
um among the C,- and C,-species with 6. J. M. Ramsey and W. B. Whitten, Anal. Chem. 59, 
167 (1 987). atomic The 'Orrect prediction of 7. P. Ewart, P. Snowdon, I. Magnusson, Opt. Lett. 

the temperature and concentration profiles 14. 563 (1989). 
are a viial test of our ability to understand 
plasma chemistry at the boundary layer, 
specifically the dependence on gas-phase 
reactions and the contribution of surface 
reactions. 
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Cryptic Grain-Scale Heterogeneity of Oxygen 
Isotope Ratios in Metamorphic Magnetite 

John W. Valley* and Colin M. Graham 
Oxygen isotope ratios measured by ion microprobe in magnetite from granulite-facies 
marble of the Adirondack Mountains, New York, range from +2 to +11 per mil (standard 
mean ocean water) across a single grain that measures 3 millimeters by 5 millimeters. Low 
values are concentrated in irregular domains near the grain boundary but also occur in the 
grain's interior. In contrast, grains 1 millimeter in diameter that are from a second nearby 
sample show no significant heterogeneity, except within 10 micrometers of the grain 
boundary. These data, including large gradients of up to 9 per mil per 10 micrometers, 
provide important new constraints on the nature and origins of intragrain isotopic heter- 
ogeneity and on oxygen isotope thermometry. The differences between these magnetite 
grains result from contrasting mechanisms of isotope exchange with fluids after the peak 
of regional metamorphism. Volume diffusion of oxygen through the crystal structure of 
magnetite contributed to isotope exchange in the rims of small grains, but larger grains are 
crosscut by healed cracks that are not readily detected and that short-circuited diffusion. 

T h e  fractionation of oxveen isotoues be- , - 
tween coexisting minerals should, in theo- 
ry, provide an ideal means by which to 
determine the temperature of formation for 
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many rocks (1-5). Appropriate mineral as- 
semblages are plentiful, fractionation coef- 
ficients are well calibrated, temperature 
sensitivity is good, and there is no measur- 
able pressure correction. However, the ac- 
tual reliability of the results of stable isotope 
thermometry in igneous and metamorphic 
rocks is controversial (1, 4, 6-1 1). 

Thermometers have often been thought 
to reset after mineral crystallization by ex- 

change within and among minerals. Exper- 
imental data on oxygen self-diffusion in min- 
erals have been used in models of retrograde 
exchange and, in some cases, in estimates of 
cooling rates (7-1 0, 12). The approximate 
agreement of two or more temperatures esti- 
mated from different mineral pairs in the 
same rock is often taken as proof that the 
estimate is accurate, but apparent agreement 
can arise in spite of retrogression. 

Recent numerical modeling has shown 
that, because grain boundaries are zones of 
relatively rapid diffusion, there is not a 
simple blocking-temperature relation for 
diffusion [as in (13)]. In addition, closed- 
system exchange depends on modal propor- 
tions of all of the minerals in a rock as well 
as their mineral diffusivities, grain sizes, 
grain shapes, and cooling rates (1 0). Fur- 
thermore, oxygen diffusivity in some min- 
erals is greatly enhanced by high water or 
proton activity (1 4, 15). In the presence of 
fluids, oxygen exchange may also occur by 
solution reprecipitation or reaction rather 
than by diffusion (8, 1 1, 14, 16, 17). Thus, 
the removal of grain boundary fluid by 
retrograde reactions during the cooling of a 
metamorphic rock could cause sudden ces- 
sation of oxygen diffusion. These observa- 
tions raise the possibility that individual 
mineral grains might preserve microscale 
information of their thermal or fluid-rock 
interaction histories (7). ~, 

Advances in the microanalysis of stable 
isoto~e ratios in minerals bv the ion micro- 
probe-secondary ion mass spectrometer have 
allowed researchers to decipher the isotopic 
record within individual mineral grains as 
initially demonstrated for magnetite (7). In 
well-constrained cases where zonation uat- 
terns are known, their interpretation can 
provide a more fundamental understanding 
of the thermal evolution and the fluid-rock 
interaction in the Earth's crust. 

