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1. Introduction 
Due to the large mass difference between the two isotopes, D/H ratios can be strongly 
affected by chemical processes. Thus, they can be sensitive monitors of fluid source, 
temperature, and fluid-rock interactions in geologic settings. However, their application 
has been limited due to difficulties associated with the experimental determination of 
mineral-water D/H fractionation factors (a,,,inera,-waler), with differences of up to 80%0 
derived from different experiments for similar conditions [ 13. The lack of confidence in 
fractionation factors has significantly hindered realization of the potential of D/H ratios 
in geochemical studies. Herein, we describe a new experimental method, relying on 
SIMS analysis, that allows the precise determination of rnineral-water D/H fractionation 
factors, and the analytical considerations that are required to make both precise and 
accurate measurements. 

The development of this method is based on the fact that diffision rates are 
markedly anisotropic in many hydrous minerals, varying by over five orders of 
magnitude depending on the crystallographic orientation. The diffusion rates can be 
determined by conducting controlled exchange experiments of fixed duration using 
isotopically labelled waters that are enriched (strongly) with D, and then measuring the 
depth profile by SIMS. Using this information, diffusion profiles that would be 
developed for a mineral exchanging with water can be modelled for different 
temperatures and exchange durations. Depending on the mineral, crystallographic 
orientation, temperature, and duration of exchange, the outer few microns of the 
diffusion profile are, within analytical error, in equilibrium with the water as long as the 
6 D  value of the fluid differs from that in equilibrium with the mineral by -<100%0. 
Esperimental times required to develop these outer "equilibrated" rims vary from a day 
to several months for temperatures between 200 and 600°C for a variety of hydrous 
minerals. Analysis of this "equilibrated" mineral rim on the appropriate face provides 
a niineral-water fractionation factor that is very close to that of true equilibrium. The 
true an,incra,-wa,er can be bracketed and the experiments reversed by using two labelled 
waters, one isotopically lighter and the other heavier than the mineral chosen for the 
experiments. A major advantage of these experiments is that they are "pure" diffusion 
esperiments, and since equilibrium fractionation factors are defined as the value achieved 
by infinite-duration difisive exchange between two substances, these experiments are 
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theoretically closest to the actual definition of an "idealt' exchange experiment. 
However, achieving useful results requires precise and accurate D/H ratio measurements 
for relatively thin (a few microns) rims on the experimentally exchanged minerals. Our 
initial efforts have focused on the minerals epidote (CaFeAl,Si,O,,[OH]) and brucite 

2. Analytical Methods 
The first reported high precision measurements of D/H ratios in minerals were 

reported by Deloule et al. [2]. Our methods are modified from theirs using the modified 
Cameca 4f at ORNL. Samples were sputtered using a l60- primary ion beam with an 
accelerating potential of 12.5 keV. A mass resolution aperture was inserted in the 
primary column in order to remove possible l60H- molecular species from the primary 
ion beam to prevent contamination of the sputtered area with additional oxygen. 
Depending on the mineral analyzed and the expected thickness of "equilibrated" rim, 
primary beam currents were 1-10 nA, and beam spot diameter varied between 10-30um; 
both stationary and rastered beams (areas up to 5Ox50um) were used. As discussed 
below, with some exceptions, there was no difference in quality of analysis with rastering 
of the primary ion beam; this was used mostly to control sputtering depth. Positively- 
charged secondary ions were accelerated at 4.5 keV, and no offset potential was applied. 
The energy window was tuned to a bandpass of 75 eV. Mass resolution of -1 500 &Am 
was used to separate the D peak from H2 molecular ions. The largest contrast aperature 
(400 urn) and a transfer lens setting resulting in a 150 um imaged field were used in all 
analyses. As discussed below, depending on the mineral analyzed and the intent of the 
analysis (depth profile or isotope analysis), a variety of field apertures were used to 
control the area of the sputtered crater that was actually analyzed. All peaks were 
counted using an electron multiplier with a system deadtime of 17ns. The magnet was 
modified to allow a total mass range of 0-31 amu, providing broader peaks and more 
stable analysis conditions. Peaks were selected by jumping the magnet from mass to 
mass. In general, H was analyzed for 2 seconds and D for 12 seconds in each cycle; the 
Hz mass was also monitored for 2 seconds in many analyses, and a settle time of 1 
second was used between each magnet jump. Between 50 and 150 individual ratios 
(magnetic cycles) were collected for each analysis; analysis times were 20-50 minutes 
long. The peaks were centered by scanning the magnet after each analytical cycle on 
days when the instrument was prone to magnet drift. Vacuum conditions in the sputter 
chamber were generally better than 2xlO-' Torr. Samples were gold-coated to ensure 
surface conductivity. 
3. Results and Discussion 

Our first experiments were conducted on the mineral brucite, a strongly 
anisotropic layer oxide. Experiments were conducted on both polished and unpolished 
cleavage surfaces; due to the difficulty of polishing small, gem quality minerals, we 
hoped to utilize only lightly polished mineral faces for our analyses. The goals of these 
initial studies were to determine precision, reproducibility, and instrumental mass bias 
(IMB). Our results indicated that internal precision was similar to that predicted by 
counting statistics (about h5%0 SD), and that reproducibility among different analyses 
was similar to or better than the precision of a single analysis on polished surfaces. We 

