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scale of thermal lattice QCD computations via
hadronic observables. Furthermore, this gives a
scale for temperatures that is compatible with the
resonance gas model, as shown in Fig. 3. As we
discussed in the introduction, this closes a circle
of inferences that shows that phenomena ob-
tained in heavy ion collisions are fully compat-
ible with hadron phenomenology and provides a
first check in bulk hot and dense matter for the
standard model of particle physics.

Conclusions and outlook. We have performed
a direct comparison between experimental data
from high-energy heavy ion collisions on net-
proton number distributions and lattice QCD cal-
culations of net-baryon number susceptibilities.
The agreement between experimental data, lattice
calculations, and a hadron resonance gas model
indicates that the system produced in heavy ion
collisions attained thermalization during its evo-
lution. The comparison further enables us to set
the scale for nonperturbative, high-temperature
lattice QCD by determining the critical tem-
perature for the QCD phase transition to be
1757] MeV.

This work reveals the rich possibilities that
exist for a comparative study between theory and
experiment of QCD thermodynamics and phase
structure. In particular, the current work can be
extended to the search for a critical point. In a
thermal system, the correlation length (&) diverges
at the critical point. & is related to various moments
of the distributions of conserved quantities, such
as net-baryons, net-charge, and net-strangeness.
Finite size and dynamical effects in heavy ion
collisions put constraints on the values of & (34).
The lattice calculations discussed here and sev-
eral QCD-based models have shown that mo-
ments of net-baryon distributions are related to
baryon number susceptibilities and that the ratio

of cumulants m, = ko2, which is related to the
ratio of fourth-order to second-order susceptibi-
lities, shows a large deviation from unity near
the critical point. Experimentally, ko> can be mea-
sured as a function of /syy (or 7 and pg) in
heavy ion collisions. A nonmonotonic variation
of ko as a function of \/Snv would indicate
that the system has evolved in the vicinity of the
critical point and thus could be taken as evidence
for the existence of a critical point in the QCD
phase diagram.
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All planetary materials sampled thus far vary in their relative abundance of the major isotope

of oxygen, 60, such that it has not been possible to define a primordial solar system composition.
We measured the oxygen isotopic composition of solar wind captured and returned to Earth by
NASA’s Genesis mission. Our results demonstrate that the Sun is highly enriched in 0 relative

to the Earth, Moon, Mars, and bulk meteorites. Because the solar photosphere preserves the average
isotopic composition of the solar system for elements heavier than lithium, we conclude that essentially
all rocky materials in the inner solar system were enriched in *’0 and 20, relative to *¢0, by

~7%, probably via non—mass-dependent chemistry before accretion of the first planetesimals.

he gravitational collapse of a molecular
cloud fragment 4.57 billion years ago led
to an accretion disc of gas and dust, the
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solar nebula, from which the Sun and planets
formed. This nebula was approximately homo-
geneous with respect to isotopic abundances,

which, given that isotope ratios from various
stellar nucleosynthetic processes vary widely,
points to efficient mixing either in interstellar
space or in the solar nebula. Thus, the discovery
(I) that high-temperature minerals in carbona-
ceous chondrite meteorites are enriched prefer-
entially in '°0 compared to 7O and %0 relative
to the abundances in terrestrial samples was con-
sidered evidence for the presence of exotic ma-
terial that escaped thorough mixing and thereby
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retained a memory of its distinct nucleosynthetic
history. Later findings of the widespread nature
of very large oxygen isotopic heterogeneities
among meteoritic materials (2, 3) and the lack of
correlation of these oxygen isotopic compositions
with those of presolar components [e.g., (4, 5)]
led to various proposals that the oxygen isotopic
anomalies were instead generated by complex
isotope-selective chemistry within a homoge-
neous nebula (6-10).

The nature of the processes, conditions, and
events giving rise to oxygen isotope anomalies
can be constrained with knowledge of the av-
erage initial oxygen isotopic composition of the
solar nebula, which by mass balance is equivalent
to the solar composition. Although oxygen is the
third most abundant element composing the Sun
(and the largest constituent of rocky planets), the
solar oxygen isotopic composition has remained
essentially unknown. The usual approach of in-
ferring solar abundances from measurements of
primitive meteorites is inadequate because of the
aforementioned heterogeneities, and recent at-
tempts to determine the Sun’s oxygen isotopic
composition from molecular absorption lines
in the solar atmosphere are potentially prone to
large systematic errors (/7). To directly measure
solar material, NASA flew the Genesis Discov-
ery Mission to capture samples of the solar wind
(SW) and return them to Earth for laboratory
analysis (12).