In this report, we describe the first de- 
tailed mapping of oxygen isotope ratios in a 
single mineral grain, a large magnetite crys- 
tal from a granulite facies marble from the 
Adirondack Highlands. New York. and dis- - 
cuss implications for the processes that redis- 
tribute oxygen during cooling of metamor- 
phic rocks. The magnetite crystal is from the 
Weston Mine, a magnetite skarn at the 
contact of the Marcy anorthosite massif in 
the central Adirondack Highlands. These 
rocks have experienced a complex metamor- 
phic history (1 8, 19) of contact metamor- 
phism and metasomatism (-900°C, <3 
kbar), regional Grenville-age (1080 to 1050 
million years ago) granulite facies metamor- 
uhism at about 775°C and 7.5 kbar. and 
finally late-stage alteration during slow cool- 
ing, lo to 3°C per million years (20). Large 
amounts of aqueous fluids were involved 
during skarn formation, small amounts of 
grain boundary fluids were present during 
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Fig. 1. Reflected light photomicrograph of the 
lower left quarter of sample 90LP9a before it 
was repolished (24). The full grain is shown in 
Fig. 2, A and B. Ion probe pits measure 35 pm 
in diameter by 1.5 pm deep and individual 
analyses of 6180 came from the central 8 pm of 
each pit. 

late alteration, and fluids were absent from 
these rocks at the peak of granulite facies 
metamorphism (1 9). 

Sample 90LP9a is a granulite facies mar- 
ble. We have described the geology and 
reported conventional and ion microprobe- 
oxygen isotope analyses of a mineralogically 
similar sample, LP204-1 (7). The 90LP9a 
sample contains magnetite (-22% by vol- 
ume), calcite (58%), diopside (16%), and 
monticellite (4%). Late alteration minerals 
replaced monticellite, filling late cracks 
that are typically 1 to 5 pm thick in 
magnetites. Magnetites are up to 6 mm 
across, and we have made 115 ion probe 
analyses for 6"0 h m  one grain that mea- 
sures 3 mm by 5 mm (Figs. l and 2). This 
magnetite is close to end-member Fe30, in 
composition (2 l ) ,  and examination by re- 

flected light, electron microprobe analysis, 
backscattered electron imaging, and sec- 
ondary electron microscopy indicates that it 
is homoeeneous. ., 

Conventional bulk-mineral analyses 
(22) (Table 1) show that the variation in 
6180 of the magnetites [9.6 to 10.8 per mil, 
standard mean ocean water (SMOW)] is 
significantly larger than the 0.2 per mil (1 
SD) reproducibility of repeat analyses on 
~owders. Therefore. this value reDresents 
small but real differences among t'he bulk 
compositions of individual magnetite grains 
(average composition, 10.35 2 0.33 per 
mil; all analyses from Table 1). Laser probe 
analyses in Table 1 show a systematic vari- 
ation of 6180 with grain size, with the 
average composition of the largest analyzed 
grains (3 mm by 3.5 rnrn by 4.5 mm, 6180 
= 10.74) higher than for smaller grains 
(average diameter, 1.1 mm; 6180 = 
10.05). This variation (0.7 per mil) is 
similar to, though not as large as, the 
variation measured between large and small 
grains in a nearby sample (LP204- 1, 1.2 per 
mil) (7). These variations are consistent 
with the hypothesis that 6180 is lower in 
the rims of each crystal and that larger 
crystals have a smaller proportion of rim 
material. 

