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Abstract 11 

We report and analyze molecular abundances updated in twenty comets by employing modern data 12 
reduction procedures and molecular models. Using boxplots and scatter plots, we examine how the 13 
different molecular species are distributed among the comet population, while by means of pie charts 14 
we investigate the relative proportions of these molecular species in each comet. We compare these 15 
results with the orbital parameters of the selected targets in order to identify trends related to the 16 
dynamical history of each comet. In this way, we identify at least three chemical classes based mainly on 17 
relative abundances of CO, CH3OH, CH4, C2H6, HCN and NH3. The combination of relative abundances and 18 
orbital parameters is then compared with chemical models of planetary system formation and may offer 19 
an alternative approach to investigate the origin and evolution of the material in cometary nuclei. Our 20 
study also confirms the need to add more objects to our sample in order to improve the statistics, 21 
especially for hyper-volatiles (i.e. CH4 and CO) in Jupiter Family comets. 22 
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1. Introduction  25 

Comets are cryogenically preserved relics from the formation of the Solar System. They 26 
accumulated from the dusty and icy material present in the midplane of our protoplanetary disk 27 
system, about 4.6 billion years ago. After formation, they were scattered by strong gravitational 28 
interactions with the giant forming planets into their current dynamical reservoirs: the Oort 29 
Cloud (OC), considered the primary source of long period and dynamically-new comets, and the 30 
scattered disk of the Kuiper Belt (KB), the primary source of short period comets. According to 31 
current models (Levison & Morbidelli 2003; Gomes et al. 2005), the majority of the objects that 32 
formed between 5 and 17 au likely scattered into the OC reservoir, while those that formed in 33 
the outer proto-planetary disk (beyond Rh ~ 17 au) entered both the OC and KB reservoirs. 34 
Recent models predict also that a significant fraction of OC comets may have been captured 35 
from similar reservoirs surrounding other stars in the Sun’s birth cluster (Levison et al. 2010). 36 
Once in their reservoirs comet nuclei are expected to remain frozen and slightly unaltered during 37 
time: investigating their chemical composition and properties may unveil the conditions present 38 
during their formation (e.g. temperature gradient, molecular abundances, and amount of UV/X-39 
ray/cosmic-ray penetration in the protoplanetary disk), and reveal important clues on the early 40 



 
 

evolution of the Solar System. Moreover, it could disclose which processes may have changed 41 
the nucleus composition after its formation (e.g. cosmic rays impacting the outer layer of the 42 
nucleus or successive surface warming on repeated passages through the inner solar system).  43 

A powerful technique to sample the organic composition of comets is high-resolution 44 
spectroscopy in the infrared spectral region, between 2 and 5 μm, where it is possible to sample 45 
emission lines produced by solar-pumped fluorescence of some primary volatiles (i.e. molecules 46 
released directly from the nucleus), such as H2O, CH4, C2H6, C2H2, HCN, NH3, CH3OH, H2CO, and 47 
CO. Using this technique it is possible to research three main parameters that are considered 48 
cosmogonic: 1) the chemical composition of the nucleus, that is expected to partially reflect the 49 
physics and chemistry of the protoplanetary disk where comets formed, 2) the isotopic 50 
fractionation in ices, particularly sensitive to the formation temperature, and 3) the nuclear spin 51 
statistics (ortho-para-meta, etc.), also sensitive to the formation temperature, and possibly 52 
unaltered in time. 53 

Active comets have been studied using high resolution spectroscopy in the infrared since 1985 54 
(Mumma et al. 1986), and the statistical analysis of primary volatiles has revealed a significant 55 
chemical diversity among these bodies (see recent taxonomic reviews: Mumma & Charnley 56 
2011; Dello Russo et al. 2016; Bockelée-Morvan & Biver 2017). In Lippi et al. 2020, we 57 
demonstrated that some previously reported infrared results may need revisiting due to 58 
incomplete molecular models used to interpret the fluorescence emissions, to non-sufficiently 59 
accurate atmospheric transmittances, and to small issues in the data analysis extraction 60 
methods. Comets that were observed and analyzed before 2011, when novel analysis 61 
approaches started to be introduced, are the most impacted, and the re-analysis of their spectra 62 
is necessary to identify and remove these biases before applying a reliable statistical analysis. 63 

In this paper we report updated molecular abundances (i.e. Mixing Ratios – MRs, % with respect 64 
to water) retrieved in 20 comets using the latest version of data reduction procedures and 65 
molecular models available in our team. We investigate the chemical diversity observed among 66 
these comets using a descriptive statistical approach, in order to group similar objects and to 67 
identify trends among the analyzed molecular species. Finally, we compare our results with 68 
recent proto-planetary disk models and try to correlate our abundances with those that are 69 
expected in different regions of the disk midplane during the formation and evolution of the 70 
Solar System. 71 

 72 

2. Data reduction 73 

The 20 comets were selected from our rich database (see Lippi et al. 2020), considering 74 
observations performed with the NIRSPEC spectrometer situated at the W. M. Keck Observatory 75 
atop Maunakea in Hawaii (McLean et al. 1998). The targets1, listed in Table 1 together with their 76 
observing logs and orbital parameters, were chosen pondering the most sensitive datasets.  77 

 
1 From now on we will use the following acronyms to identify the analyzed comets: 07N3: C/2007 N3 (Lulin); 99S4: 
C/1999 S4 (LINEAR); 99H1: C/1999 H1 (Lee); 09P1: C/2009 P1 (Garradd); 12S1: C/2012 S1 (ISON); 12F6: C/2012 F6 
(Lemmon); 99T1: C/1999 T1 (McNaught); 00WM1: C/2000 WM1 (LINEAR); 13R1: C/2013 R1 (Lovejoy); 01A2: C/2001 
A2 (LINEAR); 04Q2: C/2004 Q2 (Machholz); 07W1: C/2007 W1 (Boattini); 8P: 8P/Tuttle; 103P: 103P/Hartley 2; 73PB: 
73P/Schwassmann–Wachmann (B); 73PC: 73P/Schwassmann–Wachmann (C); 17P: 17P/Holmes ; 10P: 10P/Tempel 
2; 9P: 9P/Tempel 1; 2P: 2P/Encke 



 
 

We re-analyzed each dataset in a systematic way using semi-automated tools that improve 78 
processing speed and minimize possible human errors. Spectral calibration and compensation 79 
for telluric absorption was achieved by comparing the data with highly accurate atmospheric 80 
radiance and transmittance models obtained with PUMAS/PSG (Villanueva et al. 2018). Flux 81 
calibration was obtained using the spectra of a standard star observed closely in time with the 82 
comet, and now reduced with the same current algorithms.  83 

Rotational temperatures and production rates were obtained following the methodology 84 
introduced in our previous work (Lippi et al. 2020). Re-analyzed values of nucleus-centered 85 
production rates, rotational temperatures, growth factors, and global production rates are 86 
presented in the on-line material. For the analysis reported in this paper, in case of non-87 
detections we make use of 2σ upper limits (corresponding to the 95% confidence limit), that we 88 
consider significant only if smaller than the median value obtained from the corresponding box 89 
plot statistics (see Section 3.1).  90 

Hereafter, we will refer always to mixing ratios with respect to water. If a species is detected 91 
during more observing nights, the final MRs reported in Table 2 are calculated as the weighted 92 
mean of each single retrieved MR; when we have both detections and 2σ upper limits, the latter 93 
are not included in this calculation. When instead in a comet we measure only upper limits, we 94 
assume as representative the lowest of these values. Variations in mixing ratios measured in the 95 
same comet are usually within 1σ of their respective mean values, and in case of higher 96 
dissimilarities, the weighted mean should ensure that the best data dominates. 97 

There is evidence in some comets of possible outgassing variability at different heliocentric 98 
distances that can influence to some extent the resulting mixing ratios with respect to water 99 
(see for example Mumma et al. 2011; Faggi et al. 2019); also, comets observed farther than 1.5 100 
au from the Sun, may have a small tendency to show higher abundances of hyper-volatiles with 101 
respect to other molecules (see for example Gicquel et al. 2015); comets with perihelion distance 102 
beyond 2 au show strong effects of this kind (e.g. C/2006 W3 Christensen, Bonev et al. 2017). 103 
The relationships between our measured mixing ratios (with respect to water and normalized to 104 
their median) and the heliocentric distances at the time of observations is shown in Figure 1: in 105 
general, we don’t observe these effects, even if a certain trend seems to exist for CO. Most of 106 
our targets were observed between about 0.8 and 1.5 au where water is fully active2, and we 107 
don’t expect a strong influence of the heliocentric distance on our results. Considering our small 108 
sample and the limited orbital range for each analyzed comet, we are not able to determine if 109 
an evolution of the outgassing occurred along the orbit, or if the measured values are completely 110 
independent from the heliocentric distances. In the following analyses, we will assume the 111 
retrieved values to be representative of the nuclear original abundances. Yet, we underly the 112 
need for additional statistics, that comprise alternative abundance ratios (e.g. MRs calculated 113 
with respect to ethane) and more observing dates for each target in order to analyze if and how 114 
the MRs vary with the heliocentric distance; these analyses will be given elsewhere. 115 

 
2 Exceptions are only comet 12F6 observed at 1.74 au and 17P observed at about 2.5 au (outburst). 



 
 

3. Data analysis and discussion 116 

3.1 Box plot statistics and correlation analysis to explore the distribution of 117 
molecular species among the comet population 118 

We investigated the distribution of molecular species among the comet population making use 119 
of box plots, as shown in Figure 2 (absolute values in panel A, values normalized to the median 120 
in panel B). For each molecule, the box plot ranges are calculated using the weighted averaged 121 
MRs, that are graphed as filled circles on the right of each box; we didn't include either the 122 
measure’s uncertainties or 2σ upper limits in the calculation. Upper and lower bounds of each 123 
box are fixed at the 75th and 25th percentiles of the distribution, respectively. The whiskers are 124 
estimated using the 9th and the 91st percentiles. The boxes are showed in a logarithmic scale, 125 
and compared with a gaussian box (the grey box behind the colored one) centered on the 126 
median of our measurements and characterized by a standard deviation comparable with the 127 
size of the measured box. The box plot statistics are reported in Table 3. 128 

CO and CH3OH are the molecules that show the highest median values (2.66 and 2.61 129 
respectively) followed by CH4 (0.78), NH3 (0.75) and C2H6 (0.65). If we consider the Inter Quartile 130 
Range Normalized to the median (IQRN), calculated as the difference between the 75th and the 131 
25th percentile bounds, CO is the molecule that presents the highest dispersion (2.39), followed 132 
by CH4 (1.05), H2CO (0.96), C2H6 (0.82), CH3OH (0.77), C2H2 (0.75), NH3 (0.72), and HCN (0.53).  133 

We calculated the skewness (Skw) of each box distributions as: 134 

𝑆𝑘𝑤 = !"#!"	%&'(&)*+,&	-	#.!"	%&'(&)*+,&/
(#.!"	%&'(&)*+,&-	1#!"	%&'(&)*+,&)

	. 135 

Almost all analyzed molecular species are described by an upper-skewed (right-skewed, Skw >1) 136 
distribution, with the exceptions of C2H6 and HCN, that are lower-skewed (left-skewed Skw < 1), 137 
and quasi-symmetric with respect to the median. If we assume that the distribution of the 138 
studied molecular species should be normally distributed among comets, the separation from 139 
the gaussian shape that we observe in our box plots could be a bias related to the small size of 140 
our samples. However, an asymmetric box plot could also be indicative of a bi-modal or multi-141 
modal distribution, compatible with distinct chemical populations of comets. Additional data are 142 
needed to improve these statistics.  143 

To test the potential effects of the different dynamical histories on the nucleus composition, we 144 
investigated the relationships between our mixing ratios and the corresponding Tisserand 145 
Invariant (with respect to Jupiter - Tj) as shown in Figure 3. While it is not possible to identify 146 
very strong relationships between MRs and Tj in comets, data for C2H6, CH4 and CO display more 147 
pronounced dispersions, with OC comets showing higher values than do JF comets, even if 148 
exceptions are present (see for example CO in comet 00WM1 or C2H6 and CH4 in comet 99S4). It 149 
is important to note that many of the reported MR values for CH4 and CO in Jupiter family comets 150 
consist of 2σ upper limits, so in order to identify clearer trends, many more measurements of 151 
these two species in short period comets are necessary.  152 

In Table 4 we report the Spearman’s rank-order correlation factor (Sp-Corr) and corresponding 153 
statistic: two-sided level of significance (p) and degrees of freedom (n = number of measures-2) 154 
for each combination of the studied molecular species. The correlations were calculated using 155 
the weighted averaged MRs. Upper limits were not included in these calculations. We have 156 
chosen the Spearman's correlation since it corresponds to the non-parametric version of 157 



