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aliphatic diols in the presence of 0.2 mol% of
HfCl,(THF), in o-xylene with the removal
of water for 1 day (28, 29). In most cases,
polycondensation proceeded quantitatively
(Table 3). Although no polycondensation of
aromatic dicarboxylic acids and aromatic di-
ols occurred because of the insolubility of
aromatic carboxylic acids for o-xylene and
less nucleophilicity of aromatic diols, the
polycondensation to semiaromatic polyesters
successfully proceeded.

In direct esterification, the catalytic use of
inorganic salts is quite practical because of its
simplicity and applicability to large-scale op-
erations. Hafnium(IV) salts, which are hy-
drolytically more stable than Ti(IV) salts, are
extremely active catalysts for direct esterifi-
cation and polycondensation to polyesters.
This catalytic system should be useful as an
environmentally and industrially ideal con-
densation in the near future.
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Solar Wind Record on the
Moon: Deciphering Presolar
from Planetary Nitrogen

Ko Hashizume,’2* Marc Chaussidon,’ Bernard Marty,
Francois Robert*

lon microprobe analyses show that solar wind nitrogen associated with solar
wind hydrogen implanted in the first tens of nanometers of lunar regolith grains
is depleted in >N by at least 24% relative to terrestrial atmosphere, whereas
a nonsolar component associated with deuterium-rich hydrogen, detected in
silicon-bearing coatings at the surface of some ilmenite grains, is enriched in
15N. Systematic enrichment of **N in terrestrial planets and bulk meteorites
relative to the protosolar gas cannot be explained by isotopic fractionation in
nebular or planetary environments but requires the contribution of "*N-rich
compounds to the total nitrogen in planetary materials. Most of these com-
pounds are possibly of an interstellar origin and never equilibrated with the

"5N-depleted protosolar nebula.

Solar system objects such as terrestrial plan-
ets, meteorites, and interplanetary dust parti-
cles (IDPs) exhibit up to a factor of 3 varia-
tion in their '*N/*N ratios [see, e.g. (I-7)].
These variations may reflect the heteroge-
neous distribution of isotopically distinct N
components in the protosolar nebula. How-
ever the N isotopic composition of the sun, a
potential reference for the nebular composi-
tion, is still unknown. The lunar regolith,
irradiated by the solar wind (SW) and solar
energetic particles (SEPs), contains informa-
tion on the elemental and isotopic abundanc-
es of volatile elements in the SW and the sun.

Rare gas studies (8—17) have shown that
the lunar regolith records the history of SW
irradiation of the moon. In the case of N,
however, the SW component has not been
identified because of several contrasting in-
terpretations of the 30% variability in the N
isotopic composition found in lunar regoliths.
One interpretation attributes the variation to
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secular variation of the isotopic composition
of the SW (8-10). Lunar samples that are
considered to have been irradiated >1 billion
years ago (Ga) tend to be depleted in '°N
relative to samples that were exposed more
recently. Alternatively, the variation could be
due to a mixture in different proportions of
solar and nonsolar N sources, such as mete-
orites, comets, or the fractionated terrestrial
atmosphere (/2-14). This interpretation is
supported by 3- to 10-fold excesses of N
relative to the SW heavy rare gases in lunar
regolith samples.

Because SW-derived isotopes are im-
planted at shallow depths, characteristic of
SW ion energies (15), knowledge of the dis-
tribution of N isotopes in the surface layers of
lunar regolith grains should explain the na-
ture of surface-correlated N components. We
used further improvements of the shallow-
depth profiling technique, developed for the
extraction of SW Li from bulk lunar regolith
samples (/6), to characterize with a depth
resolution of 10 nm the isotopic composition
of N sitting in individual lunar grains (/7).
Relatively large mineral grains, 500- to 1000-
pm-sized ilmenite, pyroxene, or olivine,
from two Apollo 17 samples (79035 and
71501) have been analyzed. The 79035 brec-
cia is thought to have been irradiated by the
SW at 1 to 2 Ga, whereas the 71501 soil is
thought to have been irradiated at 100 million
years ago (Ma) (/7). Previous analyses by
conventional methods have shown that the
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3'°N ranges between -200 and +39%o
(where 3'°N stands for the per mil deviation
of the 'N/'N ratio relative to terrestrial
atmospheric N having '>N/!*N = 0.00368) in
sample 79035 and between —22 and +73%o in
sample 71501 (9, 10).