The average 6180 of six calcites from 
90LP9a is 18.7 per mil, and the apparent 
bulk-mineral fractionation between calcite 
and magnetite is 8.3 per mil. If these 
bulk-mineral compositions represent homo- 
geneous equilibrium values, then the appar- 
ent oxygen isotope temperature would be 
570°C (3), which is much less than the 

A 
CPX 

peak granulite-facies temperature of 775°C 
(1 8). The bulk-material values for LP204- 1 
are even more reset with a fractionation of 
9.3 per mil and an apparent temperature of 
525°C. 

We have analyzed oxygen isotope ratios 
in magnetite and ilmenite with the Cameca 
(Courbevoie, France) irns-4f ion microprobe 
at the University of Edinburgh (7, 23), and 
analytical procedures have been reported in 
detail (7, 24). The analytical spot size is 
confined to an area 8 pm in diameter by the 
133Cs+ beam (-35-pm diameter) that was 
used to ionize the sample and by a series of 
apertures and lenses that focused the sec- 
ondary 0- beam during energy and mass 
analysis. Each pit is 1.5 pm deep for an 
analyzed volume of -75 pm3 (-390 pg); 
these spots are <lo-" the weight of the 50 
to 200 g pieces of rock from which magne- 
tite was concentrated for conventional 
analysis (Table 1). The analysis of one spot 
requires about 45 min, during which time 
lo6 ions of "0 are counted; the 1 SD 
uncertainty in 6180 is thus 1 per mil. 

Figure 1 shows individual ion probe pits, 
35 pm across, from a portion of sample 
90LP9a after the first 68 analyses were 
completed. Figure 2A shows the entire 
grain (Fig. 1 is the lower left comer) with 
values of 6"0 plotted for all 115 analyses. 
These analyses were standardized by 47 
analyses of standard magnetite that were 
interspersed after every five to ten sample 
analyses. The reproducibility of the stan- 
dard data varied from 0.9 to 1.6 per mil and 
the uncertainty of the mean standard value 
varied from 0.2 to 0.6 per mil (1 SD) during 

Fig. 2. (A) Sample 90LP9a showing the 6180 SMOW values of 115 ion on the right margin. Variability of 9 per mil is recorded, and low 61e0 values 
microprobe analyses. (9) Map of the oxygen isotope composition of a are concentrated near the grain boundary. Maximum gradients of 2 to 4 per 
magnetite grain from the same sample as in (A) (3 mm by 5 mm), on the basis mil per 100 pm are up to 50 times less severe than those measured by depth 
of 11 5 independent spot analyses by ion microprobe (Fig. 24. The 1 per mil profiles of smaller magnetites from this locality (9 per mil per 10 pm, LP204-1). 
contours of 61e0 were made by computer (25) for all data points except two Scale bar in lower right of (B) is 1 mm. 
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Fig. 3. Calculations of the approximate time 
required for oxygen to diffuse distances of 10 to 
1000 pm in magnetite. 

the five analytical sessions. Individual anal- 
yses are accurate and precise to within -1 
per mil (1 SD) (24). 

We digitized the 115 corrected 6180 
spot analyses (Fig. 2A) together with their 
positions in the 90LP9a magnetite crystal 
and generated a contoured 6180 map (25) 
(Fig. 2B). The general features shown by 
these contours are robust to variation of 
contouring parameters. Two principal fea- 
tures of the results are: (i) The single 
magnetite grain shows a wide range of 6180 
from + 2  to +11 per mil, comparable to 

Table 1. Bulk-mineral stable isotope composi- 
tions of magnetite and calcite. Magnetites were 
heated for reaction with BrF, by resistance 
furnace or by laser probe. Values of 6180 
SMOW and 613C Pee Dee belemnite standard 
were measured by conventional gas-source 
mass spectrometry. 

