
Granodiorite 

--  300 Quartz 12.6 • 0.1 
Plagioclase (Aria0) 10.0 
Biotite 6.6 :~ 0.2 
K-feldspar 11.8 =L 0.1 
(leucocratie band) 

--  15 Quartz 14.3 ~= 0.0 
Plagioclase (Ane0) 11.6 ~= 0.2 
Hornblende 9.4 • 0.1 
Biotite 8.9 =~ 0.1 

--  0.5 Quartz 14.5 =[_ 0.2 
Plagioclase (An20) 12.3 • 0.1 
Hornblende 9.1 ~= 0.2 
Biotite 9.2 ~= 0.1 

(3) 
(1) 
(3) 
(3) 

(2) 
(2) 
(3)  
(2) 
(3) 
(3) 
(3)  - 91 
(3)  

(1) 

22 Contr. l~ineral, and Petrol., u 20 
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Table 1 (continued) 

Sample Distance 
from 
contact 
(feet) 

Mineral ($ 0 ls per mil ($ D per mil 

SRO-3 A-2 + 0.5 
Amphibolite 

S1~O-3 B -4- 10 
Amphibolite 

SRO-9 ~- 25O 
Amphibolite 

SRO-5 + 5 
SRO-7 • 20 
SRO-8 ~- 150 
SRO-10 ~ 400 
SRO-12 A- 800 
SRO- 11 • 3,000 
SRO- 13 -? 5,000 

Quartz 
Plagioclase 
Hornblende 
Chlorite 
Plagioclase 
Hornblende 
Biotite 
Plagioclase 
Hornblende 
Biotite 
Semi-hornfels 
Semi-hornfels 
Semi-hornfels 
Semi-honffels 
Porphyro-phyllite 
Phyllite 
Phyllite 

14.8 (1) 
12.9 :~ 0.1 (3) 
9 .6•  (3) - -90 
8.8 • 0.2 (3) 

12.3 ~:0.2 (4) 
8 .6•  (4) 
8.5 • 0.2 (3) 

12.3 :~ 0.1 (4) 
8.0 • 0.2 (4) 
8.5 (1) 

16.7• (2) 
16.5 • 0.0 (2) 
17.3 • 0.0 (2) 
17.2• (2) 
16.7-4-0.1 (2) 
16.3•  (2) 
16.6 • 0.2 (2) 

(1) 

Flynn south traverse 

SRO-39 
Granodiorite 

- -75 

SRO-38 - -  35 
Granodiorite 

SRO-37 + 45 

S1~O-36 + 150 
Andalusite cordierite 
hornfels 

SR0-42 -~ 200 
Andalusite- 
eordierite 
hornfels 

SRO-46 + 3,200 
Porphyroblastie 
phyllite 

S1~O-48 ~- 4,500 
Porphyroblastic 
phyllite 

SRO-49 + 5,000 
Phyllite 

S1~O-50 + 5,300 
Phyllite 

Quartz 
Hornblende 
Biotite 
Quartz 
Plagioelase (An30) 
Hornblende 
Biotite 
Quartz 
Muscovite 
Biotite 
Quartz 
Andalusite 
Biotite 
Quartz 
Andalnsite 
Muscovite 
Biotite 
Quartz 
Andalusite 

Andalusite 
Whole rock 

Whole rock 

Whole rock 

10.7• (2) 
6.4 (1) 
5 .0•  (2) - -90 

10.5 (1) 
S.2 (1) 
5.9 (1) 
4.6 (1) 

17.3• (2) 
15.2•  (2) 
12.0--0.1 (2) 
17.3-4-0.1 (2) 
15.0• (2) 
12.2-v0.0 (2) 
17.1• (2) 
15.010.1 (2) 
15.5 (1) 
12.2 (1) 
16.9 (1) 
14.8~:0.1 (2) 

15A• (2) 
16.3 (1) 

15.6 (1) 

16.3 (1) 

(1) 
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Table 1 (continued) 

Sample Distance Mineral 
from 
contact  
(feet) 

($ O TM per mil 6 D per mil 

Santa Rosa stock 

S1~O-29F 
Granodiorite 

- -  1 5 0  

S1~O-29 A + 0.08 
Migmatized hornfels 

S1~O-29 B + 0.4 
Migmatized hornfels 

S1~O-29 C + 0.9 
Hornfels 

Sg0-29  D + 2 
Hornfels 

Quartz 
Plagioclase (An20) 
Biotite (groundmass) 
Biotite (phenocryst) 

Quartz 
Muscovite 
Biotite 
Whole rock 

Whole rock 

Whole rock 

Quartz 
Muscovite 
Biotite 
Whole rock 

Sg0-29  E + 30 Whole rock 
Hornfels 

S1~0-28-1 --  0.17 Dike 

S1~0-28-2 0.01 Dike 

S1~0-28-3 + 0.02 Hornfels 

SGO-28-4 + 0.17 Horrrfels 

SRO-28-5 + 0.4 t tornfels 

SRO-28-6 + 1.7 I-Iornfels 

SRO-31 + 2,500 Whole rock 
Semi-hornfels 

SR0-32 + 2,600 Whole rock 
Semi-hornfels 

SRO-34 + 2,500 Quartz 
Granodiorite, from Biotite 
plug, 300 x 600 ft. 

13-85-7 a --  9,000 
Adamellite 

13-85-8 - -  5,000 
Adamellite 

Quartz 
Plagioclase (An~0) 
Biotite 

Quartz 
Plagioclase (An2o) 
Biotite 

13.1-4-0.2 (2) 
lO.4 (1) 

6.8--0.1  (2) 
7.7 (1) 

14 .6•  (2) 
11.5• (2) 

8.6 :~ 0.1 (2) 
11.8 (1) 

11.8 (1) 

13.6 (1) 

16.9 • 0.0 (2) 
13.7 • 0.0 (2) 
10.7• (2) 
14.0 (1) 
15.7 (1) 

12.2 (1) 

13.4 (1) 
13.6 (1) 
14.9 (1) 

15.7 (1) 

15.0• (2) 

16.1 (I) 

16.1 (1) 

14.o• (2) 
8 .1•  (2) 

9.5 s O.0 (2) 
8.0•  (2) 
4 . 4 •  (2) 

9 .6•  (2) 
7.9 (I) 
4.6 (1) 

-- 92 (1) 

Eldora traverse 

Biotite samples (HABT, 1964) 

C 0 A --  5 Biotite 
C20A + 20 Biotite 
C 58 A + 58 Biotite 

5.4 :j: 0.1 (3) 
6.6 • 0.0 (2) 
6 . 5 •  (2) 

- -  1 0 9  (i) 

2 2 *  
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Table 1 (continued) 

Y. N. S~In~ and H. P. TAYLOR, JR. : 

Sample Distance 
from 
contact 
(feet) 

Mineral 6015 per mfl (~D per mil 

Biotite samples (H~a~T, 1964) 

C 248 A + 248 
C6B + 1,130 
C 7 B + 2,400 
C4C +3,600 
BC-5 C + 5,200 
C 14C + 14,100 
C 12 C + 22,500 

N-3 -- 450 
Quartz monzonite 

EL-1 -- 50 
Quartz monzonite 

El-2 + 2 
Gneiss 

N-2 + 2  
Amphibolite 

EL-12 + 12 
Pegmatite 

N-1 +18  
Amphibolite 

C-20 A + 20 
Pegmatite 

C4B + 950 
Gneiss 

Biotite 
Biotite 
Biotite 
Biotite 
Biotite 
Biotite 
Biotite 

Quartz 
Biotite 

Quartz 
Biotite 

Quartz 
K-feldspar 
Hornblende 
Biotite 
Magnetite 

Quartz 
Plagioclase 
Hornblende 
Biotite 
Magnetite 

K-feldspar 
Biotite 

Plagioclase (An45) 
Hornblende 

Quartz 
K-feldspar 
Biotite 

Quartz 
Biotite 
Magnetite 
Quartz lens 

7.0 :~ 0.2 (4) 
6.4-+- 0.2 (2) 
5.4 -4- 0.0 (2) 
7.3-4-0.2 (2) - 1 1 9  
6.7 • 0.2 (2) 
6 . 7 •  (2) 
8 . 0 •  (2) 

9.9 -4- 0.0 (2) 
4.9 g- 0.1 (2) 

9.9 ~ 0.1 (2) 
4 . s •  (2) 

1 0 . 7 •  (2) 
9.1 -+- 0.0 (2) 
6.7 :~ 0.0 (2) 
6.7 ~ 0.0 (3) 
2 . 7 •  (2) 

10.4:~ 0.1 (2) 
9.3 g=0.1 (2) 
7 . o •  (2) 
5.8 - -  0.0 (3) 
2 . 3 •  (2) 

9.0 • 0.1 (2) 
6.6-4- 0.0 (2) 

9.2 :~ 0.1 (2) 
7.0 ~ 0.1 (2) 

10.4 2~ 0.1 (2) 
9.2 (1) 
6.6 ~ 0.0 (2) 

12.2 • 0.0 (2) 
6.9 -+- 0.1 (2) 
3 . 7 •  (2) 

12.8 (1) 

(1) 

_Feldspar samples (STEIGER and HART, 1967) 

Chittenden Mountain traverse 

CH-1 + 75 K-feldspar 
CH-4 + 800 K-feldspar 
CH-8 :~ 2,200 K-feldspar 
CH-9a +2,890 K-feldspar 
CH-10 + 2,900 K-feldspar 
CH-11 +3,100 K-feldspar 
CH-12 + 4,300 K-feldspar 

9.1 (1) 
10.6 (1) 
9.3 (1) 

10.0 (1) 
9.6 (1) 

10.4 (1) 
10.9 (1) 
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Table 1 (continued) 

Sample Distance Mineral 
from 
contact 
(feet) 

d 0 is per mil d D per mil 

Ute Mountain traverse 
UM-4 + 1,200 K-feldspar 
UM-5 @ 1,380 K-feldspar 
UM-6 ~- 1,650 K-feldspar 
UM-7 ~- 1,800 K-feldspar 
UM-10 ~- 2,900 K-feldspar 
UM-11 ~- 3,300 K-feldspar 
UM-12 + 3,900 K-feldspar 

9.6 
9.9 

10.6 
9.8 
8.6 

10.0 
9.2 

(1) 
(1) 
(1) 
(1) 
(1) 
(1) 
(1) 

Mineral Mountain traverse 
MM-1 a + 10 K-feldspar 
MM-1 b @ 30 K-feldspar 
MM-8 + 1,510 K-feldspar 

9.9 
9.5 

10.4 

(1) 
(1) 
(1) 

Bryan Mountain traverse 
BM- 1 -~ 20 K-feldspar 
BM-2 ~ 200 K-feldspar 
BM-3 -7 600 K-feldspar 
BM-4 ~- 800 K-feldspar 
BM-5 ~- 900 K-feldspar 
BM-6 -~ 1,090 K-feldspar 

11.4 (1) 
10.6 (1) 
10.6 (1) 
10.4 (1) 
11.6 (1) 
9.7 (l) 

Caribou traverse 

HES-8 
Monzonite 

HES-4a 
Monzonite 

HES-4b 
Gneiss 

HES-4e 
Gneiss 

HES-1 
Sillimanite schist 

- 530 Plagioclase (An~) 9.0 (1) 
Hornblende 6.5 -4- 0.1 (2) 
Biotite 4.5 ~= 0.0 (2) 
Magnetite ].7 • 0.1 (2) 

- -  0.04 Plagioclase (An25) 8.5 • 0.0 (2) 
Biotite 5.4 ~: 0.1 (2) 
Magnetite 1.8 -4- 0.0 (2) 

0.04 Quartz 10.1 (1) 
Biotite 5.5 =~ 0.0 (2) 
Magnetite 1.9 • 0.0 (2) 

+ 0.6 Quartz I0.1 • 0.0 (2) 
K-feldspar 9.6 (1) 
Biotite 6.1 • 0.2 (2) 
Magnetite 3.4-~ 0.0 (2) 

~- 1,300 Quartz 12.8 • 0.0 (2) 
Pcrthite 10.9 (1) 
Biotite 8.0 • 0.1 (2) 
Magnetite 4.5 ~ 0.0 (2) 
Whole rock 10.4 (1) 

include a 20,000-foot sect ion of Uppe r  Triassic (and Jurass ic  ?) sediments  t h a t  
was folded, me tamorphosed ,  local ly  faul ted,  and  in t ruded  b y  grani t ic  s tocks in 
the  la te  Cretaceous and  ear ly  Ter t ia ry .  The coun t ry  rocks are d o m i n a n t l y  meta -  
pel i t ic ;  t h e y  were conver ted  to me tamorph ic  assemblages  of quar tz ,  a lbi te ,  
muscovi te ,  chlorite,  and  carbonates  dur ing the low-grade regional  me tamorph i sm.  
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Fig. 1. Map of Santa Rosa Range, Nevada, 
showing distribution of the granitic stocks 
(after Co~[PTO~, ]960) 

There are nine different stocks which va ry  in composition from sadie granodiorite 
to adamellite, t rondhjemite,  and tonalite. Structural  relationships show t h a t  the 
stocks are predominant ly  crosscutting bodies. The distr ibution of the stocks is 
shown in Fig. 1. 

The metamorphic  aureoles are divided into two zones by  COMPTON (1960): an 
outer  zone of porphyroblast ic  phylli te and an inner zone of schist or hornfels 
where the biotite in the groundmass can be identified megascopically. 

