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Abstract—Analyses of*®0/*°0 and*’O/*0 in silicate and oxide minerals by UV laser ablation of 20@0

X 50 um sample pits combined witlm-GCMS yield precision and accuracy similar to that of conventional
methods. This represents a 100-fold reduction in minimum size relative to other fluorination methods based
on gas-source mass spectrometry and enables high-precision in-situ intracrystalline analysis of silicate
minerals.

Analyses of almandine, forsterite, and schorl of known isotopic compositions indicate an analytical
precision of+0.3%o (o) in 620 and+0.4 in 7O with an accuracy of similar magnitude. Application to
meteoritic samples is demonstratedibysitu analysis of pyroxene and melilite from a type B CAl inclusion
from the Allende meteorite. The CAIl data adhere to the carbonaceous chondrite anhydrous mineral line
defined by conventional macroscopic fluorination methods and demonstrate that non-mass dependent differ-
ences of 1% amu* are discernible. The unique combination of analytical and spatial resolution afforded by
the new UV laser microprobe will allow high-precision mapping of the distribution of anomalous oxygen in
minerals from calcium-aluminum-rich inclusions on a previously unattainable scdgyright © 1998
Elsevier Science Ltd

1. INTRODUCTION sizes greater than imol (approximately 0.1 mg of silicate) in
part because the gas-source mass spectrometers used rely on

Methods for microanalysis of oxygen isotope ratios in silicate ",
viscous flow of sample gases.

minerals are being sought with vigor. Motivation for technique ) .
development comes in part from the vexing problem of the W€ report here the development of a UV ablation-fluorina-
origin of anomalous oxygen isotope ratios in meteorites (e.g., 10N microprobe that extends the use of laser ablation for
Yurimoto et al., 1994: Leshin et al., 1997; Engrand et al., ©Xygen isotopic analysis to the nanomole level (approximately
1997). Secondary ion mass spectrometry (SIMS) has been usedl g of silicate) by preconcentrating oxygen from a fluorina-
to obtain measurements with spatial resolution on the order tion vacuum extraction line for analysis by isotope-ratio-mon-
of 20 um or less. The cost of this high spatial resolution has itoring gas chromatography/mass spectromeim-GCMS).
been poor analytical precision compared with oxygen ex- Results show that Qextracted from ablation pits measuring

traction by fluorination and gas-source isotope ratio mass
spectrometry (FMS). SIMS affords precision on the order of
+1-2% amu* (1o) for the large majority of applications
(e.g., Valley and Graham, 1996; Leshin et al., 1997; Lyon et
al., 1998) while most FMS methods are assured=df.2
amu * precision and in many cases+0.1%o0 has been ob-
tained (e.g., Valley et al., 1995). Sub-per mil precision is useful

approximately 80X 100 X 50 um can be analyzed fa$*0

and 87O with precision of 0.3 and 0.4%., respectively, and
accuracy of at least0.3%.. Application to meteoritic samples

is demonstrated byn situ analysis of pyroxene and melilite
from a type B CAl inclusion from the Allende meteorite. The
CAl data adhere to the carbonaceous chondrite anhydrous
mineral line defined by conventional FMS (Clayton, 1993) and

for distinguishing mass-dependent from nonmass dependentgemonstrate that nonmass dependent differences of 1% amu

relations among®0, 7O, and*®0 where the total range in
80/*€0 is limited.

Wiechert and Hoefs (1995) and Rumlgeal. (1997) have
demonstrated that ultraviolet (UV) laser ablation indgas can
be used to obtain in situ analyses*80/*°0 and*’O/*°0 with
precision rivaling conventional FMS methods. These workers
have shown that UV ablation is superior to infrared (IR) heat-
ing as a means for liberating oxygen because the material left
behind is not thermally affected; partial melting in the annular
zones surrounding pits limits the size iof situ analysis spots
by IR heating to=1 mm (e.g., Young and Rumble, 1993).

In permittingin situ analysis, UV lasers have the potential to
be used as oxygen isotope microprobes. Until now, however,
UV laser ablation-fluorination has been limited tg €ample
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are discernible.

