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diffusion would be faster in such an environment than at the main contact because
of the higher temperatures involved, the widths of the isotopically exchanged
zones would not be expected to be vastly different. Therefore, a much more
effective method of material fransport seems to be required to explain the
large-scale exchange in the xenolith and re-entrant. In this connection, it
may be significant that the Sawtooth and Birch Creek plutons appear to have
been relatively "wet" compared with the other intrusions studied in this work.

It is logical to infer that a low-density 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 volatiles. The only two examples of such geometry that were studied
in the present research are the xenolith and re-entrant; for all other cases,

the intrusive-country rock contact is essentially vertical, and upward-moving
volatiles would produce no isotopic exchange between the infrusive and

country rock. Thus, whereas horizontal outward movement of H,O from the
magma is negligible ( see section 6.6 ), upward transport may be very important.
In certain cases, it is even possible that H,O has migrated into the intrusive,

exchanged oxygen with it, and then moved upward out of the magma system.

6.5 lsotopic fractionations in dehydration reactions

The effect of dehydration reactions upon the oxygen isotopic com-
positions of the pelitic rocks can be studied by examining the variations of the

oxygen isotopes across the metamorphic zones. The best sets of samples on
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which fo study such isofopic effects are those from the Santa Rosa Range. The
C)IS/O.lé ratios, either of whole rock or of individual minerals, do not show any
noticeable change across the metamorphic zones in any of the fraverses studied.
Three explanations are possible: (1) Fractionations of oxygen isotopes between
water and pelitic rock do not accompany dehydration reactions. (2 ) Oxygen
isotopic fractionations occur during dehydratfion reactions but the amount of water
escaping from the system is negligible compared with the total oxygen in the rock.
(3) lsotopic fractionations occurred, but later isotopic homogenization has swept
out all the isotopic inequalities.

The last possibility is unlikely because of the small size of the country
rocks that have undergone homogenization of oxygen isotfopes (see section 6.4-B).

Possibility (1) can be evaluated in terms of experimental data. Table
18 shows the oxygen isotopic compositions of pelitic rocks and coexisting waters in
equilibrium with the mineral assembloges; the latter have been calculated for both
the isotopic temperatures and heat flow temperatures, utilizing the muscovite-water
calibration curve. We see that & rock and § HZO 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
6 rock by only 0.2 to 0.4 per mil (see below ). There is a faint suggestion in the
isotopic data that rocks in the aureole are slightly richer in 018 than their unmeta-
morphosed equivalents ( see Figure 11 ).

Possibility (2 ) can be evaluated by calculating the proportion of oxygen
liberated during the dehydration reactions. Compton ( 1960, p. 1408) has derived the

following balanced dehydration reactions in which the actual stoichiometric amounts
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TABLE 18

018/016 ratios of pelitic rocks and coexisting waters in equilibrium with the

mineral assemblages

Distance from

8 H,O (based

8 H2O (based

Sample No. contact, feet  §rock on isotopic temp.) on heat flow temp.)
Sawtooth aurecle
SRO-22D 0.17 10.2 9.7 2.5
SRO-22C 5 14,3 13.7 12.5
SRO-22A 85 13:9 15.7 12.5
SRO-158 0.08 13.5 13.5 13.5
SRO-198 1 15.9 14.4 14.9 (460°C) *
SRO-19C 50 16.6 14.5 15.2 (455°C) *
SRO-19D 600 16.8 16.9 14.0
Santa Rosa aureole
SRO-29A 0.08 11.8 11.5 13.3
SRO-29D 2 14.0 13.4 15.6
Flynn aureole
SRO-37 45 15.5 15.6 5.7
SRO-46 3200 15.5 - 9.7
Birch Creek aureole
BC-27All 0.25 .3 11.4 11.4
BC-27B 2 16.0 15.6 16.8
BC-28C 6 16.4 16.3 16.6
BC-28E 13 16.4 16.0 16.4
BC-7 70 17.4 16.8 17.1
BC-16 1300 13.3 12.3 -
BC-15 2000 12.4 11.9 -
BC-14 2100 12.4 12.1 -

*. Based on heat flow model F
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of reactants and products are taken into account:

(1) 1.1 chlorite +1 muscovite = 1 biotite + 1.5 andalusite + 0.25 staurolite

+1.2 quartz + 4.1 H20

(2) 1.4 chlorite + 1 muscovite + 1.3 quartz = 1 biotite + 1 cordierite -

*1 andalusite + 5.6 H,0
(3) 1 chlorite + 1 muscovite = 1 biotite + 2.5 andalusite + 1 quartz + 4 HZO
From the above dehydration reactions, it is calculated that the percent of
oxygen liberated as dehydrated water relative to the total oxygen in the rock
is 9.3%, 10.8%, and 9.5%, respectively, for these three reactions. Therefore,
any kinetic fractionation during dehydration would have to exceed 10 per mil
in order to produce as much as a 1 per mil change in the country rock.