 
 

the Pearson product-moment correlation, and being more general, it assesses how well the 158 
relationship between two variables can be described using a monotonic function (not 159 
necessarily linear). When the relationship between the two variables is linear, the Spearman’s 160 
correlation factor should correspond with the Pearson’s one. We consider a correlation good 161 
when the resulting Spearman’s coefficient is Sp-Corr ≥ 0.5 coupled with a level of significance  p 162 
≤ 0.05. If we consider the correlations with degrees of freedom n ≥ 9 (at least half of the 163 
measures used for the calculation of the Spearman’s correlation factor), it is possible to notice 164 
that the MRs of C2H6 are highly correlated with the ones of both CH4 and C2H2 (0.85 and 0.77, 165 
respectively), suggesting a potential common origin. The mixing ratios of methanol are highly 166 
correlated with MRs of acetylene and ethane (0.74 and 0.82, respectively), and to a lesser extent 167 
with those of methane (0.45); it is not clear at the moment why the latter correlation is much 168 
lower than the first two. Correlation factors between MRs of CO and hydrocarbons range from 169 
0.45 (for the mixing ratios of C2H6) to about 0.7 (for C2H2 and CH4). A negative trend may exist 170 
between the relative abundances of HCN and H2CO (-0.5), while a positive correlation is 171 
observed between CH3OH and H2CO (0.65). Mixing ratios relative to other molecular species 172 
combinations do not show significant correlations or anti-correlations, but it is important to 173 
consider that all these relationships may change to an important degree with the addition of 174 
new data. As an example, in Figures 4 and 5 we show the relationships of C2H6 with CH3OH, CH4, 175 
and HCN, and the relationship between CO and CH3OH.  176 

Some of the observed distributions and trends that characterize the molecular species we 177 
investigated are tentatively consistent with recent models of proto-planetary disks, where the 178 
chemistry is driven mainly by both the temperature gradient and the radiation fields produced 179 
by the forming star and the external environment (see for example Walsh et al. 2010; Eistrup et 180 
al. 2016, 2018; Bosman et al. 2018; Pontoppidan et al. 2019). 181 

For example, carbon monoxide is expected to be largely gaseous in the inner part of the disk 182 
midplane, where temperatures are warmer than its sublimation temperature (T > 26 K) and 183 
where it will probably react with other molecules and/or radicals to form more complex species, 184 
like for example CO2 (Furuya & Aikawa 2014; Schwarz et al. 2018). At the same time, some 185 
preservation mechanisms of interstellar CO can be active when the gas is mixed through the 186 
midplane, and at every vertical cycle some of these molecules may freeze-out onto grains and 187 
not cycle back to the gas (Kama et al. 2016); this may explain very high abundances of CO in 188 
some comets. Conversely, in regions of the disk where the temperatures drop below 26 K, 189 
hydrogenation on grain surfaces is thought to become the dominant chemical process, and CO 190 
can be efficiently converted to other species, such as CH3OH (Hiraoka et al. 2005). Being among 191 
the most volatile species, CO is also more likely to be lost during the lifetime of a comet, due to 192 
heating of the nucleus surface as the comet experiences repeated passages through the inner 193 
Solar System, and this is particularly true for Jupiter family comets. All these scenarios are 194 
compatible with the large range of MR values that we measure for this molecule, and could 195 
suggest that the original information on the CO abundances in some comets may have been lost 196 
during time. 197 

Methanol is the least volatile species among the analyzed trace gases, and it shows a less 198 
extended distribution compared with CO. Methanol has no known efficient gas-phase formation 199 
route (Geppert et al. 2006; Garrod & Herbst 2006) and it is expected to form efficiently starting 200 
from hydrogenation of CO (Hidaka et al. 2004) and to be abundant in those comets that formed 201 
in regions of the disk beyond the CO snowline. Recent studies (Qasim et al. 2018) suggest that 202 



 
 

CH3OH formation is possible also during earlier phases of interstellar ice evolution, through the 203 
sequential surface reaction chain: CH4 + OH → CH3 + H2O and CH3 + OH → CH3OH, at 10 - 20 K in 204 
H2O-rich dense regions. Methanol is much less volatile than CO, and its abundances are not 205 
expected to change much over the lifetime of a comet.  206 

Hydrocarbons could build up from successive H-atom additions to the products of photo-207 
dissociated larger molecules (Bosman et al. 2018 and references therein). In particular, methane 208 
may form from successive hydrogenation of C, CH2, CH3 photo-products and it is expected to 209 
accumulate in the ice form in the outer disk, beyond its snow-line. Later in time, when the dust 210 
begins to agglomerate and energetic radiation penetrates more efficiently into the disk, C2H6 211 
can be produced via recombination of photodissociation products of methane (e.g., CH, CH2). In 212 
addition, ethane can also form from hydrogenation of C2H2 (Hiraoka et al. 2000). The lower 213 
median value measured for acetylene with respect to C2H6 in our sample may reflect this 214 
process. An alternative path for hydrocarbon formation could be through destruction of PAHs in 215 
the molecular layer and successive freezing onto grains (Tielens 2013); this may also explain in 216 
part the high positive correlations that we observe among hydrocarbons. 217 

Following Schwarz & Bergin 2014, ammonia is expected to form from successive hydrogenation 218 
of NH and can be abundant already at 5 au: the compact distribution that we observe, agrees 219 
with a common value shared among the comet population. This is true except for 04Q2 and 220 
07N3, that show strongly depleted values compared to the other comets: it is not clear at the 221 
moment the reason for this enhanced depletion in these two comets. HCN should form instead 222 
via gas-phase reactions in warmer regions and then be quickly adsorbed into the grains; in colder 223 
regions the nitrogen is more likely to participate in the formation of NH3 than HCN, so that the 224 
latter is expected to show a more dispersed distribution in the comet population, and a lower 225 
median value.  However, NH3 is easily incorporated into ammonium salts through reactions with 226 
organic acids on grains, even at temperatures below 30K, thereby limiting the abundance of free 227 
NH3 that can be retained as a primary volatile in comets (Mumma et al. 2019; Poch et al. 2020; 228 
Altwegg et al. 2020).  The search for by-products of ammonium salts in comae of active comets 229 
is expected to provide new insights on nitrogen chemistry in the coming years. 230 

Finally, H2CO is among the species that show the lowest abundances in our study probably 231 
related to formaldehyde as an intermediate product in the formation of CH3OH from 232 
hydrogenation of CO. The depletion of H2CO may be also related to sequestration in the form of 233 
polymeric formaldehyde, as was inferred from mass spectral measurements in comet Halley and 234 
spectral mapping of other comets (Meier et al. 1993; Cottin & Fray 2008).  235 

 236 

3.2 Relative abundances of the volatile species in comets 237 

3.2.1 Pie charts 238 

We compared 18 comets3 using double-level pie charts (see Figures 6 and 7).  239 

The inner level of each pie considers chemical functional groups in the following way: 1) CO and 240 
H2CO (Carbonyl and Aldehyde groups) – in red; 2) CH3OH (Alcohol group) – in yellow; 3) C2H6, 241 
CH4, C2H2 (Hydrocarbon group) – in green; 4) HCN (Nitrile group) – in blue. In the outer level, we 242 
describe instead each molecular species separately. In this first analysis we haven’t included the 243 

 
3 We excluded 17P and 10P since we don’t have any measurements for CO and CH4. 



 
 

NH3 contribution; we show that in Figure 8 instead4. The proportions reported in the pies are 244 
obtained by normalizing each mixing ratio to the sum of all considered mixing ratios. 245 

From the pie charts, we notice that even if the analyzed comets show a variety of different 246 
compositions, they can be divided into two main groups. Comets 99S4, 09P1, 99T1, 13R1, 12F6, 247 
04Q2 and 12S1 show a high amount of carbonyl material with respect to other functional groups. 248 
Except for 99S4, the amount of methanol in these comets is comparable to that of the 249 
hydrocarbon group. Methane is the dominant species among the hydrocarbons, with MRs that 250 
are about twice that of C2H6 (except for comet 12S1). The second group of pies instead, show a 251 
lower amount of CO and can be divided in two subgroups: while 07N3, and 99H1 still show a 252 
higher amount of CH4 with respect to ethane, the other comets show a comparable or higher 253 
amount of the latter with respect to CH4, with comet 01A2 showing an enrichment for this 254 
species. 255 

It could be possible that comets of the first group formed in a warmer region of the midplane, 256 
where CH3OH and hydrocarbons were not efficiently produced (Geppert et al. 2006; Garrod et 257 
al. 2006), and CO and CH4 were trapped in dust grains and sufficiently shielded from the radiation 258 
field by the dust (Kama et al. 2016), so that these comets may have incorporated less chemically 259 
processed material. On the other hand, comets belonging to the second group show proportions 260 
of material that could be indicative of efficient hydrogenation processes, suggesting that these 261 
comets formed in colder environments (Hiraoka et al. 2005). Comets that show a higher amount 262 
of ethane with respect to methane, suggest the incorporation of material that could have been 263 
significantly processed by the radiation field and later converted to ethane via successive 264 
hydrogenations (see Bosman et al. 2018 and references therein). 265 

When including the contribution of ammonia, we see basically the same grouping of comets: 266 
13R1, 09P1, 12F6, 04Q2, 99S4 and 12S1 still show CO as the dominant molecular species, but 267 
while 13R1, 09P1, 12S1 and 12F6 show a similar amount of NH3, and the sum of nitriles 268 
comparable with the sum of hydrocarbons, 04Q2 looks much depleted in ammonia. The value 269 
shown in 99S4 is a 2σ upper limit, and we cannot exclude that it could be indeed the same as 270 
the other comets in this group; for all these comets HCN always shows a lower value with respect 271 
to ammonia. This could be the signature of formation of ammonium cyanide salt on grains in 272 
regions where NH3 formation exceeds that of HCN.  273 

Comets in the second group display comparable to higher amounts of NH3 with respect to C2H6 274 
and CH4, and in some cases some of the highest proportions for this molecule (see for example 275 
comets 8P and 9P). Exceptions to this rule are comets 07N3 and 01A2, which instead show a very 276 
low amount of ammonia. We also observe on average higher proportions of ammonia with 277 
respect to HCN; on the other side, HCN proportions tends to be higher with respect to those in 278 
the previous group, especially considering comets 73PB and 73PC. 279 

3.2.2 Correlations between relative abundance ratios and orbital parameters 280 

Considering the distribution of molecular species in comets inferred through the pie charts, we 281 
wanted to investigate the interrelationships of multiple species, simultaneously. To do so, we 282 
calculated and compared all the ratios of MRs relative to selected molecular species (CH3OH, CO, 283 
NH3, C2H6 and CH4), and retrieve their Spearman’s correlation factors that we report in Table 5, 284 
together with the corresponding statistics. Hereafter we describe three particular cases.  285 

 
4 We excluded comet 99T1 because the 2σ upper limit for NH3 is not significant with respect to our statistic. 



 
 

In Figure 9 we show the relationships between MR(CH3OH)/MR(CO) (hereafter CH3OH/CO) and 286 
MR(C2H6)/MR(CH4) (hereafter C2H6/CH4), along with corresponding graphs of these two ratios 287 
with respect to the Tisserand Invariant, the perihelion distance, and the inclination of the orbit. 288 
The colors scale with the values of the Tisserand invariant (-2 < TJ < -0.6 red; -0.6 < TJ < 0.6 yellow; 289 
0.6 < TJ < 2 green; TJ > 2 blue). It is possible to group tentatively our comet sample in the following 290 
way: 291 

Group 1: 99H1 and 07N3: comets that have -2 < TJ < -0.6.  They both show MRs of CH3OH higher 292 
than those of CO, and the MRs of C2H6 lower than those of CH4, being at the same time 293 
characterized by a high inclination. 294 
Group 2: 09P1, 12F6, 99T1, 13R1: these comets are all characterized by low values for both 295 
CH3OH/CO and C2H6/CH4 ratios, and -0.6 < TJ < 0.6, with perihelion distances between about 296 
0.6 and 1.6 au and medium to high inclinations. 297 
Group 3: 01A2, 07W1 and 8P, that have 0.6 < TJ < 2, perihelion distance from about 0.7 to 1 au, 298 
and inclinations lower than 50 deg. These comets show high values for both CH3OH/CO and 299 
C2H6/CH4 ratios. 300 

Jupiter family comets (2 < TJ < 3) show a spread of the two different ratios, but many CH4 and 301 
CO MRs correspond to 2σ upper limits, so that it is not possible to constrain in a proper way their 302 
nature considering only our dataset.  303 