Genesis orbited the Earth-Sun Lagrange point,
L1, exposing collectors to the SW outside the
Earth’s magnetosphere between November 2001
and April 2004. In September 2004, the payload
was returned to Earth; unfortunately, the para-
chute deployment mechanism failed and the sam-
ple return capsule struck Earth’s surface at terminal
velocity, shattering most of the target materials. In
addition to passive collectors, Genesis included the
Concentrator, a parabolic electrostatic mirror that
reflected SW ions, focusing them onto backward-
facing targets (/3). Fortunately, these targets were
suspended on a high-transparency wire mesh and
survived the crash largely intact, suffering only
some surface contamination. We selected an un-
broken single-crystal SiC target (Fig. 1) for depth-
profiling analysis by MegaSIMS, a hybrid secondary
ion microscope—accelerator mass spectrometer (/4)
designed specifically to tackle the unique analyt-
ical challenges posed by the Genesis samples: di-
lute concentrations, limited sample material, and
close proximity of surface contamination to the
implanted SW ions. Here we report measurements
of the oxygen isotopic composition of captured
SW that demonstrate that the Earth and meteor-
ites are grossly isotopically anomalous.

Isotopic measurement of captured solar
wind. After inserting the sample into the analy-
sis chamber of MegaSIMS (vacuum <2 x 10!
Torr), we used reflected-light imaging to select
areas that were free from defects or particles
larger than a few micrometers. Even these ap-
parently pristine areas were contaminated with
oxygen adsorbed on the sample surface that ex-
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ceeded the concentration of SW oxygen by orders
of magnitude. We therefore cleaned the sample
surface in situ by sputtering with a low-energy Cs
beam rastered over 300 um by 300 um centered
on the targeted area (Fig. 1) [supporting online
material (SOM)]. Although the sputter cleaning
removed the top ~20 nm of the sample, because
of the low impact energy used (5 keV) only min-
imal amounts of surficial terrestrial oxygen were
mixed into the implanted SW (/4). After surface
cleaning, we switched the MegaSIMS to ana-
lytical mode (20-keV impact energy, 20-nA Cs"
rastered over ~130 um by 130 um) and used ion
microscope imaging to briefly inspect the ana-
lytical area to ensure that it was free of contam-
inant dust particles larger than a few hundred
nanometers. We employed frequent instrument
baking and other measures to reduce levels of
instrumental background to <2% of the SW
fluence integrated over the top ~100 nm of the
sample (SOM).

The MegaSIMS accelerated negative second-
ary ions to 10 keV, then passed them through an
“isotope recombinator” mass filter (/4) such that
only masses 16 to 18 atomic mass units (amu)
were injected into the tandem accelerator with its
high-energy terminal held at +1.2 MV. Colli-
sions with Ar gas stripped electrons from the
incoming beam, destroying interfering molecular
ions, including hydrides (/4). We determined the
in-depth distributions of implanted SW oxygen
ions by simultaneous detection of the three O*
isotope beams by ion counting (Fig. 2). To cal-
ibrate instrumental background, we continued
sputtering through the implanted SW layer (peak

Total depth 818 nm
Cleaning raster depth 21 nm
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concentration depth ~80 nm) until a steady-
state count rate was reached (typically at depths
>300 nm). We corrected measured ion count
rates for this background, for detector deadtime
and duty cycle, and for mass-dependent isotopic
fractionation in the MegaSIMS, which we
determined by analysis of terrestrial standard ma-
terials under similar analytical conditions (SOM).