In summary, both the actual oxygen isotopic data and material-
balance considerations indicate that dehydration reactions would not produce
any significant oxygen isotopic changes during contact metamorphism.

The D/H ratios of the pelitic rocks also do not show any obvious
change across the contact metamorphic zones. Fractionations of hydrogen isotopes

probably do not accompany dehydration reactions.

6.6 Source and movement of water during contact metamorphism

Water in contact metamorphism can be derived either from the country
rock or from the infrusive. Water in the country rock probably comes mainly
from metamorphic dehydration reactions, but meteoric water may also be
present in the pore spaces and fissures of the couniry rock. The amount of
water in the magma depends in part upon the solubility of water in the magma.

The solubility of water in albite and pegmatite melts has been determined
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recently by Burnham and Jahns (1962 ); in the temperature range 660° to 720°C

at a pressure of 4 Kb, the solubility of water in a pegmatite melt is 10% by weight
and at 7 Kb about 14%. Inasmuch as the solubility of water in 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 estimated to be about 1 to 2 Kb

( Compton, 1960 ); a H,O-saturated granitic melt under such conditions would

contain only about 5.5 weight percent H,O ( Burnham, 1967 ).

In many books of petrology, it is generally conceded without much
justification that "near granite contacts a permeable rock undergoing meta-
morphism may be continuously flushed with outward-flowing water" (Turner,
1968, p. 244 ). Similar statements emphasising the idea of outward movement
of water through contact metamorphic aureoles from granitic intrusions can be
found in Harker ( 1939, p. 23 ), Barth (1962, p. 262 ), and Turner and
Verhoogen ( 1960, p. 658 ). The oxygen isotopic data are pertinent to the
questions as fo the source and movement of water during contact metamorphism,
because the water equilibrated with the magma can definitely be distinguished
from that equilibrated with the sediments or low-grade metamorphic rocks.

The oxygen isotopic compositions of waters in equilibrium with the
minerals of various rocks studied in this research are given in Table 13,
calculated from the experimentally calibrated quartz-H,O and muscovite-H20
oxygen isotopic fractionation curves. The range of O”?'/O“5 ratios of waters
in Group | and Group Il samples, in which the oxygen isotopes show either
100% exchange or no evidence of exchange, are presented in Table 19. It is

seen that the O]“S/O]6 ratios of the waters are distinctly different in the intrusive
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TABLE 19

6

Range of 018/01 ratios of waters in equilibrium with the intrusive,

the country rock, and the contact samples from different localities.

Location Infrusive Counfrz rock Contact
{]3.5 - 13.6 (Traverse I)}
Flynn 7.9-8.4 15.6 —
10.0 (margin)
Santa Rosa 8.2-8.4 (Canter 14.0 1.5
Birch Creek 9.0-9.8 15.6 - 16.8 11.4-11.5
Eldora and 8.6 - 8.7 9.8-11.9 9.5

Caribou
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and the country rocks. Also note that the 018/016 ratios of waters are quite
uniform within the intrusive or within the country rocks in an individual
contact zone, and that intermediate 018/0.16 ratios are obtained at the
contacts. Inasmuch as the exchanged zone at the intrusive-country rock
contact is less than a few feet wide, horizontal outward movement of large
quantities of water across the contact during the crystallization of the magma
is ruled out. The idea that a large amount of water is expelled outward
through the entire contact aureole from the granitic intrusions, or that water
acts as a significant heat carrier, that is, "heat is carried from the cooling
magma into the country rock by transfer of steam as well as by conduction"

( Fyfe, Turner, and Verhoogen, 1958, p. 190 ) is not compatible with the
isotopic data presented here.

The oxygen isotopic data, however, are compatible with the concept
that upward movement of water is probably far more important and operative
af a much larger scale than the horizontal outward movement of water from
the magma. The large-scale isofopic exchange observed in the xenolith and in
the re-entrant was cited earlier as evidence of appreciable upward movement
of water ( see section 6.4-D ).

