
Estimates in (1) indicate that meteor-
ites .500 g accumulated during the Early
Ordovician at a rate two orders of magni-
tude higher than today. The discrepancy
between this estimate and the order of
magnitude enhancement for extraterres-
trial dust accretion may be related to the
greater statistical uncertainty for the me-
teorite flux calculations. The Ordovician
meteorite flux represents an average for
1.17 My, whereas accretion rates based on
recent meteorite distributions in desert ar-
eas represent only the past ;0.05 My (18).
If meteorite influx to Earth is episodic,
this would be an important circumstance
to consider. Alternatively, the discrepancy
could be related to differences in the dy-
namic behavior of the different source
regions for meteorites and extraterrestrial
dust. Meteoroids are products of parent
body fragmentation in the asteroid belt,
whereas extraterrestrial dust is derived
from asteroidal as well as cometary (the
Kuiper belt, the Oort cloud) and interstel-
lar sources.

We do not know to what extent the
;1.75-My period we studied represents an
anomaly in terms of extraterrestrial matter
influx, or whether it is representative of a
much longer time interval. However, it is
likely that the abundant meteorites reflect
a short event such as a catastrophic break-
up of a meteorite parent body in the as-
teroid belt. Analyses of chromite grains
from the Österplana Ark 001 meteorite
indicate that it is an H or L chondrite (5).
Studies of recent meteorites have revealed
a high abundance of heavily shocked and
degassed L chondrites with Ar-Ar ages
around 500 Ma, suggesting a major impact
on the L chondrite parent body at this
time (19). It is possible that the high
meteorite density on the Early Ordovician
sea floor is somehow related to the disrup-
tion of the L chondrite parent body at
;500 Ma. If this is correct, the early
Paleozoic limestone record may contain
important further information about the
timing, causes, and effects of this major
event in the history of the solar system.
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Measurements of 12C/13C, 14N/15N, and 32S/34S
Ratios in Comet Hale-Bopp (C/1995 O1)
David C. Jewitt,* Henry E. Matthews, Tobias Owen,

Roland Meier

The 12C/13C, 14N/15N, and 32S/34S isotope ratios in comet Hale-Bopp (C/1995 O1) were
determined through observations taken with the James Clerk Maxwell Telescope. Mea-
surements of rare isotopes in HCN and CS revealed isotope ratios of H12CN/H13CN 5
111 6 12, HC14N/HC15N 5 323 6 46, and C32S/C34S 5 27 6 3. Within the measurement
uncertainties, the isotopic ratios are consistent with solar system values. The cometary
volatiles thus have an origin in the solar system and show no evidence for an interstellar
component.

The isotopic abundances of abundant ele-
ments (C, N, O, S, and others) may reveal
where cometary material originated. In the
current paradigm, cometary matter was cap-
tured from the solar nebula at the time of
the formation of the planetary system and

should preserve a record of isotopic abun-
dance ratios in the nebula 4.5 3 109 years
old (1). Isotopic anomalies in comets, if
they exist, might reveal patterns of pollu-
tion of the solar nebula by nearby superno-
vae, or gas phase reactions in the pre-plan-
etary disk, or even the existence of inter-
stellar comets.

Nearly-solar isotope ratios were mea-
sured by spacecraft passing through the
coma of P/Halley (2, 3). The 12C/13C ratio
has been determined in a few other comets
from ground-based data [Ikeya 1963a (4),
Kohoutek 1973f (5), and Kobayashi-Berger-
Milon 1975IX (6)], and the ratio is consis-
tent with a solar system origin for all. Many
of these measurements relied on high-reso-
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Table 3. Results of 87Sr/86Sr isotopic analyses of
biogenic calcite. The first two samples are uniden-
tified shells; the third sample at 13.5 m is a trilo-
bite pygidium. All values are normalized to a value
of 0.710140 for NBS 987 standard. Errors are 2s
of the mean of repeated measurements. Depth is
relative to the base of the gray interval (Fig. 1).

