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The organic composition of Comet C/2001 A2 (LINEAR)
I. Evidence for an unusual organic chemistry
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Abstract

We used the NIRSPEC instrument on the Keck-2 telescope atop Mauna Kea, HI to observe Comet C/2001 A2 (LINEAR) in a Target of
Opportunity campaign on UT 2001 July 9.5, 10.5 August 4.4, 10.5. We measured seven organic parent volatiles (C2H6, C2H2, HCN, CH4,
CO, CH3OH, H2CO) simultaneously with H2O. We obtained absolute production rates and relative abundances for parent volatiles, and also
measured rotational temperatures for several of these species. The chemical composition of C/2001 A2 differs substantially from any comet we
have observed to date. The abundances we measure (relative to H2O) for C2H6, C2H2, HCN, and CH3OH are enriched by a factor of ∼2 to 3 in
C/2001 A2 compared with most comets in our database. Other molecular species were detected within the typical range of measured abundances.
C/2001 A2 presented a unique opportunity to study the chemistry of a fragmenting comet where pristine areas are exposed to the Sun.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

C/2001 A2 (LINEAR) was discovered on UT 2001 January
15.3 and identified as a comet on January 16.9, when a diffuse
coma was observed (Green, 2001). The visible magnitude (mV )
upon discovery was 15.8 and early predictions suggested the
comet could reach a maximum brightness of 10 near perihelion,
on May 20, 2001.

However, the brightening of C/2001 A2 was not typical. In
late March 2001, the comet’s brightness rapidly increased by
5 magnitudes to mV ∼ 8, already 4–5 times its originally pre-
dicted maximum brightness. The comet continued to brighten
through its perihelion passage with several major outbursts that
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were linked to fragmentation events (Sekanina et al., 2002).
C/2001 A2 was noteworthy in that it shed six observable frag-
ments during its perihelion passage. The maximum bright-
ness achieved (mV ∼ 3) was almost 7 magnitudes greater than
originally predicted. The discovery and subsequent brighten-
ing/fragmentation of C/2001 A2 occurred after normal tele-
scope proposal due dates and so a “Target of Opportunity”
(TOO) proposal was submitted to the W.M. Keck Observatory.
TOO time was awarded for post-perihelion observations during
July and August 2001.

C/2001 A2 is classified as an Oort-cloud comet. Oort-cloud
comets are believed to have originated (mainly) in the giant-
planets region of the solar nebula where temperatures ranged
from ∼150 to 40 K. Because of this temperature gradient,
we expect the volatile fractions of comets to differ depend-
ing on their region of formation. Once formed, icy planetes-
imals are predicted to diffuse radially (a dynamical effect)
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in the proto-planetary disk and some are transported to the
Oort cloud by gravitational scattering (Charnoz and Morbidelli,
2003; Levison and Morbidelli, 2003; Dones et al., 2004). Ra-
dial diffusion could lead to internal chemical heterogeneity if
cometesimals formed in chemically distinct disk regions are
later incorporated into a final cometary nucleus.

Searching for chemical heterogeneity within an individual
cometary nucleus, and measuring the compositional diversity
among comets are two principal objectives of cometary sci-
ence. By examining temporal variations in two parent volatiles
(CH4 and H2CO), Gibb et al. (2007) obtained evidence for
chemical heterogeneity within the nucleus of C/2001 A2. The
present paper is a study of the overall organic composition
of this fragmented comet as revealed at infrared (IR) wave-
lengths. We measured seven organic parent volatiles (C2H6,
C2H2, HCN, CH4, CO, CH3OH, H2CO) simultaneously with
H2O and we show that their mixing ratios reveal a dis-
tinct chemistry compared with other comets in our IR data-
base.

2. Observations and data analysis

C/2001 A2 became accessible to northern latitude observa-
tories in late June 2001. We observed the comet on UT 2001
July 9.5 and 10.5, and August 4.4 and 10.5, immediately before
and approximately one month after its fourth observed bright-
ness outburst (on July 12). Two components were seen in the
first observed outburst, but only the larger component (B) re-
mained detectable at the time of our observations. Poor weather
conditions limited the time available for conducting the obser-
vations in July. Other details are given in Table 1.