If a "dry" (i.e., undersaturated with respect to HZO ) magma is
emplaced into "wet" sediments or metasedimentary rocks, migration of water
from the country rocks to the magma may be significant. The abnormally
high (')]8/0“5 ratios of samples from the marginal portion of the Santa Rosa
stock, the northwest porfion of the Flynn stock, and the whole portion of the
small plug in the Santa Rosa aurecle may in part be due to such an effect

( see section 6.4-C ).
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The rough correlation between the D/H ratios of biotite and that of
local surface water as is discussed in section 6.8-C may be interpreted to mean
that meteoric water may also be incorporated into all of the shallow intrusions
studied in the present research. Taylor ( 1968 b ) has shown on the basis of
018/016 data that much larger quantities of ground water have been incor-
porated into certain other shallow plutons such as the Mull, Skye, Ardnamurchan,
and Skaergaard intrusions. Except perhaps for the SRO-D pegmatite feldspar
and magnetites of the Sawtooth contact zone, no oxygen isotopic evidence
for meteoric water has been found in the present study. However, much

smaller quantities of meteoric water are necessary to produce a change in D/H

ratio than O]B/Olé ratio in a rock.

6.7 lsotopic fractionations in decarbonation reactions

Three examples of contact metamorphic decarbonation reactions are:
CctCO3 +§i0, = CcSI03 +CO,
calcite silica wollastonite
2CaMg (COg3), + $i0, = 2CaCO,4 + Mg, SiO, +2CO,
dolomite silica  calcite  forsterite
3CaMg (CO3 )p + KAI Si308 +H,0 = KMg3A|Si3010 (OH)2 +3CaCO4 +3CO,
dolomite K-feldspar phiogopite calcite
The CO, liberated in the above reactions will escape out of the rock; therefore
it is interesting to inquire into the isotopic effects that accompany such processes.

It was pointed out in chapter 5 that skarns usually have the lowest

018/016 and CIS/C]2 ratios in comparison with the adjacent rock units. In
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other words, an "isotopic trough" is usually observed in such localities. Also,
low C13/C12 ratios in carbonates are correlated with the presence of calc-
silicates. Inasmuch as the skarns and calc-silicates have formed by decarbon-
ation of the marbles, it is natural to infer that the decarbonation reactions

are at least in part responsible for the lowering of the 018/016 and CIS/Clz
ratios of the rocks. Taylor ( 1968 a ) has shown that some of the calc-silicate
skarns in the Adirondack anorthosite massif have exceedingly low & 0]8-
values(e.g., wollastonite = -0.9 to +0.5 per mil; diopside =+0.2 per mil ).
A correlation of O‘!B/O16 or C13/C]2 ratios of carbonates vs. modal abundance
of calc=silicates in marbles and calcareous schists samples from Vermont was
also observed by Sheppard ( 1966 ).

It is desirable to know the isotopic composition of the liberated

CO,. If the liberated CO, is in equilibrium with the carbonate before escaping,
the oxygen isotopic composition of the CO2 can be estimated from the laboratory
calibration curves ( O'Neil and Epstein, 1966 ). For example, in the
temperature range 500 - 700°C, the CO2 in equilibrium with dolomite would

be about 5.5 to 4.5 per mil higher in 018/016 ratio than the dolomite. If

the isotopic fractionations during decarbonation reactions are kinetically
controlled, the situation may be more complex. Sharma and Clayton ( 1965 )
have measured the oxygen isotopic fractionation between CO, and dolomite
during thermal decomposition of dolomite in vacuum. They found that 018 is
concentrated in the CO,, phase and the fractionation decreased with increasing
temperature: A =6.0at 519°C, 5.6 at 532°C, 5.1 at 570°C, and 4.6 at
600°C. Note that the kinetic fractionations between CO, and dolomite at

the temperature range studied are almost identical to those of equilibrium
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fractionations.

If it is assumed that the only constituent lost during contact metamorphic
decarbonation is CO, , then the amount and the isotopic composition of CO, can
be calculated from material balance considerations. A forsterite marble ( BC-32E),
a phlogopite marble ( BC-8 ), and a multi-layered skarn ( A-6 ) were used to make
such calculations because of the rather simple mineralogy in these rocks. The
results for BC-32E and BC-8 are given in Table 20. The main uncertainty of the
calculations comes from the uncertainty of the initial isotopic compositions of
minerals. In making the calculations for BC-32E and BC-8, the 018/016
ratios of dolomite and calcite that were used are the highest values observed in
the nearby dolomite marble. The § 018 in silica was assigned a value 4 per
mil higher than the & Ols-value in the carbonate, which is a probable
fractionation at sedimentary temperatures. K-feldspar was assigned & = 17.0;

H,O was assigned § = 0. Note that minor changes in the 5-values of the
minerals other than the carbonates will not appreciably affect the results because
of the relatively small amount involved in the calculation.

