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Abstract—The Re-Os isotopic system is currently limited as a chronometer because of the lack of accurate
gravimetric standards for Os spike calibration and uncertainty of&fiRe half-life, which is also dependent

on the accuracy of Os spike calibration. We demonstrate that the concentration of an Os spike can be
calibrated accurately ta-0.2%. The accuracy of this calibration was achieved by using a high-purity,
stoichiometric, and anhydrous,RsCl standard. We show that (NOsCl, the standard material used by

most other laboratories, is less reliable for Os spike calibration because it is hygroscopic and decomposes
during heating. Nebulization and ionization in a plasma at 6500 to 8000 K does not discriminate Os of
different oxidation states and chemical forms, allowing Os isotopic ratios in spike-normal mixtures to be
equilibrated “on-line” and reproduced at th€.02% level. Multiple isotope dilution measurements reproduce

Os concentrations at the 0.04% level. The Os isotopic compositions of the standards determined by multiple
collector inductively coupled plasma mass spectrometry are in excellent agreement with that of negative
thermal ionization mass spectrometry. A strong linear relationship between instrumental mass fractionation
factors @) for Os and Ir in MC-ICP-MS allows us to determine the isotopic composition of the Os spike with
high precision and accuracy. Application of such an accurately calibrated spike is anticipated to reduce the
uncertainty of ®’Re half-life significantly, thereby increasing the accuracy of tH&Re®"0Os
chronometer. Copyright © 2001 Elsevier Science Ltd

1. INTRODUCTION 1998), but because the accuracy of Os spikes is currently
187 187 ) ) limited to as much as 1.6% (Shen et al., 1996), the slope of the
The ™'Re-Os chronometer is potentially one of the most  isochron may be off by as much. This may lead to errors on

useful isotopic systems in geochemistry and cosmochemistry jsochron ages that are significantly greater than the precision of
(see Shirey and Walker, 1998 for a review). In addition to being ihe measurements.

useful for many of the same problems addressed by other Tha second problem is that the half-life B'Re has only
chronometers (such as U-Pb, K-Ar, Sm-Nd, etc.), thtRe- been measured to-3% compared t*®U (0.054%), 2%
1870s system also can be used to date the crystallization of (0.068%),%K (~1.0%),87Rb (0.8%),4’Sm (0.9%), an(:}76|_u
metal in cores of parent bodies for iron meteorites as well as to (4%; Steiger and"gger, 1977; Lindner et al., 1989: Renne et al.,
date times of melting and or crystallization of olivine-rich rocks 1998; Begemann et al., 2001). TR&¥Re half-life was deter-
from planetary mantles (dunites, harzburgites, and Iherzolites). mined by purifying an accurately known quantity of Re and
However, since the introduction of high-precision negative measuring the amount df"Os that has accumulated over a

thermal ionization mass spectrometry (NTIMS) for Re and OS 0 period of time. This measurement therefore also relies
isotopic measurements in 1991 (Creaser et al., 199keviing on the accuracy of the Os spike calibration

et aI.,fngl; Y'g etal, 19,91)'btW(|) probr:ems lhave limited the Any Re-Os isochron age thus has an uncertainty that is a
use of the Re-Os system in absolute chronology. combination of the uncertainties on the spike concentration and

The f.'rSt centers on th_e precision an_d accuracy of Os sp|I_<e decay constant. Shen et al. (1996) concluded that this leads to
calibrations. The main difficulties are (i) the absence of stoi- an overall uncertainty of 4% on the age. If so, substantial

chiometric Os salts of high purity or Os metals of precisely improvement is required before the Re-Os system will be

known composition to serve as primary star_1dards anq ("_) the competitive with other radiogenic systems for accuracy of age
lack of isotopic equilibrium between Os of different oxidation determinations

states and of different chemical forms in the spike and standard. The need for an accurate Os gravimetric standard for Os

1874 187 f ; _mi
re?:(iasionoii Isgfhh;cl)gsehz\rﬁ ?rﬁsgl ?z:;rr&ﬂn;d ;ﬂ zfralm'l 1:;;‘59(3 spike calibration has been recognized for some time. Smoliar et
ghen et al.. 1996 gmoliar et al.. 1996 Bi?ck and gtm ' al. (1996) noted that the above problems “hinder our ability to
" ’ v ' obtain precise Re-Oabsoluteages” and that Re-Os ages can
only be “used to place preciselativeage constraints.” Morgan
t al. (1 remarked, “th ichiometry of tandards i
*Authortowhomcorrespondenceshouldbeaddressed(yin@fas.harvard.e al. (1995) re "?‘ ed’,,t e stoichio .e y of Os standards is
edu). currently a vexed issue. Papapastass!ou etal. (1994) and Shen
"Present address:unatic Asylum, Division of Geological and Plane- €t al. (1996) observed that neither using the certified concen-
tary Sciences, California Institute of Technology, Pasadena, California, trations nor heating aliquots of their salts to a fixed temperature

91125, USA. o resolved the stoichiometry problem. Birck et al. (1997) re-
Present addressDepartment of Geology, University of Maryland,

College Park, MD 20742, USA marked, “The absence of a commercially available reference
Spresent addresstaboratory for Inorganic Chemistry, ETH"Hah, material of certified stoichiometry is a serious problem.” In a
CH-8092, Zuich, Switzerland. more recent paper Birck and Ades (1998) commented, “The
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absence of an Os standard is not yet resolved.” Re standard- Table 1. Gravimetric standards.
ization is also important but, in general, is considered to be less 05 (g/g) Os wglg)  %0s (nmolig)
; . - S (ng/g S (ug/g S (nmol/g
of a problem (Papan_astassmu et al., 1994; Morgan et al., 1995; concentrated dilute dilute
Shen et al., 1996; Birck et al., 1997).
This article (building on the preliminary report of Yin et al.,  K,OsCk
1999) details the methods we used to calibrate an Os spike to NOSY-1 83.686 1.39564 1.93680
an accuracy of+0.2%, a substantial improvement over the (NH(;S(;(S_(Z:L., 61.147 1.05533 1.46453
i i i 4)2
(1::317rrent 1 to_ 2% level pf accuracy. Such a _splke, if employed in " \Asy.3 93.014 1.56229 216768
Re half-life determinations, as well as in Re-Os chronome-  NOSY-4 99.924 1.69790 2.35584
try, will make the Re-Os system comparable in accuracy to the
U-Pb system. NOSY-1 and NOSY-2: Atomic weight 190.244, 1°°0s/OS)omic =

0.264011,1870s/%80s = 0.10688, NOSY-3 and NOSY-4: Atomic
weight = 190.243, {2%s/OS)\mic = 0.263962, 1¥70s/*0s —

2. SELECTION AND PREPARATION OF Os 0.10829. The nuclide masses of Os isotopes used to obtain the atomic
GRAVIMETRIC STANDARDS AND SPIKE weights are 183.952514, 185.953852, 186.955762, 187.955850,

. . . 188.958156, 189.958455, 191.961487f40s through*°?Os, respec-
To calibrate an Os spike precisely and accurately, an Os tively (IUPAC, 1994). Uncertainties of concentrations in this table

compound With an aCf:UVate'y known composition is requi_red_. from weighing are in the range 0.015-0.05% and assume ideal stoi-
The only practical choices are ultra-pure Os metal or a stoichi- chiometry of the salts. The actual Os fraction is only known to about 2

ometric, stable, and nonhygroscopic Os salt. The latter can beper mil for K-salt and about 4 per mil for the NFsalt based on our
used to make an aqueous solution in which the Os concentra-2SSessment of stoichiometry.

