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Abstract

The nucleus of Comet C/2001 A2 (LINEAR) split several times during its recent apparition, presenting an unusual opportunity to search for
chemical differences in freshly exposed material. We conducted this search using NIRSPEC at the W.M. Keck Observatory on four dates in 2001:
9.5 and 10.5 July and 4.4 and 10.5 August. We detected the R0 and R1 lines of the ν3 vibrational band of CH4 near 3.3 µm on all dates. The R2
line was detected on 4.4 and 10.5 August. When we compare production rates of CH4 to H2O, we find evidence of a significant enhancement in
August relative to that found in July. H2CO was securely detected via its ν1 and ν5 bands on 9.5 July. On 10.5 July, H2CO emission was much
weaker, and its mixing ratio had dropped by a factor of about four. The mixing ratios for other detected volatile species did not change significantly
over the course of the observations. We discuss the implications of this evidence for chemical heterogeneity in the nucleus of Comet C/2001 A2.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Comets are arguably considered the most pristine bodies
formed in the outer Solar System (beyond ∼5 AU), and there-
fore studies of the chemical composition of comet nuclei have
cosmogonic implications. Much work has been done in recent
years to characterize the composition of nuclear ices in comets.
One important question in cometary science is whether comet
nuclei have heterogeneous compositions. There is increasing
evidence of various processes that may have altered the primor-
dial composition of comets since the time of their formation
(cf. Stern, 2003; Weissman et al., 2004). The majority of these
processes are believed primarily to affect a thin layer at the sur-
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face of the nucleus. For example, the outer surface (to a depth
of perhaps a few meters) may have been modified by cosmic
rays during a comet’s long storage in the Oort cloud or by ther-
mal processing from repeated passes through the inner Solar
System [see Stern (2003) for a discussion of evolution mecha-
nisms in the Oort cloud]. As deeper layers are exposed through
evaporation or disruption of the nucleus, the composition may
change. Also, repeated passes through the inner Solar System
or the passing of nearby hot (O or B) stars or supernovae can
cause thermal modification of the top several meters of mater-
ial, as can mechanical sputtering by interstellar grain collisions.

Another possible source of chemical heterogeneity may be
bulk radial transport mechanisms in the early Solar System
by, for example, gas drag, turbulence, or gravitational inter-
actions with migrating planets/protoplanets (Tsiganis et al.,
2005; Goldreich et al., 2004; Levison and Morbidelli, 2003;
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Weidenschilling, 1997). This may have resulted in cometesi-
mals that formed at different radii in the protoplanetary disk
accumulating into a single body. If this did occur, one might
expect to observe different volatile compositions over time in a
single comet. For example, chemical differences may be seen
if gas jets originating from different cometesimals rotate into
or out of view. Also, comets have been known to disrupt. If a
comet is comprised of multiple cometesimals, studying the dis-
rupted bodies or studying a comet before and after a disruption
event will provide a good test of the level of chemical homo-
geneity within a comet nucleus.

Comet C/2001 A2 (LINEAR) is an Oort cloud comet dis-
covered by the Lincoln Near Earth Asteroid Research (LIN-
EAR) Project on 15 January 2001 (Pravec et al., 2001). The
comet displayed an unusual light curve during its apparition,
brightening dramatically on 29.5–30.5 March when it was
still inbound 1.3 AU from the Sun (Mattiazzo et al., 2001;
Seargent et al., 2001). It was later found to have disrupted into
at least two nuclei (Hergenrother et al., 2001; Sekanina et al.,
2001). Further outbursts and additional companion nuclei were
observed in May (Broughton et al., 2001; Jehin et al., 2001) and
June (Schuetz et al., 2001) with smaller outbursts on 12 July
(Kysely et al., 2001; Morris et al., 2001) and 25 and 30 July
(Kidger et al., 2001). These latter events were also attributed to
disruption, though no separate nuclei were observed (Sekanina
et al., 2002). With so many outbursts and disruption events,
C/2001 A2 presented an excellent opportunity to investigate
potentially pristine cometary material. Our team was granted
observing time at the Keck Observatory for this unusual Target-
of-Opportunity.