The calculations show that the liberated Co, would have the
following isotopic compositions:

BC-32E 50'%=29.0, sc¥=4.4

BC-8 50'8=¢61.0, &cl3=5.4
In terms of fractionations between CO, and calcite, they are:

18.5.1, AclB=5.5

BC-32E AO
BC-8 A0 =417, Acl3=6.4
The carbon isotopic fractionations are quite similar in the two samples, but the

oxygen isofopic fractionations are vastly different. BC-32E is close to equilibrium




TABLE 20
Calculated isotopic compoesitions of CO, liberated during decarbonation reactions by material balance

BC~-32E Forsterite Marble
2 CaMg ( CO3)2 + SIO2-\—_" 2C0C03 + M925i04 + 2C02

dolomite silica calcite forsterite
Dolomite Silica Calcite Forsterite 22_
Mode ( vol % ) 20 0 60 20 ?
| Molecular proportion 1.55 0 8.15 2.30 4.60
o
':-é Oxygen (atom % ) 17.8 0 47.0 17.6 17.7
8| Carbon (atom % ) 19.5 0 51.5 0 29.0
E81 508 per mil 24.2 S X 20.8 29.0
<] sc' per mil -0.8 - 1.0 e 4.4
5 Molecular proportion 6.15 2.30 3.55 0 0
"‘é Oxygen (atom % ) 70.8 8.8 20.4 0 0
0_8 Carbon (atom % ) 7%9.0 0 21.0 0 0
58| 60" per mil 24.0 28.0  24.0 - s
Q
=0 6C]3 per mil 0.7 - 0 - -

=gLE =



TABLE 20 ( continued )
BC-8 Phlogopite Marble

3CaMg ( CO3 )2 + KAlSi308 + Hzo‘—_'-“fKMgaAIS%O]O (OH)2 + 3CCIC03 % 3C02
dolomite K-feldspar phlogopite calcite

Dolomite K~feldspar HO Phlogopite Calcite CO,_

Mode (vol % ) 0 5 0 25 70 ?

&| Molecular proportion 0 0.36 0 1.20 14.0 3.60

G| Oxygen (atom %) 0 4.2 0 21.8 63.2 10.8
8| Carbon (atom % ) 0 0 0 0 80 20

E 8| 608 per mil . 19.0 - 14.4 19.3  61.0
%0 ¢ par mil - ot - - -1.0 5.4
c | Molecular proportion 3.60 1.56 1.2 0 10.4 0
2| Oxygen (atom % ) 33.0 19.0 2.0 0 46.0 0
E Carbon ( atom % ) 40.0 0 0 0 60.0 0
58| 50" per mil 24.0 17.0 ~0 - 20 -
24| 5" per mil 0.7 » - - 0 -

-&lZ -



- 220 -

decarbonation but BC-8 is completely out of equilibrium. It has been shown in
the laboratory that C02 and calcite can easily attain isotopic equilibrium in
the temperature range 350 to 610°C within a few days ( O'Neil and Epstein,
1966 ). Even if decarbonation involves very large kinetic oxygen isotopic
fractionation, re-equilibration between CO, and carbonates would probably
bring the AO]8 to near-equilibrium values provided the liberated CO, does not
escape rapidly out of the rock. Therefore, some of the assumptions used in the
calculation for BC-8 may not be valid. For example, the original dolomite
and calcite might have had lower O’IS/O.16 ratios than those used in the
calculation.

A much simpler case of contact metamorphic decarbonation was
observed in sample A-6 from Marble Canyon, Trans-Pecos Texas ( Figure 30 ).
The calculation was made on a mono-mineralic wollastonite layer with § 018 =

18 = 14.8 on one side

14.4, which was bounded by a quartz layer with 6§ O
and a calcite layer with 6018 = 23.3 on the other side. The wollastonite
apparently has formed from the reaction:

CaCO4t SiO, = CaSiO4+ CO,
Material balance shows that the liberated CO, would have 018 = 28.2 per

mil, or ACOZ - CaCOy4 =4.9. The value is very similar to that in BC-32E

and probably close to the equilibrium fractionation value.

