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Oxygen Isotope Zoning in Garnet 

Oxygen isotope zoning was examined within garnet with the use of the stable isotope 
laser probe. Four metamorphic garnets from the regional metamorphic terrane in 
Vermont and the skarn deposit at Carr Fork, Utah, were examined and were found to 
be concentrically zoned in S1'O values. The largest variations in S180 values were 
observed in the regional metamorphic garnets, where 8180 values change by 3 per mil 
from core to rim. These oxygen isotope zoning profiles reflect the changes in the S1'O 
values of the rocks during garnet growth, which are caused by infiltration of fluids and 
by dehydration reactions during metamorphism. 

U NTIL RECENTLY, AhTALYSIS OF TIlE 

oxygen isotopic composition of 
rocks has been restricted to  the 

study of whole rock powders and mineral 
separates. However, the advent of the stable 
isotope laser probe (1) and the ion micro- 
probe makes it possible to  examine both 
oxygen isotope zoning within minerals (2) 
and the oxygen isotope composition oimin- 
erals in sin1 within a rock (1). Thesc tech- 
nological breakthroughs are leading to sig- 
nificant advances in the understanding of 
fluid-rock interactions, the scale of isotopic 
equilibrium (4, and kinetic isotopic effects 
(3). Because S1'O variations reflect the na- 

Department of Earth Scicnccs, Dartmouth College, 
Hanovcr, NH 03755 
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ture of fluid-rock interactions, S180  zoning 
within minerals provides important infor- 
mation about the temporal nature of fluid 
migration during mineral growth. Such in- 
formation is of fundamental importance in 
understanding the geochemical processes 
that occur in igneous and metamorphic 
rocks. We have used the stable isotope laser 
probe to study oxygen isotope zoning in 
metamorphic garnets from both regional 
and contact metamorphic terranes. 

Many garnets are zoned in cations (Fe, 
Mg, Mn, and Ca) ( 4 ) ,  trace elements (S), 
and radiogenic isotopes (6, 7). Zonation 
profiles of these elements have been used to 
determine variations in pressure (P), tem- 
perature (T), and time ( t )  during garnet 
growth (6-9). Studies of S1'O zoning in 
garnets, coupled with this P-T-t informa- 
tion, have the potential to  provide a monitor 
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of fluid-rock interaction during garnet 
growth because 6180 is a sensitive indicator 
of fluid sources. 

We examined garnets from two distinct 
metamorphic settings: a skarn deposit at 
Carr Fork, Utah, and a Barrovian-style re- 
gional metamorphic terrane in eastern Ver- 
mont. These metamorphic settings were se- 
lected because garnets from the skarn 
deposit dearly grew at a time when the rocks 
were open to infiltrating fluids, whereas the 
garnets from the regional metamorphic ter- 
rane may have been dosed to infiltrating 
fluids. Oxygen isotope profiles should reflect 
these open-system or dosed-system behav- 
iors. In addition, the regional metamorphic 
garnets were chosen because they are al- 
ready well characterized (6, 10, 11). The 
regional metamorphic garnets are from the 
Gassetts schist at the northern end of the 
Chester dome and the Pinney Hollow For- 
mation (12) from the western side of the 
Athens dome. These garnets grew during 
the Acadian orogeny as the rocks were 
deformed into a series of west vergent 
nappes or thrusts and later structural 
domes (6, 13). 

Oxygen was extracted from the gamets 
with the use of a stable isotope laser probe 
located at Dartmouth College. This appara- 
tus is similar to that described by Sharp (I), 
but differs in its laser beam delivery system. 
A CO, laser beam was allowed to burn 
completely through 0.5-mm sections of 
gamet in a BrF, atmosphere. In order to 
avoid sputtering of the samples, the laser 
was operated at 10 W in a continuous 
mode. After fieezing the sample on a liquid 
nitrogen trap, the oxygen was passed 
through a mercury transfer pump to re- 

Fig. 2. Oxygen isotope zoning profile of a garnet 
from the Gassem Schist. Numbers represent 6180 
analyses and light lines ace contours of the 6180 
values of the garnet. 

move any fluorine gas. The oxygen was 
then converted to COz on a hot carbon 
rod. The typical sample consisted of 1 to 2 
pmol of CO,. The CO, samples were 
analyzed on a Finnigan Delta E stable 
isotope mass spectrometer. 