In Magee-Sauer et al. (2006; hereafter, Paper I) we presented
an analysis of infrared detections of four parent volatiles in
C/2001 A2 (H2O, C2H6, HCN, and C2H2), and showed that
the abundances for C2H2, C2H6, and HCN are enriched by a
factor of ∼2–3 relative to H2O compared with other comets
in our database. In this paper we present a search for chemi-
cal heterogeneity within the nucleus of the fragmented Comet
C/2001 A2. We report infrared spectroscopic observations on
four dates of CH4 and H2CO and compare them to H2O, re-
vealing evidence for significant abundance variations for both
molecules. The chemical composition of C/2001 A2 makes it a
particularly interesting comet.

2. Observations and data analysis

We observed Comet C/2001 A2 on four nights in 2001 (Ta-
ble 1) with NIRSPEC at the 10-m W.M. Keck Observatory,
located at Mauna Kea, HI (McLean et al., 1998). Observations
were performed with a 3-pixel (0.43′′) wide slit, permitting
acquisition of high spectral resolution data (λ/�λ ∼ 25,000).
Details of the observing procedures and flux calibrations can be
found in Gibb et al. (2003).

We detected the R0 and R1 lines of the ν3 band of CH4 on
all four nights. Owing to the larger Doppler shifts, CH4 R2 was
also detected on 4.4 and 10.5 August but was included only in
the analysis of data acquired on 10.5 August (discussed below).
We firmly detected the ν1 and ν5 bands of H2CO on 9.5 July but
Table 1
Summary of Comet A2 methane and formaldehyde observations

Date
(UT)

Rh

(AU)
�

(AU)
�-dot
(km/s)

tint
(s)

9.5 July 1.161 0.276 11.5 1680
10.5 July 1.173 0.282 12.4 2400
4.4 August 1.509 0.578 25.9 720

10.5 August 1.593 0.673 28.0 1200

Note. These are observations using the KL2 setting described by Magee-Sauer
et al. (2006). Rh = heliocentric distance, � = geocentric distance, �-dot =
geocentric velocity, tint = integration time.

achieved only a marginal detection on 10.5 July and an upper
limit on 4.4 August. Multiple transitions of H2O, C2H2, and
HCN were observed simultaneously in different orders of the
same grating setting (KL2) on each night (see Dello Russo et
al., 2005, and Paper I). The CH3OH ν3 and C2H6 ν7 vibrational
bands were observed in our KL1 setting on three nights (the 4.4
August observations included only the KL2 setting) and CO
was observed in our M-band setting only on 10.5 July (DiSanti
et al., in preparation).

Data were processed using algorithms specifically tailored to
our comet observations and include dark subtraction, flat field-
ing, and removal of high dark current pixels and cosmic ray
hits. Detailed descriptions of our observing procedures and data
processing techniques are given elsewhere (Dello Russo et al.,
1998, 2000, 2001; Magee-Sauer et al., 1999, 2002; DiSanti et
al., 1999, 2001; Bonev, 2005). Details of atmospheric model fit-
ting and extraction of production rates for CH4 were discussed
in Gibb et al. (2003).

The resulting spectra for CH4 are shown in Fig. 1 and for
H2CO in Fig. 3 (atmospheric fits appear as dashed lines). The
residual cometary line fluxes (Table 2) were obtained by sub-
tracting the atmospheric model from the comet row-by-row
and then correcting for the monochromatic transmittance at the
Doppler shifted line positions. Production rates were obtained
using our standard methodology (Magee-Sauer et al., 1999;
Dello Russo et al., 2000; DiSanti et al., 2001; Gibb et al., 2003).
The highest signal-to-noise ratios were obtained for a 3-by-9
pixel aperture centered on the nucleus, and we used these to
compare production rates for molecules that were observed si-
multaneously (i.e., CH4, H2O, and H2CO in our KL2 setting).
Simultaneous observations are affected identically by seeing
and drift, and this approach removes those effects from the rel-
ative production rates. These “nucleus-centered” (3 spectral by
9 spatial pixel or 0.43′′ ×1.78′′) values are given in Table 2. We
also report the “global” production rate (i.e., corrected for slit
loss effects in the “nucleus centered” extracts, cf. Dello Russo
et al., 1998, 2005) for comparison with those observed at dif-
ferent times or in different settings in Table 3.