Depth
(m)

87Sr/86Sr

23.9 0.708858 6 12
10.9 0.708792 6 11
13.5 0.708820 6 12
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lution (l/Dl ' 105) optical spectroscopy of
the CN and Swan bands of C2. Their accu-
racy depended critically on the removal of
line and continuum contamination from
the spectra. Spectral resolutions in the sub-
millimeter-wavelength regime now routine-
ly exceed 106, minimizing errors caused by
line blending and continuum contamina-
tion. Accordingly, we took advantage of the
appearance of Hale-Bopp and a period of
unusually good daytime atmospheric condi-
tions to measure isotope ratios from rota-
tional lines at submillimeter wavelengths.
This report supersedes our preliminary an-
nouncement of the isotope measurements
(7).

Observations were taken with the 15-m-
diameter James Clerk Maxwell Telescope
(JCMT) located at an altitude of 4 km near
the summit of Mauna Kea, Hawaii (8). The
pointing of the telescope was updated from
the comet ephemeris in real-time with the
use of a linear interpolation algorithm. The
accuracy of the telescope pointing was mea-
sured by repeated observations of known ga-
lactic and extragalactic continuum sources
near Hale-Bopp. On 16 and 24 February
1997 universal time (UT), the zenith optical
depth at 225 GHz was in the range 0.03 #
t225 # 0.05, corresponding to precipitable
water columns of 0.5 to 1.0 mm. Additional
measurements were obtained on 22 March
1997 UT under less favorable conditions,
with t225 5 0.15 (3.5 mm H2O). The geo-
metric parameters of the observations are
listed in Table 1.

Two different receivers were used for the
350-GHz (B3) and 240-GHz (A2) spectral
windows. Isotopomers of HCN were ob-

served with the B3 spectral line receiver,
frequency-switched by 68.1 MHz once ev-
ery 30 s to provide sky cancellation (Fig. 1).
Channel spacing with B3 was 156 kHz,
corresponding to a spectral resolution l/Dl
5 1.9 3 106 and to velocity resolution
DV 5 0.15 km s21. The effective beam
diameter was 13.3 6 0.2 arc sec half-power
beam width (HPBW). Cometary CS was
observed with receiver A2, beam-switched
by 180 arc sec in azimuth at 1 Hz (Fig. 2).
Channel spacing with A2 was 78 kHz, cor-
responding to l/Dl 5 2.6 3 106 (DV 5
0.12 km s21). The effective beam diameter
was 19.7 6 0.5 arc sec HPBW. These small
beam measurements refer to the inner few-
thousand kilometers of the coma, where
collisional excitation rates dominate fluo-
rescence (9).

Measurements of the line areas in the
Hale-Bopp spectra, measured 63 km s21

from line center, are given in Table 2.
Uncertainties in the areas of the bright
HCN and CS lines were estimated from
repeated measurements and resulted pri-
marily from pointing errors in the JCMT.
We minimized the effects of possible tem-
poral variability in the outgassing of the
comet by observing the abundant and rare

isotopomers close together in time. Moni-
toring of the HCN line showed variations
on time scales of hours that were about
610%, scarcely larger than uncertainties
due to atmospheric instability and telescope
pointing errors. The uncertainties in the
areas of fainter lines are dominated by sky
noise and by uncertainties in the polynomi-
al baseline subtraction. However, the pri-
mary source of uncertainty in the measured
isotope ratios of C and N is in the correc-
tion for opacity in the bright lines of the
most abundant isotopomer. Asymmetries in
the spectral lines show that the outflow is
anisotropic, so that spherically symmetric
radiative transfer models cannot be applied.
Instead, we used an empirical method to
assess the beam-averaged optical depth in
the coma.

The HCN(4-3) line consists of six hy-
perfine components, two of which are re-
solved as broad wings to the line in our data
(Fig. 3). The hyperfine quantum level F 5
3-3 and F 5 4-4 components are separated
from the F 5 4-3 line by 1.977 MHz (21.67
km s21) and 21.610 MHz (1.36 km s21),
respectively, and each carries 2.17% of the
line flux (10). The F 5 3-3 component is
distinct from the line core in our spectra

Table 1. Geometric parameters of Hale-Bopp on the dates of observation. R, heliocentric distance; D,
geocentric distance; a, phase angle; «, elongation; and S, linear scale in the plane of the sky.