Exceptions to this grouping are comet 99S4 that has orbital parameters similar to those of 99H1 304 
and 07N3 (group 1) but seems to belong to the second group; comet 00WM1 that acts as the 305 
third group even if its orbital parameters are similar to the second group; comet 04Q2, that 306 
shows many similarities with the second group even if dynamically it is more like the third group. 307 
It is not possible to infer from our data if these three comets represent a transition between 308 
different groups, or different groups by themselves.  309 

If we substitute HCN for CH3OH, we obtain very similar tendencies, as shown in Figure 10; in 310 
particular, comets in Group 2 show lower values of MR(HCN)/MR(CO) (hereafter, HCN/CO) with 311 
respect to comets in Group 3. In this case comet 99H1 is the one that differs from 07N3 and 99S4 312 
(even so, we kept the color codes used in the previous figure). Also, it is possible to notice how 313 
the ratios HCN/CO and C2H6/CH4 are well determined and lie in narrow intervals for Group 2, 314 
while they are more dispersed for the other groups. 315 

Finally, in Figure 11, we tested MR(CH3OH)/MR(NH3) vs MR(HCN)/MR(C2H6) (hereafter 316 
CH3OH/NH3 and HCN/C2H6, respectively), that show a strong negative correlation, and a similar 317 
clustering of comets, with 09P1, 12F6 and 13R1 showing higher HCN/C2H6 abundance ratios and 318 
lower CH3OH/NH3 values with respect to other OC comets. In this case, it was also possible to 319 
include in the analysis JF comets: even if the ratios for these comets agree with the negative 320 
correlation trends of the OC comets, the relative MRs ratios with respect to their orbital 321 
parameters do not seem to follow any particular rule, and their values are quite spread, 322 
especially considering the HCN/C2H6 ratio.  323 

The previous three examples agree and improve the classification produced using the pie charts 324 
and show that in principle it may be possible to relate the chemical composition of comets to 325 
their dynamical properties.  326 



 
 

3.2.3 Testing the origins and chemical evolution of comets 327 

Pondering the combination analyzed in Figure 9, i.e. MR(CH3OH)/MR(CO) vs MR(C2H6)/MR(CH4), 328 
we attempted to compare our results with some of the possible links expected for the same 329 
molecules within different disk regions, where comets may have formed (see Figure 12). We 330 
followed mainly the disk model described in Bosman et al, 2018: here, the authors explain the 331 
depletion of CO observed with ALMA in a large portion of proto-planetary disks as the result of 332 
the spatial and temporal evolution of CO, and they describe in detail the possible chemical 333 
connections among CO, CH3OH, CH4 and C2H6 (similar considerations can be found in Walsh et 334 
al. 2010; Eistrup et al. 2016, 2018). A general discussion should consider the positions of the 335 
molecular “snow lines” as a function of the luminosity of the central star (e.g. T-Tauri vs HAe 336 
disks (see for example Walsh et al. 2015; Wei et al. 2019) and of the evolutionary stages of the 337 
disks (see for example Garaud & Lin 2007; Oka et al. 2011; Piso et al. 2015; Ruaud & Gorti 2019). 338 
Here, as a simplification, we will assume that the CH4 snowline locate at about 17 au, while the 339 
CO one at 25 au: these are considered “typical” midplane temperature profiles for a disk around 340 
a solar-mass star (see for example Bergin & Cleeves 2018 and references therein). We can 341 
identify four different scenarios: 342 

1. Comets that formed between 5 au and the methane snowline (assumed at about 17 343 
au). This region should reflect a chemistry dominated by gas-phase processes, and 344 
correspond to the region where part of the Oort Cloud comets formed (Levison & 345 
Morbidelli 2003; Gomes et al. 2005). In this region CO is mainly gaseous, even if it can be 346 
trapped in the ice form in dust grains (Kama et al. 2016). An efficient gas-phase formation 347 
route for CO conversion to methanol is lacking (Geppert et al. 2006), so that the latter is 348 
expected to be scarce. At temperatures of a few hundred K, the C+ channel can produce 349 
gas-phase CH4 (Aikawa et al. 1999), which in the gas form is expected to be successively 350 
destroyed via photodissociation by cosmic-ray induced photons, in favor of CO2 and/or 351 
unsaturated hydrocarbons, such as gas phase C2H4. Ethylene will in turn freeze onto 352 
grains and be hydrogenated to ethane, that may become particularly abundant (Dodson-353 
Robinson et al. 2018). A comet formed in this region is expected to be characterized by 354 
mixing ratios of CH3OH lower than those of CO and mixing ratios of C2H6 higher than 355 
those of methane, that would place it in the upper left quadrant of the graph in Figure 356 
12 – panels B and C. None of the comets presented in this paper fall in this scenario.  357 

2. Comets that formed between the methane and CO snowlines (between about 17 au to 358 
25 au). Both Oort Cloud and Jupiter Family comets may have formed in this region of the 359 
disk. As in the case before, CO is still mainly in the gas state and CH3OH is not forming 360 
efficiently. On the other hand, the temperatures drop below the CH4 snowline, and 361 
methane will freeze and be abundant in grains. Comets formed in this region are 362 
expected to be characterized by mixing ratios of CO higher than the ones of CH3OH and 363 
mixing ratios of  CH4 higher than the ones of C2H6, that cannot form efficiently through 364 
hydrogenation of photo-products of CH4. That would place them in the lower left 365 
quadrant of the graphs. Comets like 99S4, 13R1, 09P1, 12F6, 04Q2 fall in this region, and 366 
they are all characterized by a ratio MR(CH4):MR(C2H6) ~ 2:1, while comet 99T1 shows a 367 
higher ratio coupled with a very high amount of CO, suggesting a possible different origin 368 
for this comet, or highly efficient preservation mechanisms in the disk for the most 369 
volatile species.  370 

3. Comets that formed beyond the CO snowline (at distances longer than 25 au) early 371 
stages of the disk. Comets that formed in this region (part of the OC comets) should be 372 



 
 

characterized by material produced mainly through hydrogenation on grain surfaces. The 373 
final product of successive hydrogenations of CO is CH3OH, that will be particularly 374 
enriched in the early stage of the disk lifetime (the first 3 Myr). Methanol is then expected 375 
to be photo-processed in favor of CH4, that will become one of the most abundant 376 
hydrocarbons after 5 Myr. Comets that formed in this region before 5 Myr are expected 377 
then to show relative abundances of CO lower than methanol and MR(CH4) > MR(C2H6) 378 
and they should locate in the lower right quadrant of the graph in Figure 12 – panels B 379 
and C (in our case comets 07N3 and 99H1). 380 

4. Comets that formed beyond the CO snowline (at distances longer than 25 au) in a later 381 
stage of the disk. After about 5 Myr, methane will decrease in favor of C2H6 (for a detailed 382 
explanation of these processes see Bosman et al. 2018 and references therein). Some of 383 
the comets that formed at distances > 25 au but collected processed material that 384 
formed later in time, are expected to show instead MR(CH4) < MR(C2H6) and should 385 
locate in the upper right quadrant (01A2, 00WM1, 07W1). In this group we may also find 386 
comets that formed earlier, but that could incorporate material coming from the 387 
molecular layer, where the chemistry of hydrocarbons is much enhanced (see for 388 
example Schwartz et al, 2018 and references therein). 389 

The spread of locations of JF comets in the graph is probably a combination of both the original 390 
composition and the loss of the most volatile species during multiple revolutions around the 391 
Sun, as well as of the lack of precise measurements of CH4 and CO for this dynamical family. 392 

If we consider the bundle of straight lines K = (MR(CH3OH)*MR(C2H6))/(MR(CH4)*MR(CO)), see 393 
Figure 12 – panel B, we can associate an increasing K to the increasing formation distance of the 394 
comet from the proto-Sun (mainly for long period comets) and/or to a post-formation evolution 395 
of the cometary material (mainly but not only for short period comets). In fact, we expect a 396 
higher contribution of CH3OH and C2H6 especially for those comets where hydrogenation 397 
processes were efficient (low temperatures). In this way we can assume for example that comets 398 
like 99S4, 13R1, 09P1, probably formed closer to the proto-Sun, while comets like 01A2, 00WM1 399 
and 07W1 formed at larger distances, beyond the CO snowline.  400 

In a similar way, if we trace the lines M = (MR(CH3OH)*MR(CH4))/(MR(C2H6)*MR(CO)), see Figure 401 
12 – panel C, we can associate to each comet a second factor, whose value could be indicative 402 
of process of material by UV-X-CR radiation and successive H-atom addition during a later stage 403 
of the disk, with a lower value of M indicative of high efficiency in this process. Considering our 404 
sample, for example 00WM1, 07W1 and 01A2 share about the same K, but the lower value for 405 
M in 01A2 suggest that the material in this comet may have experienced higher photolysis. K 406 
and M factors are reported in Table 6. 407 

 408 

4. Conclusions 409 

We presented updated mixing ratios (% with respect to water) for 20 comets observed with 410 
NIRSPEC at the Keck Observatory since 1999. The results were obtained using modern and 411 
advanced fluorescence quantum band models and analysis techniques. We performed a 412 
descriptive statistic and correlation analysis on these results, trying to connect the abundances 413 
observed in these comets to the possible origin and evolution of the nucleus material in the 414 
proto-planetary disk.  415 



 
 

Our analysis reveals that the composition of comets does not reflect a single dominant chemical 416 
process that could be present in the region where they formed, but rather a combination of 417 
chemical-physical processes (e.g. radical-radical reactions, hydrogenation, vertical mixing) which 418 
influence the different portions of the disk midplane during time; moreover, modification of the 419 
surface material of a nucleus after its formation may exist, especially for short period comets.  420 
We identified two main chemical classes using pie charts, one compatible with less processed 421 
material and the other reflecting a different formation or possible evolution of the nucleus 422 
material with time. 423 
We demonstrated that the quotients of different MRs can be more appropriate for developing 424 
a chemical classification, since they can reveal trends and similarity among comets not visible 425 
when comparing absolute values. In this way, we developed an alternative classification, still 426 
compatible with the pie-chart approach, and somehow correlated to the orbital parameters of 427 
the analyzed comets. However, exceptions are present, and our dataset is still small to confirm 428 
these trends in comets and to locate precisely short period comets in this scenario. 429 
Finally, we compared our results with recent proto-planetary disk models, considering in 430 
particular the interrelationship between MR(CH3OH)/MR(CO) and MR(C2H6)/MR(CH4), and we 431 
defined two factors, K and M, that can be associated with an increasing processing of the 432 
cometary material in time and/or to an increasing formation distance of a comet (for long period 433 
comets), as well as to a post-evolution of the most volatile species (for short period comets). 434 
Depending on the K and M factors we can try to reconstruct the chemical and physical history of 435 
each analyzed comet. 436 

These studies are based on a limited sample and they give a quite simplified view of the 437 
formation of comets, so that it is still not possible to unequivocally trace back the origins of the 438 
selected targets, neither to produce a firm taxonomical classification for these bodies. The 439 
addition of new objects to the presented sample is expected to change, at least in part, our 440 
statistics, and to help in understanding if biases are present (e.g. MRs influenced by the 441 
heliocentric distances). Nevertheless, the statistics presented here offer the possibility to 442 
investigate the origin and evolution of the cometary material in an alternative way. 443 
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 520 
Figure 1: Measured mixing ratios with respect to water (normalized to the median) with respect to the 521 
heliocentric distance at the time of observations for the studied comets. Each color represents a 522 
different comet as indicated in the color legend on the top of the graphic: The data are numbered 523 
according to increasing Tisserand Invariant (see Table 1). Upper limits are not reported. 524 



 
 

 525 
Figure 2: Box plots relative to the analyzed chemical species, (A) obtained using absolute values, (B) 526 
obtained using mixing ratios normalized to the median; the boxes are ordered and colored by sublimation 527 
temperature (red = higher temperatures, blue = lower temperatures).  For each molecule, we report the 528 
median (Med), the Interquartile Range (IQR), the interquartile range normalized to the median (IQRN), 529 
and the skewness (Skw) of the distribution. The median is also indicated with a horizontal line across each 530 
box. The whiskers are calculated as the 9th and 91st percentiles. Comets that present outlier values with 531 
respect to the whiskers are highlighted with their individual number, following Table 1. Each box is 532 
compared with a gaussian distribution, represented as a grey box centered on the median and 533 
characterized by a standard deviation comparable to the interquartile range. The complete statistic for 534 
each box is reported in Table 3.  535 
 536 



 
 

 537 
Figure 3: Measured mixing ratios (normalized to the median values) as a function of the Tisserand 538 
invariant for the twenty comets. For each plot, the data are reported with their corresponding error bars; 539 
downward arrows represent 2σ upper limits (2σ upper limits that are not significant are not shown). The 540 
25th and 75th percentiles are indicated as a colored horizontal bar, while medians, 9th and 91st percentiles 541 
are shown through horizontal dashed lines. A vertical solid line separates OC and JF comets. The data are 542 
numbered according to increasing Tisserand Invariant (see Table 1). 543 
 544 