Sample Weight 6180 
(mg) (per mil) 

Magnetite, resistance-heated Ni bombs 
90LP9a-12 10.64* 
90LP9a-12 10.17* 
90LP9a-12 10.52* 

Magnetite, laser probe 
90LP9a 2.7 10.75t 
90LP9a 2.7 10.58t 
90LP9a 3.7 10.67t 
90LP9a 3.1 10.29t 
90LP9a 2.3 10.73t 
90LP9a 3.0 10.46t 
90LP9a-1 1.7 10.83$ 
90LP9a-1 2.8 10.65$ 
90LP9a-4 1 .8 10.089 (0.9) 
90LP9a-5 4.3 10.065 (1.2) 
90LP9a-6 4.4 10.135 (1.2) 
90LP9a-7 3.3 10.319 (1.1) 
90LP9a-8 2.4 9.995 (0.9) 
90LP9a-9 2.8 9.639 (1 .O) 
90LP9a-10 8.1 9.879 (1.5) 
90LP9a-11 3.1 10.295 (1.1) 
90LP9a calcite 18.6711 

*Single crystal, 4.5 mm by 5.5 mm by 5.5 mm, pow- 
dered. ?Powdered grains, 1 to 2 mm in diameter. 
$Single crystal, 3 mm by 3.5 mm by 4.5 mm, 
powdered. §Single crystals, not powdered, diam- 
eter given in parentheses in millimeters. IlAverage 
of six analyses, S180 ranges from 18.28 to 18.98, Sq3C 
= -1.97 -+ 0.03 (1 SD). 

that measured within several magnetite 
grains from sample LP204-1 (0 to + 11 per 
mil) (7). (ii) The highest 6180 values are in 
the center of the 90LP9a erain and the - 
lowest values are concentrated near the 
edees. However. the distribution of 6180 is 
irregular on a scale of hundreds of microme- 
ters. Gradients of 2 to 4 per mil per 100 p,m 
have been measured in many areas where 
analyses are 160 to 375 pm apart (Fig. 2, A 
and B). This pattern is in stark contrast to 
that in LP204-1, which is homogeneous 
except for rims 10 pm wide that have low 
6180 values and steep, smooth gradients of 
9 per mil over 10 p,m. 

The smooth profiles in Eil'O at the edge 
of LP204-1 magnetite grains suggest that 
the mechanism of exchanee was diffusion - 
inward from the grain boundary. The sim- 
ple geometry of these gradients facilitates 
quantitative predictions and tests of this 
hypothesis (7, 10). In contrast, the com- 
plex distribution of 6180 values in 90LP9a 
currently precludes quantitative evaluation. 
However, the analysis and understanding of 
a sample such as 90LP9a are important 
because they help to explain the processes 
of retrogression and to establish the limits 
of thermometry and diffusion modeling. 

The irregular 6180 distribution in 
90LP9a (Fig. 2B) cannot be explained by 
simple inter-mineral diffusive exchange of 
oxygen during cooling. We proposed that 
the low values on the rims of LP204-1 
magnetites resulted from the diffusive ex- 
change of magnetite (6180 = 9 to 11 per 
mil) and retrograde hydrous fluids (6180 = 
7 to 8 per mil) at temperatures of 300" to 
500°C (7). The presence of low-tempera- 
ture hydrous alteration minerals in both 
samoles demonstrates such fluid infiltration. 
Similar late-stage fluids were common 
throughout the adjacent anorthosite massif 
(26). 

Evaluation of the oossible ex~lanations 
of these features depends, as a limiting 
boundary condition, on the length scale of 
oxygen diffusion in magnetite. If grain 
boundaries are held at a constant composi- 
tion, C,, such as might result from fluid 
infiltration, then the length scales of diffu- 
sion can be estimated from the expression 
for diffusion in a semi-infinite medium (27). 
In this expression, C is the concentration at 
distance x from the grain boundary, D is the 
diffusion coefficient, and t is the time of 
exchange. If a value of CIC, = 0.1 is 
assumed (that is, 90% exchange at distance 
x), then x = 2.33 (7, 27) (Fig. 3). 