(Mg[OHl,). 
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also discovered that, on polished faces, the IMB varied by 50%0 depending on whether 
the mineral was oriented parallel (IMB 225%0) to or perpendicular (IMB 175%0) to the 
layers, with the larger 1MB correlated with the fastest diffusing orientation. 
Interestingly, on the rough, unpolished face perpendicular to  cleavage, IMB was found 
to vary across the entire 50%0 range measured on the polished faces; this is probably 
due to local orientation effects. We also discovered that the initial D/H ratios were 
much lighter as compared to the final ratios. These ratios converged rapidly to the 
steady-state values, appeared to correlate with the H,"' ratio. We found that once the 
HJH ratio dropped below Zx109, the D/H ratio reached its final value (usually after 10- 
30 ratios, depending on sample pretreatment). Calculations showed that the D/H ratio 
could be corrected using the measured H,/H ratio, suggesting that a second component 
with a very light (around -800%0 ) 6D value was present during initial sputtering; this 
correction remained constant from sample to sample. We found that the magnitude of 
this effect correlated somewhat with the amount of time that the sample was in the 
vacuum chamber, decreasing with time, and we attributed it to an adsorbed species. 
However, when an old crater was resputtered, after the sample had been removed from 
the instrument and exposed to atmosphere, the Itinterference" was not present, and both 
D/H and HJH ratios were constant throughout the analysis. This effect is not observed 
during analyses of the silicate mineral epidote. Following these discoveries, we adopted 
the use of a field aperture that limited extraction to 33 um with a rastered area of 50x50 
um for analysis of brucite to avoid contamination of the analysis from surface effects. 

Only a limited number of experimental charges (typically 3-5) can be mounted 
in a single sample mount. Limited standard supplies and the problems with initial D/H 
ratios in brucite led us to experiment with sample "pretreatment" in an effort to both 
minimize problems potentially associated with adsorbed species and allow for analysis 
of more than one sample block during an analytical session if needed. Our initial efforts 
followed Ottolini et al. [3], who found that prebaking the sample in an oven at 70-90°C 
for 24 hours, followed by overnight pumpdown in the sample chamber (with a liquid 
N2 filled cold finger) reduced background H20 to less than 0.01 wt %. We found that 
this procedure allowed us to reach baseline; the H,/H ratio (which is sensitive to 
adsorbed water) remained unchanged over a 5 day period. Our instrument is equipped 
with a sample exchange system that allows one sample to be pumped and baked while 
another sample is in the instrument being analyzed. We found that we could achieve 
the same background conditions by baking the sample for three to  four hours under 
vacuum (around 50°C) followed by insertion into the sample chamber for immediate 
analysis. This makes it possible to analyze multiple mounts in the same analytical 
session, improving sample throughput. 

Unlike brucite, there is no apparent surface contamination effect in polished and 
pre-baked epidote samples. Therefore, for D/H ratio measurements, we use a larger 
field aperture to increase the number ions counted and thus improve counting statistics; 
typically a 750 zrm field aperture is used to improve the peak shape while providing a 
60 zrm collection field. Preliminary results suggest that, if present at all, IMB 
differences between various crystal faces is relatively small (<10%0). The presence of 
Si enhances H ion emission significantly, which combined with the more "open" 
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instrument configuration results in count rates that are within 2-3x of those observed 
on brucite, even though there is 15x more hydrogen in brucite. For sputter depths of 
-3 um (25x25zrm analysis area), internal precision is typically around +6-8%0 for 
epidote analyses. 

To obtain accurate and precise results, carefbl calibration of IMB is required for 
each analytical session. To avoid matrix effects, we used the same minerals used for 
the experiments. The IMB that we measured for epidote and brucite are 
indistinguishable fiom those predicted based on bond strengths as proposed by Deloule 
et al. [3], suggesting that this parameter can be used for accurate prediction of D/H 
IMB. We also found that day-to-day variations in measured D/H ratios were minimal. 
For ten analytical sessions spread out over two months, the pooled IMB (over 50 
standard analyses) on epidote had a standard deviation under 10°ho, with a 95% 
confidence limit of 5%0; daily IMBs had precision varying between 3 and 7%0. 

As illustrated below, use of this technique on experimental runs yields excellent 
results. Illustrated are the results of reversal experiments at 300-600°C; typically 5-7 
unknown analyses and 5-7 standard analyses were made for each experiment. In 
general, the 95% confidence interval is better than *7%0. Three sets of duplicate 
analytical runs on different experiments suggest that actual reproducibility is even better 
than this, as results for each set agree to better than 3%0. These results indicate that 
this method is extremely promising for determining mineral-fluid D/H fractionation 
factors, and it should be applicable to most hydrogen-bearing minerals. 

- -20 
m 
L 
Q) 
E 

*-  -30 E 
L 
m -40 
Q) 
U 

d 
-50 ip 

v v  

300 400 500 600 
Temperature "C 

References 
[ l ]  T. W. Vennemann and J.R. O'Neil, Geochim Cosmochim Acta 60 (1996) 2437 
[2] E. Deloule, C. France-Lanord, and F. Albarede, in Stable Isotope Geochemistry: 
A Tribirte to Same1 Epsteiii, ed. by H.P. Taylor Jr., J.R. O'Neil and I.R. Kaplan 
Geochemical Society Special Publication 3, ( 199 1) pp. 53 
[3] L. Ottolinin, P. Bottazzi, A. Zanetti, and R. Vannucci, Analysis, 120 (1995) 1309 

Research sponsored by the Division of Chemical Sciences, Office of Basic Energy Sciences, U.S. 
Department of Energy, under contract No. DE-AC05-960R22464 with Oak Ridge National Laboratory, managed by 
Lockheed Martin Energy Research Corp. 



M 9 7 0 0 8 5 5 8  
lllllllll Ill lllll llllllllll lllll lllll llllllllllllllllll 

Publ. Date (11) q4 7 nq 
Sponsor Code (1 8) h 0 
UC Category (19) 

DOE 