Four  mineral assemblages were developed in the outer and inner parts  of 
the aureoles: (1) Cordierite-biotite; (2) Cordierite-andalusite-biotite; (3) Stau- 
rolite-andalusite-biotite;  (4) Andalusite-bioti te;  all with quartz,  muscovite,  
and plagioclase. 

Sawtooth Stock and Its Aureole. The Sawtooth stock is exposed as a circular body  
with a diameter  of about  1.5 miles. A contact  metamorphic  aureole was developed 
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Fig. 2. Generalized geologic map 
of the Sawtooth stock and its 
contact aureole, Santa Rosa 
Range, Nevada, showing sample 
locations (geology after COM~TON, 
1960) 

around the stock with variable thickness from 1,500 to 2,500 feet. The stock and 
its aureole are unique among the stocks in this area in many respects. Among 
these are: (1) the trondhjemite intrusive produced highly schistose contact meta- 
morphic rocks in the aureole; (2) a very sharp, zigzag contact exists between the 
intrusive and the country rocks; (3) quartz veins and quartzo-fe]dspathic dikes 
are abundant ; (4) chloritoid and staurolite occur in the aureole ; and (5) andalusite, 
muscovite, biotite, and staurolite in the schists are very coarse grained. 

Two traverses from the north side of the stock were carefully sampled for iso- 
topic analysis. The geology and sample locations are shown in Fig. 2. Traverse I, 
corresponding to CoMPTo•'S No. 1 suite, was sampled from the tip of an outward- 
projecting tongue of the intrusive. Traverse II ,  corresponding to COMPTO~'S No. 2 
suite, was taken from the center of a re-entrant of the country rock which projects 
into the intrusive. S1%0-24 is equivalent to COMPTO•'S sample 3B that  contains 
staurolite. 

Figs. 3 and 4 are plots of 01s/O 16 ratios vs. distance from the contact for traverse I 
and traverse II ,  respectively. 

Hydrogen isotopic compositions and water contents of minerals and rocks from 
traverse I are plotted in Fig. 5. 

Flynn Stock and Its Aureole. The Flynn stock is an oval-shaped body in plan, 
with an exposed area of about 7 square miles. Its contact metamorphic aureole 
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is 2,500 to  7,500 feet  in width .  The pr inc ipa l  rock types  in the  aureole are hornfels,  
semi-hornfels,  and  po rphyrob la s t i e  phyl l i te .  The s implif ied geologic m a p  and  
sample  locat ions  are  shown in Fig.  6. 
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The F l y n n  s tock and  i ts  aureole differ f rom the  Sawtoo th  s tock and  aureole in 
m a n y  ways,  among which a re :  

Ylynn 
1. Hornblende-biotite granodiorite 
2. Fine-grained, compact, massive hornfels 
3. Cordierite present, no stauroli~e or 

chloritoid 
4. K-feldspar formed in the hornfels near 

the intrusive contact 

Sawtooth 
1. Hornblende-free, biotite trondhjemite 
2. Coarse-grained, muscovite-rich schist 
3. Staurolite and chloritoid present, no 

cordierite 
4. ]qo K-feldspar formed in the schist 
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Fig. 7. Plot of 018/016 ratios vs. distance for samples from north traverse of Flynn stock con- 
tact zone, Santa Rosa Range 

Two t raverses  were sampled  for isotopic  analysis  (Fig. 6). The nor th  t raverse  was 
t a k e n  f rom an amphibo l i t e -g ranod io r i t e  contact .  The associa ted  hornfels  and  
semi-hornfels,  which are  the  ma jo r  rock  types ,  were also collected. The south  
t raverse ,  which is a p p r o x i m a t e l y  equ iva len t  to  COMPTON'S NO. 15 suite,  was 
sampled  f rom the  unaf fec ted  phyl l i t e  to  the  comple te ly  recrysta l l ized,  e x t r e m e l y  
compac t  hornfels  near  the  in t rus ive  contact .  The con tac t  is no t  well exposed  in 
the  south  t raverse ,  so no samples  were collected wi th in  25 feet  of the  contact .  
The  isotopic  d a t a  are i l lus t r a t ed  in Figs.  7 and  8. 

Santa Rosa Stoc/c and Its Aureole. The San ta  Rosa  s tock  is the  larges t  s tock in 
the  San ta  Rosa  Range  (about  36 square miles in ou tc rop  area). The s tock is 
ma in ly  granodior i te  and  has p roduced  a con tac t  me tamorph i c  aureole 2,500 to  
10,000 feet  in width .  The pr inc ipa l  con tac t  me tamorph i c  rocks are hornfels  and  
semi-hornfels.  This is the  only  aureole t h a t  contains  all  the  four minera l  assem- 
blages occurr ing in the  area.  

A t raverse  was t a k e n  across the  sou theas t  side of the  s tock (see Fig.  9). The sam- 
ples near  the  in t rus ive  con tac t  are equ iva len t  to CoMPmO~'S sample  No. 9B. 
Fig.  10 is a p lo t  of 5 0  is vs. d i s t ance - to -con tac t  for several  samples  analyzed.  
The  change of Ols/O ~s ra t ios  in  the  v ic in i ty  of a smal l  g ranodior i t e  dike  (apophysis  
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Fig. 9. Generalized geologic map of the Santa 
l~osa stock and its contact aureole, Santa Rosa 
Range, Nevada, showing sample locations (geo- 
logy after COMPTO~, 1960) 

of the  stock) has  also been studied.  The resul t  is shown in Fig.  11. The dike is 
5 inches th ick  and  i ts  con tac t  is ex t r eme ly  sharp.  There  is no obvious  mineralog-  
ical  or t ex tu ra l  change in the  hornfels, e i ther  in h a n d  specimen or under  the  
microscope,  as a resul t  of the  in t rus ion  of the  dike. 
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Eldora Area, Front Range, Colorado 

The oldest  rocks in  the  E ldora  area  are P r e c a m b r i a n  schists, gneisses, and  amphi -  
hal i tes  of the  I d a h o  Springs format ion .  The rocks were h ighly  and  un i fo rmly  
m e t a m o r p h o s e d  1,200 to 1,500 mil l ion years  ago (HART, 1964). These P r e c a m b r i a n  
crys ta l l ine  rocks were i n t r u d e d  dur ing  L a r a m i d e  t ime b y  a series of s tocks  ex- 
t end ing  sou thwes tward  across the  F r o n t  Range.  The con tac t  me tamorph i c  zone 
of the  E ldora  s tock  was chosen b y  DoE and  HART (1963) and  ttA~T (1964) for 
s tudies  on the  effects of con tac t  m e t a m o r p h i s m  on isotopic minera l  ages of differ- 
en t  minerals .  STEIGE~ and  HAI~T (1967), and  W~IG~T (1967) carr ied  ou t  s tudies  
on the  microcl ine-or thoclase  t r ans i t ion  wi th in  the  E ldora  con tac t  zone. 
I n  the  p resen t  s tudy ,  oxygen  isotopic  analyses  were made  on the  samples  or ig inal ly  
used b y  ftA~T (1964), and  STEm]~  and  ttART (1967). Samples  were also col lected 
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from an additional traverse in the Caribou stock contact zone about 1 mile north 
of the Eldora stock. The general geology and all sample locations are shown 
in Fig. 12. 

The Eldora stock is a quartz monzonite with an exposed diameter of about 2 miles. 
The only major mineralogical change observed by HART (1964) and STEIG~R and 
HART (1967) is the transition of the alkali feldspar from a perthitic microcline of 
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Fig. 12. Generalized geologic map showing 
sample locations in the Eldora and Caribou 
stock contact zones (after STErneR and 
HART, 1967) 

high obliquity in the unaffected country rock to non-perthitic orthoclase near the 
contact. The transition can be sharp or gradational, and the width of the ortho- 
clase zone is variable, depending strongly upon the configuration of the contact. 
The mineralogic ages of different minerals also responded differently due to the 
contact heating (Dov, and HART, 1963; HART, 1964). The results of HART (1964) 
are shown in the upper half of Fig. 13. 

The oxygen isotopic results from the Eldora traverse are shown in the lower half 
of Fig. 13. The 01s/o ~6 ratios measured on the identical K-feldspar samples used 
by STEIG~R and HART (1967) for their microline-orthoclase transition studies are 
shown in Fig. 14. A spread of about 2 per mil is observed in each of the four 
traverses studied, and the ~-vaines show no apparent change across the microeline- 
orthoelase transition zone. 

A traverse was taken along the west side of the Caribou stock where the intrusive 
is a monzonite and the country rocks are sil]imanite schist, gneiss, pegmatite, and 
amphibolite. The sample locations are shown in Fig. 12. The isotopic data are 
illustrated in Fig. 15. 
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Discussion and Interpretation 

Relative 01slO 1G and DIH Ratios in Coexisting Minerals o/ Contact Metamorphic Roe]cs 

One of the most striking systematics observed in the present research is the con- 
sistent order of 01S-enrichment in the coexisting minerals in a given rock. Listed 
in order of decreasing 01s/O 18, the minerals are: Quartz; Feldspar; Anda]usite; 
Muscovite; Hornblende ; Biotite; Magnetite. 

The above sequence is identical to that reported by TAYzOR et al. (1963), GARZICK 
and EPSTEIN (1967), and TAYLOR and COLEMAN (1968) in regional metamorphic 
rocks, except that  andalusite is added in the present study. If  one assumes that  
the Al~Si05 polymorphs andalusite and kyanite do not fractionate oxygen isotopes, 
the order of muscovite and kyanite suggested by GA~LICK and EPSTEIN (1967), 
and T),u et al. (1963) is reversed from the present sequence. However, note 
that  only three kyanite analyses were made in the above references; two of them 
do not coexist with muscovite, and the third is based on only a 50--60 per cent 
oxygen yield. 

Only five rocks in the present study exhibit an "abnormal" oxygen isotopic 
sequence. Two rocks (an amphibolite and a granodiorite) in the north traverse of 
the Flynn stock show a reversal in the positions of hornblende and biotite. The 
biotite in the amphibolite (SRO-9) is an alteration product of the hornblende. 
The granodiorite was collected 6 inches inward from its contact with another 
amphibolite sample which also shows biotite altering from hornblende. The iso- 
topic positions of andalusite and muscovite are reversed in two rocks: one occurs 
in the fine-grained hornfels of the south traverse of Flynn stock and the other in 
the porphyroblastic phyllite of Sawtooth traverse I. The former rock also shows 
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an unreasonably small quartz-muscovite fractionations (zJ ~ 1.6), and in the latter 
rock most  of the muscovite is clearly a retrograde product of andalusite porphyro- 
blasts. Most of the above examples of isotopic disequilibrium can therefore be 
correlated with textural  or mineralogical evidence of disequilibrium. 

The fifth "abnormal"  rock is a pegmatite dike (SRO-D), crosscutting country 
rock on the south side of the Sawtooth stock, in which K-feldspar is lower in 
(~0 is than coexisting muscovite by  3.3 per mil. I t  appears tha t  the K-feldspar 
has become depleted in 0 ~s relative to the coexisting quartz, because this quartz 
is isotopicMly similar to adjacent metasedimentary quartz. The extremely large 
quartz-K-feldspar fractionation (4 = 5.4) implies an absurdly low temperature 
of less than  100~ so this is unquestionably a non-equflibrinm pair. On the other 
hand, the quartz-muscovite fractionation (A =2.1) ,  corresponding to a tempera- 
ture of 830~ does not appear to be far away from equilibrium. The (~-values of 
quartz and muscovite are similar in both the pegmatite and the country rock, 
suggesting tha t  the isotopic composition of the pegmatite is controlled by isotopic 
exchange with the adjacent metasedimentary rock. The 6-value of the feldspar then 
must  be a result of exchange down to what  appear to be unreasonably low tem- 
peratures, or it must  be a result of interaction with low-O is fluids (see TAYLOR, 
1968b, p. 66). The plausible sources of such OXS-depleted fluids are meteoric water 
tha t  may  have been present in the metasediments, or relatively low-temperature 
fluids derived from a late stage of crystallization of the trondhjemite. Such 
fluids may  also be responsible for the very low O~s/O is ratios of magnetite samples 
from the Sawtooth aureole. These magnetites are exceedingly fine-grained and 
form only about  0.1 per cent of the rock; hence they are very amenable to iso- 
topic exchange. 

Muscovite, biotite and hornblende are the three hydroxyl-bearing minerals ana- 
lyzed in the present study. I t  is found, without exception, tha t  muscovite con- 
centrates deuterium relative to coexisting biotite; and hornblende and biotite 
have almost identical D/H ratios, in agreement with the results of TAYLOR and 
ErSTEIN (1966) and GODFRnY (1962). 

Oxygen Isotopic Fractionations among Coexisting Minerals 

In  Figs. 16 and 17 are plotted the oxygen isotopic fractionations quartz-mus- 
covite vs. quartz-biotite and feldspar-biotite vs. quartz-biotite. The data of TAY- 
LO~ and EPSTEI~ (1962), TAYLO~ et al. (1963), GARLICK and EPSTEIN (1967), and 
TAYLOR (1968b) are also included. The plots show good corrrclations; therefore 
most of these assemblages must  represent approximate isotopic equilibrium. Note 
tha t  the ratios of A quartz-muscovite to ~ quartz-biotite from the present research 
are consistently smaller than those obtained by GARHCK and EeSTEI~ (1967) in 
regional metamorphic rocks, but  almost identical to those reported by TAYLOR 
(1968b), and TAYLOR and EeST~I~ (1962) in granitic igneous rocks (Fig. 16 and 
Table 2). 