Could isotopic heterogeneity that 
formed before the peak of granulite facies 
metamorphism be partially preserved? If so, 
then isotopic zonation could result from 
variable compositions of skarn fluids and 
possibly from the coalescence of several 
smaller crystals. However, using experi- 

mental diffusion data for oxygen in magne- 
tite (28), we calculated that heterogeneities 
on the scale observed in 90LP9a would be 
smoothed out in < lo5 vears at the temDer- 
atures of granulite facies metamorphism 
(Fig. 3). Even if the activity of water was 
low and diffusion of oxygen in magnetite 
was considerably slower than is indicated by 
the hydrous experiments (12), any signifi- 
cant heterogeneities would have been 
smoothed out in < lo7 vears. a reasonable , . 
time span for granulite facies annealing. 
Thus, isotopic equilibrium and homogene- 
ity prevailed in these samples at the peak of 
regional metamorphism. 

At a peak metamorphic temperature of 
775"C, the equilibrium fractionation of oxy- 
gen isotopes causes calcite to have a value of 
6180 that is 5.4 per mil greater than that in 
magnetite (3). This value is -3 per mil less 
than the bulk-mineral fractionations mea- 
sured conventionally in 90LP9a (Table l ) .  
Mass balance and the modal proportions of 
90LP9a indicate that if exchange occurred 
during cooling without significant fluid infil- 
tration, then the average value of magnetite 
would have shifted downward -2 per mil, 
from 12 to 10 per mil; calcite would have 
shifted upward a proportionately smaller 
amount. Only if fluids infiltrated these rocks 
at the time of exchange could the 6180 of 
magnetite have been shifted to the low 
values that are seen in 90LP9a. 

Thus, the pattern of 6180 variation and 
the low values seen in Fig. 2B resulted from 
exchange between the magnetite and an 
externally derived, late-stage fluid, compa- 
rable to fluid that exchanged with magne- 
tites in LP204-1. However, the develop- 
ment of an irregular pattern of oxygen 
exchange that occurs hundreds of microme- 
ters from the magnetite grain boundary 
requires different mechanisms from those 
recorded in LP204-1. Regardless of the 
relative importance of diffusion versus re- 
crystallization, it is clear that effective ex- 
change distances were reduced by access of 
fluid directlv to the interior of the 90LP9a 
crystal. If present, microfractures or micro- 
pores would have provided suitable fluid 
channels, facilitating exchange and extend- 
ing low 6180 domains into the crystal (29). 
The preservation of the resulting isotopic 
heterogeneity over time scales of millions of 
years is only possible at temperatures 
<400°C in a hydrous environment (Fig. 3). 

The two samples were carefully studied 
for evidence that cracks or pores had facili- 
tated oxygen isotope exchange. Both the 
90LP9a magnetite grain (Fig. 1) and the 
LP204-1 magnetites (7) (Fig. 4) contain 
plentiful cracks, some of which are filled 
with later minerals. However, 6180 does not 
correlate with position relative to these 
cracks, and the distribution of cracks is 
similar in the two rocks. Before ion probe 
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Fig. 4. Scanning elec- A 
tron mlcroscoDe imaa- 
es of individual Ion 4- 1 
croprobe pits in mag- 

%-- *. j 
netlte. (A) A typical pit . - 1  d - i 

in LP204-1; (B to D) 1 , p-/ * j 
show #108, #103, and 1 - 1 
#110, respect~vely, in i 1 

90LP9a. Figure 4, A to 
C, are at the same I 

magnification [see bar - 1 ,  
in (A)]. Most pits in - I !_ - 
LP204-1 are similar to 
that shown in (A), 
smooth and feature- 
less; fine scratches are 
from polishing after 
analysis. In contrast. 
most pits in 90LP9a 
contain cracks and mi- 
cropores. These cryptic 
features are often visi- 
ble only where they 
have been preferential- 
ly eroded by the high- 
energy ion beam. The 
presence of cracks or 
pores would have facilitated oxygen isotope exchange in 90LP9a, causing the extreme heteroge- 
neity, but LP204-1 was not similarly affected. 

analysis, each sample was examined by scan- 
ning electron microscope (SEM) (X 2000), 
electron microprobe analysis, backscattered 
electron imaging, and reflected light micro- 
scope (x240). During ion probe analysis, 
each spot was imaged for cracks. No differ- 
ences among the two samples were evident. 
After analysis the ion probe pits were exam- 
ined optically and by SEM. 