Contrasting distributions of N isotopes
with depth have been observed in different
grains of the two lunar regolith samples (Fig.
1) (18). In sample 79035, 8'°N values as low
as —240%o were observed for depths <120
nm, whereas 3'°N values up to +50%o were
present in the first ~50 nm of the surface of
grains in sample 71501. N concentrations
decrease with depth from several thousands
or hundreds of parts per million (ppm) at the
surface down to ~100 ppm at ~150-nm
depth in the grains, which is thought to partly
represent the analytical blank (/9). At greater
depth, no systematic differences in the 8'°N
values are observed between the two sam-
ples. They range between —100 and +50%o,
although their large error bars (/8) make
~95% of the data difficult to discriminate
from the blank value. Differences in the H
isotopic ratios are observed between the two
sets of samples. Grains in sample 79035 have
3D values down to —950%o, indicating the
presence of pure SW H, whereas enrichments
of D by as much as +600%o (i.e., typical of
nonsolar H) are present in sample 71501. Part
of this D enrichment may result from in situ
spallation, but even after correction for such a
contribution (20), the occurrence of D im-
planted together with H [8D, . = +470%0
(18)] highlights the contribution of a nonsolar
H component. In addition, a surface coating
containing several thousand ppm of Si is
observed on ilmenite grains from sample
71501 having positive 3'5N values.

The depth profiling data indicate that SW
N is characterized by a depletion of >N
relative to terrestrial N, such as in sample
79035, with 8!°N values of —240%o or lower
(21), for two main reasons. First, the light N
component in sample 79035 is distributed
within the first 100 nm, with >80% residing
within the 50-nm-thick surface layer (Fig.
1B, open squares with crosses inside), which
is a typical depth for SW implantation. Sec-
ond, the isotopically light N component
(3'5N = —240%o) is associated with D-free H
characteristic of the SW (Figs. 1 and 2). This
component shows a N, /H_,,,, ratio that is
500 times the solar ratio that we attribute to
the higher diffusivity of H relative to N, in
agreement with (i) the smooth, bell-shaped
profile of the H concentration in sample
79035, indicative of volume diffusion (Fig.
1B), and (ii) 3°Ar/*He ratios that are 100
times the solar ratio interpreted as resulting
from diffusional loss of He (22). Further-
more, the origin of the heavy N component in
sample 71501 is most likely nonsolar (i) be-
cause it is associated with a Si-rich layer

www.sciencemag.org SCIENCE VOL 290
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observed at the ilmenite surface (Fig. 1D) and
(ii) because the corresponding 3'°N and 3D
values are close to chondritic values such as
those of the CI chondrites (/). In sample
71501, the depth at which a H spike is ob-

served (e.g., ~150 nm in Fig. 1D) possibly
corresponds to the surface of the grain before
the Si, '*N-rich, and D-bearing coat was ac-
quired during the process of regolith garden-
ing. Similar coatings were observed by a
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Fig. 1. Examples of variations with depth of 3'°N and 38D values and N, H, and Si concentrations
in a grain each from two lunar soil samples, 79035 and 71501 (78). N depth profiles (open symbols)
are shown (A and B) at four different locations on one silicate grain (grain 1) of sample 79035 and
(C and D) for three different locations on one ilmenite grain (grain A) of sample 71501. One H
depth profile (solid circles) has been measured in each grain, and the Si depth profile [shaded
triangles in (D)] was determined in ilmenite from sample 71501. N data are corrected for the blank
value [~100 ppm N and 3'°N = —15 £ 15%e. (79)]. The variation with depth of the concentration
of light N (i.e., SW N) in sample 79035 (3'°N = —240%o), computed by assuming a binary mixing
with N having 87N = 0%, is shown in (B) by open squares with crosses inside. The arrows in (B)
indicate upper limits of the SW N concentrations.

Fig. 2. Mean 3"°N values versus mean D/H ratios
for all analyzed grains, five grains for sample
79035 and six grains for sample 71501 (78),
including the two grains plotted in Fig. 1. (Num-
bers of analytical points differ from the numbers
of grains because analyses were duplicated for
some grains.) The data for samples 79035 and
71501 are plotted in squares and circles, respec-
tively. Solid symbols represent mean values tak-
en from the depth profile at <100-nm depth.
Open symbols represent mean values for the
entire depth profile (34). Three mixing curves are
plotted with different elemental abundance ra- 10 10°
tios assumed for the end-members (“solar” and DH