 545 



 
 

    546 
Figure 4: Examples of Spearman’s correlation factors higher than 0.50 among different molecular species 547 
observed in our sample of comets. For each graph, circles indicate OC comets, while squares indicate JF 548 
comets; 2σ upper limits are shown with a gray arrow; the boxplots of the molecules are shown in grey for 549 
each axis and the Spearman’s correlation coefficient and its statistic is reported in the upper left corner. 550 
The data are numbered following the increasing Tisserand Invariant (see Table 1). 551 

 552 

     553 
Figure 5: Examples of Spearman’s correlation factors lower than 0.50 among different molecular species 554 
observed in our sample of comets. For each graph, circles indicate OC comets, while squares indicate JF 555 
comets; 2σ upper limits are shown with a gray arrow; the boxplots of the molecules are shown in grey for 556 
each axis and the Spearman’s correlation coefficient and its statistic is reported in the upper left corner. 557 
The data are numbered following the increasing Tisserand Invariant (see Table 1). 558 
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 564 

     565 
Figure 6: Two level pie charts for the analyzed comets, ordered with decreasing CO – First group. Different 566 
colors indicate different functional group as follow: 1) CO and H2CO (Carbonyl and Aldehyde groups) – in 567 
red; 2) CH3OH (Alcohol group) – in yellow; 3) C2H6, CH4, C2H2 (Hydrocarbons group) – in green; 4) HCN 568 
(Nitrile group) – in blue. For each molecule the reported proportion is obtained normalizing the 569 
corresponding mixing ratio to the sum of all the considered mixing ratios obtained for that particular 570 
comet. Starred labels represent 2σ upper limits. 571 
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    581 
Figure 7: Two level pie charts for the analyzed comets, ordered with decreasing CO – Second group. 582 
Different colors indicate different functional group as follow: 1) CO and H2CO (Carbonyl and Aldehyde 583 
groups) – in red; 2) CH3OH (Alcohol group) – in yellow; 3) C2H6, CH4, C2H2 (Hydrocarbons group) – in green; 584 
4) HCN (Nitrile group) – in blue. For each molecule the reported proportion is obtained normalizing the 585 
corresponding mixing ratio to the sum of all the considered mixing ratios obtained for that particular 586 
comet. Starred labels represent 2σ upper limits. 587 
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Figure 8: Two level pie charts for the analyzed comets, ordered with decreasing CO – including NH3. 594 
Different colors indicate different functional group as follow: 1) CO and H2CO (Carbonyl and Aldehyde 595 
groups) – in red; 2) CH3OH (Alcohol group) – in yellow; 3) C2H6, CH4, C2H2 (Hydrocarbons group) – in green; 596 
4) HCN (Nitrile group) – in blue. For each molecule the reported proportion is obtained normalizing the 597 
corresponding mixing ratio to the sum of all the considered mixing ratios obtained for that particular 598 
comet. Starred labels represent 2σ upper limits. 599 



 
 

 600 

 601 
Figure 9: Comparison between: (A) MR(CH3OH)/MR(CO) and MR(C2H6)/MR(CH4) ratios (indicated in the 602 
plot as CH3OH/CO and C2H6/CH4, respectively); (B) same ratios versus the Tisserand Invariant; (C) same 603 
ratios vs the Perihelion and the inclination (i, radiants) of the orbit of the selected comets. In each panel, 604 
2σ upper limits are shown with grey arrows and tags. In panel (A) we report the Spearman’s correlation 605 
factor and its statistic, while colors are given considering possible clusters related to different chemical 606 
compositions; the same color scheme is used also in the other panels. Data are numbered following the 607 
increasing Tisserand Invariant. 608 
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 610 
Figure 10: Comparison between: (A) MR(HCN)/MR(CO) and MR(C2H6)/MR(CH4) ratios (indicated in the 611 
plot as HCN/CO and C2H6/CH4, respectively); (B) same ratios versus the Tisserand Invariant; (C) same ratios 612 
vs the Perihelion and the inclination (i, radiants) of the orbit of the selected comets. In each panel, 2σ 613 
upper limits are shown with grey arrows and tags. In panel (A) we report the Spearman’s correlation 614 
factor and its statistic, while colors are given considering possible clusters related to different chemical 615 
compositions; the same color scheme is used also in the other panels. Data are numbered following the 616 
increasing Tisserand Invariant.  617 
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 622 
Figure 11: Comparison between: (A) MR(CH3OH)/MR(NH3) and MR(HCN)/MR(C2H6) ratios (indicated in 623 
the plot CH3OH/NH3 and HCN/C2H6, respectively); (B) same ratios versus the Tisserand Invariant; (C) same 624 
ratios vs the Perihelion and the inclination (i, radiants) of the orbit of the selected comets. In each panel, 625 
2σ upper limits are shown with grey arrows and tags. In panel (A) we report the Spearman’s correlation 626 
factor and its statistic, while colors are given considering possible clusters related to different chemical 627 
compositions; the same color scheme is used also in the other panels. Data are numbered following the 628 
increasing Tisserand Invariant.  629 
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 635 
 636 

Figure 12: Connections between protoplanetary disks and comets: in the upper panel we illustrate a 637 
scheme of the disk showing some of the major chemical-physical processes that involve the material that 638 
will be incorporated in cometary nuclei. In the lower panels, we show the relationship between 639 
MR(CH3OH)/MR(CO) and MR(C2H6)/MR(CH4) ratios (indicated in the plot as CH3OH/CO and C2H6/CH4, 640 
respectively) for the analyzed comets. In panels (B) and (C)  a selection of the bundle of straight lines K = 641 
(MR(CH3OH)*MR(C2H6))/(MR(CH4)*MR(CO)), and  M = (MR(CH3OH)*MR(CH4))/(MR(C2H6)*MR(CO)) are 642 
shown with grey scales. 643 

 644 
 645 
 646 
 647 

 648 

 649 



 
 

Table 1: Observing logs and orbital parameters for the analyzed comets 650 
  Log for the observations Orbital parameters 

Cometa Date range Rh 
(au) 

Δ 
(km s-1) 

VΔ 
(km s-1) 

Dynamical 
Typeb Tj 

q 
(au) 

i 
(deg) 

1 07N3 31 Jan 2009 
1 Feb 2009 

1.26 
1.26 

0.95 
0.92 

-54.2 
-54.1 OC - DN -1.37 1.21 178.4 

2 99S4 13 Jul 2000 0.81 0.55 -54.6 OC – DN -0.93 0.77 149.4 

3 99H1 19 Aug 1999 
20 Aug 1999 

1.05 
1.06 

1.38 
1.36 

-28.3 
-29.0 OC -0.90 0.71 149.4 

4 09P1 
13 Oct 2011 
9 Jan 2012 

10 Jan 2012 

1.83 
1.57 
1.57 

1.84 
1.84 
1.83 

19.2 
-20.9 
-21.2 

OC – DN -0.43 1.55 106.2 

5 12S1 

22 Oct 2013 
24 Oct 2013 
25 Oct 2013 
7 Nov 2013 

1.21 
1.17 
1.15 
0.83 

1.50 
1.44 
1.41 
1.06 

-52.1 
-51.6 
-51.4 
-42.0 

OC - DN 0.07 0.01 62.4 

6 12F6 20 Jun 2013 1.74 1.79 5.4 OC 0.15 0.73 82.6 

7 99T1 
14 Jan 2001 
5 Feb 2001 
6 Feb 2001 

1.28 
1.44 
1.45 

1.35 
1.29 
1.29 

-11.2 
1.6 
2.3 

OC 0.23 1.17 80.0 

8 00WM1 23 Nov 2001 
24 Nov 2001 

1.35 
1.34 

0.38 
0.37 

-23.4 
-21.3 OC 0.28 0.56 72.6 

9 13R1 

22 Oct 2013 
24 Oct 2013 
25 Oct 2013 
27 Oct 2013 
28 Oct 2013 
29 Oct 2013 

1.37 
1.34 
1.33 
1.30 
1.29 
1.28 

0.84 
0.79 
0.77 
0.73 
0.70 
0.68 

-40.0 
-39.5 
-39.0 
-38.2 
-37.7 
-37.2 

OC 0.50 0.81 64.0 

10 01A2 9 Jul 2001 
10 Jul 2001 

1.16 
1.17 

0.28 
0.28 

11.4 
12.5 OC 0.88 0.78 36.5 

11 04Q2 
28 Nov 2004 
29 Nov 2004 
19 Jan 2005 

1.49 
1.48 
1.21 

0.66 
0.64 
0.39 

-21.8 
-21.7 
11.2 

OC 1.07 1.21 38.6 

12 07W1 9 Jul 2008 
10 Jul 2008 

0.89 
0.90 

0.35 
0.36 

12.9 
13.0 OC – DN 1.13 0.85 9.9 

13 8P 22 Dec 2007 
23 Dec 2007 

1.16 
1.15 

0.32 
0.31 

-19.2 
-18.0 HT 1.60 1.03 55.0 

14 103P 

16 Sep 2010 
18 Sep 2010 
17 Oct 2010 
19 Oct 2010 
21 Oct 2010 
22 Oct 2010 
4 Nov 2010 

16 Nov 2010 

1.20 
1.19 
1.07 
1.07 
1.06 
1.06 
1.06 
1.09 

0.28 
0.26 
0.13 
0.12 
0.12 
0.12 
0.16 
0.21 

-12.0 
-11.7 
-2.3 
-0.9 
0.6 
1.2 
7.0 
8.7 

JF 2.64 1.06 13.6 

15 73PB 14 May 2006 
15 May 2006 

1.00 
1.00 

0.07 
0.07 

0.3 
2.0 JF 2.78 0.94 11.4 

16 73PC 14 May 2006 
15 May 2006 

1.00 
1.00 

0.08 
0.08 

3.1 
4.6 JF 2.78 0.94 11.4 

17 17P 27 Oct 2007 
30 Oct 2007 

2.45 
2.46 

1.63 
1.62 

-3.3 
-2.3 JF 2.86 2.06 19.1 

18 10P 26 Jul 2010 1.44 0.69 -4.2 JF 2.96 1.42 12.0 

19 9P 
3 Jun 2005 
4 Jul 2005 
5 Jul 2005 

1.54 
1.51 
1.51 

0.76 
0.89 
0.89 

5.5 
9.2 
9.3 

JF 2.97 1.54 10.5 

20 2P 
4 Nov 2003 
5 Nov 2003 
6 Nov 2003 

1.21 
1.19 
1.18 

0.31 
0.31 
0.30 

-13.4 
-12.5 
-11.5 

JF - ET 3.03 0.34 11.8 



 
 

a) Comets are ordered with increasing Tisserand parameter; acronyms are described in footnote 1. b) JF = Jupiter 651 
Family, ET = Encke Type, HT = Halley Type, OC = Oort Cloud, DN = Dynamically new. 652 

 653 

 654 
Table 2: Updated mixing ratios (% relative to water) measured for the selected comets 655 

  Mixing ratios with respect to water % 

Cometa CH3OH HCN NH3 H2CO C2H2 C2H6 CH4 CO 

1 07N3 3.82 ± 0.15 0.14 ± 0.01 0.27 ± 0.16 0.15 ± 0.02 0.08 ± 0.02 0.80 ± 0.04 1.30 ± 0.07 2.66 ± 0.15 

2 99S4 <0.13 0.04 ± 0.02 < 0.76†† < 0.06 < 0.05 0.11 ± 0.02 0.22 ± 0.06 1.36 ± 0.32 

3 99H1 3.20 ± 0.16 0.19 ± 0.02 0.56 ± 0.15 0.24 ± 0.04 0.09 ± 0.02 0.89 ± 0.04 1.07 ± 0.09 1.48 ± 0.37 

4 09P1 2.29 ± 0.18 0.24 ± 0.02 1.03 ± 0.81 < 0.05 0.16 ± 0.04 0.67 ± 0.05 1.02 ± 0.07 7.71 ± 2.13 

5 12S1 < 1.2 0.10 ± 0.02 < 0.68 < 0.09† 0.11 ± 0.05 0.41 ± 0.09 0.41 ± 0.06 < 2.52 

6 12F6 b 1.46 ± 0.20 0.19 ± 0.04 0.58 ± 0.23 < 0.05 < 0.05 0.31 ± 0.04 0.67 ± 0.11 4.03 ± 0.45 