The observations were conducted using NIRSPEC on the
10-m Keck-2 telescope atop Mauna Kea, Hawaii. NIRSPEC is
a cross-dispersed echelle spectrograph (covering wavelengths
from ∼1 to ∼5.5 µm) equipped with a 1024 × 1024 pixel
(Aladdin-3) InSb detector array (McLean et al., 1998). Each
detector pixel subtends 0.198 arcsec in the spatial direction and
0.144 arcsec in the spectral direction. Because the echelle grat-
ing is cross-dispersed, multiple spectral orders are sampled at
once providing the ability to detect and compare parent volatiles
either simultaneously or within only a few hours. This makes
NIRSPEC a powerful tool for determining the composition of

Table 1
Log of observations C/2001 A2 (LINEAR)

Date UT
(2001)

R

(AU)
�

(AU)
�dot
(km s−1)

Instrument
setting

Time
(min)

July 9.5 1.160 0.275 11.4 KL1 20
KL2 28

July 10.5 1.173 0.282 12.4 KL1 16
KL2 40
M-wide 9

August 4.4 1.510 0.578 25.9 KL2 12

August 10.5 1.594 0.673 28.0 KL1 8
KL2 20
cometary volatiles and tracking any changes in chemistry with
time.

A 0.43 arcsec wide (3 pixel) slit was used for our comet
observations leading to a spectral resolving power ν/�ν ∼
2.4 × 104. The slit length was 24 arcsec (oriented east–west).
For each setting, the comet was nodded along the slit in an
ABBA sequence. Using this mode of “on-chip” nodding, comet
signal is present in both A and B beams (placed equidistant
from the slit midpoint and separated by ∼12 arcsec), thereby
increasing the signal-to-noise ratio by a factor of up to

√
2

(compared with nodding to blank sky) after signals from both
beams are combined. Flat-fields and dark frames were obtained
prior to changing each echelle/cross-disperser setting. For each
setting, spectra of infrared standard stars were obtained for ab-
solute flux calibration. An aperture correction was applied to
the standard star flux to account for slit losses.

Three instrument configurations (filter, echelle, and cross-
disperser) were used. Two of these settings (“KL1” and “KL2”)
encompassed much of the “organics” region, spanning ∼3525–
2750 cm−1 (2.83–3.64 µm), and another setting (“M-wide”)
sampled primarily CO and H2O between 4.62–5.00 µm. Table 2
lists emissions detected within specific orders of the three set-
tings.

Data were processed using algorithms specifically developed
for our comet observations (Dello Russo et al., 1998, 2000,
2001, 2004, 2005; DiSanti et al., 1999, 2001; Magee-Sauer et
al., 1999, 2002; Mumma et al., 1996). A detailed description of
all data reduction, flux calibration and spectral analysis steps is
presented in Bonev (2005). We provide here only a brief sum-
mary of our methodology.

Initial processing of each individual order included removal
of high dark current pixels and cosmic ray hits, along with
spatial and spectral straightening. This resulted in a rectified
frame, in which the spatial and spectral dimensions fell along
registered columns and rows, respectively. Absolute spectral
calibration and determination of column burdens of absorbers
in the terrestrial atmosphere were achieved through use of the
Spectrum Synthesis Program (SSP; Kunde and Maguire, 1974),
which accesses the HITRAN molecular database (Rothman et
al., 1992). The sum of background thermal continuum emission
and superimposed sky emission lines was removed by subtract-
ing B-frames from A-frames. The optimized SSP model was

Table 2
Instrument settings and detections

Grating
setting

Order Spectral
grasp (cm−1)

Molecules
sampled

KL1 23 2962–3002 C2H6 ν7
22 2833–2872 CH3OH ν3

KL2 26 3404–3454 H2O
25 3273–3322 C2H2 ν3

HCN ν3
23 3019–3056 CH4 ν3
21 2753–2794 H2CO ν1, ν5

M-wide 16 2130–2166 CO
H2O

15 1999–2032 H2O
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convolved to the spectral resolution of the comet data and nor-
malized to the cometary continuum level. Molecular emissions
were isolated by subtracting this normalized synthetic contin-
uum model from the observed comet spectrum. The true line
flux at the top of the atmosphere was then obtained by dividing
the total observed flux of each cometary emission line by the
fully resolved atmospheric transmittance at its Doppler-shifted
line center frequency.

3. Results

In C/2001 A2, we detected (simultaneously, or nearly so)
eight parent volatiles (H2O, C2H6, C2H2, HCN, CH4, CO,
CH3OH, H2CO), and one daughter fragment (OH). We ob-
tained quantitative measures of rotational temperatures, thereby
providing robust absolute production rates (and ortho-to-para
ratios for H2O; Dello Russo et al., 2005) and hence rela-
tive abundances (i.e., mixing ratios) for these parent volatiles.
Spectra for four orders are shown in Figs. 1A–1D. Sample
spectra of H2O are presented in Dello Russo et al. (2005),
H2CO and CH4 in Gibb et al. (2007), and OH in Bonev et al.
(2004).