tion can be determined accurately by weighing and with min-

imal processing. Because Os metal is difficult to work with, we ) ] ] o
concentrated our efforts on salts that are soluble in water or Were exposed to air. In 1999, the integrity of these remaining
acid. We obtained pure (99.999%), anhydrousOKCl and saltg was tested by thermal gravimetric analysis (TGA) with
(NH,),0sC} that were freshly manufactured by Electronics continuous Ar gas flow through the system. When th@sC,
and Space Products Inc. (California, USA) for this work and Standard was heated to 120°C and 140°C in a thermal gravi-

shipped under a sealed Ar atmosphere. As we learned from theMetric analyzer over a 4-h period, it lost no more than 0.07% of
manufacturer, the Os compounds were exposed to a vacuumits mass, and further heating (6 h) revealed no weight change at

chamber to ensure that they were initially anhydrous before the level of the precision of the measurement (ug). This
sealing under Ar. We confirmed the certified purity of these ©XPeriment was repeated several times and shown to be repro-
salts by ICP-AES and ICP-MS, in particular Band I~ were ducible. One example is shown in Figure 2. We conclude that
found to be below the detection limit<G0 ppb). We also the K,OsCl salt did not absorb significant amounts of water
determined X-ray diffraction patterns for both substances. In @nd thatitis stable up to 140°C, showing no significant weight

both cases the diffraction patterns were in agreement with change during heating. _
experimental and theoretical spectra for the pure substances. N contrast, after a similar 2-(3)/ear exposure to air, the
There was no sign of any components with different structure (NH4)20SCk absorbed~1.0 = 0.1%, by mass of water, as

in these salts and the patterns suggest that the salts have les§ocumented in five repeated experiments (one example is
than~1 to 2% of water. shown in Fig. 3). Three to four hours of heating appears to have

Two dissolutions were made of each compound-i6.7 N driven off nearly all of the water, as marked by a dramatic
HCI, which served as stock solutions (named NOSY-1 and change in the rate of weight loss (Fig. 3a): Contipued heating
NOSY-2 for the K,OsC|; standard and NOSY-3 and NOSY-4 (&t 120°C and 140°C) produced progressive weight loss at a
for the (NH,),OsCl standard). The concentrations of these slower rate (Fig. 3b). We bell.leve this slower rate of weight loss
stock solutions are given in Table 1. From these concentrated "€fl€cts thermal decomposition of (N3OsC}. Morgan et al.
solutions, a set of four diluted standards were prepared with (1995) observed NECI as white condensates on the watch
concentrations of-2 nmol 1°0s/g (Fig. 1), which were used ~ 918sS covering their standard when they heated the
for calibration of the Os spike. (NH,),OsCl, salt for 24 h at 140°C. Similarly, Gilchrist (1932)

The°%0s spike (named HOST-1), obtained from Oak Ridge observed the formation of a faint white sublimate and a con-

National Laboratory, was dissolved in two parts Hjhid one  tinual decrease in weight upon heati?g (N5OsC at some
part HCI (reverse aqua regia) using a modified Carius tube What higher temperatures (166-170°C). Because of this, Gil-

technique (Shirey and Walker, 1995). It was then separated by CNrist (1932) did not heat the (NfOsC; salt for more than 7
solvent extraction (CG), back-extracted it9 N HBr (Cohen h, whereas he heated the (WEDsBr; salt somewhat longer
and Waters, 1996), and further diluted-d.7 nmol*°®0s/g in (up to 14 h). The temperature at which decomposition occurs is
ON HBr. not well determined, and there is no guarantee that thermal
To determine the level of stoichiometry and the stability of decOmposition does not occur at lower temperatures. If the

the Os salts, we performed a number of experiments, as de-thermal decomposition of (N),OsC} into NH,Cl and OsCJ
scribed below. indeed occurs, as Yilmaz angbledak (1996) also documented,

the Os content of the heated product will be underestimated.

Thus, even though absorbed,® can be driven off from

(NH,),0OsCl by heating, the above observations suggest that
After the glass ampoules in which the salts were shipped in the ammonia salt decomposes into )iland OsCJ during the

an Ar atmosphere were opened in 1997, the remaining contentsheating procedures.

2.1. Relative Stability of K,0sClg and (NH,),OsClg
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1. Weighing IKZOSCI6| (1\|IH4)2()S(|316

2. Dissolution [ NOSY-1 | [NOSY-2] [NOSY-3 | [NOSY-4

3. Dilution N?SY-IID NCI)SY-2|D N(I)SY-%D N(I)SY-éllD

4. Std-Spike  MixA| [MixB]| [MixC MixE | [MixF | [MixG| [MixH
Mixing 81)

5. Mass % % g

Spectrometry

Fig. 1. Flow chart for preparation of Os gravimetric standards (NOSY-1, NOSY-2, NOSY-3, and NOSY-4) fasCK
and (NH,),OsCl, dilution of these standards, and preparation of the eight mixtures (MixA through MixH) of diluted
standards with Os spike (HOST1). The isotopic composition of Os was measured by MC-ICP-MS at least twice for each
mixture (except MixH).

2.2. Stoichiometry of K,OsClg tive to weight standards certified by the National Bureau of
Standards. From this excellent agreement, we conclude that
both KNGO, and KCI are stoichiometric. We therefore use the
ideal molecular weight of KNQfor the determination of the
molecular weight of our K-Os-Cl salt as described in the
following.
K,OsCk(s) + 4HNGO; (I) — 0sQ, (g) 1 + 4NG, (g) 1 The ideal molecular weight of JOSCL (Myzoscis =
. - . 481.1568) was calculated using our determination of the atomic
+2K" + 6CI" + 4H weight of Os in this salt (A = 190.244; see footnote in Table
2K* + 6CI™ + 4H* + 4HNO; (1) (in excess)— 2K* + 2NO; 1), as well as the standard atomic weights of Cl and K, (A
35.4527, Ac = 39.0983). The theoretical molecular weight
+ 2ClL(g) T + 2NOCI(g)T + 4H,0 ratio of KNO, to K,OsCl should be: Myos/Maoscis =
0.2101249. Our experimentally determined weight ratio of

We checked the stoichiometry and ideal molecular weight of
the K,OsC}, salt used in this work by the following procedures.

An accurately weighed amount of,RsCl was dissolved in
ultra-pure nitric acid. The reactions involved are as follows:

The Cl, gas and nitrosyl chloride (NOCI) gas are the standard . .
gas products of an aqua regia reaction. It took about 2 weeks tothese sui)séaflcge; 1:r(())n(;o 5230?&“5. (1).th§nd (2) O'%‘ésgl
complete the reaction. Once dissolved, the remaining solution Mkaoscie = V41991 1. - 1TIS IS Within error ST
was dried at 140°C under\jas flow until no weight change 0.10%) of 2 times the theoret!cal molecular weight ratio
was observed. By this procedure, the dark reddigB$Cl was (0.4202497). The molecular weight of ,8sC, was deter

completely converted to white, crystalline KNOwhich was mined using the relation: MOS‘?'G - ZM_KNO3_/(mKNO3/
accurately weighed. Mkooscid = 481.54 = 0.48. This value is within error