7 99T1 3.65 ± 0.38 0.15 ± 0.03 < 1.1† 0.14 ± 0.05 0.28 ± 0.07 1.04 ± 0.13 2.72 ± 1.63 13.48 ± 2.59 

8 00WM1 1.23 ± 0.08 0.21 ± 0.01 < 0.42 0.06 ± 0.02 0.06 ± 0.02 0.51 ± 0.02 0.41 ± 0 .03 0.69 ± 0.22 

9 13R1 2.92 ± 0.20 0.24 ± 0.01 1.48 ± 0.28 0.08 ± 0.01 0.08 ± 0.01 0.65 ± 0.04 1.17 ± 0.04 7.97 ± 0.51 

10 01A2 4.11 ± 0.25 0.30 ± 0.02 < 0.51 0.08 ± 0.02 0.14 ± 0.02 2.73 ± 0.15 1.79 ± 0.17 3.07 ± 0.96 

11 04Q2 1.82 ± 0.06 0.157 ± 0.009 0.24 ± 0.01 0.062 ± 0.008 0.068 ± 0.009 0.69 ± 0.03 1.32 ± 0.06 4.83 ± 0.66 

12 07W1 4.13 ± 0.29 0.22 ± 0.02 0.76 ± 0.14 < 0.02 0.13 ± 0.02 0.92 ± 0.06 0.78 ± 0.15 1.83 ± 0.31 

13 8P 2.61 ± 0.13 0.16 ± 0.02 0.72 ± 0.38 0.10 ± 0.02 < 0.04 0.30 ± 0.03 0.25 ± 0.02 < 0.84 

14 103P c 2.32 ± 0.05 0.259 ± 0.007 0.64 ± 0.06 0.08 ± 0.02 0.105 ± 0.008 0.87 ± 0.01 < 0.8†† 0.30 ± 0.15 

15 73PB d 0.41 ± 0.05 0.259 ± 0.008 < 0.20 0.03 ± 0.01 0.03 ± 0.01 0.204 ± 0.008 < 0.17 0.53 ± 0.13 

16 73PC d 0.47 ± 0.05 0.299 ± 0.007 < 0.15 0.051 ± 0.006 0.029 ± 0.009 0.136 ± 0.004 < 0.17 0.53 ± 0.13 

17 17P e 4.30 ± 0.43 0.61 ± 0.09 0.82 ± 0.52 < 0.16† 0.24 ± 0.11 2.31 ± 0.14 N.A. 8.8 ±2.7 

18 10P f 1.81 ± 0.21 0.12 ± 0.02 1.12 ± 0.24 < 0.09†† < 0.06 0.43 ± 0.04 N.A. N.A. 

19 9P 2.22 ± 0.19 0.24 ± 0.03 1.14 ± 0.72 0.18 ± 0.07 < 0.07 0.36 ± 0.04 0.66 ± 0.30 < 2.65 

20 2P 3.56 ± 0.27 0.08 ± 0.01 < 0.47 < 0.07 < 0.05 0.54 ± 0.05 0.48 ± 0.06 < 1.9 
 MEDIAN 2.61 0.21 0.75 0.08 0.10 0.65 0.78 2.66 

a) Comets are ordered following increasing Tisserand parameter (see Fig. 1); b) CH4 is from Paganini et 656 
al., 2014; c) CO in 103P is from Weaver et al., 2011; d) CO is taken from DiSanti et al., 2007 while CH4 is 657 
from Villanueva et al., 2006; we used common values for both the fragments; e) it was not possible to 658 
measure CH4 in 17P; f) it was not possible to measure CO and CH4 in 10P; †) upper limit is much greater 659 
than the median, we consider it not significant; ††) upper limit is comparable to the median, we consider 660 
it significant. 661 

 662 

 663 

 664 

 665 

 666 



 
 

 667 
Table 3: Boxplot statistics of the updated mixing ratios. 668 

 CH3OH HCN NH3 H2CO C2H2 C2H6 CH4 CO 
Number of used points 18 20 12 12 14 20 15 15 

9th percentile 
(normalized value) 

1.23 
(0.47) 

0.10 
(0.46) 

0.27 
(0.36) 

0.05 
(0.61) 

0.03 
(0.31) 

0.20 
(0.32) 

0.25 
(0.33) 

0.53 
(0.20) 

25th percentile 
(normalized value) 

1.82 
(0.70) 

0.15 
(0.72) 

0.58 
(0.77) 

0.07 
(0.80) 

0.08 
(0.84) 

0.36 
(0.55) 

0.48 
(0.62) 

1.36 
(0.51) 

Median - 50th percentile 2.61 0.21 0.75 0.08 0.10 0.65 0.78 2.66 
75th percentile 

(normalized value) 
3.82 

(1.46) 
0.26 

(1.26) 
1.12 

(1.49) 
0.15 

(1.76) 
0.16 

(1.59) 
0.89 

(1.38) 
1.30 

(1.67) 
7.71 

(2.90) 
91st percentile 

(normalized value) 
4.14 

(1.59) 
0.31 

(1.49) 
1.48 

(1.96) 
0.24 

(2.87) 
0.28 

(2.80) 
2.31 

(3.58) 
2.72 

(3.51) 
13.48 
(5.07) 

Interquartile Range (IQR) 2.00 0.11 0.58 0.08 0.07 0.53 0.81 6.35 
Normalized IQRNa 0.77 0.53 0.72 0.96 0.75 0.82 1.05 2.39 

Skewnessb 1.53 0.93 2.10 3.71 3.63 0.83 1.75 3.89 
Average 2.57 0.21 0.78 0.10 0.11 0.75 0.95 3.95 

Standard deviation 1.23 0.12 0.36 0.06 0.07 0.67 0.67 3.89 
Min value 0.41 0.04 0.24 0.03 0.03 0.11 0.21 0.30 
Max value 4.30 0.61 1.48 0.24 0.28 2.73 2.73 13.5 

a) Normalized with respect to the median; b) calculated as (75th percentile – 50th percentile)/(50th 669 
percentile- 25th percentile). 670 

 671 
Table 4: Spearman’s correlations among the updated mixing ratiosa. 672 

 CH3OH HCN NH3 H2CO C2H2 C2H6 CH4 CO 

CH3OH - 
-0.02 
0.9 
16 

-0.02 
0.95 
10 

0.65 
0.02 
10 

0.74 
4x10-3 

11 

0.82 
3x10-5 

16 

0.45 
0.1 
11 

0.46 
0.09 
12 

HCN - - 
0.41 
0.18 
10 

-0.50 
0.1 
10 

0.08 
0.8 
12 

0.26 
0.3 
18 

0.36 
0.2 
13 

-0.10 
0.7 
13 

NH3 - - - n.ab n.ab 
-0.25 
0.4 
10 

-0.45 
0.2 
7 

0.48 
0.2 
7 

H2CO - - - - 
0.72 
0.02 

8 

0.47 
0.1 
10 

-0.13 
0.7 
7 

0.30 
0.4 
8 

C2H2 - - - - - 
0.77 

1x10-3 

12 

0.31 
0.4 
8 

0.7 
0.02 
11 

C2H6 - - - - - - 
0.85 

6x10-5 

13 

0.45 
0.1 
13 

CH4 - - - - - - - 
0.65 
0.03 

9 
CO - - - - - - - - 

a) The first value in each cell represent the Spearman’s correlation coefficient calculated excluding the 673 
upper limits; below the correlation coefficient, we report the (two-sided) level of significance (p) and the 674 
degrees of freedom of the calculation (n); cells with good statistic (p ≤ 0.05 and n ≥ 9) are highlighted in 675 
green; correlations in bold numbers are shown in figures 4 and 5 and discussed in the text; b) the degrees 676 
of freedom are less than 5 and considered too few for a good statistic. 677 
 678 



 
 

Table 5: Spearman’s correlations among ratios of the updated mixing ratiosa. 679 
 𝐂𝐇𝟑𝐎𝐇

𝐇𝐂𝐍
 

𝐂𝐇𝟑𝐎𝐇
𝐍𝐇𝟑

 
𝐂𝐇𝟑𝐎𝐇
𝐂𝟐𝐇𝟔

 
𝐂𝐇𝟑𝐎𝐇
𝐂𝐇𝟒

 𝐂𝐇𝟑𝐎𝐇
𝐂𝐎

 
𝐇𝐂𝐍
𝐍𝐇𝟑

 
𝐇𝐂𝐍
𝐂𝟐𝐇𝟔

 
𝐇𝐂𝐍
𝐂𝐇𝟒

 𝐇𝐂𝐍
𝐂𝐎

 
𝐍𝐇𝟑

𝐂𝟐𝐇𝟔
 

𝐍𝐇𝟑

𝐂𝐇𝟒
 𝐍𝐇𝟑

𝐂𝐎
 

𝐂𝟐𝐇𝟔

𝐂𝐇𝟒
 𝐂𝟐𝐇𝟔

𝐂𝐎
 

𝐂𝐇𝟒

𝐂𝐎
 

𝐂𝐇𝟑𝐎𝐇
𝐇𝐂𝐍

 

 
- 

0.36 
0.25 
10 

0.55 
0.02 
16 

0.23 
0.45 
11 

0.05 
0.86 
12 

-0.24 
0.44 
10 

-0.75 
3x10-4 

16 

-0.58 
0.04 
11 

-0.50 
0.06 
12 

-0.13 
0.68 
10 

-0.25 
0.52 

7 

0.18 
0.63 

7 

0.08 
0.79 
11 

-0.06 
0.83 
12 

0.21 
0.56 

8 

𝐂𝐇𝟑𝐎𝐇
𝐍𝐇𝟑

 - - 
-0.26 
0.40 
10 

-0.08 
0.83 

7 

0.50 
0.17 

7 

0.80 
0.001 

10 

-0.79 
0.002 

10 

-0.62 
0.08 

7 

0.42 
0.26 

7 

-0.91 
4x10-5 

10 

-0.78 
0.01 

7 

-0.30 
0.43 

7 

0.18 
0.63 

7 

0.52 
0.15 

7 

0.79 
0.04 

5 

𝐂𝐇𝟑𝐎𝐇
𝐂𝟐𝐇𝟔

 - - - 
0.58 
0.04 
11 

-0.09 
0.75 
12 

-0.52 
0.08 
10 

0.06 
0.82 
16 

0.21 
0.48 
11 

-0.38 
0.18 
12 

0.53 
0.07 
10 

0.58 
0.10 

7 

0.23 
0.55 

7 

-0.15 
0.63 
11 

-0.44 
0.12 
12 

-0.27 
0.45 

8 

𝐂𝐇𝟑𝐎𝐇
𝐂𝐇𝟒

 - - - - 
0.88 

0.001 
8 

-0.48 
0.19 

7 

0.20 
0.50 
11 

0.57 
0.04 
11 

0.78 
0.007 

8 

0.37 
0.33 

7 

0.58 
0.10 

7 

0.75 
0.05 

5 

0.62 
0.02 
11 

0.67 
0.03 

8 

0.56 
0.09 

8 

𝐂𝐇𝟑𝐎𝐇
𝐂𝐎

 - - - - - 
0.25 
0.52 

7 

-0.10 
0.73 
12 

0.35 
0.33 

8 

0.78 
0.0008 

12 

-0.42 
0.26 

7 

-0.36 
-0.43 

5 

0.65 
0.06 

7 

0.70 
0.03 

8 

0.90 
1x10-5 

12 

0.78 
0.008 

8 

𝐇𝐂𝐍
𝐍𝐇𝟑

 - - - - - - 
-0.52 
0.08 
10 

-0.62 
0.08 

7 

0.33 
0.38 

7 

-0.88 
1x10-4 

10 

-0.91 
5x10-4 

7 

-0.55 
0.12 

7 

-0.28 
0.46 

7 

0.23 
0.54 

7 

0.50 
0.25 

5 

𝐇𝐂𝐍
𝐂𝟐𝐇𝟔

 - - - - - - - 
0.79 

4x10-4 

13 

0.29 
0.30 
13 

0.82 
0.001 

10 

0.75 
0.02 

7 

0.20 
0.61 

7 

-0.20 
0.48 
13 

-0.19 
0.49 
13 

-0.39 
0.23 

9 

𝐇𝐂𝐍
𝐂𝐇𝟒

 - - - - - - - - 
0.41 
0.21 

9 

0.83 
0.005 

7 

0.83 
0.005 

7 

0.64 
0.12 

5 

0.38 
0.17 
13 

0.18 
0.59 

9 

-0.09 
0.79 

9 

𝐇𝐂𝐍
𝐂𝐎

 - - - - - - - - - 
-0.37 
0.33 

7 

-0.46 
0.29 

5 

0.53 
0.14 

7 

0.75 
0.007 

9 

0.80 
3x10-4 

13 

0.82 
0.002 

9 

𝐍𝐇𝟑

𝐂𝟐𝐇𝟔
 - - - - - - - - - - 

0.92 
5x10-4 

7 

0.48 
0.19 

7 
N.A. 

-0.50 
0.17 

7 

-0.71 
0.07 

5 

𝐍𝐇𝟑

𝐂𝐇𝟒
 - - - - - - - - - - - 

0.53 
0.22 

5 

0.35 
0.36 

7 

-0.39 
0.38 

5 

-0.64 
0.12 

5 

𝐍𝐇𝟑

𝐂𝐎
 - - - - - - - - - - - - 

0.61 
0.15 

5 

0.48 
0.19 

7 

0.21 
0.64 

5 

𝐂𝟐𝐇𝟔

𝐂𝐇𝟒
 - - - - - - - - - - - - - 

0.92 
7x10-5 

9 

0.56 
0.07 

9 

𝐂𝟐𝐇𝟔

𝐂𝐎
 - - - - - - - - - - - - - - 

0.77 
0.005 

9 

𝐂𝐇𝟒

𝐂𝐎
 - - - - - - - - - - - - - - - 

a) The ratios in the first raw and column are ratios between mixing ratios relative to water. For each cell, 680 
the first value represents the Spearman’s correlation coefficient calculated excluding the upper limits; 681 
below each correlation coefficient, we report the (two-sided) level of significance (p) and the degrees of 682 
freedom (n) of the calculation (number of measures – 2); cells with good statistic (p ≤ 0.05 and n ≥ 7) are 683 
highlighted in green; correlations in bold numbers are shown in figures 9, and 10 and 11 and discussed in 684 
the text. Correlations between ratios that contain the same molecules in the numerator or denominator 685 
are reported in gray-italic. 686 
 687 
 688 
 689 
 690 
 691 
 692 
 693 
 694 
 695 
 696 