3.1. Rotational temperatures

When using individual ro-vibrational lines to determine pro-
duction rates, adequate sampling of the rotational distribution
is critically important. If lines from only a few levels span-
ning a limited range of upper or lower state rotational ener-
gies are sampled, then the inferred total production rate (Q)
is highly sensitive to the value assumed for Trot. Conversely,
if many ro-vibrational lines spanning a large range of rota-
tional energies are sampled, then Q is relatively insensitive to
Trot. H2O and HCN have well separated lines and good quan-
tum band models, and for them NIRSPEC samples a large
range of rotational energies within a single instrument set-
ting. Consequently, the production rates for these molecules
are not significantly sensitive to the explicit value used for Trot
in the analysis, but at the same time, Trot is accurately deter-
mined.

We use the transmittance-corrected fluxes (Fline) of indi-
vidual ro-vibrational lines to obtain rotational temperatures for
H2O, C2H6, CO, and HCN via excitation analyses [details are
given by Dello Russo et al. (2000, 2004) and (DiSanti et al.,
2006)]. Rotational temperatures were retrieved using a nucleus-
centered 3 × 9 pixel (0.43′′ × 1.78′′) spectral extract. Nucleus-
centered extracts allow for higher signal-to-noise ratios com-
pared with extracts offset from the nucleus (see Dello Russo et
al., 2004, 2005).

Spectral lines in the non-resonance fluorescence bands (hot
bands) (after Dello Russo et al., 2005) near 2.9-µm were used
to determine the rotational temperature for water and they show
that the ratio of Fline/(νlinegline) is independent of the average
lower state energy at the correct rotational temperature (Ta-
ble 3).

Relative Q-branch intensities of ethane, C2H6, are not sensi-
tive indicators of rotational temperature because each Q-branch
encompasses many rotational lines that together reflect a range
of energies rather than a discrete value [see Dello Russo et al.
(2001) for a more detailed discussion of methodology]. This
also means that the production rate obtained for ethane is rela-
tively insensitive to the specific value of Trot invoked. Although
ro-vibrational lines of C2H6 do not provide a sensitive measure
of Trot, we do retrieve Trot for C2H6 for comparison with other
parent volatile species. We detect seven ethane Q-branches in
the ν7 band near 3.35 µm and use their relative intensities to
determine the rotational temperature in the excited vibrational
state (ν7 = 1). We find the rotational temperature determined
for C2H6 on July 9.5 is consistent with that measured for H2O
(Table 3).

Seven lines of the 1–0 band of CO (R4, R3, R2, R1, R0, P2,
P3) were measured on July 10.6, and these were used to extract
Trot. The P1 line fell near the core of a neighboring (stronger)
water absorption and therefore was not included in the analysis.
The retrieved Trot is consistent with that determined from H2O
on UT July 10.5 (Table 3, Fig. 2), however the value for CO
(126+42

−36 K) is poorly constrained due to the limited range of
rotational energies sampled by the CO lines.

H2CO is approximated structurally (to a high degree of ac-
curacy) as a symmetric top molecule. The existing fluorescence
model (Reuter et al., 1989) calculates line g-factors for the
ν1 and ν5 bands based on a least-squares fit to experimental
line strengths obtained from high-dispersion laboratory spec-
tra. The distribution of predicted H2CO line intensities varies
greatly with temperature in the observed spectral region (KL2
order 21). Thus, despite the relatively poor signal-to-noise ra-
tio of individual H2CO lines, an accurate rotational temperature
is measured for H2CO (Table 3) using the excitation approach
[see DiSanti et al. (2006) for methodology].