It is thus concluded that the CO, liberated from decarbonation of
carbonates during contact metamorphism is very significantly richer in 018 and
C]3 than the original carbonates. Inasmuch as most marine limestones have

) CI3—vulues close to zero, one would expect that decarbonation of the

limestones would give off CO, with § C]3-va|ues greater than zero. However,
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most of the CO, gas samples from Yellowstone Park ( Craig, 1953, 1963 ), Utah
and New Mexico (Zurfmane_’ra_l_., 1961 ), and other places ( Hulston and
McCabe, 1962; Lang, 1959 ) ) have negative § C13 -values ( average about
-5 per mil ). Unless there is evidence for isotopic exchange with other carbon
with very light isotopic values ( e.g., organic carbon ), the COZ gas samples
mentioned above can hardly be expected to be simply derived from the
decarbonation of marine limestones as most authors suggested. A more plausible
source for such CO, samples is "juvenile" CO, emanations from igneous rocks
(see Taylor et al., 1967 ).

It should also be pointed out that most of the irregular skarn bodies
in the Birch Creek contact zone are clearly formed by metasomatic reactions
between the carbonate rock and the volatiles evolving from the magma.  In
this case, the combination of isotopic exchange with the volatiles together
with the decarbonation effects would greatly enhance the lowering of the

isotopic values.

6.8 Comparison of isotopic relationships in contact and regional metamorphic

rocks

A. Oxygen isotopes

One of the major problems in metamorphic petrology is whether truly
magmatic or "juvenile" water plays an important role during metamorphism.
Oxygen isotopic analysis of metamorphic rocks may help to unravel the problem.
If the metasedimentary rocks have undergone isotopic exchange with significant
quantities of pore-fluids in communication with or derived from plutonic rocks

during metamorphism, one should expect a decrease in 018/016 ratios with
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increasing metamorphic grade. [f metamorphism involves only simple loss of
water through dehydration reactions, then the 018/016 ratios of metasedimentary
rocks should essentially remain constant during progressive metamorphism ( see
section 6.5 ).

Figure 46 shows a plot of the 018/016 ratios of pelitic rocks from
different metamorphic grades and zones of regional and contact metamorphism.
The 018/016 ratios from regional metamorphic rocks were taken or calculated
from data analyzed by Garlick and Epstein ( 1967 ), Clayton and Mayeda
(1963 ), and Taylor (1968 a ). A few garnet-grade pelitic schists from
southeastern Vermont were excluded because of the abnormally low 018/016
ratios in the rocks. The 018/016 ratios of shale were taken from Taylor and
Epstein ( 1964 ) and Savin ( 1967 ). For contact metamorphic rocks, only the
pelitic rocks from the Santa Rosa Range and Birch Creek ( including the schist xen=
olith ) were plotted in the figure because these are the only samples studied for
which distinct metamorphic zones are recognizable.

It is rather striking from Figure 46 that in regional metamorphic
rocks, the 018/016 ratios of pelitic rocks tend to decrease with increasing
metamorphic grade. In contact metamorphic rocks, the 018/016 ratios
remain exceedingly constant throughout the enfire contact aureole except
for samples from the very narrow exchanged zones, the re-entrant, and the
xenolith, where the 018/016 ratios are considerably lower. Except for the
latter samples, it is also noted that the ()]8/016 ratios of pelitic rocks in the

é

contact metamorphic aureoles are within range of the 018/01 ratios of
shale and chlorite-grade regional metamorphic rocks. The OIB/C)16 ratios

of samples from the xenolith, the re-entrant, and the exchanged zones lie in
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Figure 46. 018/01‘5 ratios of pelitic rocks plotted against metamorphic grade
for both regional and contact metamorphism. Data are from the
present study, Garlick and Epstein ( 1967 ), Clayton and Mayeda
(1963 ), Taylor ( 1968 a ), Taylor and Epstein ( 1964 ) and Savin
(1967 ).

Figure 47. 018/016 ratios of contact metamorphic and regional metamorphic
marbles plotted against metamorphic grade. The upper amphibolite
facies in the Grenville may be equivalent to sillimanite grade. The
general range of 018/016 ratios of normal marine limestones are
also included for reference. Data are from the present study,

Sheppard ( 1966 ), and Schwarcz ( 1966 ).
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about the same range as those in the higher-grade regional metamorphic rocks.
The 018/016 ratios of contact and regional metamorphic marbles
from various metamorphic grades are shown in Figure 47. The regional meta-
morphic marbles from Vermont and the Grenville Province were analyzed by
Sheppard ( 1966 ) and Schwarcz ( 1966 ). There is a tendency for the Vermont
samples to decrease in 018/016 ratios from lower to higher grade. However,
the sillimanite-grade samples from the Grenville show 018/016 ratios
identical to the chlorite~grade samples from Vermont, and are within the
range of normal marine limestones. The contact metamorphic marbles from
Birch Creek show O.IS/O]6 ratios within or very close to the range of normal
marine |limestones, but the skarns are considerably O]S-deplefed. It appears
that the relation between the OIS/O]6 ratios of mar bles and metamorphic
grade is complex. It seems plausible that oxygen isotopic exchange with an