UT date
(1997 UT )

R
(AU)

D
(AU)

a
(degrees)

«
(degrees)

S
(km/arc sec)

16 February 1.20 1.71 234.3 43.0 1240
24 February 1.11 1.57 238.9 44.9 1140
22 March 0.93 1.32 149.1 44.7 960
19 July 2.00 2.79 215.5 31.8 2037

Fig. 1. Spectra of H12CN(4-3) at 354.5055 GHz
(top curve), H13CN(4-3) at 345.3398 GHz (middle
curve), and HC15N(4-3) at 344.2003 GHz (bottom
curve) obtained with receiver B3 on 16.71 Febru-
ary 1997 UT. The H12CN line has been scaled
down by a factor of 30 for easy comparison.

Fig. 2. Spectra of C32S(5-4) at 244.9356 GHz (top
curve) and C34S(5-4) at 241.0162 GHz (bottom
curve) obtained with receiver A2 on 24.02 Febru-
ary 1997 UT. The C32S line has been scaled down
by a factor of 5 for easy comparison.

Fig. 3. The HCN(4-3) line observed at 16.71 Feb-
ruary 1997 UT. Error bars denote statistical uncer-
tainties estimated from the noise in the data. Sys-
tematic errors due to fitting and subtraction of a
polynomial spectral baseline are present but not
shown. The hyperfine components are indicated,
together with fits.
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and provides a measure of the line core
optical depth. For the 16 February 1997
data, we fit the F 5 3-3 component and
with it obtained a line area ratio F3-3/Fcore
5 0.029 6 0.003. This is larger than the
theoretical (local thermodynamic equilibri-
um) value F3-3/Fcore 5 0.0217 and consis-
tent with depression of the line core inten-
sity by a factor f 5 (0.029 6 0.003)/
0.0217 5 1.34 6 0.14. Using the same
model, we independently fit the F 5 4-4
component and obtained F4-4/Fcore 5
0.032 6 0.004 and f 5 1.47 6 0.18. The
weighted means from the F3-3 and F4-4 ra-
tios are 0.031 6 0.002, and f 5 1.43 6 0.11.
The good agreement between F3-3 and F4-4
in Hale-Bopp suggests that hyperfine anom-
alies such as those reported in the interstel-
lar medium (ISM) (11) and in Halley (12)
are not present in Hale-Bopp, at least on
the dates of observation. On 22 March, we
determined a larger core depression factor,
consistent with the increase in the outgas-
sing from the nucleus during February and
March. Apparent and corrected line area
ratios are summarized in Table 3.

The accuracy of the fits to the hyperfine
components of HCN is dependent on the
accuracy of subtraction of the continuum
adjacent to the emission line. An indepen-
dent test of the hyperfine method was ob-
tained on 19 July 1997 by measurement of
H12CN/H13CN in Hale-Bopp at 2 astro-

nomical units (AU) heliocentric distance
(Table 3). At this larger distance the effects
of optical depth are reduced by an order of
magnitude, and the line area ratio should
approach the true isotopic ratio. The appar-
ent line area ratio on 19 July (102 6 12) is
indeed close to the corrected ratio deduced
from data taken in February (100 6 12) and
March (130 6 12) and is quite different
from the line area ratio ('65) measured in
the earlier months.

We find a mean H12CN/H13CN 5
111 6 12 from measurements at all three
epochs in Table 3, where the uncertainty
reflects systematic rather than random er-
rors. Lis et al. (13) independently obtained
H12CN/H13CN 5 90 6 15 which, within
the uncertainties, is consistent with our
determination. Previous measurements of
12C/13C in comets cluster near the solar
system value of 89 (Fig. 4) (14), but with
differences that have sometimes been
thought significant (1, 15, 16). Our ratio is
larger than the nominal solar system value,
but the difference is not statistically signif-
icant, whereas the local ISM has 12C/13C 5
77 6 7 (17), which is statistically different
from the Hale-Bopp ratio. Likewise, the
Hale-Bopp ratio HC14N/HC15N 5 323 6
46 is slightly larger than, but formally con-
sistent with, the solar system ratio of 14N/
15N 5 270 (14). It is also consistent within
errors with the local ISM, which has 14N/

15N ' 460 6 100 (18). The isotopic ratios
in N have not been previously measured in
comets, although a 3s limit C14N/C15N .
270 was determined in Halley (16).