Thirteen lines of the ν3 band of HCN were detected within
order 25 of the KL2 grating setting (R2, R1, R0, P2, P3, P4,
P5, P6, P7, P8, P9, P10, P11) for the July 9.5 and 10.5 dates
and 9 lines (R2, R1, R0, P2, P3, P4, P5, P7, P8) were detected
on August 4.4 and 10.5. We exclude the R2 and P4 lines from
our analysis because R2 is blended with a relatively bright H2O
line (101–001 313–422) while P4 is blended with the R1 line
of C2H2 (comprising ∼15% of the total P4 intensity for Trot =
50 K). We use the remaining 11 lines to measure Trot for HCN
in July and 7 lines for HCN in August. Trot values measured
for HCN in July differ from those measured for H2O and C2H6

(Table 3).
Rotational temperatures should differ among molecular

species if radiative cooling controls their rotational populations
(Xie and Mumma, 1992; Bockelée-Morvan et al., 1994). We
find that the rotational temperature measured for HCN differs
from values measured for other parent volatiles, on the same
date (Table 3). This is the first comet for which we find such a
difference and could be indicative of a different distribution of
HCN within our aperture. However, we emphasize that this dif-
ference does not influence our results for production rates and
mixing ratios, because (as for C2H6 and H2O) the use of many
ro-vibrational lines makes the HCN production rate insensitive
to the specific value adopted for Trot. The detected lines repre-
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Fig. 1. Selected spectral extracts of C/2001 A2 (LINEAR) acquired with NIRSPEC on the Keck 2 telescope on UT 2001 July 9.5 (panels A–C) and 10.5 (panel D).
Comet residuals are shown (after subtracting cometary continuum convolved with an atmospheric transmittance model). The dashed line in (C) shows a 1-σ noise
envelope. The flux density refers to extracted signal contained within a 9 row aperture. The spectral resolving power is ∼25,000. Doppler shifted positions of the
cometary lines are marked. (A) KL1 order 23, (B) KL1 order 22, (C) KL2 order 25, (D) M-wide order 16. The noise level in (C) is higher than for other settings
since for the July dates there was ice on the window of the instrument, and this affected the region near 3.0 µm the most. The presence of ice on the window does
not affect the overall calibration since the standard star observations were similarly affected. The ice problem was resolved for the August observation dates.
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Table 3
Rotational temperatures in C/2001 A2 (LINEAR)

Molecule July 9.5
Trot (K)a

July 10.5
Trot (K)a

August 4.4
Trot (K)a

August 10.5
Trot (K)a

H2Ob 98+6
−5 105+5

−3 70d 70d

C2H6 102+13
−12 100d – 70d

C2H2 100d 100d – –

HCN 56+6
−6 67+4

−4 42+4
−4 49+9

−14
CH4 100d 100d 70d 70d

CO – 126+42
−36 – –

CH3OH 100d 100d – –

H2COc 104+20
−18 100d – –

a Based on a 3 × 3-pixel nucleus-centered aperture for C2H6, and a 3 × 9-
pixel nucleus-centered aperture for H2O, HCN, CO, and H2CO.

b Dello Russo et al. (2005).
c Gibb et al. (2007).
d Adopted rotational temperature.

sent 54% of the total band intensity for Trot = 56 K and 49% of
the band for Trot = 100 K.

3.2. Production rates and relative abundances

To calculate the “global” production rate for each molecule
we first generate a “Q-curve” by measuring the spherical pro-
duction rate as a function of distance from the nucleus and then
forming a symmetric production rate from the east–west mean
at each offset distance [for a detailed discussion of the method-
ology, see Bonev et al. (2006, Appendix B) and sources cited
therein]. The symmetric Q is relatively insensitive to asymme-
tries in the coma, and it quickly reaches a terminal value (unless
a distributed source is also present, DiSanti et al., 2001). From
these Q-curves, we can determine the factor by which nucleus-
centered extracts underestimate the global production rate. The
apparent production rate measured on the nucleus is always
smaller than its value in regions offset from the nucleus. Slit
losses (primarily due to seeing) introduce a reduction in the ap-
parent Q near the nucleus (the S/N ratio is, however, higher
for nucleus-centered extracts). Production rates measured off
the nucleus can sometimes be larger for other reasons (e.g.,
the release from extended sources such as icy grains or by
dissociation of a precursor species, or opacity effects in the
near-nucleus region), but we see no evidence of these effects
in C/2001 A2.