In principle, integration of the total counts in a
depth profile yields the isotope ratios for the im-
planted SW. However, because of removal of the
contaminated target surface, the integral cannot
be taken over the entire SW profile. The implan-
tation profiles (peak depth and width) are slightly
different for each isotope as they depend on ion
energy, and hence isotopic mass (/5); according-
ly, we fit a normal distribution to each isotope
depth profile and summed the counts over the
range from —1c to 60 relative to its peak depth.
For a given depth profile, Poisson statistics limit
the isotope ratio precision; analyses of oxygen-
rich materials (terrestrial and meteoritic minerals)
demonstrate accuracy of MegaSIMS to a level of
~1%o (per mil).

The main purpose of the Concentrator was to
increase both the effective fluence and implanta-
tion depth (/6) of SW oxygen (and nitrogen)
isotopes on the target collectors (/3). The con-
centration factor is azimuthally symmetric, de-
pending only on radial distance from the central
axis of the Concentrator (/7). However, because
it must focus ions of different energies and dif-
ferent charge and mass, the Concentrator ion
optics also impart a mass-dependent fractiona-
tion, which is a function of radial position on the

Fig. 1. (A) Photograph of Genesis
SiC target 60001 (54) showing ap-
proximate areas analyzed along a
radial traverse from inner region
(area A) to periphery (area E) of the
Concentrator. (B) Reflected-light mi-
crograph of area A showing craters
sputtered by Cs-beam rastering in
MegaSIMS, along with two sets of
pits made by laser ablation for noble
gas analysis (17). The smaller pits
were made to obtain >*Ne/*°Ne data
for correcting the mass-dependent
fractionation induced at each ra-
dial position by the Concentrator ion
optical system. (C) Rendering of sur-
face topography made by an opti-
cal interferometer used to calibrate
sputter rate. The effect of surface
cleaning is visible as a shallow cra-
ter encompassing the area sampled
by the deeper sputtered crater.
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target. To assess the extent of concentration- and
mass-dependent fractionation factors, we mea-
sured 40 depth profiles from 6 different areas in
a traverse across the SiC sample (#60001) from
5.4 to 25.3 mm from the center (Fig. 1 and fig.
S2). Neon isotopic compositions and fluence were
later measured with high spatial resolution along
the same radial traverse (/7). The Ne isotope
ratios of SW collected during the same period
were previously determined in the bulk, passive
SW collector, thereby permitting a direct mea-
surement of the mass-dependent fractionation in-
duced by the Concentrator as a function of target
radius (/7). We applied the Concentrator mass
fractionation curve determined from **Ne/*’Ne
to correct the '80/'°0 and '70/'°O at each radial
position (/7) (SOM) (fig. S6).

From the interior (area “A”) to the exterior of
the sample (area E, fig. S2), the implanted SW
oxygen concentration decreases by a factor ~5
(fig. S3), consistent with the Ne traverse data
(17). Of 40 depth profiles measured, 38 have
integrated oxygen isotopic compositions that plot
below the terrestrial mass fractionation line (TF),
i.e., they are enriched in '°0 (SOM, table S1).
Isotopic compositions from within the same area
on the sample are reproducible, although the pro-
files from areas near the periphery of the target
(areas D and E) show appreciable scatter because
of poor counting statistics (fig. SS5). The two
profiles not enriched in '°0 come from area D
and plot on the terrestrial mass fractionation line.
The average compositions for each of the six
areas analyzed (/&) show clear evidence of mass-
dependent fractionation, as expected on the basis
of their radial positions on the Concentrator target
(Fig. 3A). All analyses are consistent with an
1%0-rich composition for the captured SW with a
mean A'70O =—28.4 + 1.8%o (Fig. 3C).

Correction of the measured '%0/'°0 and "0/'°0
for Concentrator-induced mass-dependent frac-
tionation as a function of radial position (/7)
(SOM) results in a convergence of all the data
on a single composition within measurement un-
certainties (Fig. 3B). Taking the average of the
four areas measured within the interior 16 mm of
the target (A, B, F, C), for which the concentra-
tion factors are highest (>20x), we find that the
SW collected by the Genesis spacecraft at L1 has
a composition of §'%0 = —102.3 + 3.3%, 5'’0 =
—80.8 * 5.0%o, where the uncertainty estimates
are | standard deviation. In addition to being '°O-
enriched relative to terrestrial values, this compo-
sition is significantly to the left of the '®O-mixing
line defined by calcium-aluminum-rich inclusions
(CAlSs) of chondritic meteorites (/9).