3. Evidence for variability in Comet C/2001 A2

3.1. CH4

Methane (CH4) was first securely detected via fluorescent
emission of its ν3 band near 3.3 µm in Comet C/1996 B2
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Fig. 1. Spectral extracts of Comet C/2001 A2 taken on four dates with NIRSPEC (setting KL2, order 23, 5 row extract centered on the nucleus). Doppler-shifted
positions of the OH prompt emission (OH*) and CH4 R0 and R1 lines are indicated. The dashed curve is the atmospheric model fit. Beneath the spectra are the
residuals, not corrected for atmospheric transmittance, formed by subtraction of the model fit. The CH4 R0 and R1 lines are present on all dates while the OH* lines
are only seen in July and the CH R2 line is visible only in August owing to the insufficient Doppler shift in July.
4
(Hyakutake) (Mumma et al., 1996) and has been routinely
detected in comets since then, including C/1995 O1 (Hale–
Bopp), C/1999 S4 (LINEAR), C/2001 A2 (LINEAR), C/1999
T1 (McNaught–Hartley), C/2000 WM1 (LINEAR), C/1999 H1
(Lee), 153/P Ikeya–Zhang (C/2002 C1) (Gibb et al., 2003),
C/2002 T7 (LINEAR), C2001 Q4 (NEAT) (Kawakita et al.,
2005) and C/2005 Q2 (Macholz) (Bonev et al., 2006). CH4 is
of primary interest because its abundance relative to H2O has
been found to vary from as little as ∼0.18% in S4 to nearly
1.5% in Lee, Hale–Bopp, and McNaught–Hartley (Gibb et al.,
2003). Thus far the only other molecule found to vary to this
extent is CO (DiSanti et al., 1999, 2001; see also Mumma et
al., 2003), but the abundance ratios of these two hypervolatiles,
both of which sublimate near 30 K, do not correlate within the
reported sample of eight Oort cloud comets (Gibb et al., 2003).

Strong emissions due to the ν3 R0 and R1 lines of CH4 were
present in Comet A2 on all four dates. The comet was less pro-
ductive in August, but the Doppler shift was larger, increasing
the atmospheric transmittance and making the CH4 lines more
apparent. This increased geocentric velocity also shifted the R2
line out of the corresponding telluric absorption line by a suf-
ficient amount to be visible in a spectral extract (Fig. 1). How-
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Table 2
Nucleus centered production rates and mixing ratios for CH4 and H2CO in Comet C/2001 A2

Date
(UT)

Trot
(K)

Fluxa Q(H2O)

(1026 s−1)

Q(CH4)

(1026 s−1)

Q(H2CO)c

(1026 s−1)

CH4/H2O
(%)

H2CO/H2O
(%)CH4 H2CO

9.5 July 100 3.59(0.16) 0.651(0.053) 212(15) 3.24(0.22) 0.633(0.052) 1.53(0.15) 0.299(0.032)

10.5 July 100 4.78(0.25) 0.141(0.076) 269(16) 4.47(0.32) 0.143(0.077) 1.66(0.15) 0.053(0.029)

4.4 August 70 1.45(0.04) 0.0524(0.0466) 86(12)b 2.47(0.08) 0.149(0.131) 2.87(0.41) 0.173(0.154)

10.5 August 70 0.60(0.06) – 45(10)b 1.29(0.13) – 2.89(0.70) –

a The total transmittance-corrected line fluxes (in units of 10−18 W m−2) in a 0.43′′ × 1.74′′ (3 spectral by 9 spatial pixels) aperture centered on the nucleus (as
opposed to the terminal production rates presented in Paper I and Table 3). The CH4 fluxes are the sum of the R0 and R1 lines, and the H2CO flux pertains to the
nucleus-centered sum over five spectral lines, one of which encompasses the ν1 Q-branch. All numbers in parentheses are 1-σ confidence limits.

b From Dello Russo et al. (2005).
c Q(H2CO) is based on Trot = 104 K as measured on 9.5 July, corresponding to the best fit from a Boltzmann excitation over the same spectral intervals used to

measure the flux. This same rotational temperature was assumed on 10.5 July.