To check the stoichiometry of KNQobtained from the (+0.08 = 0.10%) of the theoretical value forQsCl. There
above reaction it was converted to KCI by adding pure HCI fore, the measurementéensistentvith exact stoichiometry of

which took about 1 week to complete. The reaction is: this substance. o _
As will be shown later in this article, the use of the ideal
2KNO; + 8HCI(l) (in excess)y—> 2K* + 2CI~ + 2Cl(g) 1 formula of the K,OsCf; salt for calibration of Os spikes leads
to concentrations that are systematically higher by 1 to 2%
+2NOCIQT + 4H0 compared with calibrations in several other laboratories using
When dried at 140°C underJ¥as flow to constant weight, the ~ NH,-based Os salts as their primary gravimetric standard ma
cubic KCI crystals were also accurately weighed. The molec- terial. This could mean that the mass fraction of Os in our salt
ular weights of KNQ and KCI are as follows: Myos = is lower by this amount than that in the ideal formula. However,
101.103, M, = 74.551. The theoretically correct weight ratio  as shown in the Appendix, there is no reasonable composition
of these two substances based on their molecular weights isof a K-Os-Cl salt that could account for such a difference. We
Minos/Miker = 1.35616. The experimentally determined conclude that the KOsCl salt we used for our primary Os
weight ratio myyos/Mke = 1.3541=+ 0.0027 is within error of standard solutions (NOSY-1 and NOSY-2) is essentially stoi-
this value (-0.15+ 0.20%). The accuracy of the weighing was chiometric and should yield Os concentrations accurate to
established using standard weights calibrated accurately rela-within +0.2%.
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Fig. 2. Thermal Gravimetric Analysis results fop®sCk. (a) shows first 300 min of heating and (b) an additional 420
min. The lines represent the heating pattern (temperature in °C). The open circle data points record weight changes in

K,0sCk in mg, measured every 3 min. The temperature

range for heating (120-140°C) was selected based on the

recommendation of Gilchrist (1932) and adopted by Morgan et al. (1995) and Birck argteA(E998).

2.3. The Nonstoichiometry of (NH,),OsClg

Papanastassiou et al. (1994) pointed out some of the prob-
lems with the stoichiometry of (N}J,OsCk. We know of no
improved methods for determining the Os content of (NH
OsCJ; since the original work of Gilchrist (1932). We therefore
followed his method for evaluating the stoichiometry of the
(NH,),OsCl, salt used to make our NOSY-3 and -4 standards.
Because this is an extremely dangerous experiment, which
requires heating a toxic substance underdds flow at very
high temperatures (800°C), only one experiment was per-
formed. The (NH),OsCl salt was reduced to Os metal as
follows: A quartz boat containing an accurately weighed

amount of (NH),0sCl was placed in a quartz reaction tube in
a tube furnace. The tube was swept with dry purified Ar for 1
h while the temperature of the tube furnace was gradually
raised to 120°C at the rate of 2°C/min. While maintaining
isothermal conditions of 120°C, the Ar was replaced by pure,
dry H, for 2 h at therate of 100 mL/min. At the end of this step,
the temperature of the tube furnace continued to be heated
gradually at a rate of 5°C/min to 725°C. The temperature was
maintained at this point fol h while the H was displaced by
dry purified Ar. The furnace was allowed to cool to room
temperature in Ar (without any exposure to air, so as to avoid
oxidative Os loss as Os@as). The boat was then transferred
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Fig. 3. Thermal gravimetric analysis results for (NsOsCk. (a) shows rapid weight loss 6f1.0 = 0.1% within first
few hours. This is interpreted to reflect evaporation of absorbed water. A8drours, the rate of change is much less. (b)

Further heating results in continuous weight loss at a much slower rate. Each data point represents the weight recorded every
30 seconds.

to a balance and allowed to equilibrate with the ambient tem- 3. THE ISOTOPIC COMPOSITION OF STANDARDS AND

perature before being weighed. The Os weight fraction in the SPIKE
(NH,),0OsCl, salt was determined by comparing the weight of
the reduced metallic Os sponge to the amount of initial JNH The isotopic composition of several Os standards was deter-

OsC|, salt. We obtained 0.43096, which is 0.5% lower than the mined by multiple collector (MC) NTIMS (the Finnigan
theoretical value of 0.43328. Thus, it appears that the stoichi- MAT262 at Harvard) and multiple collector inductively cou-
ometry of the (NH),OsC|, salt used in this study is further  pled plasma mass spectrometry (MC-ICP-MS; the Micromass
from ideal than that of the JOsC|; salt, both from this exper IsoProbe at Harvard). The NTIMS methods follow those de-
iment as well as the TGA measurements of the salt. scribed in Creaser et al. (1991),"Mening et al. (1991), and
We conclude that only NOSY-1 and NOSY-2, produced Yin (1995). The MC-ICP-MS methods used here were devel-
from the K,OsC salt, should be used for precise calibration of oped in this laboratory. For all the high-precision Os isotope
our Os spike. However, we also report results for the standards ratios reported here, we used a high-efficiency-nebulizer inter-
produced from the (NE),OsCl salt because this is currently  faced with a cyclonic spray chamber, which was water-chilled
the salt most widely used in calibration of Os spikes. to 2°C. The much smaller internal surface area of the cyclonic
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Table 2. Comparison of the Os isotopic composition obtained for the OsM standard by negative thermal ionization mass spectrometry and multiple
collector inductively coupled plasma mass spectrometry with published values for a variety of other standards.

Standard Method 186058850 18105880 189080 19Q0st8O Referencé
OsM SC-NTIMS 0.11994 4 0.14920+ 2 1.21974+ 5 1.98402+ 7 This work
OsM MC-NTIMS 0.11991+ 1 0.14911+ 1 1.21974+ 3 1.98397+ 4 This work
OsM MC-ICP-MS 0.11994- 10 0.14914+ 7 1.21969+ 7 1.98406=* 16 This work
TIT MC-ICP-MS 0.11986+ 1 0.13988+ 3 1.21974+ 5 1.98375+ 18 1
UpP MC-NTIMS 0.11997+ 1 0.17391+ 1 1.21967+ 8 1.98375+ 3 2
UM MC-NTIMS 0.11985+ 1 0.11379+ 1 1.21966+ 14 1.98448+ 16 3
DTM MC-NTIMS 0.11999+ 1 0.17395+ 5 1.21973+ 4 1.98376+ 3 4
DTM MC-NTIMS 0.12000+ 5 0.17393+ 6 1.21967+ 4 1.98379+ 2 5
LLNL SC-NTIMS 0.12007= 5 0.17444+ 1 1.21960+ 7 1.98400+ 11 6
WHOI SC-NTIMS 0.17403* 30 1.21969+ 10 1.98397+ 80 7
R1 SC-NTIMS 0.11969+ 34 0.14830= 10 1.21954+ 22 1.98380+ 31 8
R2 SC-NTIMS 0.12005- 5 0.14925+ 10 1.21959+ 13 1.98373+ 19 9
CIT2 SC-NTIMS 0.11995+ 3 0.14911+ 3 1.21967+ 6 10
CIT1 SC-NTIMS 0.12022+ 6 0.12411+ 6 1.21911+ 18 1.98403+ 18 11
Grand mean 0.11996 14 Variable 1.21966- 12 1.98389+ 26

2TIT = Tokyo Institute of Technology Standard; UP University of Paris Standard; DTM- Department of Terrestrial Magnetism Standard;
LLNL = Lawrence Livermore National Laboratory Standard; WHOWoods Hole Oceanographic Institution Standard;-RRegensburg Standard
#1, R2= Regensburg Standard #2; CIR2 CalTech Standard; CIT# Natural iridosmine.

b SC = single collector; MC= static multiple collector.