“planetary”). The “solar” isotopic ratios are tak-

en from the lowest ratios observed in grain 1 from sample 79035, whereas the “planetary” values
are from the highest ratios in grain A from sample 71501. Numbers given for the respective curves
are the elemental abundance ratios [i.e., (N/H),/(N/H) ]. The only adjustable parameter to draw a
unique mixing curve connecting two end-members with fixed isotopic ratios is the elemental
abundance ratio. (Therefore, the mixing curve holds even when H is partly lost from the grain by
later events such as heating of grains, as far as the H of the two end-members is lost proportion-
ally.) The mixing curve best fits the observed values when the N/H ratio for the planetary
component is assumed to be ~30 times the solar value, consistent with the proportion of the N/H
ratios (10 to 45), comparing the D-rich grain A from sample 71501 and the solar gas-rich grains,
such as grain 1 from sample 79035. Deviation of respective data from the curve can be due to the
contribution of contamination N or the production of cosmogenic D. The population of data at a
3'°N range of 0 to ~30%o may be partly due to such a N contamination effect.
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transmission electron microprobe in lunar
soil grains and were attributed to the contri-
bution of planetary material impacting on the
moon (23). The presence of nonsolar compo-
nents in sample 71501 is further evidenced by
the heterogeneous distribution of N and C;
high 8'*N values of +130%o and high 3'3C
values of +60%o were found at the surface of
a 500-pm-sized grain from sample 71501
(grain G) only in a 50-nm-thick layer of a
localized area of 50 um by 50 wm, whereas
3'>N and 3'3C values for the other part of the
grain were within the blank range (which is
generally lower than —10%. for 3'3C).

The low 8'>N SW component identified in
sample 79035 is also present, but is less prom-
inent, in most of the grains from sample 71501,
in agreement with a bulk SW Xe abundance in
sample 71501 (9) that is, at most, one-third that
in sample 79035 (10). D/H ratios and 8'N
values for both samples can be plotted along
mixing curves between two end-members de-
fined by the SW component (D free and SN
depleted) observed in sample 79035 and the
surface coating of sample 71501 grain A (Fig.
2). About 80% of the surface-correlated N in
grains from sample 71501 is attributable to a
nonsolar component, which masks the N isoto-
pic signature of the SW component at shallow
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Fig. 3. Comparison of literature 8">N values for
Earth, meteorites, IDPs, and recently obtained
remote-sensing data with the solar value
(—240%o or lower) obtained by this study. The
terrestrial range (35) is plotted in a bar with
Earth’s symbol (). The open square repre-
sents the 375N value for the ammonia in Jupi--
ter's atmosphere (29), whereas the open trian-
gle represents the value for dust from comet
Halley (36). The SW data observed by SOHO
(28), which are not compatible with our esti-
mate, are not included here. Iron, E, O, and C
denote iron meteorites (4), enstatite chondrites
(2), ordinary chondrites (3, 6), and carbona-
ceous chondrites (7, 5), respectively. Solid bars
represent mean 3'5N values for bulk samples,
and dotted lines represent 3'5N ranges ob-
served in stepwise analyses of samples (i.e.,
8'5N values for major N constituents coexist-
ing in them). The 3'5N values for IDPs range
from —100 to +500%o, whereas a major pop-
ulation exhibits enrichments of >N associated
with D-rich hydrogen with 3D values up to
25,000%o (7).
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depth (<100 nm). The-light N component in
sample 71501 can be identified at a greater
depth (=200 nm) but only with a minimum
35N value of —100%0 (Fig. 1C). The 3'*N
value is the same as the one previously pro-
posed for SEPs (8), which is implanted to a
greatér depth than the SW component. Further-
more, comparison with Ne [2°Ne/??Ne value
for the SEP is 23% lower than that of the SW
(24)] suggests a 8'°N value for SEP ‘around
—120%o for a SW 3!5N value of —240%o, as-
suming that the heavier isotopic composition of
SEP-Ne is due to a fractionation process in an
ion acceleration mechanism in solar flare events
following a constant power of mass (m*) law. A
detailed model study (25), although involving a
process with different mass dependence (i.e., a
resonance process), gives a consistent result for
the fractionation degree of SEP-N.

A substantial contribution of the nonsolar
N to the lunar regolith provides a possible
explanation for its systematically higher bulk
Nrrare gas (e.g., 2°Ar) ratios relative to the

“solar ratio (9, 10, 12-14). However, high

N/3¢Ar cannot be attributed only to nonsolar
components because single grains in sample
79035 with 3!5N values as low as —240%o
have N/3¢Ar ratios that are still about four to
five times the solar ratio (/4). Such high
N/rare gas ratios could result from a prefer-
ential retention of N relative to rare gases in
silicates under the lunar reducing environ-
ment (26). For sample 79035, the required
loss of Ar is limited to 70 to 80%, considering
that the N/Ar ratio of the SW might be 20 to
30% as high as the solar ratio (27).
Recently, two spacecraft measurements
yielded contrasting 3'N  values of
+360+520%o for the present-day SW [Solar and
Heliospheric Observatory (SOHO)] (28) and
—480*249%o for ammonia in the jovian atmo-
sphere (Infrared Space Observatory—Short
Wavelength Spectrometer) (29). The SOHO
measurement is not consistent with our 3'°N
value of less than or equal to —240%o for the
SW. However, the range reported for ammonia
in Jupiter’s atmosphere strongly suggests a neg-
ative 3'°N value for the protosolar nebula, in
agreement with our present SW measurement.
Solid planetary objects, including terrestrial
planets, meteorites, and IDPs, all have 3'N
values higher than the solar value derived from
lunar soil (Fig. 3). This gap could be explained
by the incorporation of various nucleosynthetic
components into planetary objects or by !N
enrichment through isotopic fractionation. Al-
though some of circumstellar grains in primi-