2. THE LASER ABLATION AND FLUORINATION
PROCESSES

Laser ablation and chemical processing of the ablated prod-
ucts are just beginning to be understood despite intensive study,
especially by workers engaged in development of thin-film
deposition methods. Nevertheless, it is clear that the scale of
ablation may profoundly influence results. Further refinements
of laser-fluorination and indeed other laser-based microanalysis
methods will benefit from identification of the factors that
control the quality of results. We, therefore, include a synthesis
of the physico-chemical processes that likely give rise to the
release of oxygen by laser ablation and fluorination.
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Fig. 1. Energy level diagram depicting the interactions between
infrared (from a CO2 or Nd-YAG laser), visible (Cu vapor laser green),
and ultraviolet (UV from a Cu vapor laser or a KrF laser) photons with
silicate minerals. lllustrative laser light absorption mechanisms are
shown for Si coordinated by four oxygens (Sj®lack), Mg coordi-
nated by eight oxygens (MgO, light grey), and Fe coordinated by eight
oxygens (FeO, dark grey). IR light transfers energy to resonating
vibrational modes. Those involving Si-O bonds are shown (Si-O vib).
Multiphoton absorption allows UV light to couple intrinsically in

silicates by promoting electrons across valence-conduction band gaps,

represented here by the band-gap energigsi(Equartz and octahe-
drally coordinated Mg and Fe. Exciton formation effectively narrows
the band gap, producing a lower transition energy_(JE shown here

for a quartz. Defects that enable extrinsic coupling between UV pho-
tons and electronic transitions include O vacancies in MgO and SiO
and charge transfer due to the presence of ferric iron impurities in
MgO. Energy levels are from references cited in the text as well as from
Bukowinski (1980) and Sherman (1991).

2.1. Ablation

UV photons are absorbed by transitions in electron energy
levels. Vibrational-electronic coupling occurs within10 *°
sec leading to lattice vibrations and ultimately extrelmeal-
ized heating of the medium. Duley (1996) estimates that pho-
ton-driven reactions dominate over thermally-driven reactions
for timest less thant’ = A?/(4k) where A is the incident
wavelength andk is thermal diffusivity. For UV § = 250 nm)
ablation of rock-forming minerals one obtaitfis= 2 x 108
s. Apparently, a principal reason for the negligibly small heat
affected zones surrounding UV ablation pits is that the pulse
length of most commonly used UV sources is on the ordéf,of
e.g., 3X 10 s in the case of the frequency-doubled Cu vapor
laser used in the present study.

Transitions responsible for absorption of UV photons in-

E. D. Young, D. W. Coutts, and D. Kapitan

< 3000K
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Fig. 2. Schematic illustration of a blast wave in a background gas
induced by plasma during UV ablation of mineral material. The degree
of mixing between ablation products exiting the plasma and ambient
gas behind the shock front (grey zone) depends upon gas density and
the ratio of isobaric (Cp) to isochoric (Cv) heat capacity in the reagent.
Two possible reactions involving either ionized Brét ionized F in
the mixing zone behind the shocked and partially ionized fluorinating
gas are shown. Fluorination of oxides is expected for the latter but not
for the former below 3000 K.

coulombic attraction between the electron and hole. Neverthe-
less, the energy required for exciton formation is comparable to
the bandgap (Guizard et al., 1995) and multiphoton absorption
is required for either exciton or bandgap transitions (Fig. 1).

Comparison of average photon densities (Poisson probability
distributions) with atomic densities in silicate rock-forming
minerals indicates that the probability of two-photon absorption
relative to single-photon absorption 107 for the power
densities of 1x 10° to 1 X 10° W ¢cm~2 commonly used for
mineral ablation. Irradiance must exceed®® cm™2 for the
probability of multiphoton interaction, and hence intrinsic ab-
sorption, to dominate.