To evaluate the accuracy and precision of 
the oxygen isotope analyses of gamet, we 
analyzed a homogeneous gamet standard 
using (i) the conventional BrF, method 
(14); (ii) the laser to sample completely 
small (-1 mg) chips of garnet; and (iii) the 
laser to sample the garnet in situ. The mean 
6180 (15) values of the standard garnets 
were 6.53 2 0.24 (1 a) with the conven- 
tional method, 6.33 + 0.26 with the com- 

Flg. 1. Oxygen isotope zoning pro- 
files in two garnets kom the Pinney 
Hollow Formation. The heavy lines 
show the outlines of three garnets 
in the section and the lighter wavy 
lines in the matrix show the mica 
and chlorite foliation. Numbers 
within garnets are the results of in 
situ analyses of the 6180 values of 
the g'at'net. Light lines within gar- 
nets are conmum of 6180 values. 

plete laser analyses, and 6.17 2 0.28 with 
situ laser analyses. 
The garnet crystals, which range from 1 .O 

to 3.0 cm in diameter, were analyzed in 0.5- 
to 1 .O-mm spots in the crystals. The individ- 
ual analyses.were taken at 2- to 3-mm inter- 
vals across each garnet. It was necessary to 
keep the spots separated by at least this 
distance because the laser beam affects the 
isotopic composition of garnet in a narrow 
radius around the laser spot. Care was also 
taken to avoid mineral inclusions. In addi- 
tion, all of the garnets were examined for 
major element zoning with an electron mi- 
croprobe. Both the Pinney Hollow and Gas- 
setts garnets (10) are Fez+-rich and concen- 
trically zoned such that Mn and Ca decrease 
whereas Fe and Mg increase from core to 
the rim. The garnets from Carr Fork are 
andradites (Fe3+- and Ca-rich) and contain 
only minor amounts of Mn, Mg, and Fez+ 
(16). 

All of the garnets examined are concentri- 
cally zoned in oxygen isotopes. The regional 
metamorphic garnets from Vermont are the 
most strongly zoned (as much as 3 per mil), 
whereas the skarn garnets have only relative- 
ly minor zoning (-0.5 per mil) (Figs. 1 to 
4). In addition, the 6180 zoning in the 
garnets are significantly different in all three 
rocks studied. The Carr Fork garnet has a 
homogeneous core and a slight decrease in 
6180 in the outer 3 mm of the garnet. The 
6180 values of garnet from the Gassetts 
schist are -2 per mil lower in the rim than 
the core. Two separate garnets from the 
Pinney Hollow Formation that are 1 cm 
apart in the same section of rock have similar 
zoning profiles and show a 3 per mil increase 
in 6180 values from core to rim. The 6180 
values at the cores of both gamets increase 
from 6 per mil in the cores to a high of -9 
per mil at the rims. 

Fig. 3. 'Photograph of the garnets from the Gas- 
setts schist. Dots show the location of analyses. 
Section is 2.75 an across. 
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Fig. 4. Oxygen isotope zoning in a 
_ - - -  _ _ _ _ _ _ _ - - - - - - -  garnet from the Carr Fork skarn 

deposit. Numbers represent results 
of the in situ analyses of the 6''0 
values of the garnet. Solid lines 
represent optical zoning observed 
in garnet and the dashed line is a 
broken edge of the garnet. 

n 1.0 cm 

6180 whole rock and mineral separate data. 
Second, our results indicate that the oxygen 
isotope zoning profiles in garnet can be used to 
determine the temporal nature of fluid flow. In 
the past, fluid flow in metamorphic rocks has 
been quantitatively described in terms of time- 
integrated fluid fluxes or fluid-rock ratios (28, 
29). Although these measurements are usefd, 
they provide little information about the inter- 
val of time over which fluids migrated within 
the rocks. This information is imperative in 
determining the effects of fluids on the thermal 
and mechanical history of metamorphic ter- 
ranes. Oxygen isotope zoning studies of garnet, 
coupled with quantitative P-T-t data, will pro- 
vide this necessary and important information. 