Inferring solar values from the solar wind.
In principle, the isotopic composition of SW ox-
ygen collected at L1 could be equivalent to the
photospheric value, but this is unlikely. First,
spacecraft instruments (20, 2/) and measure-
ments on Genesis samples (22) detect enrich-
ments of light isotopes in the low-speed relative
to the fast SW, demonstrating that mass-dependent
fractionation occurs in the acceleration of SW.

24 JUNE 2011

Both the sign (favoring light isotopes) and the
magnitude—several percent for He (21, 22) and
<1%/amu for heavier elements (22, 23)— are in
approximate agreement with a model based on
inefficient Coulomb drag (24). For a He/H ratio
of 0.045 measured in the bulk SW on Genesis
(25), this model predicts that the SW oxygen iso-
topic composition should be ~26%o/amu lighter
than the photosphere. Second, the existence of a
SW-photosphere isotopic fractionation of this di-
rection and magnitude is supported by the lack of
meteoritic or planetary components with oxygen
isotopic compositions plotting to the left of the
CAI mixing line at the '°O-enriched end (19, 26).
Although many CAls show mass-dependent frac-
tionation favoring the heavy isotopes for non-
refractory elements (e.g., Mg, Si), they rarely show
mass fractionation effects in oxygen exceeding a
few permil per amu. Those exceptions (i.e., the
so-called FUN inclusions) have §'%0 values to the
right of the CAI mixing line by tens of permil and
are typically slightly less '®O-enriched (i.c., less
negative A'’O) than our results for the SW (27).

0 100 200 400 600
12 T T T T

Intensity (10% counts/sec)

Intensity (counts/sec)

o 10 200
Depth (nm)

Fig. 2. In-depth distribution of implanted SW
oxygen. Shown are measured ion intensity as a
function of sputter depth for (A) **0%* and (B)
0% and *®0%* in spot 4 of area A of the Genesis
Concentrator SiC target 60001 and a normal
distribution (red lines) fit to the peak of each
profile. The top ~20 nm was removed by low-
energy sputter cleaning; the first few measure-
ment cycles have 0 counts because during this time
the ion image was inspected for dust particles in
the analytical area. Integration limits for each
peak are indicated by vertical dashed lines (the
small isotope specific differences are irresolvable at
this scale). Note scale break at 265 nm. Back-
ground levels are indicated by horizontal lines.

These observations make it unlikely that the oxy-
gen isotopic composition of CAls resulted from
mass-dependent fractionation from a solar com-
position equivalent to that measured for SW from
L1. Given the consistent indications of fraction-
ation from data in SW regimes, the model pre-
dictions, and expectations based on meteorite
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Fig. 3. (A) Mean oxygen isotopic compositions of
SW from each group of depth profiles across a
radial traverse of the Genesis Concentrator target.
Shown are 370 and 50 corrected for instru-
mental mass fractionation in the MegaSIMS and
normalized to standard mean ocean water (SMOW):

8%0 = (W - 1) x 1000, and similarly
SMow

for 8%70. Shown for reference are the terrestrial
mass-dependent fractionation line (TF) and the CAI
mixing line (29). (B) SW oxygen isotope data from
areas A, B, F, and C corrected for mass-dependent
fractionation induced by the Concentrator (SOM).
(C) The deviation from the terrestrial mass-dependent
fractionation line expressed as A0 = §'70 -
(0.52 x §0) plotted as a function of radial po-
sition on the target. In (A) and (B), A¥0 is the
vertical displacement in 8’0 from a measured
point to the TF line.
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studies, we thus take as the most plausible com-
position of the Sun the intersection of the CAI
mixing line with a mass-dependent fractionation
line passing through the SW L1 point, which
yields 5'%0 = —58.5%o, 8' 70 = —59.1% (Fig. 4).
The total fractionation from SW to the Sun im-
plied is ~22%o/amu, in accordance with the model
predictions.