The residence time of an electron in the conduction band,
is on the order of 150 fs (Guizard et al., 1995). Frenthe
density of bonding electrons in silicate, and interband transition
energies (e.g., X 1072 electrons per crhand 8.7 eV, respec-
tively) it is evident that the 1 W cm~2 required for domi-
nance of multiphoton absorption is sufficient to promote nearly
all bonding electrons to an excited state simultaneously.
Bleaching (transparency to UV) is expected to occur as the UV
absorption coefficient decreases and the saturated column of
mineral becomes increasingly transparent. We suggest that the
cracking and explosive ablation commonly observed at power

clude promotion of electrons across the bandgap, formation of densities near W cm™2 (see Luft et al., 1996 for examples)

excitons, and electron transitions within defect absorption cen- iS explained in part as a consequence of bleaching. Bond
ters. Bandgap energies of many geologically relevant minerals scission and distortion by the laser at depths within the mineral
exceed the 4.9-6.4 eV of UV photons used in most experi- below the bleached zone cause a buildup of gas pressure and
ments (Fig. 1) and so excitation by absorption of single photons mechanical stress. Explosive ablation involves particulate ejec-
is not possible. Excitons are localized electron-hole pairs bound tion and will not produce the molecules, atoms, and ions
to one another at lattice positions, in some cases on individual necessary for liberation of oxygen by chemical reaction with
Oions (e.g., Zhang et al., 1994). They enhance the opportunity fluorine. Surface pressures atL0° W cm™ 2 rapidly increase

for intrinsic absorption by providing hydrogen-like energy lev- beyond several hundred bar (Dreyfus, 1995) and will also cause
els below the bottom of the conduction band as a result of ejection of macro-particles. For these reasons we expect that
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power densities sufficient for intrinsic-dominated absorption 1995). Fluorination is favored where separation between the
and bleaching will be of little use in laser ablation fluorination. blast front in the ambient gas and the ablation plasma plume is
Because intrinsic absorption is limited, UV ablation of sili- incomplete. Under these conditions excited ablation products
cates to form reactants for fluorination must rely on absorption (molecular and atomic neutrals and ions) diffuse into the heated
by defects. Typical defect transitions, including charge transfer and partially ionized rarefied background gas left behind in the
accommodated by Bé impurity and charged or neutral oxy- wake of the blast wave. The degree of separation correlates
gen vacancies, range from 6 eV to 4 eV (Fig. 1) and are with the intensity of the shock wave. Shock intensity and
accessible by absorption of single UV photons at moderate degree of separation are quantified by the wavefront pre§sure
power densities. Experiments with quartz suggest that two- in ambient gas phade Wavefront pressure in turn varies with
photon absorption during UV exposure creates excitons that ambient gas density; and the adiabatic constasi (the ratio
decay non-radiatively into oxygen vacancies (Joosen et al., of isobaric to isochoric heat capacity) according to the expres-
1992; Itoh et al., 1994; Duley, 1996). In this way ablation might sion (Sedov, 1993; Guggenheim, 1967)
be initiated in the absence pfeexistingmpurities and defects
as the number of vacancies increases. P
The ablation process at moderate power density is envisaged '
as follows: UV irradiation augments an existing defect density
with exciton-induced vacancies by infrequent multiphoton ex-
citation. The number of defects increases with continued ex-
posure until a threshold defect density is attained. Beyond this
threshold, single-photon extrinsic absorption is sufficient for
ablation. Such a process is consistent with experimental evi-

2 2
=il ()

wherey; is the wavefront velocity. Using the analysis of shock
front propagation by Callies et al. (1995) it can be shown that
the velocity of a shock front in Brfwill be approximately 0.74

that in F, (based on different gas densities at equivalent pres-
sures and laser pulse energies). The ratio of front pressures is,

S . - . . therefore,
dence in wide-bandgap materials for an induction period of
laser irradiation before ablation can begin (accumulation of a Pe, Yeres + 1
minimum defect density) and lack of fluence-dependent ab- 5= 0.444———. 2
. L . L BIFs Yr
sorption characteristics (indicating single-photon domination of
absorption, Lowndes et al., 1993). Adiabatic constants generally vary from 1 to 1.7 and can be