We believe that the oxygen isotope pro- 
files are the result of fluid-rock interaction 
and net transfer reactions during garnet 
growth. It is unlikely that the zoning profiles 
were significantly influenced by diffusion of 
oxygen isotopes within the garnet nor were 
they an artifact resulting from the analysis of 
oxygen from minerals included within gar- 
net. The effects of h f i s ion  can be dismissed 
because the difisivity of oxygen in garnet is 
extremely low at metamorphic temperatures 
(17, 18). Significant contamination due to 
mineral inclusions is also unlikely, as each 
garnet was examined petrographically, and 
relatively inclusion-free spots were chosen 
for analysis. Although there were large 
amounts of fine inclusions in both the Pin- 
ney Hollow and Gassetts garnets, and some 
inclusions were undoubtedly included in the 
analyses, they could not have produced the 
variations observed (19). 

In the Pinney Hollow garnets, the oxygen 
isotope zoning can be explained by contin- 
uous loss of volatiles during Acadian meta- 
morphism (Fig. l). The garnets grew over 
an approximate 10-million-year interval (6), 
presumably by a prograde devolatilization 
reaction that involved the breakdown of 
chlorite (20). This reaction released relative- 
ly large amounts of H,O having a lower 
6180 value than that of the rock (21, 22). 
Continuous release of this relatively light 
isotopic fluid during the devolatilization re- 
sulted in an increase in the 6180 values of the 
garnet by as much as 2 per mil during garnet 
growth (21, 22). The isotopic zoning within 
the garnet, therefore, resulted from the garnet 
rim maintaining equilibrium with the evolv- 
ing fluids during garnet growth. The similar 
oxygen isotope profiles of the two garnets in 
this section suggests that they were in oxygen 
isotope equilibrium during growth. 

The zoning profiles in the garnet from the 
Gassetts schist, however, cannot be the re- 

sult of devolatization reactions (Figs. 2 and 
3). As with the Pinney Hollow garnets, 
release of H,O at the temperatures at which 
this garnet formed shouli have produced a 
fluid with a lower 1s0/160 ratio relative to 
that of the rocks; this process would have 
caused the 6180 values of garnets to increase 
during growth. However, the Gassetts gar- 
net shows a 2 per mil decrease in 6180 
values from core to rim. This profile could 
reflect infiltration of a relatively low 6180 
fluid during the later stages of garnet 
growth, which has previously been suggest- 
ed by other petrologic (23) and stable isoto- 
pic studies (24) of these rocks. 

The Carr Fork garnets were formed in a 
metasomatic hydrothermal system in the 
contact aureole of the Bingham stock, Utah. 
Petrologic and isotopic studies show that 
the fluids that infiltrated these rocks during 
their formation were dominantly magmatic 
in origin. However, the very latest stages of 
the hydrothermal system involved infiltration 
of meteoric waters as the rocks cooled (16, 
25). The oxygen isotopic composition of the 
Carr Fork garnet is consistent with this model 
(Fig. 4). The lack of 6180 zoning in its core 
suggests that most of the garnet grew under a 
relatively restricted interval of temperature 
and fluid composition, presumably i s  mag- 
matic fluids infiltrated the rocks. The slight 
decrease in 6180 values in the outer few 
millimeters of the garnet could be either the 
result of the influx of the later meteoric fluids 
or the result of a temperature decrease. 

The strong zoning of these garnets in 
oxygen isotopes has two important implica- 
tions for stable isotopic studies. First, the 
magnitude of the zoning in 6180 values 
within a single garnet crystal is as large as 
observed variations in 6180 values of whole 
rocks from isotopic studies of regional meta- 
morphic terranes (26, 27), and this should be 
taken into consideration when interpreting 
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Visual Observations of the Amorphous-Amorphous 
Transition in H20 Under Pressure 

The vapor-deposited low-density amorphous phase of H 2 0  was direaly compressed at 
77 kelvin with a diamond-anvil cell, and the boundary between the low-density 
amorphous phase and the high-density amorphous phase was observed while the 
sample was warmed under compression. The transition h m  the low-density amor- 
phous phase to the high-density amorphous phase was distinst and reversible in an 

narrow p&sure ra& at -130 -150 kelvin, which provided experi- 
mental evidence for polymorphism in amorphous H20. 