¢ Normalized to*°?0s/*®80s = 3.08261 (Nier, 1937). For NTIMS measurements the following oxygen composition was-#@€d0 = 0.002045
and*’0/*%0 = 0.0003708 (Nier, 1950). Obvious outliers are italicized and excluded from the grand mean ¥fDeA%0s and*®’0s/%%0s are
naturally variable because of radioactive decay frSfrPt or *®'Re, respectively. All errors in this table and the following table are quoted at the 2
sigma level.

d1 = Hirata et al. (1998), 2= Birck and Allggre (1998), 3= Shirley and Walker (1998), 4 Finnigan (1995), 5= Tuttas (1992), 6= Yin (1995),
7 = Hauri and Hart (1993), 8 Volkening et al. (1991), 9= Walczyk et al. (1991), 16= Creaser et al. (1992), 1% Creaser et al. (1991).

spray chamber in comparison to a Scott double-pass sprayof our standards (OsM) is given in Table 2. A comparison of Os
chamber minimizes washout time and cross-contamination isotopic compositions obtained by NTIMS and MC-ICP-MS is
from previous samples, resulting in a lower blank. Initially, we also given in Table 2. Our NTIMS data were obtained both in
found substantial memory during the MC-ICP-MS measure- single collector (SC) mode as well as in static multicollection
ments of Os solutions prepared in 2% HN@ 2% HCI. We mode. These are generally in excellent agreement with each
solved this problem by using ultra-pure 10% HCI to clean the other. As shown, the Os isotopic compaosition obtained by static
sample introduction system between Os samples. The Os so-MC-ICP-MS and NTIMS methods are also in excellent agree-
lutions were also prepared in 10% HCI. Using this approach, ment for all measured isotope ratios. Our results are also
we observed that Os signals from prior samples dropped almostcompared with the literature values in Table 2. The table
instantaneously to the level of background. Without this clean- emphasizes the necessity to establish a common Os standard
ing step, significant residual Os signals were observed evenand the need to characterize its isotopic composition precisely
hours after a sample was analyzed. To test the effectiveness ofgng accurately. Nd standards such ag3Md La Jolla or Hf
our procedure, we alternated measurements of the Os spike, Osstandards such as JMC 475 have proven to be very valuable in
normal, and Os spike-normal mixtures with 10% HCI washout the past two decades.
for about 3 min between the samples. By repeating the full  \ve also designed experiments to explore the possibility of
cycle, we found that the three samples with extremely different ysing normal Ir for mass fractionation correction of Os isotopes
Os isotopic compositions were reproducible to within 0.02%, iy |CP-MS measurements. This method may potentially be
demonstrating that there was negligible Os cross contamination jmportant for correcting mass fractionation in Os spike-normal
In our measurements. mixtures and is essential for Os spike measurements where
Both NTIMS and MC-ICP-MS Os isotopic measurements pone of the isotopic ratios are known a priori for internal
were corrected for mass fractionation using the exponential Iaw nqrmalization. Similar methodology has been applied to Pb
of Russell et al. (1978). The exponential law fractionation jsstope measurements with ICP-MS, usfgr1/2°3T] for mass

factor fractionation corrections (e.g., Longerich et al., 1987; Walder et
N Mea aI., 1993a,b).
|n(RUV/RUV .
= “In(mu/m) Q) All the Os standards measured by MC-ICP-MS were mixed
u with normal Ir. The Os blank in the Ir solution was found to be

is obtained from a measurement of the ratR}Af®9 of two at background level. B,sVvalue can be calculated using each
isotopesu and v relative to the accepted normal ratigly). of the Os-isotopic ratios, and org,-value can be calculated
Herem, andm, are the masses of isotopgandv. For Os,Bo, using the normal Ir isotope compositiort®qr/**Ur),, =

is calculated using*f?0s/2%0s), = 3.08261 as the normaliz  1.6830= 10; (Walczyk and Heumann, 1993). Figure 4a shows
ing ratio (Nier, 1937). The average Os isotopic composition a plot of Bo<Vvalues calculated from®20s/%0s (8,4,09 and
determined by MC-ICP-MS for 12 repeat measurements of one *°%0s*®80s (8,400J, respectively. This yields an excellent fit
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Fig. 4. Plot of exponential law mass fractionation fact@psdalculated from MC-ICP-MS measurements $0s/80s,
1990s880s, and"Ar/*Yr in mixtures of normal Os and Ir. The cluster of data points vgithalues~ —2.7 were obtained
using a new high-efficiency nebulizer interfaced with a cyclonic spray chamber. The datg-vathes in the range-0.4
to —1.4 were obtained on a variety of other standards using a standard Meinhard nebulizer or an MCN 6000 microconcentric
nebulizer. (a) shows a plot @f,svalues calculated frorP20s/2%0s (89,00 and*°%0sHe0s (814007, respectively. This
yield an excellent fit to a line with a slope close to 1 and near zero intercept, as expected if the exponential law is a good
description of mass fractionation in Os (i.84920s= Bigood- A similar plot using*®°0st®0s instead of *®0s*¥0s is
essentially identical (not shown). (b) shows that there is also a strong linear relation$kip)(R9898) between calculated
Bosandp,, values. Note, however, that in this case the slope is significantly lower tha®.87), and the intercept is not
zero (~ —0.15, see text for discussion). The inset shows the 2 sigma error band for this linear relationship in the range of
B, values for the spike and mixtures measured in this work. For a single vaBjeaofange of3o corresponding td o, =
0.05 is obtained, with resulting uncertainty of 2-binits per mass unit for Os isotope ratios. This linear relationship is useful
for determining the instrumental mass fractionation during measurements of samples with nonnormal Os isotope compo-
sition such as our Os spike.
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to a line with a near zero intercept and a slope close to 1, as the influence of error propagation in the isotope dilution. Be-

expected if the exponential law is a good description of mass
fractionation in OS (i.€.81920s = B1ig0oa-

A plot of Bo versusp,, (Fig. 4b) also shows a strong linear
relationship, but in this case the best-fit line yields both a
nonzero intercept and a slope differing from unity. The nonzero
intercept for theBo< B, correlation could be due to incompat-
ible values used for the normal Ir (Walczyk and Heumann,
1993) and Os (Nier, 1937) isotopic compositions. For example,
lowering the normal®3r/**%r by 1.8 per mil results in a zero

intercept value. In contrast, however, there is no change in Os

cause the isotopic ratios in the spike-normal mixtuRgg,() are
measured to the 0.02% level or better, this will translate into an
uncertainty in the *°0s)/(*°°0s), ratio of 0.024 to 0.038%.
This is a factor of five better than the final uncertainty of our Os
spike concentration (0.2%), which is primarily due to uncer-
tainty of the Os concentration in the standard salt. We therefore
conclude that the error magnification is insignificant.

4.2. Isotopic Equilibration

or Ir reference isotope compositions that can produce a slope Each mixture was analyzed by MC-ICP-MS at least two

significantly different from 1. That the slope is1 reflects
different fractionation behavior between Os and Ir, due to
differing physiochemical behavior of the two elements (e.g.,
ionization potential, volatility, oxidation state). For example,
Hirata (1996) observed differences in the fractionation behav-
ior of Os and Ru relative to other neighboring elements in his
ICP-MS measurements, which he attributed to the greater vol-
atility of these elements. Mathal et al. (1999) also have
observed different fractionation behavior between Cu and Zn
using ICP-MS.