SEM images were taken of ion probe pits 
in LP204-1 (Fig. 4A) and 90LP9a (Fig. 4, B 
to D). Over 90% of the pits in LP204-1 
show smooth, featureless bottoms (Fig. 
4A). In contrast, 92% of the pits in 90LP9a 
contain fine cracks or linear traces of mi- 
cropores. In all cases, these cryptic cracks 
and pores appear as features that existed 
before the analvsis and that have been 
accentuated by preferential erosion during 
analysis. Most of the features seen in Fig. 4, 
B to D, are not visible outside of the pit 
itself and could not have been seen before 
analysis. The cracks appear to be healed, 
which distinguishes them from the group of 
open cracks seen in Fig. 1. It is possible that 
the micropores seen in Fig. 4D correlate to 
the adjacent open crack, but the relative 
timing of these features is not known. 

If cracks or pores were present when 
retromade fluids infiltrated 90LP9a. then 
they kould have provided conduits fdr rapid 
and heterogeneous oxygen exchange deep 
into the large magnetite crystal. If the larger, 
open cracks formed later, then LP204-1 was 
free of such features at the time of retromade - 
exchange. This timing explains why low 
6180 values are found only at the grain 
boundaries. To investigate this hypothesis, 

we categorized the 115 pits in 90LP9a ac- 
cording to the intensity of cracks. No corre- 
lation has been found yet between the in- 
tensity of cracks or pores and the measured 
values of However, this lack of corre- 
lation may result from the small areas that 
have been exposed in each pit for examina- 
tion. Important cracks with diffusion halos 
may pass near pits without being seen. Fur- 
thermore, there are several generations of 
these cryptic features and they may not have 
been equally important during retrograde 
exchange. 

A question also remains as to why two 
similar samples of magnetite-bearing marble 
should show such differences. Retrograde 
processes may have been so localized that 
one rock was much more affected than the 
other. Conversely, it seems likely that the 
rheology of the two rocks was affected by 
the relative amounts of ductile calcite and 
by the sues of the brittle magnetites. Thus, 
the magnetites 5 mm in diameter that are in 
90LP9a with only 58% calcite may have 
been broken during late deformation, 
whereas the 1-mm magnetites in LP204-1 
with 75% calcite were cushioned. 

We conclude that oxygen exchange has 
occurred between retrograde fluids and 
90LP9a magnetite along cryptic microfrac- 
tures and pores that -are now partially 
healed. The scale of this process is so fine 
and the variability is so extreme that the 
effects cannot be fully resolved even at the 
ultra-high spatial resolution that we used. 

The implications of the results in this 
study for oxygen isotope thermometry or 
for cooling-rate speedometry are profound. 

Even an unusually detailed study of differ- 
ently sued grains by bulk-mineral analysis 
(Table 1) gives only a hint of the shocking 
heterogeneity seen in 90LP9a. The com- 
plexity of the tiLsO pattern precludes the 
use of oxygen isotope compositions of 
90LP9a magnetites for either thermometry 
or cooling-rate speedometry. 