6 ratios

external reservoir may be the main process controlling the O]B/O]
of the pelitic rocks. However, in carbonate rocks, in addition to the
possibility of open-system isotopic exchange, the isotopic fractionations
accompanying decarbonation are also of prime importance ( see section 6.7 ),

and the extent of decarbonation in marbles is not necessarily proportional to

metamorphic grade.

B. Carbon isotopes

The C13/CI]2 ratios of contact and regional metamorphic marbles
from various metamorphic grades are plotted in Figure 48. Nearly all of the
samples lie in the range of normal marine limestones. In regional metamorphic

marbles, the Cl?’/C]2 ratios show a large scatter and remain essentially
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Figure 48. C13/C12 ratios of contact metamorphic and regional metamorphic
marbles plotted against metamorphic grade. Also included is the
general range of C]3/C12 ratios of normal marine limestones.. Data

are from the present study, Sheppard ( 1966 ), and Schwarcz ( 1966 ).
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constant throughout various metamorphic grades. In the Birch Creek contact
metamorphic marbles, the (.:]3/C]2 ratios show a correlation with metamorphic
grade. However, this is fundamentally a correlation with the presence or
absence of calc-silicate minerals, a feature which is also observed in

certain regionally metamorphosed samples from Vermont ( Sheppard, 1966 ).

C. Hydrogen isotopes

The range of D/H ratios for samples analyzed in the present research
and for samples from regional metamorphic rocks ( Taylor and Epstein, 1966 )
are shown in Figure 49. The minerals in contact metamorphic rocks and in
the associated plutons in general tend to have lower D/H ratios than regional
metamorphic rocks. The D/H ratios in the country rocks surrounding fhe.
Sawtooth, Flynn, Birch Creek, and Eldora plutons are almost indistinguishable
from the D/H ratios in the intrusives.

In contact metamorphic rocks and the associated plutons, there is
a rough correlation between the 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. Friedman et al. ( 1964 b ) showed that the D/H
ratios of continental surface water tend to decrease with the latitude and the
altitude of the ground surface. The D/H ratios of surface waters in the
Western United States as determined by Friedman et al. are shown in Figure
30. The Rocky Mountain surface waters are most depleted in deuterium, the
intermountain plateau waters next, and the Sierra Nevada waters least

depleted, of the three general areas studied in the present work. Geographically
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Figure 49. Plot of D/H ratios of muscovite, biotite and hornblende for contact

metamorphic rocks and the associated intrusions from Birch Creek,
Santa Rosa Range, and Eldora. The range of D/H ratios of regional
metamorphic muscovites, chlorites, and biotites analyzed by Taylor

and Epstein ( 1966 ) are also included for comparison.

Figure 50. Range and mean of D/H ratios of surface waters in the Western United

States (after Friedman etal., 1964 b ).
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these areas correspond, respectively, to the Eldora, Santa Rosa, and Birch
Creek localities; 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 control by local meteoric ground waters.
From isotopic analyses of hydrated volcanic glass, Taylor ( 1968 b ) has
shown that, even as far back as the early Tertiary, meteoric water patterns in

the Western United States were apparently similar to those prevailing today.
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VIl. SUMMARY AND CONCLUSIONS

1. The consistent order of 01/0'%, c13/c'2, and D/H enrich-
ment in coexisting minerals of contact metamorphic rocks is similar fo relation=-
ships previously observed in regional metamorphic and igneous rocks; this
strongly suggests that mineral assemblages in general tend to approach isotopic
equilibrium during contact metamorphism.

2. The correlation between isotopic fractionations among coexisting
mineral pairs is also indicative of isotopic equilibrium. In the present study,
the following relationships are observed:

A quurfz-muscovifé =0.49A0'8 quartz-biotite

AO]S feldspar-biotite = 0.67 AOls quartz-biotite

AOIS quartz-biotite = 0.59 AOIB quurtz-magnefife-

AC13 dolomite-calcite = 0.37 A ol8 dolomite-calcite+0.35

The ratio A quartz-muscovite/ A quartz-biotite is apparently
different for different rock types; it is 0.54 for regional metamorphic rocks,
0.48 for plutonic granitic rocks, and 0.49 for contact metamorphic rocks.