From the above observations, it is clear that one cannot
simply assumg, = 3, to correct for mass fractionation in Os
isotopic analyses by ICP-MS. Doing so would lead to Os
isotopic ratios that are incorrect by as much as 1 per mil per
mass unit. A substantial improvement is achieved by using the
linear relationship found betweeBy and B,,, with resulting
uncertainty of~2.5 e-units per mass unit for Os-isotope ratios
(Fig. 4b). By adding Ir to our spike and using tifg +B,,
correlation we obtained an estimate @, which we used to
correct the HOST1 spike for mass fractionation (see footnote
Table 3).

4. SPIKE-NORMAL MIXTURES

Two aliquots were taken from each diluted standard solution
(NOSY 1D, 2D, 3D, and 4D) and mixed with the Os spike
(HOST1), generating eight mixtures altogether, as illustrated in
Figure 1. The purpose was to determine how well tR%©s

concentration in the spike could be reproduced based on all

these mixtures.

4.1. Error Magnification

The range of spike:normal ratios chosen for these mixtures

times (MixA three times), with the exception of MixH, which
was only measured once (see Table 3). These repeat measure-
ments were performed to insure the reproducibility of isotopic
ratios in spike-normal mixtures. In previous efforts, Os spike-
normal isotopic equilibrium is achieved either by alkaline fu-
sion (Morgan et al., 1995) or Carius tubes (Shen et al., 1996).
In our work, the Os spike-normal isotopic equilibrium is
achieved “on-line” in the plasma of the MC-ICP-MS. The data
in Table 3 show that by simply mixing the Os spike with the
standard, and, diluting to the desired concentration for ICP
analysis, the measured Os isotopic ratios involVitDs in the
mixtures are reproducible to within0.02%. Thus, we dem-
onstrate that nebulization and ionization in a plasmé&300—
8000 K) results in excellent isotopic equilibration between
different chemical solutions of Os that are likely to have Os in
different oxidation states (cf. Papanastassiou et al., 1994).

4.3. Correction of Instrumental Mass Fractionation

To correct for instrumental mass fractionation in spike-
normal mixtures, we need an estimate of tA#@s/#%0s in the
mixture RM>* whereu = 192 andv = 188) corrected for
contribution from impurities of-°?0s and*®®0s in the*®®Os
spike RS2 = (*°?0st®®0s)-,,,). The corrected (Corr) ratio
may be obtained from a measurement of this ratio as well as the
1990s/**%0s R} wherej = 190) ratio in the mixture and
precise estimates of normaR[f, andRY) and spike RS, and

st\,) isotope ratios using the following equation:

Mix S
uw Ruv

Corr _ pMix N Mixy _ 2V~ YV
Ruv - Ruv + (ij - ij R_Mix _ RS
v v

@

This is solved by an iterative procedure because the correction
term (the second term on the right-hand side of the equation)
requires knowledge of the fractionation factor. This procedure

was based on standard techniques for estimating the errorconverges to within 10 ppm of the true value after two itera-

magnification factor for isotope dilution as a function*8fOs/
1920s in the spike-normal mixture. In an isotope dilution mea-
surement, the uncertainty of the ratio '0Os contributed by
the spike (S) and the normal (N) (e.g*?0s)/(*°°0s),) is
related to the uncertainty of the isotopic ratio determined for
the spike-normal mixtureR,,,., (for example, ¥°20s/°%0s);, ,
(*®°0sH%0s) iy, OF (B80sH°0s),,) by an error magnifica-
tion factor of y = Ryi(Rs — RY/(Rs - Ruid (Ruix - RWI;
(Webster, 1960). The minimum value fgusing HOST1 is 1.2

at 1°%0s/920s = 7.918. The mixtures, MixA, MixC, MixE,
and MixG (y ~ 1.2) were all made to be closest to the
“optimum spiking” level, whereas MixB, MixD, MixF, and
MixH (y ~ 1.4-1.9) were deliberately underspiked to observe

tions and to within 1 ppm after four iterations.

5. SPIKE CALIBRATION RESULTS

The mass fraction of the spike isotopén this case*®0s)
in a spike-normal mixturex{’) can be calculated from a frac
tionation corrected ratio of some other Os isotope here
1990s, 18%0s, or*%%0s) relative toj (we call this ratioR}"™
from the following simple mass balance relationship:

R} = R™ — xR} — R} 3)
where the superscripts S and N refer to the spike and normal
isotope ratios. The resulting®®Os concentrations in the Os



2121

K,OsC|; standard for Os spike calibration.

(7 “Bid pue 1xa) 99s) uoie|a.102 'gFlisn uoeUONIE.) SSEL 10} PR108.1I09 SM UoIISOdWod aXids ay L "Z§T96 68T :S! aids ay) Jo 1YBIaM IWore dY L *G FG920T0°0 =SOusdSOzer ‘7 T9¥00T0'0
=SO,61 '¢ ¥898/6°0 = SOpsr 9 7882900°0 = SOggr ‘'€ FEGIV00'0 = SOggr '8 F78T000°0 = SO, g7 ‘7 FOSTO00'0 = ém_.WOIV aIds sO 8y} Jo sluswainsesw Jeadal xis Jo uonisodwod
aIds sO abelane syl ‘4G0"0Fe parew DA oAZSMBIaM 931ds pue SIyBIam prepuels Ul SaiueLIaoun T 8|qe.L Ul USAIB aJe SUoieuaou0d pIepuels SO Ul Sanuielsoun “ajgel siyl ui erep ayi
30npal 01 (Y06ST'C = SOggySOz67 €EE0TZ = SOyg/SOuer 6ETSE'T = mOwwmmOmmw_«_manoo &ids SO ays pue (T9280°E = SQOggyfSOz61 20786 ' T = SOugy/SOpgr V26TZ' T = SOggy/SOsgr dIdEL 98s)
Kioresoqe) siy1 ul Answooadsissepeuuaig aAnebau Ag painsesw uonisodwod SO [ewlou 8yl Pasn 9\ “UOIBUONORI) SSeW 10} Paldalodun aie g ybnolyl z suwnjod ul sonel adolos! ay L