 
 

Table 6: K and M factors for the studied comets. 697 
Comet Ka Ma Groupb 

1 07N3 0.88 2.34 1 
2 99S4 0.05 0.18 2 
3 99H1 1.78 2.63 1 
4 09P1 0.19 0.45 2 
5 12S1 0.54 0.43 2 
6 12F6 0.17 0.77 2 
7 99T1 0.10 0.71 2 
8 00WM1 2.21 1.44 3 
9 13R1 0.20 0.66 2 

10 01A2 2.04 0.88 3 
11 04Q2 0.20 0.72 2 
12 07W1 2.67 1.91 3 
13 8P 3.71 2.63 3 
14 103P 8.10 7.21 - 
15 73PB 0.95 0.64 - 
16 73PC 0.70 1.06 - 
17 17P N.A. N.A. N.A. 
18 10P N.A. N.A. N.A. 
19 9P 0.45 1.56 - 
20 2P 2.12 1.67 - 

a) Italic indicates that the value was retrieved using at least an upper limit; b) groups are numbered 698 
following the description in section 3.2.2. 699 

 700 
 701 
 702 
 703 
 704 
 705 
 706 
 707 
 708 
 709 
 710 
 711 
 712 
 713 
 714 
 715 
 716 
 717 
 718 
 719 
 720 
 721 
 722 
 723 
 724 



 
 

ONLINE MATERIAL: rotational temperatures, nucleus centered production rates 725 
and global production rates measured for the analyzed comets.  726 
 727 

2P/Encke 728 

Date Setting Molecule Trot
a

 

(K) 
Qnc 

b 
(x 1026 mol/s) Qscale Qtot 

(x 1026 mol/s) 
MRs 

(% w.r.t. H2O) 

4-Nov-2003 

KL1 
CH3OH 27 ± 3 0.62 ± 0.07 

1.38 ± 0.16 
0.85 ± 0.14 3.52 ± 0.50 

C2H6 (30) 0.08 ± 0.01 0.11 ± 0.02 0.46 ± 0.08 

KL2 

H2CO (30) < 0.013 

1.38 ± 0.16 

< 0.02 < 0.07 

CH4 (30) 0.084 ± 0.007 0.12 ± 0.02 0.48 ± 0.06 

HCN (30) 0.023 ± 0.005 0.032 ± 0.008 0.13 ± 0.03 

C2H2 (30) < 0.015 < 0.02 < 0.08 

NH3 (30) < 0.14 < 0.19 < 0.8 

KL1 + KL2 H2O 30 ± 2 17.5 ± 1.2 1.38 ± 0.16 24.2 ± 3.3 100 

5-Nov-2003 

KL1 
CH3OH 30 ± 2 0.92 ± 0.08 

1.37 ± 0.10 
1.26 ± 0.14 3.58 ± 0.33 

C2H6 (30) 0.15 ± 0.02 0.21 ± 0.03 0.58 ± 0.06 

MW CO (30) < 0.52 1.37 ± 0.10 < 0.72 < 2.05 

KL1 + MW H2O (30) 25.6 ± 1.0 1.37 ± 0.10 < 0.72 100 

6-Nov-2003 

KL2 

H2CO (30) < 0.02 

1.74 ± 0.08 

< 0.04 < 0.09 

CH4 (30) < 0.11 < 0.18 < 0.5 

HCN (30) 0.014 ± 0.003 0.024 ± 0.006 0.07 ± 0.01 

C2H2 (30) < 0.01 < 0.02 < 0.05 

NH3 (30) < 0.10 < 0.17 < 0.47 

H2O (30) 20.9 ± 1.1 36.4 ± 2.5 100 

MW CO (30) < 0.40 1.74 ± 0.08 < 0.69 < 1.9 

KL2 + MW H2O (30) 21.1 ± 1.1 1.74 ± 0.08 36.7 ± 2.6 100 

a) Values in parenthesis are assumed; b) calculated for a common rotational temperature of 30 K for all 729 
the dates. 730 
 731 
 732 

8P/Tuttle 733 

Date Setting Molecule Trot
a

 

(K) 
Qnc 

b 
(x 1026 mol/s) Qscale Qtot 

(x 1026 mol/s) 
MRs 

(% w.r.t. H2O) 

22-Dec-2007 KL1  

CH3OH 42 +2/-1 3.88 ± 0.17 

1.43 ± 0.05 

5.54 ± 0.31 2.61 ± 0.13 

C2H6 51 +18/-10 0.45 ± 0.04 0.65 ± 0.06 0.30 ± 0.03 

H2O 50 ± 2 149 ± 4 205 ± 10 100 



 
 

KL2 

H2CO (50) 0.16 ± 0.05 

1.46  ± 0.10 

0.23 ± 0.08 0.09 ± 0.03 

CH4 (50) 0.46 ± 0.07 0.67 ± 0.12 0.27 ± 0.05 

HCN 39 ± 3 0.28 ± 0.04 0.41 ± 0.06 0.16 ± 0.03 

C2H2 (50) < 0.08 < 0.12 < 0.05 

NH3 (50) < 0.89 < 1.30 < 0.51 

H2O 50 ± 2 174 ± 13 253 ± 26 100 

23-Dec-2007 

KL2 

H2CO (50) 0.15 ± 0.05 

1.44 ± 0.07 

0.22 ± 0.08 0.11 ± 0.04 

CH4 (50) 0.36 ± 0.02 0.51 ± -.04 0.25 ± 0.02 

HCN 45 ± 5 0.22 ± 0.02 0.32 ± 0.03 0.15 ± 0.02 

C2H2 (50) < 0.06 < 0.09 < 0.04 

NH3 (50) 1.03 ± 0.54 1.49 ± 0.78 0.72 ± 0.38 

H2O 52 ± 3 143 ± 10 206 ± 18 100 

MW 
H2O (50) 100 ± 63 

1.44 ± 0.07 
172 ± 39 100 

CO (50) < 0.84 < 1.21 < 0.84 

a) Values in parenthesis are assumed; b) calculated for a common rotational temperature of 50 K for all 734 
the dates. 735 
 736 
 737 

10P/Tempel 2 738 

Date Setting Molecule Trot
a

 

(K) 
Qnc 

b 
(x 1026 mol/s) Qscale Qtot 

(x 1026 mol/s) 
MRs 

(% w.r.t. H2O) 

26-Jul-2010 

KL1 
CH3OH 27 +3/-4 1.52 ± 0.17 

1.54 ± 0.11 
2.35 ± 0.32 1.81 ± 0.21 

C2H6 24 +9/-12 0.36 ± 0.03 0.55 ± 0.06 0.43 ± 0.04 

KL2 

H2CO (35) < 0.07 

1.54 ± 0.11 

< 0.17 < 0.09 

HCN (35) 0.10 ± 0.02 0.16 ± 0.03 0.12 ± 0.02 

C2H2 (35) < 0.06 < 0.13 < 0.06 

NH3 (35) 0.94 ± 0.20 1.45 ± 0.33 1.12 ± 0.24 

KL1 + KL2 H2O 35 ± 3 84 ± 3 1.54 ± 0.11 129 ± 10 100 

a) Values in parenthesis are assumed; b) calculated for a common rotational temperature of 30 K for all 739 
the dates. 740 
 741 

17P/Holmes 742 

Date Setting Molecule Trot
a

 

(K) 
Qnc 

b 
(x 1026 mol/s) Qscale Qtot 

(x 1026 mol/s) 
MRs 

(% w.r.t. H2O) 

27-Oct-2007 KL1 

CH3OH 70 +7/-6 97.4 ± 8.6 

1.61 ± 0.07 

157 ± 15 4.30 ± 0.43 

C2H6 (70) 52.4 ± 2.2 84 ± 5 2.31 ± 0.14 

H2O 70 ± 4 2267 ± 106 3650 ± 233 100 



 
 

30-Oct-2007 

KL2 

H2CO (70) < 1.9 

1.61 ± 0.07 

< 3.1 < 0.16 

HCN 64 ± 2 7.07 ± 0.77 11.4 ± 1.33 0.61 ± 0.09 

C2H2 (70) 2.74 ± 1.18 4.41 ± 1.91 0.24 ± 0.11 

NH3 (70) 18.6 ± 11.7 30 ± 19 0.82 ± 0.52 

MW CO (70) 102.2 ±28.8 1.61 ± 0.07 164 ± 47 8.8 ± 2.7 

KL2 + MW H2O 70 ± 3 1163 ± 125 1.61 ± 0.07 1720 ± 431 100 

a) Values in parenthesis are assumed; b) calculated for a common rotational temperature of 70 K for all 743 
the dates. 744 
 745 

9P/Tempel 1 746 

Date Setting Molecule Trot
a

 

(K) 
Qnc 

b 
(x 1026 mol/s) Qscale Qtot 

(x 1026 mol/s) 
MRs 

(% w.r.t. H2O) 

3-Jun-2005 

KL1 
CH3OH (27) 0.94 ± 0.32 

1.53 ± 0.20 
1.43 ± 0.53 3.1 ± 1.1 

C2H6 (27) < 0.08 < 0.12 < 0.26 

KL2 HCN (27) 0.07 ± 0.03 1.53 ± 0.20 0.11 ± 0.05 0.23 ± 0.10  

KL1 + KL2 H2O 27 ± 3 31 ± 4 1.53 ± 0.20 47 ± 8 100 

4-Jul-2005 

KL1c 

CH3OH (35) 0.75 ± 0.29 

1.53 ± 0.20 

1.14 ± 0.47 1.89 ± 0.91 

C2H6 (35) 0.09 ± 0.04 0.14 ± 0.07 0.23 ± 0.12 

H2O 35 ± 3 40 ± 11 61 ± 19 100 

KL1d 

CH3OH 32 ± 8 2.47 ± 0.19 

1.36 ± 0.07 

3.36 ± 0.31 2.21 ± 0.20 

C2H6 37 ± 3 0.42 ± 0.05 0.58 ± 0.07 0.38 ± 0.05 

H2O 35 ± 4 112  ± 5 146 ± 11 100 

KL2 

H2CO (35) 0.20 ± 0.08 

1.61 ± 0.12 

0.32 ± 0.13 0.18 ± 0.07 

CH4 (35) 0.74 ± 0.33 1.20 ± 0.55 0.66 ± 0.30 

HCN 29 +8/-6 0.27 ± 0.03 0.44 ± 0.06 0.24 ± 0.03 

C2H2 (35) < 0.08 < 0.12 < 0.07 

NH3 (35) 1.28 ± 0.80 2.05 ± 1.29 1.14 ± 0.72 

H2O 35 ± 3 112 ± 5 190 ± 49 100 

MW 
H2O (35) 118 ± 29 

1.61 ± 0.12 
154 ± 66 100 

CO (35) < 3.13 < 5.04 < 2.65 

5-Jul-2005 MW 
H2O (35) 52 ± 14 

1.61 ± 0.12 
82.8 ± 22.7 100 

CO (35) < 1.58 < 2.54 < 3.02 

a) Values in parenthesis are assumed; b) calculated for a common rotational temperature of 27 K for the 747 
3rd of June and 35 K for the 4th and 5th of July; c) pre-impact; d) post-impact 748 
 749 