The '%O-enriched SW composition measured
in the Genesis sample is in broad agreement with
a component found from oxygen isotope mea-
surements in the surface layers of some lunar
metal grains (28) and of metal in a carbonaceous
chondrite that shows evidence for SW exposure
early in solar system history (29), although in
both cases the data show a large degree of mass-
dependent fractionation from the L1 SW value.
Other analyses (30) of oxygen isotopes in a lunar
regolith sample that indicate a '°O-depleted
composition (A'"O > 0) probably reflect other
extralunar sources, such as water brought by im-
pacting interplanetary dust or cometary ices (37).
Our measured SW composition is in marked
contrast to the strongly '’O- and '®O-enriched
values inferred from observations of rovibration-
al bands of CO in the solar atmosphere (32); we
attribute this discrepancy to systematic uncertain-
ties in the thermal profile models that underlie the
abundance calculations (/7). Our solar values of
1%0/"%0 = 530 and '°0/"70 = 2798 also disagree
with other marginally '®O-enriched values deter-
mined spectroscopically (33), although the data
overlap within 26 uncertainties.

The composition of the photosphere is
thought to be representative of the convecting
envelope of the Sun, representing ~2.5% of its

Fig. 4. Oxygen three-isotope plot showing rep-
resentative compositions of major primary compo-
nents of solar system matter, the solar wind (SW),
and our preferred value for the Sun. All data fall
predominantly on a single mixing line characterized
by excesses (lower left) or depletions (upper right)
of %0 relative to all samples of the Earth and
Moon. Plotted are the most “°0-enriched solar system
samples: an unusual chondrule (47); individual platy
hibonite grains (55), which are ultrarefractory oxides
from carbonaceous chondrites (CC); water inferred
to have oxidized metal to magnetite (56) in ordi-
nary chondrites (OC); very *°0-depleted water from
the CC Acfer 094 (3), and whole CAls from CC (19);
and chondrules from CC and OC (19), bulk Earth
(mantle), and Mars (SNC meteorites). The mass-
dependent fractionation trajectory of primary min-
erals in FUN inclusions and the pure 0 (slope 1.0)
line (57) are also shown.

mass, perhaps modified slightly by gravitational
settling of heavier elements [see (//)]. Although
not directly determined, such settling could po-
tentially lead to a small mass-dependent fraction-
ation favoring retention of heavy isotopes deeper
in the Sun, i.e., the same sense of fractionation as
that caused by inefficient Coulomb drag in the
SW (34). Other changes to the original isotopic
composition of heavy elements in the photo-
sphere are unlikely given that there is no mixing
of nuclear processed matter into the convective
zone (/7). Fractionation mechanisms hypothe-
sized as potentially operating in the solar atmo-
sphere, e.g., mass-independent effects induced
during dissociation of CO molecules in a cool
layer of the chromosphere (35), are unlikely to
lead to quantitative changes of the photospheric
(or SW) oxygen isotopic abundances given the
high temperatures (>3000 K) involved and ra-
pidity of isotope exchange back-reactions and
reservoir mixing in this dynamic environment.
Thus, the large oxygen isotopic differences ob-
served between the Sun and meteoritic or terres-
trial samples are not caused by changes in solar
matter, but instead reflect processes acting to
induce mass-independent shifts in the oxygen
isotopic compositions of planetary materials.
Implications for the solar nebula. The only
known materials with oxygen isotopic composi-
tions close to those of the Sun are the CAls and
other refractory phases of chondritic meteorites
(Fig. 4), interplanetary dust (36), and at least one
comet (37). CAls are thought to be the earliest
solar system condensates, and most crystallized
with spallogenic beryllium and lithium, probably
from proton bombardment in the magnetically

RESEARCH ARTICLES I

active environment near the still-accreting proto-
Sun (38, 39). That their oxygen isotopes are dom-
inated by a solar, rather than planetary, component
reinforces their status as xenoliths (2, 40, 41) in
the asteroid belt. However, most CAls, including
ultrarefractory hibonite grains (Fig. 4), are not
quite as '®0-enriched as the Sun, implying some
mixing with isotopically heavier oxygen from
other solar system reservoirs.