9L’ L1 T88T6Y°0 €evoee ¥85S€¢ ¥20000°0 B90¢ELT 810000 weLEC'E 0€000°0 €916¢°S £20000°0 +9T8€C'T T-HXIN
8T¢'LT c06SY'T S06TOT'T ¥84S5€E°C 9€0000°0 BLSCEL'T T9000°0 BLTLT'E LE00'0 H6E6'6T ¥¢000°0 +0SSvC'T 2-OXIN
06ge’ LT c06SY'T S06T0T'T ¥85S€¢ 9€0000°0 BY92EL'T 790000 ®.8.T°¢ €700°0 ©8L6'6T TE000'0 +¢e8re'T T-OXIN
§ce' LT T0S61°0 [ASTARORS 89/9T°¢ 0T0000°0 BE6TEL'T T¢000°0 DT6EC'E G2000°0 #v.L0V' Y 80000°0 +2.22€2'T ¢-IXIN
8g¢’LT T0S61°0 JATA R 89/9T°¢ 9T0000°0 €v6TEL'T 02¢000°0 B96EC'E €2¢000°0 #5607 £0000°0 +T92€2C'T T-aXIN
B80e’ LT TSYv8r'1T 9¢T0T'T 89/9T°¢ 9¢0000°'0 €SS0EL'T 7€000°0 0V6.LST'€ TZ00°0 BSY9'TC ¢1000°0 +€981¢'T ¢-IXIN
LTE LT TSYv8r'T 9¢T0T'T 89/9T¢ /T0000°0 BTS0EL'T €2¢000°0 €€T9T'E GTO00'0 B999°'T¢C ¢T000°0 +8¢81¢'1 T-IXIN
FAS WA 0€68Y7°0 T,L06T¢C ESYor'T ¢2¢0000°0 BSL0EL'T LT7000°0 %€89¢c’€ #0000 ®9€¢C'L 80000°0 +200¥C'T ¢-axXIN
Z0E'LT 0€68Y°0 T,L06T¢ eSYor'T ¢2¢0000°0 BELOEL'T 810000 &9r¢ce'e 70000 K{TECL 60000°0 +8.6€C'T T-aXIN
0%6€°LT ¢0€68°0 126€0T'T ESYor'T 6200000 #TTCEL'T G/000°0 AS99T°€ 6700°0 BYTL'6T €€000°0 +5291¢'T ¢-OXIN
T86€°LT ¢0€68°0 126€0T'T €SYor'T €€0000°0 BY6TELT ¢6000°0 BOV9T'E 85000 B90L'6T 8€000°0 +L6¥¥C'T T-OXIN
€E8e’LT ¥106¥°0 T€L00¢CC 089€6'T €¢0000°0 H8STEL'T 020000 #£L¢c€C’€ 7€000°0 £¥5.6°S £0000°0 +S9S8€C'T C-aXIN
€18e’LT ¥106v°0 T€L00¢¢ 089¢6'T 6T0000°0 BOLTEL'T T2000°0 €9ceec’e Tr000°0 €TLL6°S 60000°0 +¥€6EC'T T-gxiIN
TO0E' LT 6TI8T'T LS00T'T 089€6'T LT0000°0 BYETEL'T 620000 €£2E9T'€ 8T00°0 B.9L'6T ST000°0 +¥ESYC'T E-VXIN
TECE'LT 6TI8T'T LS00T'T 089¢6'T 6700000 B6CTEL'T 8¢000°0 DEVIT'E 02000 #.9.°6T 9T000°0 +0697C'T ¢ VXIN
TLTE LT 6TI8T'T LS00T'T 089€6'T 9T0000°0 BIVIEL'T ¢€000°0 BYL9T'E 02000 HBT6L°6T 8T000°0 +8991¢C'T T-VXIN
(B/10wu) (6) (6) B/jowu ket lest SOge1SOz6t SOge1SQoet SOge1SOset SINXIN
TLSOH IN ds TN PIS prepuels
Ul SQge1 Ut SQget

(TLS@PWgdisnelqied pue sainixiw [ewlou-ayids ul J] pue SO Jo sjuawalnseaw Anawonoads ssew ewse|d pajdnod AjoAnonpul 10199]j02 aidninn "€ ajgqel



2122 Q. Z. Yin et al.
a. This work b. Morgan et al. (1995)|| c. Shen et al. (1996)
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Fig. 5. Comparison of reproducibility of our spike calibrations with that in two other laboratories: (a) shows the results
of all our individual spike calibrations. They are shown as per mil deviations from the grand mean value*¥Ohe
concentration in HOST1 determined with®sC| standard. The standards prepared frog®&C|, reproduced at the 0.42
per mil level, whereas the standards prepared from jNBSC|, reproduced at the 1 per mil level (excluding the outlier
MixH-1 improves the reproducibility to 0.43 per mil). However, a difference of 4.6 per mil exists between the two groups
of measurements, which we attribute to nonstoichiometry in the,JJ@$C| salt (see text). The two panels to the right
show a comparison with two recently published Os spike calibrations. (b) Morgan et al. (1995) used two dissolutions of one
salt ((NH,),OsC}) to calibrate their Os spike repeatedly and pooled the results, obtainjp@r2cision at the level of 2.3
to 3.6 per mil. However, the accuracy of the Os spike was estimated @tper mil. (c) Shen et al. (1996) used two Os
metal chips to calibrate their Os spike. The resulting concentration varied from 3.9 to 13 per mil for Metal | and —3.3 to
—14.1 per mil for Metal Il. The offset between the two metals is 16 per mil.

spike (HOST1) were obtained from each of the spike-normal discussed in section 2, the problem lies primarily with the
mixtures discussed above and are presented in Table 3 and(NH,),OsCl standard, and therefore all our data in Figure 5a
Figure 5. The errors quoted on the final result in this table are shown as deviations from the average spike concentration

include both weighing and mass spectrometric errors propa-
gated through the equations used for the concentration calcu-

lation. The reproducibility obtained with two dissolutions of
K,OsCk (NOSY-1 and NOSY-2) is 0.42 per mil &),
whereas the reproducibility obtained with two dissolutions of
(NH,),0sCL (NOSY-3 and NOSY-4) is 0.43 per mil 2,
excluding the last data point MixH-1, which appears to be an
outlier; including that data point will increase the spread to
0.11%). This level of uncertainty reflects our handling errors
for the entire procedure of spike calibration, including weigh-
ing, dissolution, mixing, dilution, evaporation, and mass spec-
trometry. This indicates that the reproducibility of the tech-

determined using the JOsCl-based standards.

We obtained much improved reproducibility compared with
previous studies (Fig. 5b: Morgan et al., 1995; Fig. 5¢: Shen et
al., 1996). We also obtained better agreement between disso-
lutions of our two different salts (4.6 per mil difference), than
that measured by Shen et al. (1996) for their two metal stan-
dards (16 per mil).

We show in Figure 6 that concentrations obtained by inver-
sion of data for'®%0s/°%0s, 8%0sf°%0s, and!9?0s/°%0s
agree to within 0.3 per mil (in most cases much better) with the
results based on thé%?0s/%%0s ratio itself, as explained
above. We carried out the inversion by generalizing Egn. 3 to

nigues we used to determine the Os spike concentrations is atinclude the possibility that the ratio in the mixturﬁi’}’(‘x) was
the 0.43 per mil level. Comparison of the results based on the fractionated according to the exponential law (Eqn. 1):

two standards show that the Os spike concentration calibrated

against NOSY-1 and -2 and NOSY-3 and -4 are offset by
~0.46% (Fig. 5, entirely consistent with a 0.31% offset in the

same direction from the Os assay provided by the manufacturer

R

m\* R — R}
W:(ﬂ) X @

j Ril}/llx

for these two salts. This offset suggests nonstoichiometry with Heref is the exponential fractionation factor amgamdm are

one or both of the Os compounds used in this work. As

the masses of isotopeand). For an element with at least three
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Fig. 6. Comparison of°®s concentrations in the HOST1 spike calculated using different methods. The results are given
in per mil deviations relative to the average values given in Table 3 for MixA through MixID¢Cl, standard) and MixE
through MixH ((NH,),OsC}; standard) so that the systematic difference of 4.6 per mil between the two standards is removed
from this plot. The different calculation methods are {£§0s/®0s internally normalized td°?0s/®®0s using the
exponential law and a simple spike unmixing formula (solid circles); (2) inversion based on a simultaneous solution of the
1990s concentration and the,svalue using measured®0s/°%0s, #%0s/9%0s, and*®?0s/*Os ratios (open circles, see
text); and (3) using th@,< B, correlation shown in Figure 4 (open squares). The Os concentration values obtained from
methods 1 and 2 agree to within 0.3 per mil and in most cases much better. The concentrations based on method three (the
Bo< By correlation) show more variability but in general confirm the results obtained using the internal normalization.