 750 



 
 

73P/Schwassman-Wachmann-B 751 

Date Setting Molecule Trot
a

 

(K) 
Qnc 

b 
(x 1026 mol/s) Qscale Qtot 

(x 1026 mol/s) 
MRs 

(% w.r.t. H2O) 

14-May-2006 

KL1 

CH3OH 70 +8/-7 0.15 ± 0.02 

1.81 ± 0.07 

0.26 ± 0.04 0.37 ± 0.05 

C2H6 (100) 0.070 ± 0.004 0.126 ± 0.008 0.18 ± 0.01 

H2O 92 ± 10 40 ± 1 79.5 ± 3.89 100 

KL2 

H2CO (100) 0.016 ±0.003 

1.81 ± 0.07 

0.029 ± 0.006 0.03 ± 0.01 

HCN 93 ± 2 0.132 ±0.004 0.24 ± 0.01 0.213 ± 0.009 

C2H2 (100) 0.019 ± 0.007 0.35 ± 0.01 0.03 ± 0.01 

NH3 (100) < 0.125 < 0.23 < 0.20 

H2O 100 ± 5 62 ± 2 112 ± 54 100 

15-May-2006 

KL1 
CH3OH (100) 0.16 ± 0.03 

1.79 ± 0.05 
0.28 ± 0.05 0.53 ± 0.09 

C2H6 (100) 0.067 ± 0.003 0.120 ± 0.007 0.23 ± 0.01 

KL2 

H2CO (100) 0.013 ± 0.006 

1.79 ± 0.05 

0.024 ± 0.010 0.04 ± 0.02 

HCN 78 +5/-4 0.110 ± 0.004 0.20 ± 0.01 0.38 ± 0.01 

C2H2 (100) < 0.007 < 0.01 < 0.02 

NH3 (100) < 0.079 < 0.14 < 0.27 

KL1 + KL2 H2O 100 ± 3 29.3 ± 0.3 1.79 ± 0.05 58.4 ± 2.7 100 

a) Values in parenthesis are assumed; b) calculated for a common rotational temperature of 100 K for 752 
all the dates. 753 
 754 
 755 

73P/Schwassman-Wachmann-C 756 

Date Setting Molecule Trot
a

 

(K) 
Qnc 

b 
(x 1026 mol/s) Qscale Qtot 

(x 1026 mol/s) 
MRs 

(% w.r.t. H2O) 

14-May-2006 

KL1 
CH3OH 76 +12/-10 0.11 ± 0.02 

1.84  ± 0.10 
0.21 ± 0.03 0.49 ± 0.09 

C2H6 87 +11/-10 0.029 ± 0.001 0.053 ± 0.004 0.129 ± 0.005 

KL2 

H2CO (85) 0.013 ± 0.004 

1.84 ± 0.10 

0.025 ± 0.008 0.06 ± 0.02 

HCN 84 ± 2 0.077 ± 0.002 0.141 ± 0.008 0.343 ± 0.009  

C2H2 (85) 0.013 ± 0.004 0.024 ± 0.008 0.06 ± 0.02 

NH3 (85) < 0.077 < 0.14 < 0.34 

KL1 + KL2 H2O 85 +3/-2 22.43 ± 0.45 1.84 ± 0.10 41.3 ± 2.4 100 

15-May-2006 

KL1 
CH3OH (100) 0.26 ± 0.04 

1.69 ± 0.06 
0.44 ± 0.06 0.45 ± 0.07 

C2H6 (100) 0.090 ± 0.005 0.15 ± 0.01 0.155 ± 0.009 

KL2 
H2CO (100) 0.029 ± 0.004 

1.69 ± 0.06 
0.048 ± 0.008 0.050 ± 0.007 

HCN 90 ± 4 0.160 ± 0.004 0.27 ± 0.01 0.276 ± 0.008 



 
 

C2H2 (100) 0.011 ± 0.006 0.018 ± 0.009 0.02 ± 0.01 

NH3 (100) < 0.086 < 0.15 < 0.15 

KL1 + KL2 H2O 100 ± 2 58.0 ± 0.9 1.69 ± 0.06 98 ± 4 100 

a) Values in parenthesis are assumed; b) calculated for a common rotational temperature of 85 K for the 757 
14th of May and 100 for the 15th of May.  758 
 759 

103P/Hartley 2 760 

Date Setting Molecule Trot
a

 

(K) 
Qnc 

b 
(x 1026 mol/s) Qscale Qtot 

(x 1026 mol/s) 
MRs 

(% w.r.t. H2O) 

16-Sep-2010 

KL1 

CH3OH (65) 0.56 ± 0.07 

1.60 ± 0.20 

0.89 ± 0.16 2.55 ± 0.41 

C2H6 66 +12/-9 0.171 ± 0.007 0.27 ± 0.04 0.78 ± 0.09 

H2O 65 ± 3 21.9 ± 2.2 35.1 ± 5.6 100 

KL2 

H2CO (65) 0.04 ± 0.02 

1.60 ± 0.20 

0.07 ± 0.04 0.12 ± 0.06 

CH4 (65) < 0.27 < 0.43 < 0.8 

HCN 54 +10/-7 0.118 ± 0.009 0.19 ± 0.03 0.36 ± 0.06 

C2H2 (65) 0.04 ± 0.02 0.07 ± 0.03 0.12 ± 0.06 

NH3 (65) < 0.34 < 0.54 < 1.02 

H2O 65 ± 3 33 ± 5 53 ± 10 100 

18-Sep-2010 

KL1 
CH3OH 39 ± 3 0.35 ± 0.08 

(1.50) 
0.52 ± 0.13 2.15 ± 0.56 

C2H6 66 +20/-14 0.13 ± 0.01 0.19 ± 0.02 0.80 ± 0.11 

KL2 

H2CO (65) < 0.03 

(1.50) 

< 0.04 < 0.16 

CH4 (65) < 0.24 < 0.36 < 1.5 

HCN 70 ± 15 0.05 ± 0.01 0.08 ± 0.02 0.30 ± 0.07 

C2H2 (65) < 0.03 < 0.05 < 0.20 

NH3 (65) < 0.46 < 0.68 < 2.79 

KL1 + KL2 H2O 65 ± 3 16 ± 2 (1.50) 29 ± 9 100 

17-Oct-2010 

KL1 
CH3OH 61 ± 3 0.95 ± 0.04 

1.50 ± 0.05 
1.42 ± 0.08 2.18 ± 0.10 

C2H6 75 +7/-2 0.34 ± 0.01 0.52 ± 0.03 0.78 ± 0.03 

KL2 

H2CO (77) < 0.018 

1.50 ± 0.05 

< 0.02 < 0.03 

HCN 74 +8/-7 0.157 ± 0.006 0.24 ± 0.01 0.36 ± 0.01 

C2H2 (77) 0.057 ± 0.007 0.09 ± 0.01 0.13 ± 0.02 

NH3 (77) 0.27 ± 0.10 0.41 ± 0.15 0.62 ± 0.23 

KL1 + KL2 H2O 77 ± 3 43.5  ± 0.6 1.50 ± 0.05 65.3 ± 2.4 100 

19-Oct-2010 KL1 
CH3OH 71 +4/-3 0.48 ± 0.03 

1.76 ± 0.07 
0.84 ± 0.06 2.14 ± 0.14 

C2H6 82 +10/-8 0.186 ± 0.008 0.33 ± 0.02 0.85 ± 0.05 



 
 

KL2 

H2CO (77) 0.037 ± 0.008 

1.76 ± 0.07 

0.07 ± 0.02 0.18 ± 0.04 

HCN 68 +7/-6 0.051 ± 0.003 0.090 ± 0.06 0.22 ± 0.01 

C2H2 (77) 0.024 ± 0.008 0.04 ± 0.01 0.09 ± 0.04 

NH3 (77) < 0.14 < 0.25 < 0.65 

Kl1 + KL2 H2O 77 ± 2 22.4 ± 0.4 1.76 ± 0.07 39.4 ± 1.7 100 

21-Oct-2010 

KL1b 

CH3OH 66 ± 3 1.30 ± 0.07 

1.71 ± 0.04 

2.21 ± 0.13 2.25 ± 0.13 

C2H6 89 +11/-9 0.49 ± 0.02 0.85 ± 0.03 0.85 ± 0.04 

H2O 90 ± 2 57.9 ± 1.1 99 ± 3 100 

KL1c 

CH3OH 84 ± 5 0.85 ± 0.05 

1.71 ± 0.04 

1.45 ± 0.09 2.41 ± 0.15 

C2H6 84 +13/-10 0.25 ± 0.01 0.43 ± 0.02 0.71 ± 0.03 

H2O 90 ± 2 35.3 ± 0.7 60.4 ± 1.9 100 

KL2 

H2CO (90) < 0.02 

1.71 ± 0.04  

< 0.03 < 0.03 

HCN 93 ± 3 0.091 ± 0.008 0.16 ± 0.02 0.18 ± 0.02 

C2H2 (90) 0.05 ± 0.02 0.08 ± 0.03 0.10 ± 0.02 

NH3 (90) 0.33 ± 0.15 0.57 ± 0.26 0.67 ± 0.30 

H2O 90 ± 2 49.5 ± 1.8 84.7 ± 3.6 100 

22-Oct-2010 KL2 

H2CO (80) 0.019 ± 0.009 

1.65 ± 0.11 

0.03 ± 0.02 0.05 ± 0.02 

HCN 73 +6/-5 0.110 ± 0.004 0.18 ± 0.02 0.29 ±  0.01 

C2H2 (80) 0.026 ± 0.006 0.04 ± 0.01 0.07 ± 0.02 

NH3 (80) 0.21 ± 0.15 0.35 ± 0.25 0.56 ± 0.40 

H2O 80 +4/-2 37.7 ± 1.3 62.3 ± 4.7 100 

4-Nov-2010 

KL1d 

CH3OH 67 +6/-5 1.38 ± 0.09 

1.49 ± 0.04 

2.06 ± 0.14 2.73 ± 0.22 

C2H6 84 +11/-9 0.45 ± 0.02 0.67 ± 0.03 0.89 ± 0.05 

H2O 74 ± 3 50.5 ± 2.5 75.3 ± 4.3 100 

KL1e 

CH3OH 66 ± 6 1.91 ± 0.07 

1.49 ± 0.04 

2.84 ± 0.12 2.46 ± 0.10 

C2H6 81 +7/-5 1.01 ± 0.02 1.50 ± 0.05 1.30 ± 0.04 

H2O 74 ± 3 77.7 ± 1.5 116 ± 4 100 

KL2 

H2CO (74) < 0.01 

1.56 ± 0.04 

< 0.02 < 0.02 

HCN 72 +8/-7 0.19 ± 0.01 0.30 ± 0.02 0.29 ± 0.02 

C2H2 (74) 0.076 ± 0.008 0.12 ± 0.01 0.12 ± 0.01 

H2O 74 ± 3 64.7 ± 2.5 101 ± 4.6 100 

NH3 74 0.54 ± 0.09 0.84 ± 0.14 0.83 ± 0.14 

16-Nov-2010 KL2 

H2CO (67) < 0.05 

1.67 ± 0.16 

<0.09 < 0.06 

HCN (67) 0.17 ± 0.02 0.28 ± 0.04 0.19 ± 0.03 

C2H2 (67) < 0.04 < 0.07 < 0.05 



 
 

NH3 (67) 0.51 ± 0.04 0.85 ± 0.11 0.58 ± 0.08 

H2O 67 ± 5 87.8 ± 9.4 147 ± 21 100 

a) Values in parenthesis are assumed; b) calculated for a common rotational temperature of 65 K for the 761 
16th and 18th of September, 77 K for the 17th and 19th of October, 90 K for the 21st  of October, 80 K for the 762 
22nd of October, 74 K for the 4th of November, 67 K for the 16th of November; c) UT 11:00; d) UT 15:30; e) 763 
UT 11:00; f) UT 15:30. 764 
 765 
 766 

C/1999 H1 (Lee) 767 

Date Setting Molecule Trot
a

 

(K) 
Qnc 

b 
(x 1026 mol/s) Qscale Qtot 

(x 1026 mol/s) 
MRs 

(% w.r.t. H2O) 