To improve the accuracy of chemical comparisons, we use
the production rate of each species extracted from a nucleus-
centered aperture (3 × 9 pixel box, 0.43′′ × 1.78′′), because
these spectral extracts feature the highest signal-to-noise ratios.
These nucleus-centered values underestimate the true produc-
tion rates, so we apply the correction factor based on the ratio
of the terminal to nucleus-centered production rates determined
from the Q-curve using the summed spatial profile for mul-
tiple lines. This methodology is discussed in detail in Dello
Russo et al. (2005). The spatial distributions of eight species
(H2O, C2H6, C2H2, HCN, CH4, CO, CH3OH, and H2CO) in
C/2001 A2 are consistent with release directly from the nu-
(A)

(B)

Fig. 2. Excitation analysis for CO and HCN. Line intensities extracted from
a 0.43′′ × 1.78′′ (85 km × 354 km) aperture centered on the nucleus are used
to determine the rotational temperature. The production rate should be inde-
pendent of the lower state energy of the individual transition at the correct Trot
[see Bonev (2005) and DiSanti et al. (2006) for detailed discussions]. (A) Seven
ro-vibrational lines of CO on UT 2001 July 10.5 were included in the analysis to
retrieve a rotational temperature (Trot) = 126+42

−36 K. (B) Eleven ro-vibrational
lines of HCN on UT 2001 July 9.5 were included in the analysis to retrieve a
Trot = 56 ± 6 K. The greater uncertainty in Trot for CO results from the rela-
tively limited range of energies sampled (see text).

cleus with no significant contribution from extended sources
(i.e., the correction factors are similar for all species observed
simultaneously). For C2H2, the signal-to-noise ratio was not
sufficient to determine the production rate for regions off-
set from the nucleus, so we applied the correction factor for
HCN to the nucleus-centered production rate for C2H2 (which
was detected simultaneously in the same spectral order as
HCN). Table 4 lists our measured production rates and relative
abundances (X:H2O) from the July and August 2001 observa-
tions.
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Table 4
Global production rates in C/2001 A2 (LINEAR) for UT July 9.5, 10.5, August 4.4, 10.5, 2001

Molecule July 9.5
line fluxa

(10−18 W m−1)

July 9.5
Q

(1026 s−1)

July 10.5
line fluxa

(10−18 W m−1)

July 10.5
Q

(1026 s−1)

August 4.4
line fluxa

(10−18 W m−1)

August 4.4
Q

(1026 s−1)

August 10.5
line fluxa

(10−18 W m−1)

August 10.5
Q

(1026 s−1)

H2Ob 11.6 ± 1.0 377 ± 34 12.4 ± 1.1 430 ± 37 0.63 ± 010 109 ± 17 0.38 ± 0.09 62 ± 14
C2H6 18.2 ± 1.7 6.3 ± 0.6 17.8 ± 1.7 6.4 ± 0.6 – Not measured 1.11 ± 0.25 1.4 ± 0.2
C2H2

c 1.58 ± 0.39 1.8 ± 0.5 1.04 ± 0.21 1.4 ± 0.3 – Not detected – Not detected
HCN 7.8 ± 1.8 2.1 ± 0.2 6.72 ± 0.40 1.9 ± 0.1 0.5 ± 0.1 0.5 ± 0.1 0.21 ± 0.05 0.27 ± 0.07
CH4

d 2.17 ± 0.21 4.5 ± 0.4 2.98 ± 0.23 6.5 ± 0.5 0.73 ± 0.04 3.1 ± 0.2 0.34 ± 0.04 1.7 ± 0.2
COe – Not measured 15.5 ± 1.0 16.6 ± 4.4 – Not measured – Not measured
CH3OH 2.8 ± 0.1 14.5 ± 0.4 2.88 ± 0.06 12.0 ± 1.0 – Not measured – Not measured
H2COd 0.36 ± 0.03 0.89 ± 0.09 0.082 ± 0.044 0.21 ± 0.11 0.025 ± 0.022 0.19 ± 0.16 – Not detected

a Summed transmittance-corrected line fluxes are for a region 0.30 to 3.86 arcsec off the nucleus. The line flux for H2O, C2H2, HCN was measured in a
0.43′′ × 1.78′′ aperture centered on the nucleus then scaled to a value for a region 0.30 to 3.86 arcsec off the nucleus. The line flux represents the flux from the sum
of the lines used for each molecule.

b Q(H2O) measured from order 26 in KL2 [Dello Russo et al. (2005) gives details of the analysis]. Water was also measured in orders 15 and 16 of the M-wide
setting and the weighted mean for Q(H2O) [(424 ± 40)× 1026, for Trot = 100 K] is consistent with the value from KL2 order 26. Our mixing ratio for CO (Table 5)
is based on the simultaneously measured Q(H2O) from M-wide, thereby avoiding systematic uncertainties associated with slit losses and absolute flux calibration.

c C2H2 lines included in July dates: R3, P3, P7.
d Gibb et al. (2007).
e
 The uncertainty in Q(CO) is dominated by the stochastic uncertainty in Trot determined from the CO measurements.
4. Discussion