nonradiogenic isotopes, there exists at least two such equationsjaboratory and does not address the question of interlaboratory

allowing the system of equations to be solved for bq?rand biases. In Figure 7a we compare our standard, based on the
B. For our Os isotope measurements, we have three suchK,OsC| salt, with Os standards based on ammonia salts from
equations (one for each of the ratit¥0s/°%0s, 1#°0s/°0s, several laboratories (see Fig. 7a). The anhydrous and stoichiomet-

and *°?0s/°®0s) and bothx® and B were obtained using the  ric nature of the KOsC}, salt was demonstrated in section 2 and
total inversion algorithm of Tarantola and Valette (1982). Lee shown in Figure 2. After our initial calibration in 1999 we repeated
et al. (in press) discussed the application of inversion tech- our calibration with KOsC|; 1 year later (2000) and obtained
niques for this type of spike unmixing problem in detail. The excellent agreement to within 0.06% (Fig. 7a).

values obtained foB3 using this technique are in excellent We have obtained Os standard solutions from the University
agreement with those obtained using Eqn. 2 above. of Paris and the University of Maryland, which were prepared

A comparison of concentration results using different cor- from (NH,),OsBr; and (NH,),OsCl, respectively. With the

rection procedures is shown in Figure 6 and demonstrates thatintention of driving off any absorbed water, the Paris and
internal fractionation correction based on Os isotope ratios are Maryland groups heated their ammonia salts to 120°C and

less scattered than the results based orgBtheB,, correlation. 140°C, respectively, before dissolution. Figure 7a shows the
relative deviation of the standards of different laboratories as
6. DISCUSSION measured relative to the Harvard,®sCl standard by the

spike, HOST-1. In both cases, the concentrations we deter-

mined for the standards are higher than those determined by the

original investigators, who based their concentrations on as-
Because the comparison in Figure 5 is based on a relative scalesumed stoichometry of the salts.

it only shows how precise the spike calibrations are in each  These differences may reflect evaporative loss of solution in

6.1. Comparison of the K,0sClg Standard with Os
Standards Based on Ammonia Salts
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Fig. 7. (a) Comparison of relative concentrations of Os salt standards from three different laboratories as measured by
the same spike. The per mil deviation is calculated as the reported concentration divided by the concentration determined
using our spike, HOST-1, calibrated relative to owQsCl, standard. We attribute the negative offsets to the breakdown
of the (NH,),OsC}; salt upon heating (note the correlation between offset and temperature to which the salts were heated).
Note that these deviations are larger than the accuracy originally suggested from gravimetry. (b) Comparison of Os
concentration measurements of the Coahuila (II1AB) iron meteorite measured by isotope dilution. The error bar is the range
of Os concentration permitted in our sample of this meteorite and based op@%€K standard (Os= 10.45= 0.02 ppm
for a 179-mg sample). Data from Caltech (Shen et al., 1996) average 10.44 ppm for 77- to 93-mg samples. Data from the
University of Maryland (Morgan et al., 1995; Smoliar et al., 1996) for 109- to 251-mg samples yield Os concentrations in
the range 10.22 to 10.31 ppm. Data from the University of Paris (Birck andyi#}el998; Birck et al., 1997) for 2- to
296-mg samples yield Os concentrations in the range 10.22 to 10.44 ppm. The same general “temperature trend” observed
with the standards in (a) is clearly visible in the Coahuila data as well.

the Paris and Maryland standards over the years since thecorrelate with the temperature at which these salts were heated
original preparations (assuming Os is preferentially retained) or suggests that the “temperature trend” is due to decomposition
nonstoichiometry of the salts used in preparation of the Paris of the ammonia-based Os salts at high temperature, which
and Maryland standards. The fact that the deviations broadly would result in underestimation of the Os content of the stan-
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dard. The observed biases are somewhat larger than the estireduced stable form. From our own experience and from Shen
mated accuracy of the Paris and Maryland standardk){). et al. (1996), quantitative recovery of Os in this multistep
Morgan et al. (1995) used one standard based on,\)@$C| process is very difficult. With our own metal standards, as well
(two dissolutions of the same salts, B1 and B2) to calibrate their as the Os standard used by Shen et al. (1996), we were only
Os spike, obtaining @,, precision at the level of 0.23t0 0.36% able to obtain reproducibility at the 1 to 2% level. These
based on repeat measurements (Smoliar (1996) achieved ameasurements suggest that we are in agreement with the
slightly better precision (0.16%)). However, the accuracy of the Caltech standard to withir-1 to 2%.
Os spike calibration was ascertained to be 1% or better based
on three lines of evidence as described in Morgan et al. (1995), 6.3. Interlaboratory Comparisons Using the Coahuila
including cumulative heating of the (Nj$0sCf; salt at 140°C Iron Meteorite
for 24 h.

We also compared our standard with the Lawrence Liv-

ermore National Laboratory (LLNL) standard of Lindner et those of other laboratories is to compare results for the same
al. (1989) that was used to calibrate their Os spike and was natural sample, measured in each laboratory. For this purpose,
in turn used to determine the Re decay constant. Lindner et we determined the Os concentration in a piece of the Coahuila

al. (1989) also used ammonium hexachloroosmate to prepare(//AB) iron meteorite. Comparison of results for natural sam-
this standard. However, unsatisfied with a consistent bias of P€S always involves uncertainty with regard to intrinsic sample
2.5% between two spikes, the Os content of the standard heterogeneity. This meteorite was chosen because it is consid-
solution was checked for accuracy by potentiometric titra- ©r€d to be chemically homogeneous. The average Os concen-
tion. This method cannot be considered absolute. however. tration obtained by recent isotope dilution measurements for
because the reagent itself had to be standardized with anSamples of the Coahuila meteorite, obtained from different
independent source of chloroosmate or chloroplatinate. At Museums, is 10.34 0.14 ppm. The*=1.4% spread is within
best, the method provides an indication of confidence on the range of uncertainty for earlier Os spike calibrations (Mor-

accuracy at the precision of the quadrupole ICP-MS that was 920 €t al., 1995; Shen et al., 1996; Smoliar et al., 1996; Birck

used in Lindner's (1989) work. The Os concentration in our and Allegre, 1998). Thus, this meteorite appears, by all ac-
aliquot of the LLNL standard was found to be low by6% counts, to be the best choice for an interlaboratory comparison.

relative to the value provided for the standard. Again, this W& performed no chemical leaching before the dissolution of
may reflect problems with the aliquot we measured, such as the meteorite sample because of the potential danger of elec-

evaporative loss over the years or nonstoichiometry of the trodeposition of Re and Os (cf. Smoliar, 1996; Smoliar et al.,
LLNL Os standard. 1996), which would result in erroneous concentrations. The

sample was cut by a low-speed diamond saw into a small
rectangular chunk, which was physically abraded to get a clean
6.2. Os Metal Standards surface and then ultrasonically cleaned using distilled alcohol
Shen et al. (1996) used Os metal as a primary standard,a”d water to remove tht_a dust particles befo_re dissolutiqp. The
which eliminates problems of stoichiometry in the Os salts. S&mple was dlssloglved (in reverse aqua regia) and equilibrated
They used two Os metal chips with 0.2 to 0.4% estimated metal With the HOST1 “Os spike using the modified Carius tube
impurities. Each metal was dissolved in a glass ampoule under t€chnique (Shirey and Walker, 1995) and then measured by
a strongly oxidizing medium, then converted to stable hexa- NT'MS' ) )
chloroosmate, dried, and redissolved in 4NS@), as stock Figure 7b shc_>ws a comparison of our results with thc_nse of
solution. The resulting Os spike concentration varied from 0.39 Other laboratories. We measured an Os concentration of
to 1.3% (Metal I) and —0.33 to —1.41% (Metal I1) relative to the 10-45 = 0.02 ppm on a 179-mg sample, which is nearly
average value of both metal standards (Fig. 5c). The offset identical to the 10.44 ppm value obtained by Shen et al. (1996).