The oxygen isotopic fractionations among coexisting minerals from the Sawtooth 
traverses are shown in Fig. 18. The isotopic fractionations in traverse I are con- 
sistently larger than in traverse I I ,  indicating a lower temperature environment 
in traverse I. The quartz-biotite and quartz-muscovite fractionations of traverse I 
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Fig. 16. l~lot of oxygen isotopic fractionations A quartz-muscovite vs. A quartz-biotite for 
quartz-muscovite-biotite assemblages from contact metamorphic, regional metamorphic and 
granitic igneous rocks. Slope A is derived from average values in contact metamorphic and 
granitic igneous rocks. Slope B is derived from average values in regional metamorphic rocks 
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increase qui te  regu la r ly  as a funct ion of sample-d is tance  ou tw a rd  f rom the  con- 
t ac t .  Traverse  I I ,  wi th in  the  re -en t ran t ,  shows the  opposi te  t rend ,  b u t  the  mus-  
covi te -b io t i te  f rac t iona t ions  in bo th  t raverses  decrease regular ly  approach ing  the  

23 Contr. Mineral. and Petrol.,  Yol. 20 
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Table 2. Comparison o/ the ratios o/ quartz-muscovite and quartz-biotite 0 ~s] 0 ~s fraetionations 
in di//erent rocl~ types 

Rock type /Iquartz-muscovite/ Ave. No. 
zJ quartz -biotite dev. samples 

Contact metamorphic a 0.49 0.03 12 
Regional metamorphicb 0.54 0.03 15 
Granitic igneous c 0.48 0.02 4 

a This work, excluding samples SRO-37 and SRO-42 which show evidence of isotopic dise- 
quilibrium. 
b GARLICK and EPsT~r~ (1967), excluding the schist xenolith which has a ratio of 0.45. 
c TAYLOR (1968b), and TAX~LO~ and EPST~I~T (1962). 
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Fig. 18. Plot of oxygen isotopic fractionations for the mineral pairs quartz-biotite, quartz- 
muscovite, and muscovite-biotite for samples from traverses I and I I  of the Sawtooth stock 
contact zone, arranged in order of sample distances from the contact. Three assemblages in 
traverse I are not plotted; two occur 0.5 f~. from the contact in the partially exchanged zone, 
and the one 600 ft. away contains muscovite that is clearly a retrograde alteration of anda- 
lusite. The "reversed" trend shown by traverse II  is probably due to lack of equilibrium, as 
the 5 ft. and 85 ft. samples are only 30 to 50 per cent exchanged (see Table 3) 

contact .  A regular  increase of the  quar tz -b io t i te  isotopic f fac t ionat ion  ou tward  
f rom the  in t rus ive  con tac t  is also observed in a contac t  me tamorph ic  aureole east  
of the  Sierra N e v a d a  near  Birch Creek, California (SmEH and TAYLOR, 1969); 
these da ta  are shown in Fig.  19. The  Birch Creek p lu ton  and contac t  meta-  
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morphic aureole are described by  Iq~s~ (1962) and shown in Fig. 3 of McKEE 
and N~sH (1967). In  the Flynn north traverse, plagioclase-hornblende fractiona- 
tions increase outward from 3.2 and 3.3 at the contact to 3.7 at  10 ft. and 4.3 
at  250 ft. 
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Fig. 19. Oxygen isotopic fractionations between coexisting quartz and biotite plotted vs. 
distance from intrusive contact, for samples from the Birch Creek contact zone (SnzEg and 
TAYLOR, 1969) 

Geothermometry 

Oxygen Isotopic Temperatures in Contact Metamorphic Rocks and Intrusions. All 
the country rock samples near intrusive contacts tha t  show incomplete isotopic 
exchange with the intrusive, or vice versa, very likely indicate a non-equilibrium 
situation. The calculated isotopic temperatures in these rocks show a large scatter, 
which is understandable considering the very steep isotopic gradients preserved 
in the vicinity of the contact. The opt imum situation for testing equilibrium is 
represented by  samples collected right at  the contact. In  these samples, the 
coexisting minerals usually show 100% isotopic exchange between the country 
rock and the intrusive, and have attained the same isotopic composition from 
opposite directions, in the same way tha t  true equilibrium is demonstrated in the 
labora tory  (e.g. see O'N]~IL and TAYLOR, 1967, p. 1417). 

In  Table 3 are listed the oxygen isotopic " temperatures"  of various assemblages, 
the per cent 01s/o 1G exchange between the country rock and the adjoining in- 
trusive (or vice versa), and the isotopic compositions of waters in equilibrium 
with these assemblages, based on the experimentally determined quartz-musco- 
vite curve (see TAYLOR, 1967, p. 120--123). Since quartz-biotite and quartz- 
magneti te fractionation curves have not yet  been determined experimentally, or 
are in need of revision, tentat ive curves were derived from natural  assemblages. 
The quartz-biotite curve was derived by  assuming A quartz-muscovite = 0.49 
X/1 quartz-biotite (see Fig. 16); the quartz-magnetite curve utilized is the one 
estimated by  TAYLOR and COLEMA~ (1968) from mineral assemblages in regional 

2 3 *  
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Table 3. Comparison of isotopic temperatures and heat/low temperatures in various traverses. 
together with calculated 01s/O le ratios o/ coexisting H~O and percent exchange between country 
rock and intrusive 

Sample a Mineral ($ 0 is % Ex- Quartz- I~eat flowC (~ tt~O a 
per mfl change b mineral temperature 

temperature (~ 
(~ 

Sawtooth Traverse I 

S1~0-18 (--  50) Quartz 11.7 0 8.8 
Trondhj emite Biotite 5.5 0 515 ~ 550 

Feldspar 9.2 0 
Magnetite --0.3 ? 390 

S1%0-19AI (--  0.5) Qnartz 14.5 65 10.7 
Trondhjemite Muscovite 11.2 58 470 550 

Biotite 7.9 53 475 
Feldspar 12.1 55 
Magnetite 0.2 ? 315 

SRO-15 C (-- 0.17) Quartz 16.0 100 12.2 
Trondhjemite Muscovite 12.7 91 470 550 

Biotite 9.7 93 505 
Feldspar 13.4 83 

S1~0-15 A (-- 0.04) Quartz 15.9 100 13.6 
Trondhjemite Muscovite 13.1 100 570 550 

Biotite 10.0 100 545 
Feldspar 14.2 100 

S1~0-15 B (~- 0.08) Quartz 16.1 I00 13.5 
Schist Muscovite 13.2 100 550 550 

Biotite 9.9 100 520 

SR0-19AII  (-}-0.5) Quartz 16.7 78 15.0 
Schist Muscovite 14.1 61 630 550 

Biotite 10.9 52 560 
Magnetite 0.3 ? 265 

SI~O-19B (-t- 1.0) Quartz 18.7 16 14.4 
Schist Muscovite 15.3 9 440 460 

Biotite 11.8 10 450 

SRO-19C ( ~  50) Quartz 19.2 0 14.5 
Schist Muscovite 15.5 0 420 455 

Biotite 12.0 0 430 

a Numbers in parentheses indicate sample distance from contact. Negative distances measured 
inward into intrusive; positive distances measured outward into country rock. 

b In  samples SR0-22C, 22A and BC-22, 23 the % exchange includes large-scale exchange; 
all others include only small-scale exchange. 

c Sawtooth Traverse I ~ Model E ;  Flynn South Traverse : Model B;  Santa Rosa Aureole 
large intrusion of Model A; Birch Creek Traverses : Model D; Caribou and Eldora Traverses 
Model B. 
a Calculated from quartz-muscovite isotopic temperature, or lacking that  pair, calculated 
from quartz-biotite temperature. (For H E  S-8 and H E  S-4 a, the plagioclase-biotite temperature 
is utilized). 



Oxygen and Hydrogen Isotope Studies of Contact Metamorphism 331 

Table 3 (continued) 

Sample a Mineral ~0  ~s % Ex- Quartz- Heat  flow e 
per rail change b mineral temperature 

temperature (~ 
(~ 

c~ H20  a 

Sawtooth Traverse I I  

SR0-22 F (-- 50) Quartz 11.4 0 
Trondhjemite Biotite 5.3 0 530 ~550  

SRO-22E (--  1.5) Quartz 11.3 0 
Trondhjemite Biotite 5.6 25 570 550 

S1~0-22 D (~- 0.17) Quartz 12.1 100 
Gneiss Muscovite 9.2 100 570 550 

Biotite 6.5 100 580 

SR0-22C (~-5) Quartz 15.1 49 
Schist Muscovite 12.6 44 665 550 

Biotite 9.7 40 610 

SR0-22 A ( ~ 85) Quartz 15.3 45 
Schist Muscovite 13.3 33 900 ~550  

Biotite 10.3 28 680 

8.6 

9.0 

9.7 

]3.7 

15.7 

Flynn South Traverse 

SR0-38 (-- 35) Quartz 10.5 0 
Granodiorite Biotite 4.6 0 550 ~ 650 

SRO-37 ( ~  45) Quartz 17.3 0 
Hornfels Muscovite 15.2 0 830 640 

Biotite 12.0 0 630 

SR0-36 (~- 150) Quartz 17.3 0 
Hornfels Biotite 12.2 0 670 620 

7.9 

15.6 

15.9 

Santa Rosa Aureole 

13-85-8 (--  5000) Quartz 9.6 0 8.4 
Adamellite Biotite 4.6 0 695 > 650 

SRO-29F (--  150) Quartz 13.1 0 11.2 
Granodiorite Biotite 7.7 0 600 > 650 

SRO-29A (~- 0.08) Quartz 14.6 100 11.5 
Hornfels Muscovite 11.5 100 510 650 

Biotite 8.6 100 535 
SRO-29D (+2)  

Hornfels Quartz 16.9 ~ 5 0  13.4 
Muscovite 13.7 ~-~60 490 650 
Biotite 10.7 N50  505 

Birch Creek Traverses (S~[]~ and TAYLOI~, 1969; also see Fig. 19) 

BC-281 (-- 10) Quartz 12.9 0 
Granite 

BC-22 (-~ 5) Quartz 13.0 ~100  
Xenolith Biotite 7.2 ~100  

BC-23 (-]-1) Quartz 12.7 ~100  
Xenolith Biotite 7.2 ~100  

10.6 
560 ~ 550 

10.6 
590 ~ 550 
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Table 3 (continued) 

Y. N. SmEH and H. P. TAYLOr, JE. : 

Sample a Mineral 0 Is 
per rail 

% Ex- 
change b 

Quartz- Hea t  flow c 
mineral temperature  
temperature  (~ 
(~ 

($ H~O a 

BC-28H (--  2.5) Quartz 12.9 0 
Granite 

BC-27G (--  4.5) Quartz 12.2 0 
Granite Biotite 6.4 0 

BC-27AI ( - -  0.4) Quartz 12.7 42 
Granite Biotite 7.0 54 

BC-27AII (q- 0.25) Quartz 14.0 90 
Schist Bioti te 8.1 92 

BC-27 B (-t- 2) Quartz 19.4 0 
Schist Biotite 12.6 0 

BC-28 C (q- 6) Quartz 19.2 0 
Schist Bioti te 13.0 0 

9.8 
560 > 550 

10.2 
570 550 

11.4 
545 550 

15.6 
460 550 

16.3 
515 548 

Caribou Traverse 

H E  S-8 (--  530) Plagioclase 
Monzonite Biotite 

Magnetite 

H E S - 4 a  (--  0.04) Plagioclase 
Monzonite Biotite 

Magnetite 

H E  S-4 b (q- 0.04) Quartz 
Gneiss Bioti te 

Magnetite 

HES-4e  (-]- 0.6) Quartz 
Gneiss Biotite 

Magnetite 

HES-1 (q- 1300) Quartz 
Schist Bioti te 

Magnetite 

9.0 0 
4.5 0 
1.7 0 

8.5 ~ 100 
5.4 100 
1.8 100 

10.1 100 
5.5 100 
1.9 100 

10.1 100 
6.1 42 
3.4 42 

12.8 0 
8.0 0 
4.5 0 

7.7 
500 e > 650 
550 e 

9.4 
800 e 650 
610 e 

9.5 
750 650 
625 

10.4 
940 650 
810 

11.9 
710 460 
615 

Eldora Traverse 

EL-2 (q- 2) Quartz 10.7 
Gneiss Biotite 6.7 

Magnetite 2.7 

1W-2 (q- 2) Quartz 10.4 
Amphiboli te biotite 5.8 

Nlagnetite 2.3 

C-4B (q- 950) Quartz 12.2 
Gneiss Biotite 6.9 

Magnetite 3.7 

EL- 1 ( - -  50) Quartz 9.9 
Adamellite Biotite 4.8 

N-3 (--  450) Quartz 9.9 
Adamellite Biotite 4.9 

? 11.0 
? 940 650 
? 645 

? 9.8 
? 750 650 
? 635 

0 10.5 
0 630 490 
0 595 

0 8.6 
0 660 > 6 5 0  

0 8.7 
0 680 > 650 

e Plagioclase-mineral temperatures.  