Table 3
Global production rates and mixing ratios for CH4 and H2CO in Comet C/2001 A2

Date
(UT)

Trot
(K)

Fluxa Q(H2O)

(1026 s−1)

Q(CH4)

(1026 s−1)

Q(H2CO)

(1026 s−1)

CH4/H2O
(%)

H2CO/H2O
(%)CH4 H2CO

9.5 July 100 2.17(0.21) 0.363(0.030) 377(34) 4.54(0.43) 0.886(0.088) 1.20(0.17) 0.235(0.029)

10.5 July 100 2.98(0.23) 0.082(0.044) 430(37) 6.48(0.49) 0.207(0.112) 1.51(0.15) 0.048(0.026)

4.4 August 70 0.73(0.04) 0.025(0.022) 109(17)b 3.07(0.16) 0.186(0.164) 3.39(0.56) 0.171(0.153)

10.5 August 70 0.34(0.04) – 62(14)b 1.70(0.22) – 2.74(0.71) –

a The total transmittance-corrected line fluxes (in units of 10−18 W m−2) based on the signal summed from 0.29–3.76 arc-sec off the nucleus, averaged from both
sides of the nucleus. The fluxes for CH4 were summed over the R0 and R1 lines. Those for H2CO were summed over five spectral lines, one of which encompasses
the ν1 Q-branch. All numbers in parentheses are 1-σ confidence limits.

b From Dello Russo et al. (2005).
ever, we omitted the R2 line from the analysis on 4.4 August
due to the long on-chip exposure time (180 s per frame). The
NIRSPEC InSb ALADDIN detector has a linear response up
to ∼10,000 counts. This count level was exceeded in the cores
of atmospheric emission lines (corresponding to transmittances
less than about 60%) on 4.4 August. While the R0 and R1 lines
were Doppler shifted to ∼70% transmittance (corresponding
to ∼8000 counts on chip), the R2 line experienced only 44%
transmittance and may have been affected by the detector’s non-
linearity. This is further suggested by the smaller-than-expected
line intensity compared to the R0 and R1 lines on that night.

Several factors could affect the determination of production
rates for methane, the most important of which is the rotational
temperature. The R0 and R1 lines originate from different spin
states and consequently are insufficient by themselves to mean-
ingfully constrain the rotational temperature (Gibb et al., 2003).
Instead, rotational temperatures for each date were derived from
a population analysis of multiple lines of one or more of the fol-
lowing: HCN, CO, C2H6, H2CO, and H2O. It has been found
that inner-coma rotational temperatures determined from differ-
ent molecules are typically in agreement (Mumma et al., 2001;
DiSanti et al., 2001; Dello Russo et al., 2000; Magee-Sauer et
al., 1999). C/2001 A2 was somewhat unusual in that HCN was
found in July to have a significantly lower rotational tempera-
ture (∼60 K) than the ∼100 K found for H2O, H2CO, CO, and
C2H6 (Paper I). Possible causes for this difference are discussed
in Magee-Sauer et al. (2006).

Since the signal-to-noise in August was insufficient to mea-
sure Trot directly (except for HCN), we estimated Trot for wa-
ter. Magee-Sauer et al. (2006) found that the heliocentric Trot

dependence for HCN in C/2001 A2 was consistent with the
∼0.6R−1

h found by Biver et al. (2006). If we assume a similar
R−1

h dependence for the other molecules, then Trot ∼ 70–80 K
in August. To be conservative, the August values for CH4 in
Table 2 were calculated for 70 K. A Trot of 80 K would in-
crease the CH4 abundance to 3.5%. We note that these re-
sults are consistent with the unusual enhancement of hydro-
carbon abundances reported by Magee-Sauer et al. (2006) in
C/2001 A2.

We also note that if we use the HCN rotational temperatures
for CH4, the abundance variation remains. The abundance for
CH4, assuming Trot ∼ 60 K, was 0.59% and 0.74% on July
9 and 10, respectively. In August, Trot was determined to be
∼40 K based on an analysis of six lines of HCN, resulting
in CH4 abundances of 1.9% and 1.5% on August 4 and 10,
respectively. We emphasize that the comparison must be con-
sistent. Whether we use the HCN Trot in July and August or the
∼100 K Trot found for the other molecules in July with a R−1

h

dependence similar to that found for HCN and radio observa-
tions (Biver et al., 2006), CH4 exhibited a significant change in
abundance between July and August. In order to bring the CH4

abundances into agreement on all dates, the Trot for H2O and
the other molecules would have had to drop a factor of three
faster than that for HCN. Alternatively, a drastically different
heliocentric dependence (R−3