3. A correlation between oxygen isotopic fractionations and sample
distance from contact is observed in certain cases in the present study; the
best traverse in this respect is at Birch Creek where a regular decrease of
quartz-biotite fractionations ( from 6.8 to 5.9 ) is observed in 8 samples
collected from 1300 feet to 0.25 feet of the contact.

4. 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



- 235 -

per foot ) in the exchanged zones, on both the intrusive side and the country
rock side of the contact, suggests that the small-scale isotopic exchange
occurred essentially in the crystalline state by a diffusion-controlled recrystal-
lization process. This presumably took place by grain-boundary diffusion in a
static interstitial fluid film.

5. The degree of small-scale oxygen isotope exchange is essentially
identical for different coexisting minerals, except for 3 exceedingly fine-
grained magnetites and one pegmatite K-feldspar; these have undergone much
more extensive isotopic exchange, perhaps with meteoric water.

6. The size of the oxygen isotope equilibrium system in the small-
scale exchanged zones is very small; it ranges from about 1.5 cm to 30 cm.
The size of such an equilibrium 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.

7. Samples at the intrusive-country rock contacts have been
demonstrated to contain mineral assemblages in oxygen isotope equilibrium,
because identical OIS/O]6 ratios of a particular mineral were attained by
approaching isotopic equilibrium from opposite directions. At the contacts we
typically observe a lowering of the country rock O]S/O“"> ratios by about 3

16 atios by about 1 to

to 4 per mil and an increase in the intrusive 018/0
2 per mil.
8. Based on oxygen isotope fractionation calibration curves, the

contact temperatures are estimated to be 555°C at the Sawtooth stock, 525°C
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at the Santa Rosa stock, 540°C at the Birch Creek pluton, and 625°C at the
Caribou stock. Except at the contact of the Santa Rosa stock, the isotopic
contact temperatures agree well with temperatures estimated from heat flow
calculations and from mineral parageneses.

9. The cbnormally low isotopic country rock temperatures in the
Santa Rosa and Sawtooth | traverses are compatible with a heat flow model
( F ) based on their occurrence at the tips of tongue-like portions of the
infrusives that project outward into the country rock. The isotopic temperatures
obtained from samples in a xenolith and a re-entrant of country rock that
projects inward into the intrusion are higher than those obtained on samples
collected in the vicinity of planar contfacts; this also agrees with heat flow
considerations.

10. Samples from tiny infrusive bodies and dikes and from the
marginal portions of most of the larger plutons have unusually high 018/0.I6
ratios relative to "normal® igneous rocks from the central portions of plutons.
This is interpreted to be the result of large-scale oxygen isotopic exchange
between essentially molten 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 under=-
saturated with respect to H,O.

11. The fact that only a very narrow zone of country rock has
undergone isotopic exchange with the infrusive 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.
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12. 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, probably through
upward transfer of H,O-rich volatile fluids.

13. The O]B/O]‘5 and D/H ratios of pelitic rocks do not show any
appreciable change across the various mineralogical and textural zones in the
contact metamorphic aureoles, sﬁggesfing that no significant oxygen and
hydrogen isotope fractionations accompany metamorphic dehydration reactions.

14. The 018/0“3 ratios of pelitic rocks throughout all the contact
metamorphic aureoles, except for the re-entrant, xenolith, and small=scale
exchanged zones, are within the range of 018/016 ratios of shale and chlorite=-
grade regional metamorphic rocks. This is in contrast to the behavior of pelitic

16

rocks in regional metamorphism, in which a decrease of 018/0 ratios
generally accompanies increasing metamorphic grade.

15. The contact metamorphic marbles that are low in 018/016 ratios
also tend to be low in C]‘?’/C.l2 ratios, and they are frequently associated with
cale=silicate minerals, indicating that the CO, liberated during metamorphic

8

decarbonation reactions is enriched in both O1 and C1“3 relative to the
carbonates. Material balance calculations show that the liberated C02 is
about 5 per mil richer in 018 and about é per mil richer in C]3 than coexisting
calcite. Therefore, it is unlikely that most occurrences of CO, gas in nature,

which are commonly similar to or slightly lower in C]:3 than limestones, can be

a result of contact metamorphic decarbonation reactions.
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16. The D/H ratios of muscovite and biotite are lower in contact
metamorphic rocks than in regional metamorphic rocks. Also the D/H ratios of
contact metamorphic biotites in the western United States show a geographic
correlation that is roughly similar to that shown by the D/H ratios of meteoric
surface waters.