Our results suggest that essentially all plane-
tary objects in the inner solar system (<5 AU)
have oxygen isotopic compositions distinct from
the average of the solar nebula from which they
formed, having been enriched by ~70%o in both
180/'°0 and '"0/'®0 by one or more non—mass-
dependent fractionation processes before accre-
tion. Considering that oxygen is by far the most
abundant element in the terrestrial planets, this
points to efficient, planetary-scale processes that,
if based on molecular speciation, must involve
the dominant O-bearing molecules in the solar
nebula: CO, H,0, and/or silicate dust (SiO, MgO,
FeO, and others in combination). A leading hy-
pothesis, which predicted our results (6), invokes
isotope-selective self-shielding during ultraviolet
(UV) photolysis of CO. Because of their rela-
tively low abundances, the C"70 and C'0 iso-
topomers continue to be dissociated after all the
photons capable of dissociating C'°O have been
absorbed; the liberated '’O and '*0 atoms are
then rapidly sequestered into H,O ice and even-
tually are incorporated into oxide and silicate
grains (7, 10). The places and times where this
results in a slope 1 fractionation trajectory on the
oxygen three-isotope plot (i.e, in pure enrichment
or depletion of '°0) are constrained by gas column
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density and UV flux. If isotopic self-shielding is
the mechanism, the distribution of isotopically
heavy water ice and its interaction with the rock
reservoir (42, 43) are critical, but presently poorly
understood, problems.

Measurements of low-density anhydrous in-
terplanetary dust particles (IDPs), which if de-
rived from comets (as hypothesized) should not
have exchanged oxygen isotopes with ices, do
not support a dominantly'®O-enriched dust res-
ervoir as input into the solar nebula (44); how-
ever, the cometary origin of these IDPs is not
firmly established, and many of the materials of
the Jupiter family Comet Wild 2 sampled by the
Stardust Mission originated in the inner solar
system (37). Models that place CO gas and H,O
ice oxygen isotope fractionation in the cold mo-
lecular cloud preceding formation of the solar
nebula [e.g., (10, 45)] usually assume that av-
erage primordial dust is relatively '°O-rich, al-
though this is not strictly required. That such a
component has not been found in any appreciable
abundance in meteorites or IDPs has led to an
alternative interpretation: formation of planetary
materials by mixing relatively '”'®0-enriched
(A" = 0) dust with (*°O-rich) solar gas at much
greater than average solar nebula proportions of
dust to gas (27). This mixing scenario relegates
isotopic self-shielding to a minor effect and has
the benefit of alleviating some uncomfortably
tight chronological constraints on oxygen isotope
processing. By contrast, the most '°O-depleted
solar system material found in meteorites (inset,
Fig. 4) is thought to have been produced via direct
oxidation by '°O-depleted water ice (3), in line with
expectations based on the isotopic-abundance—
driven self-shielding mechanism. Additionally,
astronomical observations of oxygen isotopic
abundances in CO gas in accretion disks sur-
rounding young stellar objects (46) have yielded
evidence for non-mass-dependent fractionation
consistent with the self-shielding UV photolysis
model.

One chondrule has been found that is even
more '°0-enriched (47) than the solar value mea-
sured here; the significance of this is not clear.
In a self-shielding model, it is possible that the
chondrule acquired its oxygen through interaction
with a CO-rich gas that had already been depleted
of heavy isotopes of oxygen via UV-photolysis of
the rare isotopologs. This would require transport
or sequestering of the '”*'%0 out of the region in
which this chondrule or its precursors formed. In
the mixing model (27), the chondrule would have
formed in a strongly dust-depleted region of the
solar nebula.

Alternative hypotheses to isotope-selective
photochemical self-shielding are based on labo-
ratory experiments (48) and observations (49) of
gas-phase (9) or surface (8) chemistry wherein
non—mass-dependent isotopic effects are mani-
festations of molecular symmetry—induced degen-
eracy effects on isotope reaction rates. So-called
non-RRKM effects may also play a role during
growth of silicate condensates via surface reac-
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tions (8, 50); however, definitive experimental
evidence for such effects on oxygen isotope abun-
dances is currently lacking.

Analyses of ""N/'"N in the same Genesis
sample measured here demonstrate that planetary
nitrogen is highly depleted in the light isotope
"N relative to solar values to an extent not com-
patible with normal thermodynamically driven
mass-dependent fractionation (57), possibly also
pointing to a dominant role of photochemistry in
setting volatile element isotope patterns in the
solar accretion disk.
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