4.1. Individual production rates: Comparison with
independent measurements

The apparent enrichment of C2H6, C2H2, HCN and to a
lesser extent CH3OH, is not due to anomalous measurements of
H2O. Our production rates for water are consistent with those
obtained from the Odin (Lecacheux et al., 2003; Biver et al.,
2007) and FUSE (Feldman et al., 2002) space observatories,
considering the overall activity of the comet during July 2001
(Furusho et al., 2003). Moreover, our values for Q(H2O) mea-
sured in different orders (observing a different hot-band) are
consistent, e.g., the values from setting M-wide (orders 15 and
16; (353 ± 84) × 1026 and (445 ± 46) × 1026 molecules s−1,
respectively) are consistent with values from setting KL2 (or-
der 26). We obtain the relative abundance of CO and H2O from
the weighted mean of Q(H2O) values measured simultaneously
with CO in the M-wide setting.

Our results for Q(CO) and Q(CH3OH) (and their rela-
tive abundances with respect to H2O on July 9.5 and 10.5)
are consistent with IRAM (millimeter) production rates mea-
sured 1–2 days earlier (on 8 July <1.4 × 1027 and 1.1 ×
1027 molecules s−1 for CO and CH3OH, respectively, Biver et
al., 2006). We detected H2CO on July 9.5, however on July 10.5
we obtained only a much-smaller upper limit (Table 4, Gibb et
al., 2007). Measurements from IRAM provided a H2CO pro-
duction rate for July 10 of 0.95 × 1026 molecules s−1 (Biver et
al., 2006), consistent with our value on July 9.5.

The rotational temperature derived from radio measurements
of HCN in July 2001 (∼50 K) agrees with those derived from
our infrared measurements. This agreement may be fortuitous,
because the IR and radio sample quite different regions of the
coma and agreement in rotational temperature may not be ex-
pected. Moreover, our HCN production rates and relative abun-
dance ratios (HCN:H2O) ratios in July are higher (by a factor of
3–4) than those measured by IRAM (Biver et al., 2006). In most
comets observed to date, our infrared HCN production rates are
larger by a factor of two compared with those measured at mil-
limeter wavelengths (Biver et al., 1999a, 1999b, 2000, 2002;
Magee-Sauer et al., 1999, 2002; Mumma et al., 2001a, 2001b,
2003).

4.2. Relative abundances: The “unusual” enrichment of
organic molecules with respect to H2O

The principal result of this study is that C2H6, C2H2, HCN,
and CH3OH are enriched relative to H2O in C/2001 A2 while
CO, CH4, and H2CO are within the ranges measured for
other Oort-cloud comets in our database. The mixing ratios
(relative to H2O) for C2H6, C2H2, HCN, and CH3OH in
C/2001 A2 are higher by factors of ∼2–3 compared to those
in most other comets (Table 5). However, relative abundances
among them are “normal,” i.e., C2H6/HCN, C2H2/HCN and
CH3OH/HCN are within the ranges measured in other comets
(Table 6). CH4/HCN, CO/HCN, and H2CO/HCN are all smaller
in C/2001 A2 than measured in other comets. Radio measure-
ments also measure higher than usual relative abundances for
CH3OH and H2S for C/2001 A2 (Biver et al., 2006).

The enrichment of C2H6, C2H2, HCN, and to a lesser extent
CH3OH in C/2001 A2 might be caused by several factors in-
cluding (1) formation in a colder region of the nebula, (2) chem-
ical processing of the ices after condensing onto grains, (3) ex-
posure of interior material due to fragmentation. At this time
the relationship between cometary chemistry and formative re-
gion in the nebula is poorly constrained. The fact that individual
cometesimals may have heterogeneous compositions compli-
cates the identification of a specific formative region based on
composition alone.