17. The 018/016 ratios of the K-feldspars in the Eldora contact
zone do not show any appreciable change across the microcline-orthoclase
transition boundary.

18. The chemical analyses of pelitic rocks from the Sawtooth
aurecle and the Flynn aureole ( Compton, 1960 ), when plotted on Thompson
diagrams, suggest that the different mineral assemblages that are developed
in the aureoles may be explained in terms of differences in bulk chemical

compositions of the rocks.
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APPENDIX: [SOTOPIC REPRODUCIBILITY OF ST. PETER SANDSTONE
STANDARD

During the course of this research, a working standard SPS ( St. Peter
sandstone ) was routinely included in each set of six samples analyzed. The
6-value of St. Peter sandstone is taken as 10.9 per mil ( see Garlick and
Epstein, 1967 ) relative to Standard Mean Ocean Water ( SMOW ). The
S-value of a particular sample x relative to SMOW is then calculated by

the following formula:

Sy -SMOW

=1.05 ( cs;““’ - 5::5‘”) +10.9
where 6;:;” is the mean value of one of four groups of St. Peter sandstone
samples measured against the mass spectrometer reference gas ( see list below );
for example, if a sample analyzed during the period of group I, a value of
-13.58 was used, etc. The factor 1.05 is the total correction factor arising
from change of standards, background and valve-leak in the mass spectrometer,
and C]:3 and 017 correction (see p. 22).

In the following are listed the § raw of St. Peter sandstone in four
groups. The slight differences in the average &-values among groups I, I,
and |ll were due to variations in the isotopic composition of the mass spectrom-
eter reference gas and/or to secular drifts in the mass spectrometer. However,
during the experimental period of group 1V, an anomalous systematic lowering
of &-values of all the sumples was observed. The effect was ultimately found
fo be due to the improper splitfing of the CO, gas sample when introduced

info the mass spectrometer ( due to a quick freezing-defrost procedure ) such

that the isotopically light portion of the CO, sample was analyzed ( this was
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checked by analyzing the other portion of the sample which was isotopically
heavier ). After the discovery of this effect, the freezing-defrost procedure
was discarded. All samples measured during the period of group IV were
reanalyzed at least once, and when converted into the final SX_SMOW-vclues

raw

using appropriate valuesof §___, the results agreed within 0.2 per mil.

sps

Run No. Yield % Sraw per mil Run No. Yield % &raw per mil
Group | (Apr. 13, 1966 - Feb. 17, 1967 ) 257 96 -13.19
261 99 -13.25
46 99 -13.13 269 98 -13.15
52 102 -13.67 271 101 -13.15
58 101 -13.59 279 99 -13.22
63 100 -13.30 282 99 -13.11
64 104 -13.69 293 99 «13.13
86 99 -13.10 334 97 -13.08
87 106 -13.39 340 101 -13.04
93 98 -13.68 346 101 -12.92
99 100 -13.52 351 100 -13.35
106 99 -13.73 367 101 -13.24
112 100 -13.69 388 98 -13.37
118 101 -13.99 400 98 -13.46
155 100 -13.28 406 102 -13.32
160 100 -13.57 427 101 -13.20
166 100 -13.57 451 103 -13.06
169 100 -13.74 523 102 -13.35
177 99 -13.75 544 101 -13.15
182 100 =13.77 561 100 -13.23
197 100 -13.63 582 102 -13.18
223 99 -13.69 584 103 -13.52
238 100 -13.38 599 102 -13.16
241 98 -13.57 613 101 -13.18
244 100 -13.96 629 100 -13.55
649 102 -13.09
Average: -13.58+0.17 (23) = i By
678 102 -13.18
Group |l (Feb. 20, 1967 - May 24, 1967; 696 101 -13.01

June 27, 1967 - Nov. 7, 1967)

247 99 13,34 Averuge: -]3.22 - 0.]2 (32 )

251 100 -13.10
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Run No.  Yield% 8 raw per mil

Group Il ( Nov. 20, 1967 - May 20, 1968)

731 101 -12.87
735 97 -12.99
738 101 -13.13
744 100 -13.02
762 98 -12.95
780 100 -13.04
785 99 =13.11
792 98 -13.15
888 98 -12,.82
213 99 -12.99

A verage: -13.01+£0.08 (10)

Group IV (May 26, 1967 - June 20, 1967 )

462 100 -13.84
464 102 -13.88
473 100 -13.72
478 102 -13.86
484 102 -13.81
495 99 -13.86
504 101 -13.72
510 102 -14.10
514 102 -14.07

Average: -13.87 £0.09 (9)