estimated using the relatiop = (1 + 2/f) wheref is the
internal degrees of freedom associated with the gas molecule.
One obtaingyg, ~ 1.3 andyg,r, ~ 1.1 with this relation and the
Fluorination by IR laser heating is accomplished by reaction pressure in the blast wavefront in Brwill be 2—3 times that in
between fluorinating gas {For Bri;) and molten mineral. In F,. As the front moves faster in,Fout the front pressure is
the case of UV laser ablation, fluorination occurs in or adjacent greater in BrE, the shock wave attending laser ablation sweeps
a plume of hot plasma that forms above the target mineral while BrFg from the plasma environs more effectively than in the
the laser pulse is active. Unpublished experiments conducted ascase of E, inhibiting the effectiveness of Befas a fluorinating
part of the present study demonstrate that fluorination of UV agent.
ablation products is more efficacious i3 as than in BrE Rumble et al. (1997) showed that although UV ablation in
Reasons for this disparate behavior are suggested below. BrFg yields reasonable isotopic measurements, precision and
The body of knowledge on laser-induced plasmas indicates accuracy are improved using Bas. In this study, hundreds of
that interaction between ambient fluorinating gas and silicate ablation-fluorination experiments were carried out usingsBrF
plasma plumes should be sensitive to the dynamics of the with limited success (the data are too numerous to report in
plume and surrounding background gas. There is also evidencedetail in this communication). In general, oxygen isotopic
that thermodynamic forces may play a role despite the extreme ratios obtained by ablation in BgFwere substantially more
conditions and short time scales involved. erratic than those observed by Rumble et al. (1997), with
Immediately above the ablation site temperatures reach sev-deviations from expected values commonly as high-asper
eral thousands of degrees K as indicated by the incandescencenil. The degradation in accuracy and precision associated with
in the center of the plume and theoretical and experimental ablation in Brk at the millimeter scale (Rumble et al., 1997) is
measurements of laser ablation-induced plasma plumes aboveexaggerated at the 100m scale of the present experiments.
oxide targets (e.g., Le et al., 1996). Rapid acceleration of atoms Isotope ratios of Q liberated by ablation in Brf exhibit a
and molecules from the ablation pit compresses the backgroundlinear relation with sample size in some data sets. In other
fluorinating gas. A Taylor-Sedov blast wave is triggered that instances no systematic variability is evident. In contrast, under
propagates through the fluorinating medium (Fig. 2). Theory identical conditions, ablation in Fyields consistent oxygen
predicts that the strength and stability of the blast wave will isotope ratios, indicating complete fluorination of ablated sili-
depend on laser pulse energy, total background gas pressurecate. We suggest that the efficacious fluorination of ablated
and properties of the background gas. Theoretical dependencematerial by 5 gas and the apparent incomplete and inconsistent
of shock intensity on background gas properties has been fluorination by Br vapor may be explained in part by the
confirmed experimentally by Kapitan et al. (1998) using a different physical properties of the two fluorinating agents and

2.2. Fluorination

ballistic pendulum. the effects of these differences on the dynamics of the shock
Transient temperatures in the stable blast wavefront may be wave that forms above the ablation plasma plume.
as high as 30000 K (Le et al., 1996). lonization of the fluori- In addition to dynamical considerations, it is possible to

nating gas in the wavefront is therefore likely (Callies et al., examine the relative merits of,land Brk in terms of thermo-
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Table 1. Analyses of almandine garnet, Smithsonian Institution Table 4. UV ablation anirm-GCMS analyses of a type B CAl from

specimen 107144. Expected values are 6.0% and 3.1%'f@ and
870, respectively.

508 vow "0 vow AYO? Yield (nmol)®
5.7 3.2 0.3 19
5.4 3.0 0.2 16
6.2 3.2 0.0 17
6.0 2.8 -0.3 17
6.2 3.1 -0.1 16
6.6 3.1 -0.3 14
5.7 2.7 -0.2 13
6.2 3.5 0.3 17
6.4 2.9 -0.4 14
6.5 4.3 1.0 14
6.0 2.3 -0.8 12
6.2 2.8 -0.4 16
6.3 3.0 -0.2 12
5.6 3.4 0.5 9
5.9 2.8 -0.2 12
6.5 3.2 -0.1 6
5.9 3.0 0.0 12
6.1 3.1 0.0 mean

+0.3 +0.4 +0.4 1o

1 Analyses corrected for blank using peak areas insv

2 Excess'’O calculated from measured valuessa®0 — 0.5145'°0
as prescribed by the tangent to the mass fractionation curve.