4.3. The relation between cometary composition and nebular
processing

If temperature were the dominant factor controlling the
volatile fraction in the cometary nucleus, we would expect
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Table 5
Relative abundances of volatile molecules with respect to H2O, as measured in the IR

Comet C2H6:H2O
(%)

C2H2:H2O
(%)

HCN:H2O
(%)

CH4:H2O
(%)

COe:H2O
(%)

CH3OH:H2O
(%)

H2COe:H2O
(%)

Hyakutakea 0.62 ± 0.07 0.16 ± 0.08 0.18 ± 0.04 0.79 ± 0.08 14.9 ± 1.9 1.7–2 <0.7f

Hale–Boppa 0.56 ± 0.04 0.31 ± 0.1 0.27 ± 0.04 1.45 ± 0.16 12.4 ± 0.4 2.1 <1.1g

Leea 0.67 ± 0.07 0.27 ± 0.03 0.29 ± 0.02 1.45 ± 0.18 1.8 ± 0.2 2.1 ± 0.5 –
Ikeya–Zhanga,b,c 0.62 ± 0.13 0.18 ± 0.05 0.18 ± 0.04 0.51 ± 0.06 4.7 ± 0.8 2.5 ± 0.5e 0.62 ± 0.18
C/1999 S4a 0.11 ± 0.02 <0.12 0.10 ± 0.03 0.18 ± 0.06 0.9 ± 0.3 <0.15 –
C/2001 A2d 1.7 ± 0.2 0.5 ± 0.1 0.6 ± 0.1 1.2 ± 0.2 3.9 ± 1.1 3.9 ± 0.4 0.24 ± 0.05

a Mumma et al. (2003) and references within.
b Dello Russo et al. (2002).
c DiSanti et al. (2002).
d C/2001 A2 (LINEAR) from 2001 July 9.5 for all molecules except CO which was observed only on July 10.5 2001 (this paper), H2O production rates from

Dello Russo et al. (2005), CH4 and H2CO production rates from Gibb et al. (2007).
e Native source only.
f Biver et al. (1999a, 1999b), total H2CO.
g Biver et al. (1997), Bockelée-Morvan et al. (2000), total H2CO.

Table 6
Relative abundances with respect to HCN, as measured in the IR

Comet C2H6:HCN C2H2:HCN CH3OH:HCN

Hyakutake 3.4 ± 0.9 0.9 ± 0.5 9.4–11.1
Hale–Bopp 2.1 ± 0.3 1.2 ± 0.4 7.8 ± 1.1
Lee 2.3 ± 0.3 0.9 ± 0.1 7.2 ± 1.8
Ikeya–Zhang 3.4 ± 1.1 1.0 ± 0.4 13.9 ± 4.1
C/1999 S4 1.1 ± 0.4 <1.2 1.5 ± 0.5

July 9.5 July 10.5 August 4.4 August 10.5 July 9.5 July 10.5 August 4.4 August 10.5 July 9.5 July 10.5 August 4.4 August 10.5

C/2001 A2 3.0 ± 0.4 3.4 ± 0.4 – 5.2 ± 1.6 0.9 ± 0.2 0.7 ± 0.2 – – 6.7 ± 0.6 6.5 ± 0.7 – –
the relative abundances of highly volatile molecules to be cor-
related. Among comets in our database, we see no correla-
tion in abundances (relative to H2O) of the two most volatile
molecules we measure routinely (CO and CH4), suggesting
that thermal processing alone likely did not control cometary
chemistry (Gibb et al., 2003). While the relative abundances
of CO, CH4, and H2CO with respect to H2O fall within the
range measured for other comets, the interpretations for CH4

and H2CO are complicated by observed variations found in
the ratios H2CO/H2O and CH4/H2O, perhaps indicating het-
erogeneity within the nucleus of C/2001 A2 (Gibb et al.,
2007).

The relative abundances of symmetric hydrocarbons pro-
vide an important clue to the past processing of cometary
ices. Higher order hydrocarbons are produced in irradiated
water-rich ices containing CH4 or C2H2, respectively (Moore
and Hudson, 1998). Furthermore, icy grain mantles may have
been efficiently hydrogenated in regions of high H-atom den-
sity, thereby converting condensed phase C2H2 to C2H6 (cf.
Mumma et al., 1996; Hiraoka et al., 2000, 2001). Similar
hydrogenation of mixed CO–H2O ice could produce both
H2CO and CH3OH (Watanabe et al., 2003, 2004). The effi-
cacy of such processing probably varied greatly with heliocen-
tric distance and/or with time, enforcing corresponding differ-
ences in the volatile (icy) and refractory organic fractions in
comets.
4.4. Comparison to other notable comets

C/2001 A2 is the first comet for which we measured an en-
richment of organic volatiles with respect to water compared
with “normal” volatile abundances measured to date. Previous
“anomalous” abundances did not reflect enrichment, but rather
a depletion of organic volatiles.