between the two metals is 1.6%, which was ascribed by Shen etOur results are also consistent with some of the data from Birck
al. (1996) to O and C impuritieé in the metal. and Allggre (1998) and Birck et al. (1997), within the 1%

We have obtained Os metal with total metal impurities uncertainty of their Os spike calibration. The data of Morgan et
of <0.05%, and have also characterized its impurities of O, N, @l- (1995) and Smoliar et al. (1996) are, however, significantly
C, and H. Two measurements of the same metal yield good lower, beyond their stated accuracy. The lower values obtained
agreement for total nonmetal impurities (O, N, C, and H) of DY the Paris and Maryland groups for Coahuila match the
0.132% and 0.139%. Oxygen is the major impurity0(098%). “temperature trend” observed for the standards (Fig. 7a). This
However, we did not check for rare gas impurity. If the metal SU99€sts that the concentration differences for Coahuila may be
was melied under Ar, this could be a problem. The good due to nonstoichiometry in the ammonium salts used to prepare
agreement between these measurements suggests that these dfi¢ O Standards in these laboratories. However, unless the

indeed the major impurities in our Os metal and that such same pieces of Coahuila used by different laboratories are
impurities can be accounted for remeasured by isotope dilution using the same spike, we are

Although the choice of metal as a standard may eliminate the Unable to determine how much of the spread in Os concentra-
stoichiometric problems that plague ammonium salt standards, ion mMight be due to intrinsic chemical heterogeneity.
obtaining good reproducibility in preparation of an Os standard
from the metal is exceedingly difficult. It requires initial dis-
solution of the metal in a highly oxidizing medium, followed by The Re-Os system has been shown by others to be one of the
a reduction step, in which the oxidized Os is converted to a worst in terms of accuracy among commonly used isotopic

Another way to compare our spike calibration results with

7. CONCLUSIONS
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dating methods, highlighting the need for a major undertaking IUPAC. (1984) Element by element review of their atomic weights.
to solve this chronic problem. Although solutions of  Pure and Appl. Chenb6, 695-768.

- . - Lee C.-T.,Yin Q. Z., and Lee T.-C. (in press) An internal normalization
(NH,),0sC} have been widely adopted as gravimetric stan technique for unmixing total-spiked mixtures with application to

dards and serveq the Os community weII_ up t0 NOW, We  \C.ICP-MS, Computers & Geosciences.

recommend that it be abandoned as a primary gravimetric Lindner M., Leich D. A., Russ G. P., Bazan J. M., and Borg R. J. (1989)
standard in preference to,RsCk. Using this standard, we Direct determination of the half-life df'Re.Geochim. Cosmochim.
show that Os concentrations can be determined accurately at ActaS3, 1597-1606.

L S Longerich H. P., Fryer B. J., and Strong D. F. (1987) Determination of
the 0.1 to 0.2% level. This will be of great utility in the future, lead isotope ratios by inductively coupled plasma-mass spectrometry

both for precise determination of tH&’Re half-life as well as (ICP-MS). Spectrochim. Actd2B, 39-48.

in the application of¥’Re*®’0Os chronometry. Maréchal C. N, Téouk P., and Albarde F. (1999) Precise analysis of
copper and zinc isotopic compositions by plasma-source mass spec-
trometry.Chem. Geol156,251-273.

Morgan J. W., Horan M. F., Walker R. J., and Grossman J. N. (1995)
Rhenium-osmium concentration and isotope systematics in group
IIAB iron meteorites.Geochim. Cosmochim. Ac&9, 2331-2344.
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APPENDIX

The use of the ideal formula of the,RsC|; salt for calibration of Os
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Mass balance considerations require that the molecular weight of this
salt be very close to the ideal molecular weight fofG$§Cl, (within
1 + 8 whereé is a small number that is measured equal to 0.0808
0.0010 as discussed in section 2.2). This results in the following
relationships between these parameters:

é‘Osfrea\ 1 2
505_ [gOs—ideal] - 1 B 1 + 8 |:<ﬁ - 1 B 8 (Al)
From mass balance considerations we obtain,
2 2(AclAG) + (Ags/Ac) + 618 — (Zos— 4
2 _[AAAD) + (AodAc) + B~ (Zou=4)
m (Aos/Ac) + Zos
and becausé&, is close to 4, we may simplify to:
_ L [oam - Zom® A3
fos= 115 04% " o7 (A3)

spikes leads to concentrations that are systematically higher by 1 to 2% First, for two special cases: (ijy = 2, we obtainé,g = -8/(1+39), (ii)

compared with calibrations in several other laboratories using NH

Zss = 4 we obtaingog = 0.455/(1+3). For aé value of 0.0008*

-based Os salts as their primary gravimetric standard material (as 0.0010, as measured for our salt, we obtain a difference in the Os mass

shown in Fig. 7a). This could mean that the mass fraction of Os in our
salt (os.rea) IS lower than that in the ideal formuld@d, 4ea), and we
express this difference @s; = ({os-red{os-idea) —1- FOr example, a 2%
difference results inég, = —0.02. Therefore, we also considered
whether there arether permissible compositions of our K-Os-Cl salt,
given the constraints discussed above.

First the K-Os-Cl salt contains 2 mol of K per formula unit as

fraction of only—0.8 = 1.0 and+0.4 = 1.0 per mil, respectively, from
the mass fraction in the ideal substance.

Considering more general cases, Zgy, < 4, we always havé,s >
0, which would produce a discrepancy opposite to that observed. For
Zos> 4, the+5 state is the most likely additional oxidation state, and
to obtain a 2% discrepanc¥ds = —0.02), we nee@, = 4.19 (i.e.,
we would thus need 19% of such a component to explain this effect).

determined by the experiment described in section 2.2. If Os is present Such a large component should have been easily detected by the XRD

in several oxidation states in this salt, then it is conceivable that the
remaining part isr%; X; OsC['" to charge balance 2 mol of K, where

Y is a number close to 1 (because most of the salt,®3$C|, with Os

in the +4 oxidation state) and is the fraction of each species
OsCl™ (2;X; = 1) in the mixture, wherey = Z; + my and Zogis

the valence state of Os (in addition to the main Os oxidation state of
+4, we may possibly have-1, +2, +3, +5, +6, +7, or +8 and an
average valence oFqs; = 2;XiZos). From charge balance, it
follows thatm = 3, X;m; = 2/Y = (K/Os), and thus the formula for
this salt can be written as s, Cl,,, wheren = X, X;n; = (Cl/Os).

measurements. Fdjs < 0, we must have o > 4. Given thats =
0.0008 and that the mass fraction of the impurity is at most %6+
X5 +...<0.02), we obtain-0.002< ¢,4 < 0. Thus, we conclude that
our K-Os-ClI salt exhibits essentially the ideal stoichiometry of K
OsC} .

These results are all due to the simple fact that if we start with the
molecular weight determined for our K-Os-Cl salt of 481.54, it is clear
that after subtracting the weight ® K and one Os, then the remaining
weight of 213.099 yields 6.011 Cl in the formula (i.e., in this case
(Cl/Os) = 6.011), very close to the theoretical value of 6.