0 NE MIGHT THINK THAT, AS WJ3T-I 

liquids, amorphous solids contract 
gradually when compressed slowly. 

However, recent high-pressure experiments 
revealed polymorphsm in an &orphous 
material and sharp transitions between the 
amorphs (1-5). Compressed in a piston- 
cylinder apparatus at 77 K, low-density 
amorphous (Ida) H 2 0  (-0.94 g/un3 at 1 
bar) transforms into a high-density amor- 
phous (hda) phase (- 1.17 g/un3 at 1 bar) at 
-6 kbar (3). A sharp volume decrease of 
-22% at -6 kbar showed that the transfor- 
mation is apparently a first-order transition 
(3, 6). However, the possibility that the 
transformation is a structural relaxation pro- 
cess was suggested by Moynhan (7), imply- 
ing that the amorphous H 2 0  might be the 
sole phase. The polymorphism in amor- 
phous H 2 0  was therefore questioned. Be- 
cause H 2 0  is an important material, we 
endeavored to r e c o b  the polymorphism 
in amorphous H20.  To do this, we com- 
pressed vapor-deposited Ida H 2 0  directly 
with a diamond-anvil cell (DAC) and ob- 
served the Ida-hda boundary to examine the 
polymorphism in the amorphous H20. 

The Ida H 2 0  used in our experiment was 
prepared as follows. Water vapor, intro- 
duced through a metal tube after passing 
through a small hole (120 km in diameter), 
was slowly deposited ( < -200 pm/hour) in 
a vacuum onto a copper-block substrate (80 
to 105 K) that was set down in a borosilicate- 
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" 
clamped with the screws under compression 
and warmed at a rate of -1.5"C per minute 
(Fig. 1, a through e). Above -130 K (12), 
there appeared a boundary (labeled D in 
Fig. 1) in the peripheral region in the sam- 
ple. We examined the boundary by tilting 
the incident direction of transmitting or 
reflecting light applied to the sample. Judg- 
ing from a change of contrast of the bound- 
ary, we found that the peripheral boundary 
D corresponded to a rather sharp change in 
density. Several other boundaries appeared 
above - 150 K, indicating the appearance of 
high-pressure ice phases (Fig. 1, d and e). 

glass bottle immersed in liquid nitrogen. The 
temperature of the nozzle (278 to 288 K) and 
that of the substrate were monitored during 
the deposition, and a transparent H 2 0  film 
( c - 100 Fm thick) was obtained. 

Formation of the Ida H 2 0  was confirmed 
from the heat evolved in the lda+Ic transi- 
tion (8, 9). The H 2 0  film (-100 p,m thick) 
was deposited, in the same way as above, 
onto a thin copper plate (-2 un2 by 0.1 
mm) attached to the substrate. The film on 
the copper plate was warmed from -77 to 
273 K. During the warming (-5°C per 
second), we detected one quick increase in 
temperature of several degrees at - 170 K, 
which we attributed to the crystallization of 
a substantial amount of the Ida H 2 0  to form 
ice Ic. The increase in temperature at - 170 
K was reproducible in all of several mea- 
sured runs. Comparison with smooth warm- 
ing curves obtained for ice Ih proved the 
formation of the Ida H20. 

To detect the Ida-hda boundary, we com- 
pressed the Ida H 2 0  directly between dia- 
mond anvils without a gasket (10). The Ida 
powder with a mean grain size of -10 pm, 
made by scraping the thin Ida film off the 
substrate, was loaded in the DAC [Merrill- 
Bassett type with three pinching screws (1 1) 
and 1-mm-diameter anvil faces]. The han- 
dling was done while the sample was wet 

Ag. 1.  Microscopic photographs of the compressed Ida H20 
during the wanning: (a) -105 K; (b) -130 K; (c) -145 K; (d) 
-160 K; and (0)  -200 K. A is the crystalline phase (probably ice 
W'); B is the hda phase; C is the Ida phase; D is the peripheral 
boundary comspondq to the Ida-hda boundary. The four 
boundaries of (e) (-200 K) correspond, presumably, to ice 
Ih+II+V+VI+VIII from the edge to the center. 
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