3 Determined bym/z = 32 peak areas based on 0.6 o V. s per
nmol as appropriate.

Table 2. Analyses of schorl, Smithsonian Institution specimen
R11871-1. Expected values are 9.2%. and 4.7%.8510 and 8'70,
respectively.

5 %05 vow 8 0% mow AYO? Yield (nmol)y®
8.9 4.4 -0.2 13
8.8 4.3 —-0.2 11
8.2 4.1 -0.2 12
8.6 4.2 -0.2 mean
+0.4 *0.2 1o

1 Analyses corrected for blank using peak areas insv

2Excess'’O calculated from measured values &S0 — 0.514
8%0.

3 Determined bym/z = 32 peak areas based on 0.6 o8 V. s per
nmol as appropriate.

Table 3. Analyses of forsterite olivine, Smithsonian Institution spec-
imen 107144. Expected values are 5.2%0 and 2.7%6160 ands’0,
respectively.

5'°Ogmow 8 0% yow AYO? Yield (nmol?
55 2.8 0.0 13
5.8 2.2 -0.8 15
5.3 2.8 0.1 17
5.7 3.7 0.8 16
6.0 4.2 1.1 14
55 2.6 -0.2 16
5.6 3.1 0.2 mean
+0.3 +0.7 +0.7 1o

1 Analyses corrected for blank using peak areas insv

2Excess'’O calculated from measured values &S0 — 0.514
8%0.

3 Determined bym/z = 32 peak areas based on 0.6 @ V. s per
nmol as appropriate.

the Allende meteorite.

5%0% \ow "0 vow Minerals Yield (nmolf
—-4.1 -8.2 melilite >> spinel 10
—-7.4 -11.1 melilite > spinel 10
—-54 -9.0 melilite >> spinel 15
-3.8 -8.8 melilite > spinel 2
—26.8 —29.0 pyroxene> spinel 10
—-28.1 -30.9 pyroxene> spinel 11

1 Analyses corrected for blank using peak areas insv

2 Determined bym/z = 32 peak areas based on 0.6 @ V. s per
nmol as appropriate.

 Not recorded for this analysis, but similar to others.

dynamics. Dreyfus (1995) points out that the time scale of
forming oxidation products by ablation of Cu in an, @mo-
sphere is very much longer (up to 3P8) than the transit time
of reactant ablation species<® us) at positions above the
target, implying that reaction takes place after reactants have
been slowed by multiple collisions. Thermodynamics can be
used to predict the relative stabilities of species under such
conditions.

Among thirty equilibria representing possible reactions be-
tween ablation products and reagent in the systemg BriF
+ O + Mg + e and F+ Mg + O + e (e representing electrons
to account for ionic species), all but three strongly favor liber-
ation of oxygen at the pressures and temperatures considered
(thermochemical data from JANAF tables, Chase et al., 1985).
Of those that do not favor fluorination, the reactions

F + Mg° + 20° = MgF; + O) (3)
and
2F° + Mg°® + 20° = MgF? + 09 (4)

proceed from right to left above approximately 5000 K and are
of little relevance outside of the plasma plume itself. The third

BrFy + MgO" = MgF; + 3 Oj + BrF; (5)

proceeds from right to left below approximately 3000 K (sub-
plume temperatures). As a consequence, bromine pentafluoride
may not fluorinate some molecular ions outside of the plasma
plume regardless of the degree of intermingling.