Oxygen and Hydrogen Isotope Studies oI Contact Metamorphism 333 

metamorphic rocks. The latter curve gives temperatures about 50--70~ lower 
than the quartz-magnetite temperatures of GARLICK and EPSTE~ (1967) in the 
range zJ quartz-magnetite ~-- 8 to l l .  

As might be expected, samples showing complete oxygen isotopic exchange be- 
tween the intrusive and the country rocks give the most reasonable and con- 
cordant temperatures. The quartz-mica isotopic contact temperature at  Sawtooth 
stock is about 555~ and at Santa Rosa stock 525~ The quartz-magnetite 
isotopic contact temperature at Caribou stock is 625~ but  the quartz-biotite 
temperature of 750~ is probably too high. The contact temperature at  the Birch 
Creek pluton is 540 ~ C, and two samples collected from a xenolith embedded in 
the marginal zone of the Birch Creek pluton give quartz-biotite temperatures of 
560 and 590~ 20 to 50~ higher than the main contact temperature (SHIE~ and 
TAYLOR, 1969). This is reasonable because a xenolith enclosed in the magma 
should in general have a distinctly higher temperature than the intrusive 
contact. 

Those samples showing no evidence of exchange might also be expected to re- 
present assemblages formed in isotopic equilibrium, because similar samples 
usually give similar quartz-mica isotopic temperatures and these temperatures 
are geologically reasonable. Examples are: the trondhjemites in the Saw~ooth 
stock average at 525 ~ C, the granodiorites in the Flynn stock 580 ~ C, the granodio- 
rite in the margin of the Santa Rosa stock 600 ~ C, the adamellites in the central 
portion of the Santa Rosa stock 680~ the quartz-monzonites in the Eldora 
stock 670 ~ C, and the granite in the pluton of Birch Creek 570~ The country 
rock temperatures are rather uniform outward for I to 70 feet from the contact: 
at Birch Creek 515 to 500~ and at Sawtooth 445 to 425 ~ C. The temperatures in 
the Sawtooth aureole appear to be abnormally low in comparison with the con- 
tact  temperatures (but see discussion below). The schists and gneisses in the 
Caribou and Eldora traverses give rather high quartz-biotite temperatures (630 to 
710~ for samples 1,000 feet away from the contact, but  the quartz-magnetite 
temperatures (595 to 615 ~ C) seem more reasonable, and these conceivably could 
represent the original regional metamorphic temperatures. 

Temperatures Calculated ]rom Heat Flow Models. The temperature distribution in 
the neighborhood of an intrusive-country rock contact is governed by (1) the 
temperature of the intrusion, (2) the temperature range of solidification of magma, 
(3) the thermal properties of intrusion and country rock, (4) the latent heat of 
solidification, (5) the extent of convection in the magma, (6) the heat of meta- 
morphic reactions in the country rocks (including heat of vaporization of pore- 
water), and (7) amount of heat carried away by material transport or by radiation. 
Factor (2) may be simplified to a definite melting point at the liqnidus tempera- 
ture, because JAEGER (1957) found that the width of the range of solidification 
is not important to the contact temperature or to the temperatures outside the 
intrusion. 

For factor (5) one may take the extreme case by keeping the whole of the magma 
well stirred so that  its temperature is uniform throughout its volume until solidi- 
fication is completed. This will give an upper limit for the contact temperature 
and an over-estimate of temperatures in the country rock near the contact. 
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F a c t o r  (7) m a y  be neglec ted  because  the  isotopic  d a t a  do no t  a l low a n y  appre-  
ciable mass ive  m o v e m e n t  of aqueous  f luids f rom the  in t rus ive  in to  the  c oun t ry  
rock  because  of the  v e r y  s teep oxygen  isotopic  g rad ien t  (3 pe r  rai l  pe r  foot) pre- 
se rved  nea r  t h e  contac t .  Also,  r a d i a t i o n  is p r o b a b l y  no t  i m p o r t a n t  in  a deep- 
bu r i ed  b o d y  a t  the  t e m p e r a t u r e  of in te res t .  
I n  fac tor  (6), if the  m e t a m o r p h i c  r eac t ion  is exothermic ,  the  coun t ry  rock  tem-  
pe ra tu re s  would  be h igher ;  if i t  is endothermic ,  the  t e m p e r a t u r e  would  be lower. 
The  vapo r i za t i on  of po re -wa te r  would  also lower the  t empera tu re ,  b u t  JA~GV, R 
(1959) has  shown t h a t  the  lowering of con tac t  t e m p e r a t u r e s  is no t  i m p o r t a n t  for  
m o d e r a t e  to  low values  of rock  poros i ty .  Most  of the  rocks s tud ied  in  th is  research  
p r o b a b l y  have  low porosi t ies  because  of the  an teceden t  regional  m e t a m o r p h i s m  
and  d e p t h  of b u r i a l  F o r  s impl ic i ty ,  fac tor  (6) will  no t  be considered.  
Since we are  p a r t i c u l a r l y  in t e res t ed  in  t he  con tac t  t empera tu res ,  because  of our  
g rea te r  confidence in  the  oxygen  isotopic  geo the rmomete r s  in  these  regions,  the  
var ious  con tac t  " t empera tures"  based  on dif ferent  hea t  flow models  are l i s ted  in 
Tab le  4 (based on ca lcula t ions  analogous  to  those  of J A ~ r  1959). 

Table 4. Initial contact temperatures o] an infinite igneous dike based on different heat/low models 

Heat flow model Contact temperature ~ 

Magma = 700 Magma = 900 

1. Equal thermal properties of country rock and intrusive, 400 
no latent heat of crystallization (a = 1, Z ~ 0). 

2. Equal thermal properties of country rock and intrusive, 504 
with latent heat of crystallization (a = 1, L ~ 100) 

3. Equal thermal properties of country rock and intrusive, 550 
latent heat accounted for by exaggerating the magma 
temperature ( A T = Z / G =  300 ~ C, a = 1) 

4. Same as model 1, except different a (a = 2, L = 0) 500 
5. Some as model 2, except different a (a = 2, L = 100) 610 
6. Convection (extreme case) 700 

500 

614 

650 

633 
760 
900 

Initial country rock temperature =- 100 ~ C; C 1 -----C 2 = 0.25 cal/gm ~ C; 

L = l a t e n t  heat (cal/gm); a =  ( K~ ~2 G~ )x/,; 
K1 ~1 C1 

K = thermal conductivity; ~ = density; C = specific heat; subscript 1 refers to country rock; 
2 refers to solidified magma. 

I n  the  Sawtoo th  s tock,  the  t r o n d h j e m i t e  m a g m a  p r o b a b l y  i n t r u d e d  below 750 ~ C, 
and  in  t he  S a n t a  Rosa  and  F l y n n  s tocks  the  in i t ia l  m a g m a  t e m p e r a t u r e s  were 
p r o b a b l y  close to  900~ (CoMPTO~, 1960). The  t h e r m a l  p roper t ies  of grani te  a n d  
shale give a va lue  for  a a round  2 ( L o v m r  1936), b u t  for a phy l l i t e -g ran i t e  con- 
t ac t ,  the  a -va lue  is p r o b a b l y  less t h a n  2. I f  we assume the  m a g m a  i n t r u d e d  a t  
700~ where the  coun t ry  rock  was 100~ the  con tac t  t e m p e r a t u r e s  in Tab le  4 
range  f rom 700 to 400 ~ C, according to  different  hea t  flow models.  Model  1 assumes  
no l a t en t  hea t ;  therefore  i t  would  give too  low a t empera tu re .  Model  6 assumes 
the  ex t r eme  case of convec t ion ;  th is  would  give too  high a t e mpe ra tu r e .  I f  the  
above  two cases are  d i s regarded ,  t hen  the  mos t  p robab le  in i t ia l  con tac t  t empera -  
tu re  would  lie somewhere  be tween  500 and  610~ I f  one assumes the  m a g m a  
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Y ht 
0' Model B I~.~a~ I ~z,ooo ft. 

t 0 0 0  

" ~ / /  _I-I- ~o,ooo' ------ 

o ~ 2 3 4 5 ~ 7 8 9 ~o 

'~ I ~ "r T r 1 ~ T T -  ~ - - - - - I  
6 0 0 i  .~.8000 ft 20 000 fl. / 

Model A ~ oo 

400 ~ _ _ ,  I 1 1 1 ] L____I L_----- 
2 3 4 5 6 7 8 9 ~0 

Time (x'lO 4 years) 

l~ig. 20. Temperature ~s. time curves {or various infinite cylinder hea~ flow models, assuming 
initial country rook temperature = 100~ and diffi~sivity = 0.009 eroS/see. Latent heat of 
solidification accounted for by exaggeration of intrusive temperature by 300~ Model A 
is constructed analogous to the conditions of intrusion of the S~wtooth st~ek, and model B 
of the Ftynn s~ock 

temperature to be 900~ the hlitial contact temperature probably would lie 
between 610 and 750~ depending on the different kinds of heat flow models 
used. Since model 3, in which the latent heat is accounted for by exaggeration of 
the intro~ion temperature, is mathematically very simple and gives a contact 
temperature almost in the middle of the most probable temperature range, it is 
the model util/zed to construct the thermal history of the country rock as shown 
in Figs. 20, 21 and 22. 
Fig. 20 shows two graphs conta.ining v~rious temperature vs. time curves. 
Modal A was constructed by assum/ng an infinite cylinder of square cross section 
8,000 • 8,000 feet, ~ t h  iIfitial intrusive ~emperature 700~ country rock tern- 
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Fig. 21. M a x i m u m  temperature vs.  distance curves for various heat  flow models. Models A 
and B are described in Fig. 20. Models C and D both  represent intrusions with initial tempera- 
tures of 700 ~ C; Model C represents an infinite dike 8,000 ft. thick,  and Model D is an infinite 
cylinder of square cross-section 8,000 • 8,000 ft. The la t ter  is identical to Model A, bu t  
wi thout  the  contr ibut ion of the  nearby stock. Model E is described in Fig. 22. All parameters 
used in the  calculations are listed in Table 4 (3). The dashed lines are isotopic temperature 
gradients measured for Sawtooth t raverse I and  for the  Birch Creek traverse of SgI~]~ and 
TAYLOR (1969). The Sawtooth t raverse I isotopic " tempera tures"  should be analogous to 
Model E, and  al though we are dealing with a composite pluton, the  Birch Creek isotopic 
" tempera tu res"  should be roughly analogous to Model D. Except  for Model E, the  isotopic 
" tempera tu res"  near the  contact  have a steeper gradient t han  do the  m a x i m u m  heat  flow 
temperatures.  The Birch Creek isotopic temperature  gradient extrapolates to a value of 
460~ at  1,300 ft.  (sample BC-16). The Sawtooth I isotopic temperature  gradient is not  shown 
at  distances greater than  150 ft., bu t  i t  will be very gentle because the  O~S/016 fractionations 
at  600 ft.  and 2,500 ft. are similar to or only slightly larger t han  those a t  50 ft  