‘tive meteorites contain anomalous N (30), they

cannot contribute to filling the gap between the
solar and the planetary 3!°N range because their-
abundances are low and most of them are en-
riched in "“N. While there are several promi-
nent cases where isotopic fractionation by phys-
ical (i.e., mass-transfer) processes might take
place [e.g., ion acceleration mechanism for

SEPs (24, 25) or hydrodynamic escape for the
martian atmosphere (3/)], it is difficult to ex-
plain the entire 3'N variation in the solar sys-
tem by these processes (32). The only process
that may explain the whole gap is isotopic
fractionation by chemical reactions of the order
of 10 K (33). Most planetary N may have been
derived from presolar solids fractionated by
interstellar chemistry, like organic matter ob-
served in IDPs (7). Systematic enrichment of
5N in planetary material may reflect a nebular
environment where the interstellar matter was
never isotopically equilibrated with the 'SN-
depleted nebular gas.
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Decadal Sea Surface
Temperature Variability in the
Subtropical South Pacific from

1726 to 1997 A.D.

Braddock K. Linsley,’ Gerard M. Wellington,? Daniel P. Schrag®

We present a 271-year record of Sr/Ca variability in a coral from Rarotonga in
the South Pacific gyre. Calibration with monthly sea surface temperature (SST)
from satellite and ship measurements made in a grid measuring 1° by 1° over
the period from 1981 to 1997 indicates that this Sr/Ca record is an excellent
proxy for SST. Comparison with SST from ship measurements made since 1950
in a grid measuring 5° by 5° also shows that the Sr/Ca data accurately record
decadal changes in SST. The entire Sr/Ca record back to 1726 shows a distinct
pattern of decadal variability, with repeated decadal and interdecadal SST
regime shifts greater than 0.75°C. Comparison with decadal climate variability
in the North Pacific, as represented by the Pacific Decadal Oscillation index
(1900-1997), indicates that several of the largest decadal-scale SST variations
at Rarotonga are coherent with SST regime shifts in the North Pacific. This
hemispheric symmetry suggests that tropical forcing may be an important
factor in at least some of the decadal variability observed in the Pacific Ocean.

It is now recognized that significant tropical
and subtropical Pacific ocean-atmosphere vari-
ability occurs on decadal-to-interdecadal time
scales. However, in order to evaluate decadal-
scale climate variability over time, climate
records long enough to capture multiple dec-
adal periods are .needed, and these records are
limited (7, 2). In the North Pacific, sufficient
instrumental climatic data exist to identify a
pattern of irregular decadal-to-interdecadal
ocean-atmosphere climate variability over the
past ~100 years (2—7). The time history of the
leading eigenvector of North Pacific SST back
to 1900 A.D. has been termed the Pacific Dec-
adal Oscillation (PDO) by Mantua et al., (6).
The PDO is a recurring pattern of ocean-atmo-
sphere variability in which the central gyre
cools at the same time as the eastern margin
warms, or vice versa. Alternating phases of the
PDO can last for two to three decades, with
reversals being noted in 1924/25, 1946/47, and
1976/77 (6). Before 1900, little is known about
decadal variability in the North Pacific. In the
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South Pacific, oceanographic data are extreme-
ly sparse. However, the limited data indicate
that the subtropical South Pacific may also play
a role in decadal-scale oceanographic variabil-
ity in the Pacific (§—11). For example, the South
Pacific is currently the dominant (50 to 75%)
source region for isopycnal water transport to
the equatorial thermocline (10, 11). This is due
in part to the partial blocking effect of the
surface ocean beneath the Intertropical Conver-
gence Zone (ITCZ) in the North Pacific and the
more limited influence of the South Pacific
Convergence Zone (SPCZ) on South Pacific
isopycnal equatorward flow (8, 11).

The spatial pattern of decadal variability in
Pacific SSTs is similar to that associated with
El Nifio—Southern Oscillation (ENSO), but
with lower amplitude in the tropics and higher
amplitude outside the tropics (3, /2). Some
studies suggest that this decadal variability may
originate in the subtropics of the North Pacific
Ocean through unstable ocean-atmosphere in-
teractions (2, /3), whereas other studies suggest
that tropical ENSO forcing plays a key role (3,
12, 14, 15). However, several key questions
regarding the nature of Pacific decadal variabil-
ity remain, including the recurrence period of
decadal changes in SST; whether the decadal-
scale SST variability in the subtropical South
Pacific is in phase with the North Pacific; and
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