The C32S line has a peak antenna tem-
perature TA of only 3 K and is taken to be
optically thin. Consequently, we have made
no correction for opacity, and the line area
ratio is equal to the isotopic abundance
ratio. We measured C32S/C34S 5 27 6 3,
with the uncertainty reflecting the faintness
of the C34S line. The measured ratio is
compatible, within the errors, with the solar
system value of 22.6 (14), with the in situ
determination of the ionic ratio 32S1/34S1

5 2224
16 in Halley (19), and with the local

ISM ratio of 32S/34S 5 32 6 5 (20).
The solar system and cometary isotopic

ratios are compared in Fig. 4. Although
the C, N, and S isotope ratios all fall
slightly above the corresponding solar sys-
tem values, the differences are statistically
insignificant. In this regard, the ratio
(12C/13C) 3 (15N/14N) is independent of
optical depth corrections. The terrestrial
(0.33) and cometary values (0.34 6 0.06)
of this ratio are indistinguishable. Thus,
we feel that Fig. 4 provides no evidence
that cometary isotopic ratios differ from
canonical solar system ones. Furthermore,
the (12C/13C) 3 (15N/14N) ratio in the
ISM varies (with considerable scatter)
from ,0.03 at the galactic center to 0.17
in the solar neighborhood (17). These
differences in isotopic abundances are un-
derstood in terms of models for galactic
evolution (17, 21). Thus, the C and N
isotopic ratios eliminate the possibility
that Hale-Bopp had an interstellar origin

Table 2. Measurements of rotational lines. v, line frequency; Date, midpoint of each observation; t225,
zenith optical depth at 225 GHz measured with the Caltech Submillimeter Observatory radiometer
adjacent to the JCMT. The line area was determined within a 63 km/s–wide window centered on each
emission line.

Species v
(GHz)

Date
(1997 UT ) t225

Line area
(K km s21)

H12CN(4-3) 354.5055 16.72 February 0.03–0.05 38.5 6 0.7
22.75 March 0.15 75.9 6 1.5
19.87 July 0.05 5.9 6 0.2

H13CN(4-3) 345.3398 16.35 February 0.03–0.05 0.55 6 0.05
22.82 March 0.15 1.2 6 0.1
19.88 July 0.05 0.058 6 0.008

HC15N(4-3) 344.2003 16.44 February 0.03–0.05 0.17 6 0.02
C32S(5-4) 244.9356 23.93 February 0.09 6.67 6 0.1
C34S(5-4) 241.0162 24.02 February 0.09 0.25 6 0.03

Table 3. Isotope ratios derived from the spectrum lines. LAR, line area ratio determined from the data
in Table 2; f , correction for depression of the brighter isotopomer determined from the hyperfine
components as described in the text. The isotope ratios for Hale-Bopp, the solar system, and the
interstellar medium are indicated by comet, sun, and ISM, respectively.

Ratio Date
(1997 UT ) LAR f Comet Sun ISM

H12CN/H13CN 16 February 70 6 6 1.43 6 0.11 100 6 12 89.9 77 6 7
H12CN/H13CN 22 March 64 6 5 2.05 6 0.05 130 6 12 89.9 77 6 7
H12CN/H13CN 19 July 102 6 12 1.00 102 6 12 89.9 77 6 7
Mean – – 111 6 12 89.9 77 6 7
HC14N/HC15N 16 February 226 6 27 1.43 6 0.11 323 6 46 272.2 450 6 100
C32S/C34S 24 February 27 6 3 1.00 27 6 3 22.6 32 6 5

Fig. 4. Comparison of isotope ratios measured in
Hale-Bopp (F) with those measured elsewhere
(J) in the solar system (14). Earlier isotope ratio
determinations are shown in Halley (points a to d)
(3, 16, 19), in Kohoutek 1973f (point e) (5 ), in Ikeya
1963a (point f ) (4), and in Kobayashi-Berger-Milon
1975IX (point g) (6).
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and are consistent with prevailing theories
for the origin of comets in the outer regions
of the sun’s pre-planetary accretion disk.
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Midwinter Start to Antarctic Ozone Depletion:
Evidence from Observations and Models

H. K. Roscoe,* A. E. Jones, A. M. Lee

Measurements of total ozone at Faraday, Antarctica (65°S), by a visible spectrometer
show a winter maximum. This new observation is consistent with the descent of air within
the polar vortex during early winter, together with ozone depletion starting in midwinter.
Chemical depletion at these latitudes in midwinter is suggested by existing satellite
observations of enhanced chlorine monoxide and reduced ozone above 100 hectapas-
cals and by reduced ozone in sonde profiles. New three-dimensional model calculations
for 1994 confirm that chemical ozone depletion started in June at the sunlit vortex edge
and became substantial by late July. This would not have been observed by most
previous techniques, which either could not operate in winter or were closer to the Pole.