perature 100~ thermal diffusivity 0.009 cm2/sec, and an exaggeration of the 
intrusive temperature by 300~ to account for the latent heat of crystallization. 
The model should be closely analogous to the conditions of intrusion of the 
Sawtooth stock. The heat contribution from the nearby Santa Rosa stock was 
also taken into account by assuming another parallel infinite cylinder of dimen- 
sions 20,000 feet • 20,000 feet and magma temperature 900~ located 15,000 feet 
away. Model B was constructed analogous to the conditions of intrusion of the 
~ lynn  stock (dimensions 12,000 • 12,000 feet and intrusive temperature 900~ 
Fig. 21 is a plot of maximum temperature vs. distance for different models, 
together with the isotopic temperature gradients measured for Sawtooth traverse I 
and the Birch Creek traverse. The outer limit of the Sawtooth metamorphic 
aureole (,--1,500 feet) will attain a maximum temperature of 380~ and that of 
the Flynn aureole (~-~3,000 feet) will be 340~ These seem to be "reasonable" 
temperatures for the beginning of metamorphic reactions in the lowest-grade 
rocks in the Santa Rosa Range. 
Comparison o/Oxygen Isotopic Temperatures with Heat Flow Calculations and with 
Mineral Parageneses. The oxygen isotopic temperatures and the temperatures 
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calculated from heat flow models for a variety of samples are given in Table 3. 
The oxygen isotopic temperatures at  the contacts of the Sawtooth and Birch 
Creek plutons are very similar: 555 and 540~ respectively. These temperatures 
are quite close to those calculated from heat flow models 2, 3, 4, and 5 in Table 4, 
assuming an initial magma temperature of 700~ and country rock temperature  
of 100~ The quartz-magnetite temperature of 625 ~ at  the contact of the 
Caribou stock is also very close to the heat flow temperatures calculated from 
models 2, 3, and 4, assuming an initial intrusive temperature  of 900~ and 
country rock temperature of 100 ~ C. The quartz-biotite temperature of 630 ~ C 
45 ft. from the contact of the Fiynn stock is also compatible with heat flow 
Model B. 
The central par t  of the Santa Rosa stock exhibits quartz-biotite temperatures 
of 660 to 695 ~ C. These data,  in conjunction with the heat  flow models, suggest 
tha t  the isotopic contact temperature of the Santa Rosa stock (525~ is ab- 
normally low, but  this probably reflects the peculiar geometry of the intrusive at  
this loeMity, similar to the situation at  Sawtooth traverse I as discussed below. 
The oxygen isotopic temperatures of SRO-19B and SRO-19C, two schist samples 
collected 1 and 50 feet, respectively, away from the contact of the Sawtooth stock, 
are far too low compared with tha t  of SRO-15B, a schist sample collected 0.08 feet 
away from the contact. SRO-19B gives a temperature of 445~ and SRO-19C of 
425~ about 90 to l l0~  lower than the temperature of SRO-15B. Such a steep 
temperature gradient is not compatible with heat flow model A. However, be- 
cause the intrusive at  this locality forms a narrow wedge projecting into the 
country rock (see Fig. 2), the temperatures in the country rock should be con- 
siderably lower than the temperatures in the case of a plane contact. A more 
realistic model (E) representing such an intrusive wedge may  be constructed by  
placing two small infinite cylinders of igneous rock, of square cross sections 
500 • 500 feet and 50 • 50 feet, side by side at  the surface of the 8,000 • 8,000 foot 
cylinder of the original model A, as illustrated in Fig. 22. The temperature vs. 
t ime curves in the I-foot and 50-foot samples can then be calculated by  super- 
imposing temperatures obtained from Model A and the two additional cylinders. 
As may  be seen in Fig. 22, the 1-foot sample attains a maximum temperature 
of 510~ but  it  stays above 500~ for only 2 months;  it cools below 400~ and 
then gradually rises to a maximum of 460~ and remains above 450~ for about 
12,000 years. The 50-foot sample reaches a maximum temperature of 455~ and 
remains above 450~ for about 9,000 years. These temperatures are in much 
better  agreement with the quartz-mica isotopic temperatures.  
The geometry of the intrusive in the Santa Rosa traverse also closely resembles 
tha t  of Model E (see Fig. 9) ; the abnormally low oxygen isotopic temperatures 
in the country rock (0.08-foot sample 525~ and 2-foot sample 500~ m a y  
largely be explained by  Model E, but  retrograde exchange and/or non-equili- 
brium are also plausible interpretations. 
At the Birch Creek pluton, three schist samples collected 6 to 70 feet away from 
the intrusive contact give quartz-biotite isotopic temperatures from 500 to 515 ~ C, 
20 to 35~ lower than the temperature obtained from a sample 0.25 feet from the 
contact. The isotopic temperature gradient in this case is 35 ~ C/70 feet; this is in 
fair agreement with a heat flow temperature gradient of 20~ feet, based on 
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Fig. 22. Temperature vs. time curves for heat flow mode] E. The model is constructed by 
placing two more infinite cylinders of square cross sections 500 X 500 ft. and 50 X 50 ft. side 
by side at the surface of the 8,000 • 8,000 foot cylinder of Model A. Solid lines �9 cooling curves 
for 1-foot and 50-foot samples in Model E. Dashed lines: cooling curves for 1-foot and 50-foot 
samples in Model A. The maximum temperatures for the 1-foot and 50-foot samples are about 
80 to 90 ~ C lower in Model E than in Model A. Note that there are two maximum temperatures 
for the 1-foot sample in Model E (510 and 460 ~ C), but the first maximum lasts for only a short 
time (the sample remains above 500~ for only 2 months). Model E closely resembles the 
intrusive geometry at the localities represented by Sawtooth traverse I and the Santa Rosa 
traverse (see Figs. 2 and 9), and may explain the abnormally low country-rock isotopic tem- 
peratures near both contacts 

the  cooling of a m a g m a  b o d y  (ini t ial  t e m p e r a t u r e  = 700~ in the  shape  of an  
inf ini te  cy l inder  of square  cross sect ion 8,000 • 8,000 feet  wi th  p lane  con tac t  
(Model D in Fig .  21). The  g e o m e t r y  of the  l a t t e r  cy l inder  is s imilar  to  t h a t  of the  
sou the rn  t i p  of the  composi te  p lu ton  in  Birch Creek (see McK~]~ and  NASH, 1967, 
Fig .  2) ; however ,  no te  t h a t  the  Birch Creek con tac t  zone is ad j acen t  to  a younger  
gran i te  in t rus ion  only  250 ft.  wide, and  a s teeper  t e m p e r a t u r e  g rad ien t  is to  be 
expec ted  a t  the  bo rde r  of such a smal l  in t rus ion.  
The  isotopic  t e m p e r a t u r e s  in the  marg ina l  zones of the  in t rus ions  are  of ten lower 
t h a n  the  isotopic  con tac t  t empera tu res .  F o r  example ,  the  quar tz -b io t i t e  isotopic  
t e m p e r a t u r e  difference be tween  the  marg ina l  in t rus ive  and  the  con tac t  is abou t  
80~ a t  the  E ldora  and  Car ibou stocks, abou t  30~ a t  the  Sawtooth ,  and  a b o u t  
60 ~ C a t  the  F l y n n  stock.  I t  is thus  possible t h a t  the  oxygen  isotopic  f fac t iona t ions  
migh t  be "quenched  in"  no t  far  below the  t e m p e r a t u r e  m a x i m u m  a t  the  var ious  
contac ts ,  b u t  migh t  cont inue to  re -equi l ib ra te  in the  marg ina l  por t ions  of t he  
in t rus ions  un t i l  a somewha t  lower t e m p e r a t u r e  is reached.  F r a c t u r i n g  and  shear-  
ing are  v e r y  l ike ly  in the  marg ina l  zones of in t rus ive  s tocks dur ing  la te  s tages  of 
sol idif icat ion,  a n d  this  migh t  a l low access to  aqueous fluids and  p romote  deuter ic  
recrys ta l l iza t ion .  Kv, NN]~])y (1955) has  sugges ted  t h a t  the  marg ina l  por t ions  of 
the  m a g m a  could have  c rys ta l l ized  a t  a lower t e m p e r a t u r e  t h a n  the  cent ra l  
po r t i on  because  of the  h igher  PH~O in the  margins .  Also, as will be discussed 
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below, migration of water from the country rocks into the intrusive might be 
significant in certain stocks studied in this research. 
I t  was observed by COMeTON (1960) and by the present writers that  in the inner- 
most part  of the Flynn and Santa Rosa aureoles K-feldspar has formed from 
muscovite and biotite, and sillimanitc has apparently formed by breakdown of 
both andahisite and micas. In the Sawtooth aureole no K-feldspar has been found, 
but  sillimanite has formed at the contact from some biotite and andalusite grains. 
Using the experimentally determined muscovite plus quartz breakdown curve 
(EvANs, 1965), and the Al~SiO 5 polymorphic transition curves (WEILL, 1966; 
FYFE and TURNER, 1966; ~:~ICHARDSON et al., 1968), and assuming that  PH~o 
is approximately equal to PTotal, it can be determined that  the temperature near 
the contacts of the Flynn and Santa Rosa stocks was probably between 550 and 
600~ and the water pressure was between 1,000 and 1,500 bars (see TURNE~, 
1968, p. 248--252). These mineralogical "temperatures" are in good agreement 
with temperatures derived from oxygen isotopic geothermometers and from heat 
flow models. The P~ot~l also agrees with the independent estimate of 1 to 2 Kb 
by COMPTO~ (1960) based on geological evidence. Inasmuch as no K-feldspar has 
been found in the Sawtooth aureole, and sfllimanite has formed from andalusite, 
either the temperature was lower and/or/)H~O somewhat higher in the Sawtooth 
aureole than in the Flynn and Santa l~osa aureoles. The isotopic data are definitely 
compatible with higher PH~O (see below), and the isotopic contact temperatures 
of the Sawtooth stock also appear to be somewhat low. 

Extent el Isotopic Exchange and Dimensions o/ the Isotopic Equilibrium System 
General Statement. Studies of the variations of oxygen isotopes in the vicinity of 
an intrusive contact offer an excellent opportunity to investigate the extent and 
possibly the mechanism of isotopic exchange between the intrusive and its 
country rock, because the oxygen isotopic composition of igneous rocks and 
minerals are quite different from those of sedimentary and low-grade regional 
metamorphic rocks and minerals. There is always a tendency for different iso- 
topes to undergo exchange in the presence of an isotopic compositional gradient. 
Isotopic equilibrium is established in a system only if the isotopic compositions 
of a particular mineral are equal everywhere in that  system, provided that  system 
is everywhere at a constant temperature. 
Three types of oxygen isotopic exchange will be distinguished in the following 
discussion. The small-scale oxygen isotopic exchange observed close to the con- 
tact  involves a steep isotopic gradient that  generally extends only 2 to 3 feet on 
both sides of the contact. This exchange probably takes place essentially in the 
solid state through a diffusion-controlled process. The large-scale oxygen isotopic 
exchange is observed in the marginal zones of the stocks or plutons where "ab- 
normally" high 01s/O 16 ratios exist; this probably takes place when the intrusions 
were largely molten. A third type of isotopic exchange (also large-scale) is ob- 
served in the Birch Creek xenolith (SHIE~ and TAYLOr, 1969) and Sawtooth re- 
entrant.  Widespread movement of aqueous fluids is probably an important  factor 
in both types of large-scale isotopic exchange. 
Small-Scale Oxygen Isotope Exchange. The small-scale oxygen isotopic exchange 
occurs at the immediate contact between the intrusion and the country rocks 
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where a steep (1 to 3 per mil per foot) oxygen isotopic compositional gradient is 
observed. Beyond a few feet away from the contact, both on the intrusive side 
and on the country rock side, the 01s/o is ratios of the individual minerals or whole 
rock samples remain quite constant (see the various 8 01s-distance plots in Figs. 3, 
4, 7, 8, and 10). Note that  even in the presence of such steep isotopic gradients 
a "normal" sequence of O~S-enrichment of the coexisting minerals is preserved in 
all the traverses. The shapes of the curves in the ~01S-distance plots indicate 
that  Oxs/O is exchange between the intrusive and the country rock has occurred 

1001-- ~ Santa Rosa traverse ~ ,: 
/ Sowtooth traverse Tr , ~ /  / / _ ~ -  _ ~ - 
I-  II Sawtooth traverse I 2 / ~  / Q~l//, " l" ~ y  / 
j ~ Birch Creek t raverse ~ / ' < o ~ ' /  y _  ~ , t ~ / ~  / 

o~ L A Santa Rosa dike o/ ~:/ /f �9 y / 
o r d/.27" / /  / 

k / 
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F _ x - / "  .-~/ ~/ / ~  .<,/ 
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Distance from contact (feet, log scale) 

Fig. 23. Percent oxygen isotope exchange (small-scale) between intrusive and country rook 
for several braverses studied in the present work. ~ote that the Caribou curve is calculated 
from assumed "country-rock" (S-values for feldspar (9.8) and biotite (6.6) obtained from aver- 
age values of these minerals in gneiss of the Eldora area (see Tab. 1) 

to varying degrees depending upon distance from the contact. If  100% exchange 
occurs, the 01s/O 16 ratios of a particular mineral in the intrusive and in the country 
rock will be equal. If  no exchange occurs at  all, a particular mineral will retain 
its original 01slO is ratio. Inasmuch as the 01s/o 1G ratios of the individual minerals 
remain quite constant beyond a few feet away from the contact, such samples 
are assumed to represent 0 percent exchange. The percent isotopic exchange for 
different minerals from various traverses has been calculated. The results are 
presented in Table 3 and Fig. 23. 
The extent of oxygen isotopic exchange in most cases does not exceed 25 % for 
samples beyond 2 feet from the contact, possibly with the exception of the Santa 
Rosa stock where a 2-foot country-rock sample appears to have undergone 50 % 
exchange. There is no marked difference in the degree of exchange among the 
coexisting minerals analyzed in a rock, except for the 7-inch sample from the 
Caribou traverse in which quartz has undergone 100 % exchange whereas magnetite 
and biotite have only experienced 40 % exchange. I t  should be pointed out that  
this magnetite is much coarsergrained than the Sawtooth magnetites discussed 
previously. 
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GAI~LICK and E P S T ~  (1966, 1967) analyzed the 01s/o 16 ratios of coexisting 
minerals in a schist xenolith enclosed in trondhjemite and the hydrothermal 
wall-rock alteration envelopes at Butte, Montana. They found that  garnet under- 
goes oxygen isotopic exchange in the xenolith only with difficulty, whereas 
ilmenite, muscovite, and biotite are the easiest minerals to exchange. In the 
hydrothermally altered zone at Butte, K-feldspar has experienced much isotopic 
exchange whereas quartz is not appreciably affected by the alteration process. 
The same effects have also been observed by TAYL01~ (1968b) in red-rock grano- 
phyres. No garnet was analyzed in the present study, but  the feldspar samples 
analyzed from two traverses in the Sawtooth stock show essentially the same 
degree of exchange as coexisting quartz and biotite. The apparent diserepaney 
between the present result and that  of TAYLo~ (1968 b) and GA~LICK and EPSTEIN 
(1967) is not completely understood. However, it is known that  variations in 
temperature and in the alkali concentrations of the hydrothermal fluids can have 
important effects on exchange processes involving feldspars (see O'NE~ and 
TAYLOl~, 1967). 