h ) would have to be assumed. Both
scenarios are unrealistic and we conclude that the most likely
explanation is that the CH4 abundance changed between July
and August.
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Fig. 2. The spectral extracts of the 3050–3025 cm−1 region of Comet C/2001 A2 on July 10.5 and August 4.4 after correction for terrestrial transmittance. Both
spectra are shown in the comet’s rest frame. Regions with no data correspond to low terrestrial transmittance (<25%). The *’s mark the expected peak intensities
of OH prompt emission lines (OH*) if CH4 and H2O were present in the same relative abundances on the two dates, taking into account the measured rotational

temperatures. This implies that the CH4 mixing ratio in August was enhanced relative to that found in July.
The production rate derived for CH4 also depends on the
quality of the atmospheric model fit. Stellar calibration spectra
were taken immediately following the cometary observations
for the KL2 setting and at similar air mass, except for 10.5 Au-
gust where a KL2 calibration was unavailable. For this date,
we applied the atmospheric water burden determined from the
KL1 stellar calibration to the KL2 comet spectrum. We note,
however, that the CH4 R0 and R1 lines do not overlap strong
atmospheric water lines for our redshifts and so are relatively
insensitive to the atmospheric water content. The calibration
star observations achieved very high signal-to-noise ratio, and
we were able to fit the atmospheric model with high preci-
sion. The terrestrial methane burden is found to be constant
to within 4% in our comet and stellar calibration database
from 1996 to the present. We also fit the spectrum using the
GENLN2 telluric spectrum package (Edwards, 1992) and ob-
tained the same result, giving us confidence that we have ac-
curately determined the transmittance at the Doppler-shifted
positions of the methane lines, even for the low geocentric ve-
locity (∼12 km s−1) of the July observations. This comparison
demonstrates that the uncertainty in atmospheric transmittance
will affect the CH4 production rates by no more than 5% in
C/2001 A2.

The H2O production rate was measured using both hot-band
emission lines near 2.9 µm and prompt emission (PE) from
dissociatively-excited OH (Paper I), which is a proxy for water
(Bonev et al., 2004, 2006; Bonev, 2005). We found a signifi-
cant variation in CH4 mixing ratio between the July and August
dates (see Table 2). The increased mixing ratio is made apparent
by comparing the transmittance-corrected emission spectra on
10.5 July and 4.4 August (Fig. 2). The OH lines in Fig. 2 should
exhibit the intensities shown (*) if the relative production rates
(CH4/H2O) were the same on these two nights. Methane pro-
duction was clearly enhanced (relative to H2O) in August, com-
pared to July. An alternative explanation might be the variation
in the PE mechanism near 1.5 AU compared to smaller he-
liocentric distances as suggested by Kawakita et al. (2003).
However, Bonev (2005) tested this hypothesis for C/2004 Q2
(Machholtz) observed at 1.2 and 1.5 AU; OH PE was detected
at both heliocentric distances with no evidence for any signif-
icant changes in the OH emission efficiencies. Moreover, the
change of the CH4/H2O mixing ratio between July and August
is confirmed from the directly measured H2O production rate
(via “hot-band” emission) within the same instrument setting
(KL2) that sampled CH4.

3.2. H2CO

Formaldehyde (H2CO) is a nearly-symmetric top molecule
that was first reported in Comet Halley in the radio and from the
IKS infrared spectrometer aboard the Vega spacecraft (Combes
et al., 1988; Snyder et al., 1989; Mumma and Reuter, 1989).
Since then radio transitions of formaldehyde have been rou-
tinely detected in comets (Biver et al., 2002). Using improved
infrared instrumentation, we detected H2CO via its ν1 and
ν5 bands near 3.6 µm in Comets C/2002 C1 (Ikeya–Zhang)
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Fig. 3. H2CO in C/2001 A2. The top panel shows the KL2, order 21 spectrum obtained with NIRSPEC on 9.5 July. The dashed line is the telluric model. The bottom
panel shows the residuals from 9.5 and 10.5 July after subtraction of the atmospheric model. The 1-σ photon noise uncertainty level is indicated by the thin solid.
The dotted line is the best-fit formaldehyde model (Trot = 104 K). OH* lines (2784–2788 cm−1) are indicated by vertical tick marks. Note that while the OH* lines
were stronger on 10.5 July, consistent with the increased production rate noted in Paper I, the H2CO Q-branch emission was absent on 10.5 July. This suggests

heterogeneous composition of the nucleus.
(DiSanti et al., 2002), Lee (Dello Russo et al., 2006), and
several other Comets (DiSanti et al., in preparation) in addi-
tion to Comet C/2001 A2. Observations of C/2002 T7 (LIN-
EAR) in 2004 provided the first secure line-by-line detection
of cometary H2CO in these bands (DiSanti et al., 2006), en-
abling a robust measure of rotational temperature through com-
parison with a fluorescence model developed for interpretation
of spectra of comets Halley and Wilson (Reuter et al., 1989;
Mumma and Reuter, 1989).