3. EXPERIMENTAL METHODS
3.1. Ultraviolet Laser Ablation

The ultraviolet laser beam (255 nm) used for ablation is generated by
frequency doubling the green (510.6 nm) output from an Oxford Lasers
LS-10 copper-vapor laser (CVL). The CVL is fitted with a custom
on-axis resonator that preserves the far-field characteristics of the
incident green beam in the UV. Frequency doubling is accomplished by
line focusing through a BBO crystal as described by Coutts and Brown
(1995). Spatial filtering yields 8 Watts of the fundamental green and a
maximum UV power output of 600 mW. Experiments reported here
were performed with 450-500 mW of UV delivered at a pulse repeti-
tion rate of 4 kHz, yielding a pulse energy of 0.1 mJ. It is expected that
this low pulse energy minimizes the expulsion oh-sized particles
(i.e., particles too large for fluorination). Pulse width is 30 ns (FWHH).
Average pulse fluence of 3@ 5 J cm 2 is obtained by focusing the
collimated beam to a spot measuring 2 in diameter.
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A chopper wheel is used to modulate the 4 kHz laser to 10 or 20 Hz
bursts. This additional modulation does not alter the pulse character-
istics of the laser (bursts consist of 30 ns pulses at 4 kHz) and has no
measurable effect on isotope ratios but allows improved control over
the depth of ablation. Pits were made by slowly rastering theu256
spot.

3.2. Fluorination

The vacuum extraction line used in the present experiments is
composed of 316L stainless steel tubing and low-dead volume fittings
and valves. It is evacuated by a corrosive-grade turbomolecular pump,
a backing rotary pump, and a low-vacuum rough pump for sample
changing. The volume of the sample chamber is approximately 3 cm
A complete diagram of the extraction line is presented by Young et al.
(1998).

Fluorine is generated using solid,KiFg - KF as described by
Asprey (1976). The § generator is a commercial device (Oxford
Lasers) consisting of a temperature-controlled cylindrical container
filled with 60 cn? of K, NiFg + KF powder. Fluorine pressures in the
sample chamber varied from 5 to 15 mbar for the experiments reported
here. Oxygen blank from the generator is below detectieril(nmol)
on our system. Excess as passivated using a high-conductance KBr
trap.

3.3. Pre-concentration of Q and irm-GCMS

Oxygen gas was the analyte for all experiments. Young et al. (1998)
present results of tests showing that nanomole quantities, gg® can
be transferred with isotope fidelity from the vacuum line to itme-
GCMS instrumentation. The most important component of the O
handling system is the pre-concentration device comprising the inter-
face between vacuum and He carrier gas. Carrier-gas flows in this
device are precisely controlled by fixed lengths of fused silica tubing to
minimize background (blank) oxygen that comes from leaky gas chro-
matography seals (Young et al., 1998).

The irm-GCMS system is composed of a Finnigan MAT 252 gas-
ratio mass spectrometer, a Shimadzu GC-R1A gas chromatograph
(GC), and a Finnigan MAT GC-MS interface based on technology
described by Merritt et al. (1994). Oxygen gas is passed through a 5A
molecular sieve PLOT column for purification prior to admission to the
GC-MS interface. The column has a 0.53 mm internal diameter and is
10 m in length. Operating temperature of the GC was a constant 50°C
for all experiments. Commercial oxygen/water traps and a molecular
sieve trap cooled to liquid Ntemperature purge the He carrier gas of
detectable oxygen.

Oxygen from air was the primary calibration standard for this study.
All isotope ratios are reported in tldenotation where refers to the per
mil (per thousandth) deviation #¥O/*°0 or *’0/*%0 of sample relative
to standard mean ocean water (SMOW).8%8°0 value of 23.3%o
relative to SMOW was obtained for a sample of local air at the time the
data of this study were collected. For comparison, Craig (1972) reports
a mean ai*®0 value of 23.5%. relative to SMOW.

Corrections were made for system blank as described by Young et al.
(1998). Blanks were typically on the order of 1-2 nmol wétfO and
870 values of approximately 11.0 and 5.7%o, respectively. Measure-
ments of blank were made before and after data collection to ensure
consistency.

4. RESULTS
4.1. Standardization

Tables 1, 2, and 3 summarize results of in situ microanalysis
of three silicate minerals for which isotope ratios had been

determined previously. These minerals were chosen as refer-
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Fig. 3. Plot of measured*®0 values for reference samples against
expected*®O (upper panel) and measur&HO (lower panel). Line in
the upper panel has a slope of 1. The line in the lower panel is the
terrestrial mass fractionation curve.