Our knowledge of micro-scale variation - 
of oxygen isotope composition of metamor- 
phic minerals at the scale of the individual 
mineral grain is limited (7, 23, 30-32). It is 
not yet clear whether the patterns of intra- 
grain variation imposed by exchange with 
fluids along grain boundaries or healed 
along microcracks and micropores will be of 
widespread importance. Thus, the interpre- 
tation and modeling of conventional bulk- 
mineral oxygen isotopic data must be treat- 
ed cautiously. On the other hand, the 
ability to measure intragrain isotopic varia- 
tions on the scale achieved in this study 
provides an exciting opportunity for new 
levels of understanding of thermal and fluid 
interaction histories of slowly cooled rocks. 
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The *011 '0 Ratio of 2-Billion-Year-Old Seawater 
Inferred from Ancient Oceanic Crust 

C. Holmden and K. Muehlenbachs 
An oxygen isotope profile of the 2-billion-year-old Purtuniq ophiolite overlaps with similar 
profiles of younger ophiolites and the modern oceanic crust. This overlap implies (i) that 
there was a similar style of seawater-ocean crust interaction during the past 2 billion 
years; (ii) that the oxygen isotope composition of early Proterozoic seawater was similar 
to the modern value; (iii) that early Proterozoic sea-floor spreading rates were similar 
to, or greaterthan, average modern rates; and (iv) that early Proterozoiccarbonate rocks 
and cherts with low 180/160 ratios do not reflect global-scale 180 depletion of early 
Proterozoic oceans. 

A long-standing controversy concerns 
temporal variations in the oxygen isotope 
composition of Precambrian seawater. It 
has been suggested that the 6180 (1) record 
of carbonates ( 2 4 )  and cherts (5) over the 
past 2 billion years reflects variations in the 
isotopic composition of the seawater in 
which these sediments were formed. Others 
argue that pervasive "0 exchange between 
seawater and the oceanic crust caused the 
6180 value of seawater to remain constant 
over time (6, 7). Satisfactory resolution of 
such conflicting views is important in that 
the oxygen isotope composition of Precam- 
brian seawater bears on the nature of Pre- 
cambrian ulate tectonics and climate. 

In this report we show that the imprint 
of earlv Proterozoic seawater is preserved 
in the'6180 profile of the 1.998-billion- 
  ear-old Purtuniq ophiolite, situated in 
the Cape Smith Belt of northern Quebec, 
Canada (8-1 0). The controversy sur- 
rounding the true 6180 value of early 
Proterozoic seawater is addressed through 
a comparison of the isotopic imprint of 
2-billion-year-old seawater determined for 
the ophiolite with that in contemporane- 
ous carbonate rocks of the - 1.9-billion- 
year-old Rocknest dolostone, situated in 
the Wopmay orogen, Northwest Territo- 
ries, Canada (3, 4). The opportunity to 
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analyze samples from the lower levels of 
early Proterozoic oceanic crust distin- 
guishes this work from most earlier studies 
that have utilized less desirable submarine 
uillow basalts collected from Precambrian 
greenstone terranes (1 1, 12). 

From their studies of the Rocknest 
dolostone, Burdett et al. (3) and Veizer et 
al. (4) concluded that the 6180 value of 
early Proterozoic calcite was nearly 10 per 
mil lower than that of modern marine 
calcites, which are -30 per mil (relative 
to SMOW). O n  the basis of the excellent 
preservation of original marine fabrics ob- 
served in thin section, Burdett et al. ar- 
gued that dolomitization of the primary 
carbonates did not completely overprint 
the original seawater signature. Using the 
isotopic composition of the most 13C- and 
"0-enriched dolomitized ooid of 22.9 per 
mil and an assumed dolomite-calcite frac- 
tionation of +4 per mil, Burdett et al. 
calculated a 6180 value of 18.9 per mil for 
the original Rocknest calcite. If equatorial 
seawater temperatures in the early Prot- 
erozoic were similar to today's, Burdett et 
al. (3) suggested, as have others (4, 5), 
that lower 6180 values for earlv Protero- 
zoic sediments may reflect a nearly 10 per 
mil "0 depletion in early Proterozoic 
seawater. 

Although widely accepted, the above 
proposal conflicts with predictions that the 
average 6180 value of the global ocean 
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