H2CO was securely detected on 9.5 July (Fig. 3). In the
spectral regions we sampled, the ν1 and ν5 band line intensi-
ties are sensitive to temperature (Reuter et al., 1989; DiSanti et
al., 2006). Fig. 3 shows a residual spectrum of H2CO in C/2001
A2 on 9.5 and 10.5 July, along with a fluorescence model for
formaldehyde at 104 K. The retrieved rotational temperature
(Trot = 104+20

−18 K) is consistent with the rotational tempera-
tures derived from other molecules in our spectra (Paper I).
OH prompt emission near 2785 cm−1 (P16.5 2+, 2−, P17.5
1+, 1−) was measured simultaneously and traces (vertical tick
marks, Fig. 3) water production (Bonev et al., 2004, 2006;
Bonev, 2005). The OH* P17.5 1− line gives a water produc-
tion rate of 4.2 ± 0.2 × 1028 molecules/s, in agreement with
the Q(H2O) = 3.8 ± 0.4 × 1028 molecules/s derived by Dello
Russo et al. (2005). OH emission was somewhat stronger on
10.5 July, consistent with the general trend of increased pro-
duction rates on that date for most molecules (Paper I), in-
cluding H2O (see Dello Russo et al., 2005), but the Q-branch
of H2CO is substantially weaker than on the previous night.
The Q-branch of H2CO falls in a region of good transmittance
(>95% on both nights), so this variation cannot be due to trans-
mittance effects, even though the terrestrial water burden was
unusually high during our July observations. This is intriguing,
particularly since other parent molecules that were observed on
both dates did not show such a large variation relative to one
another or to water (Table 2), although the chemically related
species CH3OH decreased slightly in abundance from July 9.5
to 10.5, from (3.85 ± 0.36)% to (2.79 ± 0.33)% relative to wa-
ter. We suggest that the variations of both CH4 and H2CO are
good evidence of chemical heterogeneity within the nucleus of
Comet C/2001 A2.

4. Discussion

4.1. The variability of CH4 between July and August

We find that the CH4 abundance relative to other species
changed significantly in Comet C/2001 A2 from July to Au-
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gust and that the H2CO abundance varied even between two
consecutive nights (9.5 and 10.5 July). There might be a hint
for CH4 variability between July 9.5 and 10.5, though we can-
not say conclusively as the results agree within their 1-σ errors.
These changes could be evidence of chemical heterogeneity of
parent species within the nucleus. Magee-Sauer et al. (2006)
report that several organic species (HCN, C2H6, C2H2) were
enhanced in abundance in C/2001 A2 by approximately a fac-
tor of two over other comets observed in the infrared to date.
However, in C/2001 A2 their abundance ratios did not vary
significantly with time. In July, CH4 in C/2001 A2 was consis-
tent with abundances seen in several other comets (Gibb et al.,
2003), but in August the higher abundance is consistent with
the factor of two enhancement found for other organics in July,
perhaps suggesting that the region active in July was depleted
in methane (and was variable in formaldehyde).

C/2001 A2 disrupted prior to our July observations and
also experienced an outburst on 12 July (Kysely et al., 2001;
Morris et al., 2001), just after our July observations. There were
additional minor events prior to our August observations as ev-
idenced by a 0.4 (0.2) magnitude increase in the light curve
on 25 (30) July, respectively (Kidger et al., 2001). These varia-
tions in the light curve have been interpreted to be most likely
due to the separation of small, short-lived pieces of the comet
that were not themselves directly observable (Sekanina et al.,
2002). Two scenarios may explain the observed compositional
differences in C/2001 A2. First, it is possible that in August,
production was dominated by fresh, unaltered material from
deeper within the comet nucleus that had been shielded from the
effects of solar heating prior to disruption. We may have been
sampling material from different depths into the nucleus in July
and August. Alternatively, a different methane-rich region of
the comet, perhaps a separate cometesimal (or vent), produced
most of the emission in August but not in July. This may indi-
cate that the comet nucleus is an assemblage of compositionally
distinct cometesimals. At this time we cannot distinguish be-
tween the two scenarios.