0.1 and 0.6%o (Fig. 3) with a mean of 0.3%.. A more precise
figure for accuracy is not possible because accepted values vary
as a function of method of analysis (see Rumble et al., 1997 for
discussion of the values assigned to these minerals).
Gaseous O, N,, NF;, and CF; are known to interfere with
mass spectrometer detection of thgi€btopomers’0*®0 and
1800 to varying degrees and can cause erroneous relation-
ships betweert’O/*%0 and **0/*°0. Monitoring of mass-to-
charge values of 18, 28, 52, and 69 using the most sensitive
amplified collector shows no indication of these gases coeluting
with O,, and the data adhere to the average terrestrial mass
fractionation curve (Fig. 3) to within 0.4%.. Conventional FMS
methods require purification of £by freezing to molecular
sieve at—196°C followed by desorption at-130°C (e.g.,

ence samples because they have been shown to be homoge€layton and Mayeda, 1983). Desorption of nanomole quantities

neous on the millimeter scale using UV and IR laser methods
(Rumble et al., 1997).

Data for the reference minerals indicate a precision of
+0.3%o for §*80 and +0.4%. for §*’O. Accuracy is between

of O, gas from molecular sieve substrates at low temperatures
causes isotope fractionation, and it is emphasized that agree-
ment between measured values and the average terrestrial curve
has been achieved without the use of molecular sieve traps.
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Fig. 4. Backscattered electron images of a section of the type B CAIl from the Allende meteorite analyzed in this study.
The section (3Qum in thickness) was made after UV ablation and shows the spatial relationships between the bottoms of
the laser pits and the minerals analyzed. Long dimensions of the laser pits aggnlidOeach image. Average depths of
pits are estimated to have been o but their bottoms were not flat, causing them to be represented by irregular shaped
holes (black) in this section. The top panel shows the entire inclusion. Lower panels a, b, ¢, and d (indexed to the top panel)
show blowups of the regions surrounding the laser pits. Light grey is melilite (me), medium grey is pyroxene (px), and dark
grey is spinel (sp). Scale bars are 100. Pits are labelled with measur&tfO (upper) and*’O (lower) relative to SMOW.

Note the qualitative correlation between the presence of spinel and éfeessmelilite analyses (compare a with b and
d). The pit corresponding to the analysis in the upper right quadrant was polished away.
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Gas-chromatographic methods, therefore, constitute an impor- 5 | L L L L I L
tant advance for measurement'é®/*°0 in nanomole samples
of oxygen liberated by fluorination by allowing purification 0Fr

without isotope fractionation.

Five of the analyses exhibit anomalously large deviations
from mass fractionation (approachingl%.). These are likely -10
the result of moisture that is present for the first several hours S170
that He is flowing through the instrument. We find that the
problem of large excursions ‘O is avoided by heating the 220
culpable valve to remove adsorbed water upon start up.

terrestrial

melilite ]
+spinel

4.2. Allende CAI 30 F pyroxene + spinel ]
Calcium-aluminum-rich inclusions from the Allende mete- -35 e

orite possess isotopically anomalous oxygen (Clayton et al., -35 -30 -25 -20 -15 -10 -5 0 5