Among Oort-cloud comets, we first observed a depletion of
organics in C/1999 S4 (LINEAR). Mumma et al. (2001b) ar-
gued that the observed abundances might indicate C/1999 S4
formed in the Jupiter–Saturn region where infalling ices va-
porized and chemical processing of sublimated gases modified
their composition in the nebula before they later re-condensed
(Mumma et al., 2001b; see also Mumma et al., 2003).

Depletion of volatiles has also been observed in Jupiter Fam-
ily Comets (JFCs). In JFCs, it is suggested that the surface
layer of the cometary nucleus is preferentially “depleted” of
volatile composition relative to “normal” (pristine?) cometary
abundances within the comet due to the volatile losses from
the surface as a result from numerous solar passages. Obser-
vations of 21P/Giacobinni–Zinner (where C2H6 was found to
be depleted) first suggested evidence to support this hypothesis
(Mumma et al., 2000). The hypothesis was further supported by
results from the Deep Impact mission to 9P/Tempel 1, where the
abundance of organics relative to water apparently increased in
the ejecta (pending modeling of optical depth effects for H2O
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and CO2; A’Hearn et al., 2005). Independently, Mumma et al.
(2005) found that the abundance of C2H6 in the impact ejecta
was in agreement with “normal” abundances measured from
Oort-cloud comets, while the pre-impact quiescent release was
severely depleted in C2H6 (by a factor of three). Mumma et al.
noted that the observed difference could be the signature either
of thermal fractionation of near-surface material, or of large-
scale internal heterogeneity of the nucleus (perhaps associated
with radial migration of chemically-distinct cometesimals in
the proto-planetary disk).

Further insights are provided by the volatile composition
of 73P/Schwassmann–Wachmann 3—a JFC noted for its spec-
tacular fragmentation. If fragmentation exposes more pristine
material (analogous to the Deep Impact ejecta), we might ex-
pect the freshly exposed volatiles to exhibit the characteristic
chemistry of “normal” abundances. However, in 73P-C de-
pleted C2H6 and CH3OH, and a somewhat lower abundance of
CH4, yet “normal” abundances of HCN and C2H2 were found
(Villanueva et al., 2006). Later observations also showed that
CO was highly depleted in 73P-C (DiSanti et al., 2007). Sen-
sitive measurements of the two separate fragments (73P-B and
73P-C) near closest approach to Earth found depletion of all
measured volatiles with respect to H2O (CH3OH, H2CO, CO,
NH3, C2H6 and C2H2) except HCN (Dello Russo et al., 2007).
Also the chemistry within and between fragments was found to
be homogeneous suggesting a primordial composition (Dello
Russo et al., 2007). If the volatile abundance reflects formative
conditions, then the region of formation of JFC 73P/SW3 is per-
haps more similar to Oort-cloud Comet C/1999 S4 than to the
formative regions of JFCs 21P/GZ and 9P/Tempel 1 (supposing
a homogeneous composition for 9P).

5. Summary

The study of C/2001 A2 presented a unique opportunity to
study the chemistry of a fragmenting comet, allowing ices in
the interior of the nucleus to be sampled. Our findings are sum-
marized as follows:

1. Three organic volatiles (C2H6, C2H2, HCN), and to a lesser
extent CH3OH are notably enriched relative to water. H2O
is measured simultaneously with each organic volatile re-
moving most sources of systematic error and enabling ro-
bust measures of relative abundances. The high spatial res-
olution of our long-slit spectra samples volatiles within a
small temporal window and does not average over substan-
tial periods of cometary activity.

2. The relative production rates for CH4, CO, and H2CO mea-
sured with respect to H2O fall within our normal range of
variability measured for other comets.

3. Using Boltzmann and excitation analyses, we extract ro-
tational temperatures for H2O, HCN, CO, and C2H6. For
H2O, CO, and C2H6, these were consistent (Trot ∼ 100 K),
however, Trot for HCN differed (Trot ∼ 60 K). This is the
first time we noted a significant difference in Trot among
parent volatiles. This may suggest a different spatial dis-
tribution of HCN within our aperture compared with other
observed parent volatiles.

If one assumes that fragmentation exposes material indica-
tive of the region of formation, then C/2001 A2 could be the
first comet identified with a formative region rich in organics
(Aikawa et al., 1999). However, a possible connection between
fragmentation (with or without disruption) and volatile compo-
sition should not be dismissed. Of the comets that our group has
observed at IR wavelengths, we have observed “unusual” chem-
istry (depletion or enhancement of volatiles) in comets that
have displayed fragmentation (some disrupting completely).
Whether all comets that fragment also display unusual organic
chemistry is an important question.
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