The dimensions of the oxygen isotopic equilibrium system during such small- 
scale oxygen isotopic exchange can be determined by measuring the maximum 
distance between samples that  have undergone essentially 100 % isotopic exchange, 
such that  a particular mineral has attained essentia]ly the same 01s/O 16 ratio in 
the samples. I t  is found that  such an equilibrium system is quite small, being 
about 1 foot in the Santa Rosa traverse, 0.5 feet in Sawtooth traverse II ,  0.2 feet 
in Sawtooth traverse I, 0.3 feet in Birch Creek, 0.1 feet in Caribou traverse, and 
0.05 feet in the Santa Rosa dike (compare with A~DsRsozq, 1967). 

The size of such an exchange system may depend upon (1) temperature, (2) time 
of heating, and (3) availability of an exchange medium (oxygen-bearing fluids). 
The dimensions of oxygen isotopic equilibrium systems estimated above correlate 
quite well with combinations of such parameters. For example, the Santa Rosa 
stock is the biggest stock; as a consequence, the country rock should be held 
above a specific temperature for a much longer time than in the case of the smaller 
stocks. The Sawtooth stock is probably the "wettest" of the intrusives. Traverse I I  
of Sawtooth is in the reentrant where the temperature should have been abnor- 
mally high. All these factors (higher temperatures, longer heating, and higher 
water pressure) should facilitate the isotopic exchange. 

Note that  even though the isotopic contact temperatures of the Santa Rosa stock 
arc unusually low (possibly as a result of a local convexity in the configuration 
of the contact), the extent of exchange shown in Fig. 23 is larger than for any 
other stock. This suggests that  the length of time the contact remains above a 
specified temperature is more important than slightly higher contact tempera- 
tures. 

The Caribou stock contact zone was probably the "driest' of those studied, be- 
cause the country rock had already been regionally metamorphosed to sillimanite 
grade prior to the contact metamorphism; note that  the Caribou traverse indeed 
does show the smallest extent of exchange. The Santa Rosa dike is only about 
5 inches thick, and crosscuts hornfels about 30 feet away from the main intrusive 
contact. The heating effect of the country rock by this dike must have been very 
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small, but  it still shows significant exchange (Fig. 23); this is probably largely 
a result of the long "heating t ime" in the Santa Rosa aureole. 
I t  is interesting to inquire into the mechanism of such small-scale isotopic ex- 
change. Isotopic exchange may  occur through the mechanism of (1) recrystalliza- 
tion, perhaps by  diffusion along cleavage cracks or crystal imperfections, accom- 
panied by  oxygen isotopic equilibration in a fluid film at  the interface between 
exchanged and unexchanged portions of mineral grains, as proposed by O'N~IL 
and TAYLOR (1967) in their experiments on oxygen and cation exchange in feld- 
spars; or by  (2) solid-state diffusion through the crystal lattice of each mineral. 
Mechanism (2) is a very slow process. The diffusion coefficient of oxygen in quartz 
relative to the c-axis was determined by  C~ouD~u~u et al. (1965) at  667~ to be 
8 • 10 -14 (A_) and 4 • 10 -12 (II) era2/see, using the nuclear reaction 0 TM (p, ~) N15; 
using D ~ 4 • l0 -12 cm2/see and t ~ 104 years, the average distance travelled by 
the oxygen along the c-axis of quartz would be only 1.6 cm. The distance would 
be much smaller at  temperatures of 500 to 600~ On the other hand, mech- 
anism (1)is a very effective process, because intergranular or surface diffusion 
coefficients are several orders of magnitude larger than lattice diffusion coeffi- 
cients, particularly in the presence of a fluid film; essentially complete isotopic 
exchange in mineral grains is possible within reasonable experimental .times (see 
O ' N ~  and TAYLOr, 1967). 
Another argument  against the effectiveness of simple solid-state diffusion is the 
fact  tha t  the isotopic ffactionations among coexisting minerals apparent ly were 
"frozen in" at  approximately equilibrium values at  temperatures just below the 
max imum contact temperatures.  All the minerals are involved in the exchange, 
suggesting tha t  the mineral assemblages have undergone complete reerystalliza- 
tion during the small-scale exchange, and tha t  only minor adjustments of 01s/O 16 
ratios occurred by  solid diffusion during the further temperature decline. This is 
particularly clear in Sawtooth traverse I, where a very steep isotopic temperature  
gradient is preserved and the isotopic contact temperature  of about  555~ should 
be very close to the max imum temperature  attained at  this contact. 
The oxygen isotopic data in the present s tudy do not seem to allow any transfer 
mechanisms which require abundant  or massive movement  of solution or fluid 
phase across the solidified intrusive contact, because of the two-direction ex- 
change, the existence of steep oxygen isotope gradients (as steep as 3 per rail~ft.), 
and the very narrow zone (less than a few feet) tha t  has taken par t  in the isotopic 
exchange. I t  is more likely tha t  the oxygen isotopes were transferred from the 
intrusive to the country rock, and vice versa, by  diffusion along grain-boundaries 
in the presence of an essentially static interstitial fluid film. 
Oxygen isotopic zoning of mineral grains in the exchanged zones does not exist, 
at  least in so far as the present experimental accuracy is concerned. The steepest 
isotopic gradient observed in the present s tudy is about  0.015 per mil/mm, and 
the largest average grain-size of minerals other than  andalusite is about  2 mm. 
Therefore, in the exchange zone the maximum ~-value difference between two 
adjacent grains of a mineral is not more than 0.03 per rail. 
In  all of the traverses studied except Sawtooth traverse I,  the max imum 6 0  TM- 

lowering in the country rock is greater than  the max imum ~ 01S-enrichment in the 
intrusive in the small-scale isotopic exchange zones (Table 5). This presumably 
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is due to the fact that  such small-scale isotopic exchange would begin to take 
place as soon as the country rock is intruded, but the isotopic gradient on the in- 
trusive side would not be well preserved until after the magma has become 
solidified. However, in traverse I of the Sawtooth stock, where the intrusion forms 
a narrow wedge surrounded by the country rock, the ~ 01S-lowering in the country 
rock is less than the ~ 01S-increase of the intrusive, in keeping with the undoubtedly 
more rapid crystallization of the trondhjemite near this contact. I t  is also noted 
that  the ratio (~O~S-lowering/(~OlS-increase is slightly greater in quartz than in 
biotite for all the traverses studied in this research. 
Large-Scale Oxygen Isotopic Exchange in the Igneous t~oclcs. Large-scale oxygen 
isotopic exchange effects are here defined as those observed over a scale of hun- 
dreds of feet or more. Unlike the small-scale exchange discussed above, except 
for two examples discussed below, these effects are confined to the igneous rocks. 

Table 5. Comparison o/ maximum ~ 018-1owering in the country rock vs. ~ 01s-increase in the 
intrusive/or various smaILscale isotopic exchange zones 

T r a v e r s e  M i n e r a l  OlS-]owering (~ OlS-increase Ratio of 
(country rock) (intrusive) ~ 01S-lowering to 
(per rail) (per rail) ~ 01S-increase 

Sawtooth I Quartz 3.2 4.3 0.7 
Biotite 2.0 4.5 0.4 

Sawtooth II Quartz 3.2 0.8 4.0 
Biotite 3.8 1.2 3.2 

Santa l~osa Quartz 3.4 1.5 2.3 
Biotite 3.2 1.8 1.9 

Birch Creeka Quartz 6.0 1.2 5.0 
Biotite 4.9 1.3 3.8 

Caribou and Eldora Quartz 2.7 0.2 13.0 
Biotite 2.5 0.9 2.8 
Magnetite 2.6 0.2 13.0 

a Sn~E~ and TAYLO~ (1969). 

They have been observed in the marginal portions of the Santa Rosa, Flynn, 
Sawtooth, and Birch Creek pintons as much as 300 to 500 feet inward from the 
contact. A small igneous plug (300 • 600 feet) intruded into the outer aureole of 
the Santa Rosa stock shows even more marked effects than the examples men- 
tioned above. 
The evidence for such large-scale isotopic exchange is the "abnormally" high 
01s/o 1~ ratios of minerals in the marginal portions of the intrusives compared to 
those obtained from the central portion of the Santa Rosa stock and from the 
"normal" plutonie granitic rocks reported by TAYLO~ and E P s ~  (1962), as 
shown in Tuble 6. I t  is not known us yet exactly how far these isotopic effects 
extend inward into the intrusions; further sampling is required. 
I t  seems certain that  the "abnormally" high 01s/016 ratios of the marginal parts 
of these intrusions are the result of contamination of an originally "normal" 
igneous granitic rock (mostly in a molten state) with 01S-rich material. The only 
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logical source of such 01S-rich material  is the metasedimentary country rock tha t  
has been intruded. A "normal"  igneous rock (or magma) can be isotopically 
contaminated by  the country rock in the following ways:  (1) simple melting or 
assimilation of stoped blocks, (2) exchange with xenoliths enclosed in the magma,  
(3) exchange with country rock by  means of aqueous fluids, and (4) absorption of 
water from the country rock. Mechanism (4) is actually a variant  of (3), except 
tha t  the aqueous fluids are permanent ly  incorporated into the intrusive instead 
of merely moving through the magma or the hot, solidified stock, and exchanging 
oxygen with it. 
Simple melting or asslmi]ation of country rock can be important  if the magma 
is intruded at  high temperatures.  There is geologic evidence tha t  many  of the 
stocks in the Santa l~osa Range are dominantly crosscutting (and stoped) bodies 
(Co~TO~, 1960, p. 1397). Some assimilation of the country rock by  the magma 
almost certainly occurred a t  the t ime of intrusion. However, the compositional 
pa t tern  of the Santa Rosa stock does not support  the idea of simple assimilation 

Table 6. Comparison o] 01s/O 16 ratios o/ quartz and biotite/tom marginal portions o] various 
intrusions with those ]rom the central portion of Santa Rosa stock and/rom 

"normal" plutonic granitic rocks 

Plu~mn ($ quartz ~ biotite 
(per rail) (per mfl) 

Central zones of plutons 
"I~ormal" plutonic granitic rocks (TA:zLO~ and 

EPsTeIN, 1962) 
Central portion of Santa Rosa stock 

Marginal zones of plutons 
Sawtooth stock 11.5 • 0.1 

fNorth 13.5 • 0.8 
Flynn stock [South 10.6 • 0.1 
Santa l%osa stock 13.1 
Small intrusive plug 14.0 
Birch Creek plutonc 12.3 • 0.6 
Eldora and Caribou stocks 9.9 • 0.0 

9.9• a (6) b 5.0:~0.4 (5) 

9.5• (2) 4.5~=0.1 (2) 

(4) 5.4• (4) 
(2) 7.8• (2) 
(2) 4.s• (2) 
(1) 6.8 (1) 
(1) 8.1 (1) 
(4) 6.0• (2) 
(2) 4.8• (3) 

a The uncertainty shown is average deviation from the mean. 
b I~umbers in parentheses represent number of samples. 
c S~XEH and TA:ZLO~ (1969). 

of appreciable quantities of country rock at  the present level of exposure (CoMP- 
a c t ,  1960, p. 1401). A material-balance calculation from the oxygen isotopic 
data shows tha t  sample SRO-29F, collected 150 feet inward from the Santa Rosa 
stock contact, requires tha t  30 a tom per cent of its oxygen be derived from the 
country rock if simple assimilation is the only mechanism. Such large amounts 
of assimilated metasediments would certainly be reflected in the chemical com- 
position of the marginal zone of the intrusion. 
Mechanism (2) should be very effective for large-scale oxygen isotopic exchange. 
A xenolith immersed in the magma may  undergo isotopic exchange to such an 
extent  tha t  the 01s/O 16 ratios of minerals in the xenolith become essentially iden- 
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tical to the ratios in the intrusive without melting the xenolith. An example of 
such an exchange mechanism has been observed in a schist xenolith in the Birch 
Creek phiton. 
01S-enrichment of a magma can also be the result of isotopic exchange with 
country rock by  means of aqueous fluids (i.e., mechanism 3). This can occur by 
diffusion of H20 through the silicate melt, or if the magma is saturated with H~O, 
by  bubbles of It~O rising through the melt. Diffusion is much more rapid in a 
liquid than in a solid and transfer will also be enhanced by convective mixing. 
Two examples may  possibly serve to illustrate this effect. Sample SRO-D is a 
pegmati te  dike 3 inches thick crosscutting schist of the Sawtooth aureole. The 
pegmati te  consists of a pure quartz core about 0.5 inch thick bordered on both 
sides by  very coarse-grained K-feldspar, muscovite and minor quartz. The ~ 0 TM- 

values are: quartz (core) 18.3, quartz (border) 17.8, K-feldspar 12.4 and musco- 
vite 15.7 per mil. As discussed above, the 01s/O 16 ratios of the quartz and musco- 
vite in this pegmatite are almost identical to those of the corresponding minerals 
in the schist. This cannot be the result of simple small-scale isotopic exchange 
with the schist after solidification of the pegmatite, because the quartz in the core 
is even more 01S-rich than in the border zone and the quartz and muscovite are 
both extremely coarse-grained. In  addition, the same effects observed in the 
pegmatite can also be seen in a 0.5 inch thick aplite dike crosscutting SRO-19B 
(schist). The aplite is fine-grained (0.3 mm) and is composed of quartz (~ ~ 17.4), 
feldspar, and muscovite (~ ----- 16.1). The quartz in the aplite is 1.3 per mil lower in 