Dramatic ozone depletion was first report-
ed at a high-latitude Antarctic site (76°S),
where it was observed to start in late August
(1). This is the time in the spring when the
stratosphere becomes sunlit at this latitude,
whereby the photochemistry leading to
ozone depletion is initiated. Most subse-
quent investigations of the ozone hole also
concentrated on sites at these high lati-
tudes. There were few investigations at sites
further north, because dynamical activity
near the edge of the Antarctic vortex made
it more difficult to see the depletion.
Hence, the ozone hole has usually been

considered to occur exclusively during the
spring and often is perceived to be associ-
ated with the time of year rather than with
the availability of sunlight at that location.
The possibility that depletion might occur
during winter within the vortex equator-
ward of 67°S, where there is always enough
sunlight to initiate photochemistry, had not
been subjected to a conclusive test.

Observations of total ozone during the
Antarctic winter are sparse. Reliable obser-
vations by a Dobson spectrophotometer can-
not be made poleward of 60°S in midwinter
(2) because the Dobson observes ultraviolet
(UV) light. The satellite-borne Total Ozone
Mapping Spectrometer (TOMS) cannot
make accurate observations in June or July at
65°S (3) because it also observes solar UV.
The satellite-borne Tiros Operational Verti-
cal Sounder (TOVS) has poor accuracy over
the central Antarctic plateau in winter and
reduced accuracy at the edge of Antarctica

(4). The satellite-borne Microwave Limb
Sounder (MLS) can only measure the col-
umn of ozone above 100 hPa, only measures
south of 40°S for alternate 36-day periods,
and was not launched until 1991 (5).

Ozone absorbs visible light, as well as the
UV light observed by the Dobson. Obser-
vations by a visible spectrometer of light
scattered from the zenith sky can be made
to 91° solar zenith angle (SZA), that is,
throughout the winter at 65°S. In 1990, a
ground-based visible spectrometer of the
design Système d’Analyse par Observations
Zénithales [SAOZ (6)] was installed at
Faraday (65.3°S, 65.3°W). SAOZ records
spectra throughout the day, deducing ozone
from absorption between 500 and 560 nm
at SZAs between 87° and 91°.

The ability to discern trends in ozone on
any time scale is determined by the stability
of the measurement calibration. In previous
work (7), we examined the stability of mea-
surements of ozone by SAOZ at Faraday and
have now improved it (8). The stability of
the zero of the measurement is now equiva-
lent to an annual cycle of less than 25 Dob-
son units (DU) and to a change during win-
ter of less than 10 DU. Hence the measure-
ments by SAOZ at Faraday are the first
reliable operational measurements of total
ozone throughout the winter at the sunlit
edge of the vortex. Although a SAOZ was
installed at Dumont d’Urville in 1988 (6), at
140°E the vortex is more often displaced
away from that site’s side of Antarctica.

We analyzed daily total ozone values in
winter for the years 1990, 1991, and 1994
(Fig. 1). Values from 1992 and 1993 were
excluded, because air-mass factors (AMFs)
of visible light are particularly sensitive to
the profile of aerosol in the stratosphere
when amounts are large, and the eruption of
Mount Pinatubo greatly enhanced aerosol
amount and variability in Antarctica for
the 2 years from November 1991. This vari-
ability makes it difficult to calculate reliable
AMFs until 1994, when the amount of
aerosol was smaller and less variable (9). A
winter maximum in ozone is discernible in
all three winters (Fig. 1), especially in the
more heavily smoothed lower curves, where
the size of the maximum within the winter
period is much larger than 10 DU in 1990
and 1991.

The question follows, what is the cause
of the observed maximum? There are vari-
ous mechanisms that might cause an in-
crease in ozone: (i) a decrease in tropopause
height, associated with short time-scale syn-
optic weather systems (10); (ii) the vortex
edge moving from one side of Faraday to the
other, which certainly results in increased
total ozone in the spring over the course of
several days, as shown in the large short
time-scale fluctuation in Fig. 2 at the end of
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