Another possible explanation is related to the scale length
for evaporation from icy mantles of grains. In August, C/2001
A2 was farther from Earth (∼0.6 AU as opposed to ∼0.3 AU
in July), so the slit sampled a larger region around the nucleus.
However, the comet was also farther from the Sun (Table 1),
so the initial temperature of grains coming off the nucleus was
lower as was the insolation. Observations of CH4 ice and gas
toward young stars embedded in molecular cloud material sug-
gest that CH4 is trapped in a polar ice matrix in the interstellar
medium (Boogert et al., 1996, 1998). If CH4 in comets were
also trapped in a water-ice matrix, a possibility discussed in
Gibb et al. (2003), then we would expect similar evaporation
behavior for both species and the explanation for the enhanced
production rates would be chemical heterogeneity. However, if
hypervolatiles such as methane are not mixed with the polar
species, as may be the case if the ice mantles were completely
evaporated and then recondensed from the solar nebula accord-
ing to their volatility prior to incorporation into a cometary
body, then they may evaporate more quickly than water at a he-
liocentric distance of 1.5 AU, compared to 1.1 AU. If this were
the case, water would evaporate later than the hypervolatile
species and would be observed as an extended source. Un-
fortunately, the signal-to-noise was not sufficient to determine
whether the release of water was extended in August. However,
this seems an unlikely explanation since we have not seen ev-
idence of extended water in any other comet observed to date,
though we note that our observations generally are made at
heliocentric distances less than 1.3 AU. Nevertheless, the sig-
nificance of extended vs. native release of parent volatiles from
the comet surface is a question requiring further investigation.

4.2. The day-to-day variability of H2CO in July

There were no known disruption or outburst events be-
tween our July 9.5 and 10.5 observations that included H2CO.
Formaldehyde has a relatively short photo-dissociation lifetime
(∼4500 s at Rh = 1 AU; Huebner et al., 1992), but our col-
umn density is weighted heavily toward molecules within about
100 km of the nucleus, so the short lifetime cannot explain the
large difference in H2CO production between 9.5 and 10.5 July.
Formaldehyde could be released either as monomers or poly-
mers (e.g., POM), but our measurements sample mainly the
monomeric component. The measured change in H2CO abun-
dances between the two nights requires a major change in the
monomeric production. We were unable to test the presence of
a polymeric fraction (or its change), again because our beam
was heavily weighted toward the nucleus and POM destruction
would produce a more distributed source (Cottin et al., 2004).
The signal-to-noise was not sufficient to determine whether the
release of H2CO included an extended component.

H2CO was detected on 10.3 July at radio wavelengths (using
IRAM) with a beam size of 10.9′′, much larger than ours (Biver
et al., 2006). Biver et al. considered production of H2CO from
both native and distributed sources. They inferred a native pro-
duction ratio of 0.05 ± 0.01% if H2CO was a parent volatile,
which is consistent with our measured value (0.048 ± 0.026%)

for H2CO on 10.5 July (Table 2). (Although our nucleus-
centered beam is heavily weighted toward native H2CO, mole-
cules released in the coma along the line of sight also contribute
somewhat to the measured column.) Given the large difference
in the production of H2CO we measured on these two dates, it
is possible that we observed a H2CO rich jet on 9.5 July.

5. Conclusion

We report evidence for chemical heterogeneity of two
volatiles in Comet C/2001 A2. The H2CO abundance, relative
to water, decreased by a factor of nearly four between succes-
sive nights (9.5 and 10.5 July). The CH4 abundance increased
nearly a factor of two between July and August. These varia-
tions may reflect chemical heterogeneities within the nucleus
and may be related to the repeated outburst events C/2001 A2
underwent during its apparition. Clearly, it is important to study
parent volatiles over a wide range of heliocentric distances and
to observe comets both before and after any outburst or dis-
ruption events. Snapshots of nuclear ice composition may not
give us a comprehensive picture of the chemical composition
of these primitive bodies.
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