1973). The array of Allende CAI data define a slope of nearly 18

1 (average slope of 0.92, Clayton et al., 1977) on a plété® 8180 sMmow

againstBlSO, indicgting nonmass dependent mechanisms for Fig. 5. Plot of data obtained by UV ablation, fluorination, and
oxygen accumulation. The slope near 1 contrasts with the jrm-GCMS for the CAl pictured in Figure 4. Circles represent pyroxene
mass-fractionation slope of0.52 exhibited collectively by > spinel analyses, crosses represent melilitespinel analyses. The
terrestrial materials. Previous studies have sought to constraincagbgg?fg%lis ;;‘(Solggriteélag?}’grgg; Tr)irzﬁgat;erzt'fés'igirg%ﬁg‘fgor
the origin of the anlomalousloxygen in different components of Allehde présented by Cla)'/tcnt a{I., 1977) is statistig:ally indistinguish-
Allende by searching for either mass-dependent or non-massapje from the best-fit line defined by these a0 = 0.93¢-0.05
dependent intrainclusion or intracrystalline heterogeneity (e.g., 16)5'%0 — 4.5(x0.03 1). The terrestrial mass fractionation curve is
Saxton et al., 1995; Weinbruch et al., 1993). Until now the only shown for reference.
method available for microscopic sampling 8i0/°0 and
70/**0 has been secondary ion mass spectrometry (SIMS).
SIMS studies have suffered from inherent imprecision that tent with the mineral-separate data of Clayton et al. (1977) and
aliases the distinction between mass-dependent and nonmasshow that the nonmass dependent relation betwé2&@ and
dependent trends unless variations are on the order of 5%. or 8’0 in the CAl is preserved at the 1Qm scale (Fig. 4).
more, and it is not known to what spatial scale a strictly Adherence of the CAIl data to the CCAM is a powerful test
nonmass dependent relation betw@&fO andé®0 persists in of the new analytical method. Fractionation incurred as a result
CAls. As a consequence, while it is known that individual of UV ablation, fluorination, or gas handling would be mass
mineral grains from at least one CAI inclusion are homoge- dependent and manifested as deviations from the CCAM line
neous in8¥0 to =5.0%0 (Yurimoto et al., 1994), it is not  with a slope of approximately 1/2. Numerical experiments with
known whether or not intracrystalline heterogeneity on the the data show that mass fractionation on the ordercop@r
order of 1%. exists, and if so, whether that heterogeneity amu would be easily discerned on a three-isotope plot.
defines a three-isotope slope of 1, 0.52, or some other value. The data define nonmass dependent variability that would
UV fluorination combined withrm-GCMS offers the ability to not be resolvable by SIMS (Fig. 5). The degre€"W enrich-
reveal deviations from non mass dependence on the order ofment in analyses consisting of melilite> spinel is clearly
0.8%o (i.e., &) with high spatial resolution (approximately 100  controlled by the amount of spinel (compare Fig. 4a and 4b).
wm). Thus these data define a mixing line between melilite and
A type B calcium-aluminum-rich inclusion from the Allende  spinel. Nevertheless, they establish that neither the melilite nor
meteorite (sampled from USNM specimen 3576) was analyzed the spinel deviates from the CCAM line due to mass fraction-
using UV ablation in Eandirm-GCMS of liberated Qas a test ation at this spatial resolution. More data collected with UV
of the potential of this new method. The inclusion is composed fluorination andirm-GCMS will be required to search for
principally of melilite, spinel, and pyroxene (Al and Ti-rich)  correlations betweef*®0, 67O, and position in CAls.
with minor perovskite. Preliminary results for a single grain of
pyroxene and several grains of melilite are given in Table 4,
Fig. 4, and Fig. 5. Effort was made to analyze melilite adjacent
pyroxene. Fine-grained spinel that is pervasive in regions sur- UV laser ablation in a fluorinating atmosphere for the pur-
rounding pyroxenes in the inclusion could not be avoided with pose of oxygen isotope ratio analysis relies on laser coupling
this sampling strategy and are included to varying degrees in with defects in the mineral structure. Fluorination is compli-
each of the analyses (Fig. 4). cated by dynamical interaction between the plasma plume
CAl in situ laser samples consisting of pyroxerespinel above the ablation site and the ambient reagent gas. In combi-
and melilite>> spinel yield6*°0 and&'’0 values along a line nation these factors suggest the possibility that optimum con-
that is statistically indistinguishable from the carbonaceous ditions for UV laser fluorination may vary with scale and UV
chondrite anhydrous mineral line (CCAM) as defined by FMS source.
of Allende mineral separates (e.g., Clayton et al., 1977, Fig. 4). Data presented here demonstrate tiat-GCMS can be
The relatived'®0 values of pyroxene and melilite are consis- combined with UV laser ablation in,fjas to obtain precise and
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accurated*®0 and 8’0 values for microgram (nanomole,)0
quantities of silicate minerals. Fluorine gas, not bromine pen-
tafluoride, must be used to obtain useful data by UV laser
ablation at the microgram sample level.

UV ablation in F, combined withrm-GCMS analysis of the
liberated Q allows examination of the origin of anomalous
oxygen in CAls with a new level of scrutiny. Preliminary data
show that a single type B CAIl from the Allende meteorite
shows no signs of mass dependent variation§’@*°0 and
180/*¢0 with a spatial resolution of 10@m and an analytical
resolution of approximately 0.8%o.
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