0 ~s than the quartz in the adjoining schist. However, inasmuch as the muscovite 
in the aplite is 0.8 per rail higher in ~0  ~s than the muscovite in the schist, this 
calmot have been the result of simple isotopic exchange in the crystalline state. 
I t  is very likely tha t  the aplite and pegmatite were derived from the Sawtooth 
stock, indicating tha t  they have both been enriched in O ~s by  at least 6 per nail. 
The fact tha t  similar effects are observed in two granitic dikes with such vast ly  
different grain sizes and textures suggests tha t  isotopic exchange in both occurred 
a t  least partially with liquid magma. 
For purposes of calculation, let us assume tha t  mechanism (3) is entirely respon- 
sible for the exchange effects observed in the Santa Rosa stock and small plug. 
I f  we assume tha t  dn,o = 14.0 in the country rock, then a simple material-balance 
calculation indicates that ,  respectively, about 35 and 50 weight percent tt~O must  
move through the marginal zone of the stock and small plug. This is based on an 
assumed temperature of 800~ in the intrusive and utilization of the data of 
O'NEIL and TAYLOI~ (1967) in conjunction with tha t  in Table 6. 
Mechanism (4), the absorption of water from the metasedimentary rocks into 
the magma, can be significant if the magma is relatively "dry"  (i.e., if it is strongly 
undersaturated in H20 ). There is geologic evidence tha t  the Santa Rosa and 
Flynn stocks were "drier" than the Sawtooth stock when emplaced (Co~IPToN, 
1960, p. 1408); a much larger quanti ty of water might migrate from the country 
rocks into the "d ry"  stocks than into the "wet"  stock. This is apparent ly borne 
out by  the oxygen isotopic data, because the marginal portions of the Santa Rosa 
stock, the north side of the Flynn stock, and the whole portion of the small plug 
in the Santa Rosa aureole show the greatest 01S-enrichment. As the Sawtooth 
stock was presumably much more nearly saturated in I-I20 , there would have 
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been less tendency for influx of H20 from the country rocks, and the Sawtooth 
stock does indeed show significantly less marginal isotopic contamination. In 
the Eldora and Caribou stocks the country rocks were regionally metamorphosed 
to a very high grade prior to the intrusion of the stocks; one would not expect 
any appreciable influx of water from such "dry"  country rocks, and the marginal 
intrusive samples in fact show no signs of oxygen isotopic contamination 
(Table 6). 
In summary, each of the four mechanisms discussed above is probably involved 
in the 01S-enrichment of the minor intrusions and the marginal portions of the 
larger igneous bodies. The relative importance of each mechanism will depend 
largely upon the physical conditions of emplacement of the plutons. I t  should be 
pointed out that  very significant oxygen isotopic effects have occurred with little 
or no evidence of bulk chemical changes in the rocks. In  most of the stocks 
examined, xenoliths are very rare, and mechanisms (3) and (4) may be pre- 
dominant. In the Birch Creek pluton, however, xenoliths are abundant near the 
contact and they have undergone extensive isotopic exchange, suggesting that  
mechanism (2) perhaps prevails at  this locality (SHIV.~ and TAYLOr, 1969). 
Large-Scale Isotopic Exchange in Xenolith and Re-entrant. The only places where 
large-scale oxygen isotopic exchange effects were found in metasedimentary 
rocks are in the Birch Creek xenolith and in the Sawtooth re-entrant. SHI]~ and 
TAYLOR (1969) analyzed two samples collected from the center and the margin 
of a schist xenolith having an exposed area 10 • 50 feet in Birch Creek. The 
01s/O 16 ratios of minerals in these two samples are essentially identical to those 
of the same minerals in the adjacent granite (Table 3). If we assume that  the 
xenolith originally had 01s/O 16 ratios similar to the schist outside the pluton, then 
a lowering of ~-values by about 6 per mfl is indicated; the size of the oxygen 
isotopic equilibrium system in the xenolith is at least 10 feet (the width of the 
xenolith). This is more than 30 times larger than at  the main contact. 
In the re-entrant of Sawtooth traverse I I  where an embayment of country rock 
projects into the intrusive, the 0~s/016 ratios of quartz in two schist samples col- 
lected 5 and 85 feet away from the contact show a uniform lowering of about 
3 per mil in comparison with 01s/016 ratios for samples outside the re-entrant. 
This cannot be due to the same mechanism responsible for small-scale isotopic 
exchange discussed earlier because a further abrupt lowering of 0~s/016 ratios, 
which is characteristic of the small-scale exchange, occurs within 1 foot of the 
contact. 
I t  is likely that  the samples collected from the xenolith and the re-entrant were 
maintained at  high temperatures for very long periods of time. Both heat flow 
considerations (JAwG]~, 1961) and oxygen isotopic data (smaller fraetionations 
among coexisting minerals) support this view. Although diffusion would be faster 
in such an environment than at the main contact because of the higher tempera- 
tures involved, the widths of the isotopically exchanged zones would not be 
expected to be so vastly different. Therefore, a much more effective method of 
material transport  seems to be required to explain the large-scale exchange in the 
xenolith and re-entrant. In  this connection, it  may be significant tha t  the Saw- 
tooth and Birch Creek plutons appear to have been more H~O-rich than the other 
intrusions studied in this work. I t  is logical to infer tha t  a hot, low-density, 
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aqueous fluid would tend to move upward in a gravitational field even if it were 
present only as a fluid film in the pore spaces of rocks. Therefore, one can expect 
much larger-scale effects in country rocks that  are underlain by or surrounded by 
an intrusive igneous rock that  is a source of volatfles. The only two examples of 
such geometry in the present study or that  of S~rs~ and TAYLo~ (1969) are the 
xenolith and re-entrant. For all other cases, the intrusive-country rock contact 
is essentially vertical, and upward-moving volatfles would produce little isotopic 
exchange between the intrusive and country rock. Thus, whereas horizontal 
outward movement of H~O from the magma is negligible, upward transport 
may be quite important. 

Isotopic Fraetionations in Dehydration Reactions 

The effect of dehydration reactions upon the oxygen isotopic compositions of the 
pelitlc rocks can be studied by examining the variations of the oxygen isotopes 
across the metamorphic zones. The best sets of samples on which to study such 
isotopic effects are those from the Santa Rosa Range. The 01s/o 16 ratios, either 
of whole rock or of individual minerals, do not show any noticeable change across 
the metamorphic zones in any of the traverses studied. Three explanations are 
possible : (I) No significant fractionations of oxygen isotopes between water and 
pelitie rock accompany dehydration reactions. (2) Oxygen isotopic fractionations 
occur during dehydration reactions but the amount of water escaping from the 
system is negligible compared with the total oxygen in the rock. (3)Isotopic 
fractionations occurred, but later isotopic homogenization has swept out all the 
isotopic inequalities. This last possibility is rejected because of the demonstrably 
small size of the country-rock systems that  have undergone homogenization of 
oxygen isotopes. 
Possibility (1) can be evaluated in terms of experimental data. The oxygen 
isotopic compositions of pelitie rocks and the coexisting waters in equilibrium 
with various mineral assemblages are given in Tables 1 and 3. I t  is noted that  

rock and ~II20 are similar, particularly for samples close to the contact. The 
few samples collected from the main parts of the contact aureoles show ~ rock 
higher than ~H~O by about 2 to 4 per mil. Therefore, if the dehydrated water is 
equilibrated with the rock before escaping, the dehydration process will either 
produce no effect, or at  most will increase the ~ rock by only 0.1 to 0.2 per mil 
(see below). There is a faint suggestion in the isotopic data that  rocks in the 
aureole are perhaps slightly richer in 0 is than their unmetamorphosed equivalents 
(see Fig. 7). 
Possibility (2) can be evaluated by calculating the proportion of oxygen liberated 
during the dehydration reactions. COM~TO~ (1960, p. 1408) has derived the fol- 
lowing balanced dehydration reactions in which the actual stoiehiometric amounts 
of reactants and products are taken into account: 

1.1 chlorite + 1 muscovite ~ 1 biotite ~- 1.5 andalusite Jr 0.25 staurolite 
~- 1.2 quartz -~ 4.1 t t20 .  (1) 

1.4 chlorite ~- 1 muscovite ~- 1.3 quartz = 1 biotite ~- 1 cordierite 
-~ 1 andalusite ~- 5.6 H20.  (2) 

1 chlorite -~ 1 muscovite ---- 1 biotite -~ 2.5 andalusite ~- I quartz -~ 4 H~O (3) 
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From the above dehydration reactions, it is calculated tha t  the a tom percent of 
oxygen liberated as dehydrated water relative to the total  oxygen in the reacting 
minerals is 12.9%, 14.1%, and 13.3%, respectively, for these three reactions. 
Inasmuch as the rocks are composed of other non-hydrous constituents as well, 
any kinetic fractionation during dehydra t ion  would have to significantly exceed 
10 per mil in order to produce as much as a 1 per rail change in the country rock; 
in actual fact, the aureoles appear to have lost 2 to 3 weight per cent H20 during 
dehydration (CoMr~o~r 1960, p. 1403). Thus, both the actual oxygen isotopic 
data  and material-balance considerations indicate tha t  dehydration reactions 
would not produce any appreciable oxygen isotopic changes during contact 
metamorphism. 
The D/I-I ratios of the pelitic rocks also do not show any obvious change across 
the contact metamorphic zones. Therefore, no significant fractionations of hydro- 
gen isotopes accompany contact metamorphic dehydration reactions, either. 

Source and Movement o/ Water During Contact Metamorphism 
Water  in contact metamorphism can be derived either from the country rock or 
from the intrusive. Water  in the country rock probably comes mainly from meta- 
morphic dehydration reactions, but  meteoric water  may  also be present in the 
pore spaces and fissures of the country rock. The amount  of water  in the magma 
depends in par t  upon the solubility of water  in the magma.  Inasmuch as the sol- 
ubility of water  in a silicate melt  is strongly pressure-dependent, an ascending 
magma may  separate an aqueous phase during its course of intrusion. The total  
pressure on the stocks in the Santa Rosa Range during their intrusion is estima- 
ted to be about  1 to 2 Kb ;  a granitic melt  under such conditions could contain 
at  most  about  5.5 weight percent H20 (BurnHAM, 1967). 
In  textbooks of petrology, it  is generally conceded without much justification 
tha t  "near  granite contacts a permeable rock undergoing metamorphism m a y  be 
continuously flushed with outward-flowing water"  ( T u ~ R ,  1968, p. 244). 
Similar statements emphasizing the idea of outward movement  of water through 
contact metamorphic aureoles from granitic intrusions can be found in H 2 m K ~  
(1939, p. 23), BA~T~ (1962, p. 262), and T u ~ E I ~  and V ~ H O O G ~  (1960, p. 658). 
The oxygen isotopic data  are pert inent to the questions as to the source and 
movement  of water during contact metamorphism, because the water equilibrated 
with the magma can definitely be distinguished from tha t  equilibrated with the 
sediments or low-grade metamorphic  rocks. 
From Table 3, i t  is seen tha t  the calculated 01s/O 16 ratios of waters are about  
5 to 7 per rail higher in the metamorphic rocks than in the intrusives. Also note 
tha t  the 01s/O16 ratios of waters are rather  uniform within the intrusive or within 
the country rocks in an individual contact zone, and tha t  intermediate OlS/01~ 
ratios are obtained only right at  the contacts. Inasmuch as the exchanged zone 
in the country rock at  these contacts is less than  a few feet wide, horizontal 
outward movement  of large quantities of HuO across the contact during the 
crystallization of the magma is ruled out. The idea tha t  a large amount  of H20 
is expelled outward through the entire contact aureole from the granitic intrusions, 
or tha t  H~O acts as a significant outward heat  carrier, is not compatible with the 
isotopic data presented here. 
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The oxygen isotopic data, however, are compatible with the concept tha t  upward 
movement  of 1=[20 is probably far more important  and operative at  a much larger 
scale than the horizontal outward movement  of H20 from the magma. The large- 
scale isotopic exchange observed in the xenolith and in the re-entrant was cited 
earlier as possible evidence of appreciable upward movement  of 1=[20. Also, massive 
upward movement  of volatfles could occur within the contact aureole, and no 
isotopic trace of such a phenomenon would remain, because such H20 would be 
isotopically similar to the country rock. From chemical analyses of the metasedi- 
mentary  rocks in the Santa Rosa Range, Co~IPTo~ (]960) concludes tha t  2 to 
3 weight percent H20 was driven out of the contact aureoles during prograde 
metamorphism. The volume of rock in each contact aureole is 1.5 to 2 times tha t  
of the adjoining intrusive. Therefore, even if the magmas were nearly saturated 
with 1H~O (and the Sawtooth stock is the only body for which this is even a 
possibility), at  least as much It~O is liberated from the country rocks as from the 
intrusion. In  such a situation there is probably little or no tendency for H20 to 
move either outward or inward across the intrusive contacts, because 1H~O is 
being simultaneously released by  igneous crystallization as well as contact meta-  
morphism. 
I f  a "d ry"  magma is emplaced into relatively "wet"  sediments or metasedi- 
mentary  rocks, however, considerable migration of IH~O from the country rocks 
into the stock certainly should occur. I t  was pointed out above tha t  the ab- 
normally high 01s/O 16 ratios of the marginal portions of the Santa Rosa and Flynn 
stocks may  in large par t  be due to such an effect. Note tha t  COMPTOl~ (1960, 
p. 1408) recognized this possibility, even though emphasizing the importance of 
igneous H~O in the contact aureoles. I t  is therefore likely tha t  "wet"  intrusions 
such as the Sawtooth stock display evidence of higher P ~ o  in their contact 
aureoles, not necessarily because of massive outward movement  of H20 , but  
because there is much less inward movement  of dehydration 1=[~0 and hence less 
"dcssication" of the country rocks. 
The rough correlation between the D/H ratios of biotite and those of local surface 
waters (see below) may  possibly be interpreted to mean that,  in addition to the 
dehydration H20, some meteoric ground water was incorporated into the shallow 
intrusions studied in the present research. TAYLOl~ (1968b) has shown on the 
basis of 01s/o 16 data tha t  much larger quantities of ground water have been in- 
corporated into certain other shallow plutons such as the Mull, Skye, Ardnamur- 
chan, and Skaergaard intrusions. Except  perhaps for the SRO-D pegmatite feld- 
spar and the magnetites of the Sawtooth contact zone, no oxygen isotopic evi- 
dence for meteoric water has been found in the present study. However, much 
smaller quantities of meteoric water are sufficient to produce a change in the 
D/H ratio of a rock than to change its 01s/O 16 ratio. 

Comparison o] Isotopic Relationships in Contact and Regional Metamorphic Rocks 
One of the major problems in metamorphic petrology is whether truly magmatie  
or "juvenile" H20 plays an important  role during metamorphism. Oxygen iso- 
topic analysis of metamorphic rocks may  help to unravel the problem. I f  the 
metasedimentary rocks have undergone isotopic exchange with significant quan- 
tities of pore-fluids in communication with or derived from plutonie igneous rocks 
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during metamorphism, one should expect a decrease in 01s/O 16 ratios with in- 
creasing metamorphic grade. I f  metamorphism only involves simple loss of water  
through dehydration reactions, then the O~s/o ~s ratios of metasedimentary rocks 
should remain essentially constant during progressive metamorphism. 
Fig. 24 shows a plot of the O~s/o ~G ratios of pelitic rocks from different meta- 
morphic grades and zones of regional and contact metamorphism. The 01s/O 16 
ratios from regional metamorphic  rocks were taken or calculated from data of 
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Fig. 24. 01s/o 1~ ratios of pelitic rocks 
plotted against metamorphic grade 
for both regional and contact meta- 
morphism. Data are from the present 
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GAI~LICK and EPSTEIN (1967), CLAYTON and MAYEDA (1963), and TAYLOIr (1968a). 
A few garnet-grade pelitic schists from southeastern Vermont were excluded 
because of the abnormally low 01s/o 16 ratios observed in tha t  region. The O18/016 
ratios of shale were taken from TAYLO~ and EPSTEIN (1964) and SAvIN (1967). 
For contact metamorphic rocks, only the pelitic rocks from the Santa Rosa 
Range and from Birch Creek (SHn~H and TAYLOr, 1969) were plotted in the figure 
because these are the only samples studied for which distinct metamorphic zones 
are recognizable. 
I t  is rather  striking from Fig. 24 tha t  in r e , a n a l  metamorphic rocks, the Ols/O 16 
ratios of pelitic rocks tend to decrease with increasing metamorphic grade. In  
contact metamorphic rocks, the 01s/o 16 ratios remain exceedingly constant 
throughout the entire contact aureole except for samples from the very narrow 
exchanged zones, the re-entrant,  and the xenolith, where the 01s/o 1~ ratios are 
considerably lower. Except  for the lat ter  samples, i t  is also noted tha t  the 018/0 is 
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ratios of pelitic rocks in the contact metamorphic aureoles are within the range 
shown by shales and chlorite-grade regional metamorphic rocks. The 01s/0x6 ratios 
of samples from the xenolith, the re-entrant, and the exchanged zones lie in about 
the same range as those in the higher-grade regional metamorphic rocks; all these 
samples must have exchanged with a large external reservoir of low-O is oxygen 
during metamorphism. In  the case of the contact metamorphic samples this 
reservoir is obviously the immediately adjacent igneous intrusions (and the 
aqueous fluids derived therefrom). For the regional metamorphic rocks, there are 
commonly no directly associated igneous rocks that  one can appeal to as a 
plausible low-O is reservoir. Therefore, we must postulate exchange with relatively 
large quantities of metamorphic pore fluids (H20-rich ?) that  are ultimately derived 
from deep-seated plutouic igneous bodies of some type. This is somewhat of a 
paradox, in that  the high-grade metamorphic rocks that  apparently exhibit the 
most extensive oxygen isotope exchange with igneous rocks or fluids are those 
that  are least directly associated with intrusive igneous bodies. The explanation 
of this phenomenon probably lies in (1) the enormously greater time interval 
involved in regional metamorphism, during which much larger quantities of 
1-I20 could move through the rocks; (2) the intense structural deformation during 
regional metamorphism compared with the essentially static geometrical rela- 
tionships between intrusive and country rock during contact metamorphism; and 
(3) the observation that  most belts of regional metamorphism are in fact broadly 
associated in space and time with plutonic igneous activity. 
The range of D/H ratios for samples from the contact metamorphic areas are 
compared with data from regional metamorphic and plutonic igneous rocks in 
Fig. 25. The minerals in contact metamorphic rocks and their associated plutons 
in general tend to have lower D/H ratios than regional metamorphic rocks. The 
D/H ratios in the country rocks surrounding the Sawtooth, Flynn, Birch Creek, 
and Eldora plutons are almost indistinguishable from the D/H ratios in the in- 
trusives. This implies that  there was some type of communication of II20 (or H2, 
which is even more mobile) between the aureole and the intrusive. 
In the contact metamorphic rocks and associated plutons, there is a rough cor- 
relation between D/H ratios and geographic locations of samples, as the Rocky 
Mountain samples (e.g., the Eldora stock in Colorado) tend to be low in deuterium. 
FI~IEI)~IAI~ et al. (1964b) showed that  the D/H ratios of continental surface waters 
tend to decrease with an increase in the latitude and altitude of the ground 
surface; the Rocky Mountain surface waters are most depleted in deuterium, the 
Basin and Range waters next, and the Cahfornia waters least depleted, of the 
three general areas studied in the present work. Geographically these areas cor- 
respond, respectively, to the Eldora, Santa Rosa, and Birch Creek localitites; it 
is therefore conceivable that  the rough correlation between the D/H ratios in 
these contact metamorphic minerals and the nearby surface waters may be a 
result of exchange with local meteoric ground waters during the early Tertiary 
contact metamorphism. 
We may note that  if ~ D biotite is plotted against zl D muscovite-biotite for the 
Sawtooth traverse (see data in Fig. 5) a very systematic correlation is observed. 
Inasmuch as ~D muscovite is fairly uniform, the variation in zJD muscovite- 
biotite (one of which, A = 53, is the largest fractionation yet  observed for this 
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mineral pair) is almost wholly due to variation in ~D biotite. I t  is possible tha t  
the D/H ratios of some of the biotites were lowered by exchange with light mete- 
oric pore fluids during the retrograde temperature decline following contact 
metamorphism; biotite would become unstable before muscovite during such a 
temperature decline, and thus might be more susceptible to isotopic exchange. 
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Fig. 25. Comparison of D/H ratios of minerals from contact metamorphic aureoles and their 
associated intrusions with D/H ratios of minerals from regional metamorphic and platonic 
igneous rocks 

The feasibility of the above explanations is enhanced by the observation of 
TAYLO~ (1968b) tha t  several shallow intrusions in the Scottish Hebrides have 
interacted with meteoric ground waters on a far larger scale than those studied 
here. Also, from isotopic analyses of hydrated volcanic glass, TAYLo~ (1968b) 
and F~rED~AN and SMITE (1958) have shown that  even as far back as the early 
Tertiary, meteoric water isotopic patterns in the western U.S.A. were similar 
to those prevailing today. 

Summary and Conclusions 

1. The consistent order of 018/016 and D/H enrichment among the coexisting 
minerals of contact metamorphic rocks is similar to relationships previously ob- 
served in regional metamorphic and igneous rocks; this strongly suggests tha t  
mineral assemblages in general tend to approach isotopic equilibrium during 
contact metamorphism. Samples at the intrusive-country rock contacts are clearly 
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demonstrated to contain mineral assemblages formed in oxygen isotope equi- 
librium, because identical 01s/O 16 ratios of a particular mineral were attained by  
approaching isotopic equilibrium from opposite directions. 
2. A correlation between oxygen isotopic fractionations and sample distance from 
contact is observed in certain instances; the best traverses in this respect are: 
Birch Creek, where a regular decrease of quartz-biotite fraetionations (from 6.8 
to 5.9) is observed in 7 samples collected from 1300 to 0.25 feet of the contact;  
and Sawtooth traverse I,  where a regular decrease in quartz-muscovite fractiona- 
tions (from 3.7 to 2.9) and quartz-biotite fractionations (from 7.2 to 6.2) is ob- 
served in 3 apparent  equilibrium assemblages collected from 50 to 0.08 feet of 
the contact. 
3. Small-scale oxygen isotope exchange effects between igneous intrusions and 
adjacent country rocks are observed within 0.5 to 3 feet of the intrusive contacts. 
The existence of a steep isotopic gradient (about 3 per mil per foot) in the ex- 
changed zones, on both the intrusive side and the country rock side of the contact, 
suggests tha t  the small-scale isotopic exchange occured essentially in the solid 
state by  a diffusion-controlled recrystallization process. This presumably took 
place by  grain-boundary diffusion in a static interstitial fluid film. At the con- 
tacts we typically observe a lowering of the country rock 01s/O is ratios by  about 
3 to 4 per rail and an increase in the intrusive 01s/O 16 ratios by about  1 to 
2 per mil. 
4. The size of the oxygen isotope equilibrium system in the small-scale exchanged 
zones is very small; it ranges from about 1.5 to 30 cm. The size of such an equi- 
librinm system shows a good correlation with the presumed physical conditions 
at  each contact during magmatic intrusion. The larger-size systems are associated 
with higher temperatures,  larger intrusions, longer times of heating, and greater 
availability of aqueous fluids. 
5. Based on oxygen isotope fractionation calibration curves, the contact tem- 
peratures are estimated to be 555~ at the Sawtooth stock, 525~ at  the Santa 
Rosa stock, 540~ at  the Birch Creek pluton, and 625~ at the Caribou stock. 
The isotopic contact temperatures agree reasonably well with temperatures esti- 
mated  from heat flow calculations and from mineral parageneses, except tha t  the 
Santa Rosa value is too low, suggesting either lack of equilibrium or tha t  retro- 
grade isotopic exchange has been important  at this locality. Deuteric or retro- 
grade exchange has also been important  in the marginal zones of all the intrusives, 
where isotopic temperatures of 525 to 600~ are typically observed. 
6. The apparent ly low isotopic country rock temperatures in the Santa Rosa and 
Sawtooth I traverses are compatible with a heat flow model (E) based on their 
occurrence at  the tips of tongue-like wedges of the intrusives tha t  project out- 
ward into the country rock. The isotopic temperatures obtained from samples 
in a xenolith and in a re-entrant of country rock that  projects inward into an 
intrusion are higher than those obtained on samples collected in the vicinity of 
planar contacts; this also agrees with heat  flow considerations. 
7. Samples from t iny intrusive bodies and dikes and from the marginal portions 
of most  of the larger plutons have unusually high Ols/O 16 ratios relative to "nor- 
mal"  igneous rocks from the central portions of plutons. This is interpreted to be 
the result of large-scale oxygen isotopic exchange between essentially molten 
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igneous rock and metasedimentary country rock, either through a medium of 
aqueous fluids or by contamination with xenolithic blocks of country rock. Direct 
influx and absorption of water from the country rock may also be significant in 
certain intrusive stocks that  are initially undersaturated with respect to H20. 
The D/H ratios of biotites from a given intrusion and its associated contact 
metamorphic aureole are essentially identical, implying communication of H20 
(or It2) between the aureole and its intrusion. 
8. The fact that  only a very narrow zone of country rock has undergone isotopic 
exchange with the intrusive implies that  horizontal outward movement of water 
into the contact metamorphic aureole is almost negligible during crystallization 
of the granitic magmas studied in this research. This indicates that  most of the 
H20 involved in contact metamorphism is derived from the country rocks 
themselves rather than from the intrusive. 
9. The oxygen isotope exchange effects in a xenolith and in a re-entrant were found 
to be much more extensive than the exchange effects observed at main intrusive- 
country rock contacts, indicating that  large-scale isotopic homogenization can 
occur in such instances, perhaps through upward transfer of H20-rieh volatile 
fluids. 
10. The O~s/O ~ ratios of pelitic rocks throughout all the contact metamorphic 
aureoles, except for the re-entrant, xenolith, and small-scale exchanged zones, 
are identical to the 01s/O TM ratios of their unmetamorphosed parent rocks and 
similar to the range of  01s/o 16 observed in shales and chlorite-grade regional 
metamorphic rocks. This is in contrast to the behavior of pelitie rocks in regional 
metamorphism, in which a decrease of 01s/o ~s ratios commonly accompanies in- 
creasing metamorphic grade. Deep-seated regional metamorphism therefore usu- 
ally involves exchange with an external oxygen reservoir (see TAYLOl~ and EP- 
sTEIn, 1962 ; TAYLOt~ et al., 1963 ; and ErSTEII~ and T~u 1967), whereas con- 
tact  metamorphism generally does not. 
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