19-Aug-1999 MW 
H2O (70) 675 ± 84 

2.06 ± 0.20 
1390 ± 220 100 

CO (70) 10 ± 2 20.6 ± 4.9 1.48 ± 0.37 

20-Aug-1999 

KL1 
CH3OH 59 ± 3 21.7 ± 0.9 

1.52 ± 0.04 
33.0 ± 1.6 3.20 ± 0.16 

C2H6 68 +7/-6 6.0 ± 0.2 9.12 ± 0.39 0.89 ± 0.04 

KL2 

H2CO (70) 1.6 ± 0.3 

1.52 ± 0.04 

2.45 ± 0.45 0.24 ± 0.04 

CH4 (70) 7.3 ± 0.6 11.1 ± 0.9 1.07 ± 0.09 

HCN 61 +11/8 1.26 ± 0.10 1.91 ± 0.16 0.19 ± 0.02 

C2H2 (70) 0.59 ± 0.15 0.89 ± 0.24 0.09 ± 0.04 

NH3 (70) 3.82 ±1.01 5.81 ± 1.54 0.56 ± 0.15 

KL1 + KL2 H2O 70 ± 2 678 ± 18 1.52 ± 0.04 1030 ± 39 100 

a) Values in parenthesis are assumed; b) calculated for a common rotational temperature of 70 K for all 768 
the dates. 769 
 770 
 771 

C/1999 S4 (LINEAR) 772 

Date Setting Molecule Trot
a

 

(K) 
Qnc 

b 
(x 1026 mol/s) Qscale Qtot 

(x 1026 mol/s) 
MRs 

(% w.r.t. H2O) 

13-Jul-2000 

KL1 

CH3OH (75) < 0.94 

1.47 ± 0.03 

< 1.38 < 0.13 

C2H6 (75) 0.55 ± 0.11 0.81 ± 0.16 0.11 ± 0.02 

CH4 (75) 1.00 ± 0.37 1.47 ± 0.55 0.20 ± 0.08 

H2O 75 ± 5 500 ± 32 735 ± 50 100 

KL2 

H2CO (75) < 0.32 

1.47 ± 0.03 

< 0.47 < 0.06 

CH4 (75) 0.76 ± 0.28 1.12 ± 0.04 0.23 ± 0.08 

HCN (75) 0.14 ± 0.04 0.20 ± 0.08 0.04 ± 0.01 

C2H2 (75) < 0.23 < 0.36 < 0.05 

NH3 (75) < 3.84 < 5.64 < 0.76 

H2O (75) 337 ± 26 495 ± 40 100 



 
 

MW 
H2O (75) 204 ± 45 

1.47 ± 0.03 
303 ± 56 100 

CO (75) 2.78 ± 0.89 4.11 ± 0.89 1.36 ± 0.53 

a) Values in parenthesis are assumed; b) calculated for a common rotational temperature of 75 K for all 773 
the dates. 774 
 775 
 776 

C/1999 T1 (McNaught-Hartley) 777 

Date Setting Molecule Trot
a

 

(K) 
Qnc 

b 
(x 1026 mol/s) Qscale 

Qtot 
(x 1026 
mol/s) 

MRs 

(% w.r.t. H2O) 

14-Jan-2001 

KL1 
CH3OH 57 +4/-3 18.1 ± 1.2 

1.52 ± 0.05 
27.6 ± 2.0 4.22 ± 0.69 

C2H6 65 +13/-9 4.67 ± 0.21 7.10 ± 0.39 1.09 ± 0.17 

KL2 

H2CO (60) < 0.88 

1.52 ± 0.05 

< 1.34 < 0.20 

HCN (60) 2.05 ± 0.93 3.11 ± 1.42 0.48 ± 0.23 

C2H2 (60) < 1.18 < 1.79 < 0.27 

NH3 (60) < 18.21 < 27.7 < 4.2 

MW-1 CO (60) 50 ± 10 1.52 ± 0.05 76 ± 15 11.5 ± 2.8 

KL1 + KL2 CH4 (60) 11.7 ± 6.8 1.52 ± 0.05 17.8 ± 10.3 2.73 ± 1.63 

KL1 + KL2 + MW H2O 60 ± 4 430 ± 65 1.52 ± 0.05 654 ± 100 100 

5-Feb-2001 

KL1 
CH3OH 49 ± 3 9.85 ± 0.84 

1.54 ± 0.22 
15.2 ± 2.5 3.41 ± 0.45 

C2H6 41 ± 5 2.87 ± 0.33 4.43 ± 0.81 0.99 ± 0.15 

KL2 

H2CO (52) 0.40 ± 0.13 

1.54 ± 0.22 

0.62 ± 0.22 0.14 ± 0.05 

HCN 56 ± 8 0.42 ± 0.06 0.65 ± 0.13 0.15 ± 0.03 

C2H2 (52) 0.80 ± 0.18 1.23 ± 0.32 0.27 ± 0.07 

NH3 (52) < 3.18 < 4.89 < 1.1 

H2O 52 +7/-8 289 ± 29 445 ± 78 100 

6-Feb-2001 MW 
H2O (52) 308 ± 50 

1.54 ± 0.22 
474 ± 103 100 

CO (52) 73 ± 16 112 ± 30 23.7 ± 6.5 

a) Values in parenthesis are assumed; b) calculated for a common rotational temperature of 60 K for the 778 
14th of January and 52 K for the 5th and 6th of February. 779 
 780 
 781 

C/2000 WM1 (LINEAR) 782 

Date Setting Molecule Trot
a

 

(K) 
Qnc 

b 
(x 1026 mol/s) Qscale Qtot 

(x 1026 mol/s) 
MRs 

(% w.r.t. H2O) 

23-Nov-2001 KL1 

CH3OH 56 ± 3 3.37 ± 0.18 

1.54 ± 0.04 

5.18 ± 0.30 1.78 ± 0.21 

C2H6 61 +6/-5 1.12 ± 0.04 1.73 ± 0.08 0.59 ± 0.07 

H2O 70 ± 3 189 ± 20 291 ± 32 100 



 
 

KL2 

H2CO (70) < 0.07 

1.54 ± 0.04 

< 0.11 < 0.03 

CH4 (70) 0.78 ± 0.09 1.19 ± 0.15 0.33 ± 0.04 

HCN 69 +8/-6 0.45 ± 0.04 0.69 ± 0.07 0.19 ± 0.02 

C2H2 (70) 0.14 ± 0.08 0.22 ± 0.01 0.06 ± 0.03 

NH3 (70) < 1.01 < 1.55 < 0.42 

H2O 70 ± 3 239 ± 14 368 ± 24 100 

24-Nov-2001 

KL1 
CH3OH 54 +4/-3 2.03 ± 0.16 

1.62 ± 0.05 
3.30 ± 0.27 1.12 ± 0.10 

C2H6 69 +8/-7 0.89 ± 0.03 1.44 ± 0.07 0.49 ± 0.02 

KL2 

H2CO (78) 0.12 ± 0.05 

1.62 ± 0.05 

0.20 ± 0.08 0.07 ± 0.03 

CH4 (78) 0.87 ± 0.07 1.41 ± 0.13 0.48 ± 0.04 

HCN 72 ± 5 0.40 ± 0.03 0.65 ± 0.06 0.22 ± 0.02 

C2H2 (78) 0.12± 0.07 0.20 ± 0.11 0.07 ± 0.04 

NH3 (78) < 0.96 < 1.55 < 0.52 

KL1 + KL2 H2O 78 ± 5 182 ± 6 1.62 ± 0.05 294 ± 14 100 

MW 
CO 78 2.09  ± 0.87 

1.62 ± 0.05 
3.39 ± 1.42 0.69 ± 0.30 

H2O 78 305 ± 32 494 ± 54 100 

a) Values in parenthesis are assumed; b) calculated for a common rotational temperature of 70 K for the 783 
23rd of November and 78 K for the 24th of November. 784 

 785 
 786 

C/2001 A2 (LINEAR) 787 

Date Setting Molecule Trot
a

 

(K) 
Qnc 

b 
(x 1026 mol/s) Qscale Qtot 

(x 1026 mol/s) 
MRs 

(% w.r.t. H2O) 

9-Jul-2001 

KL1 
CH3OH 82 ± 4 9.27 ± 0.31 

1.60 ± 0.03 
14.5 ± 0.56 5.1 ± 0.6 

C2H6 86 ± 5 5.84 ± 0.10 9.11 ± 0.24 3.20 ± 0.34 

KL2 

H2CO (85) 0.14 ± 0.05 

1.60 ± 0.03 

0.23 ± 0.08 0.08 ± 0.03 

CH4 (85) 2.86 ± 0.45 4.74 ± 0.75 1.67 ± 0.31 

HCN 66 +7/-8 0.52 ±0.05 0.86 ± 0.09 0.30 ± 0.04 

C2H2 (85) 0.25 ±0.07 0.41 ± 0.11 0.14 ± 0.04 

NH3 (85) < 1.03 < 1.73 < 0.61 

KL1 + KL2 H2O 85 ± 5 189 ± 19 1.60 ± 0.03 284 ± 29 100 

10-Jul-2001 

KL1 
CH3OH 82 +5/-6 7.19 ± 0.28 

1.50 ± 0.03 
10.6 ± 0.5 3.8 ± 0.3 

C2H6 82 ± 4 4.84 ± 0.11 7.16 ± 0.25 2.57 ± 0.19 

KL2 

H2CO (85) < 0.08 

1.50 ± 0.03 

< 0.11 < 0.04 

CH4 (85) 3.38 ± 0.28 5.10 ± 0.44 1.83 ± 0.20 

HCN 67 +5/-4 0.55 ± 0.03 0.84 ± 0.05 0.31 ± 0.04 



 
 

C2H2 (85) 0.25 ± 0.04 0.38 ± 0.06 0.14 ± 0.02 

NH3 (85) < 0.95 < 1.42 < 0.51 

KL1 + KL2 H2O 85 ± 5 185 ± 12 1.50 ± 0.03 278 ± 18 100 

MW 
H2O (85) 194.4 ± 50.7 

1.50 ± 0.03 
293 ± 77 100 

CO (85) 6.00 ± 0.6 9.0 ± 2.0 3.07 ± 0.96 

a) Values in parenthesis are assumed; b) calculated for a common rotational temperature of 85 K for all 788 
the dates. 789 
 790 
 791 

C/2004 Q2 (Machholz) 792 

Date Setting Molecule Trot
a

 

(K) 
Qnc 

b 
(x 1026 mol/s) Qscale 

Qtot 
(x 1026 
mol/s) 

MRs 

(% w.r.t. H2O) 

28-Nov-2004 

KL1 
CH3OH 61 +3/-4 18.88 ± 1.24 

1.52 ± 0.05 
28.7 ± 2.1 4.08 ± 0.39 

C2H6 91 +16/-12 6.33 ± 0.29 9.62 ± 0.54 1.37 ± 0.11 

KL2 

H2CO (85) 0.50 ± 0.22 

1.52 ± 0.05 

0.75 ± 0.34 0.11 ± 0.05 

CH4 (85) 8.29 ± 0.45 12.6 ± 0.80 1.79 ± 0.16 

HCN 94 +6/-5 1.51 ± 0.14 2.30 ± 0.23 0.33 ± 0.04 

C2H2 (85) 0.62 ± 0.29 0.94 ± 0.44 0.13 ± 0.06 

NH3 (85) < 6.03 < 9.16 < 1.3 

KL1 + KL2 H2O 85 ± 4 463 ± 32 1.52 ± 0.05 704 ± 54 100 

MW 
H2O (85) 490 ± 45 

1.52 ± 0.05 
745 ± 73 100 

CO 79 ± 6 23.66 ± 2.39 36 ± 4 4.83 ± 0.66 

19-Jan-2005 

KL1 

CH3OH 71 +2/-1 27.9 ± 0.6 

1.53 ± 0.02 

42.6 ± 1.0 1.77 ± 0.06 

C2H6 90 +12/-10 10.30 ± 0.32 15.8 ± 0.53 0.65 ± 0.03 

H2O 80 ± 4 1578 ± 42 2410 ± 71 100 

KL2 

H2CO (80) 1.05 ± 0.12 

1.64 ± 0.04 

1.72 ± 0.20 0.061 ± 0.008 

CH4 (80) 21.07 ± 0.62 34.6 ± 1.3 1.23 ± 0.07 

HCN 89 +5/-4 2.53 ± 0.09 4.16 ± 0.18 0.15 ± 0.01 

C2H2 (80) 1.15 ± 0.14 1.89 ± 0.24 0.067 ± 0.009 

NH3 (80) 4.12 ± 0.12 6.75 ± 0.25 0.24 ± 0.01 

H2O (80) 1713 ± 84 2810 ± 154 100 

a) Values in parenthesis are assumed; b) calculated for a common rotational temperature of 85 K for the 793 
28th of November and 80 K for the 19th of January. 794 
 795 
 796 

C/2007 N3 (Lulin) 797 



 
 

Date Setting Molecule Trot
a

 

(K) 
Qnc 

b 
(x 1026 mol/s) Qscale Qtot 

(x 1026 mol/s) 
MRs 

(% w.r.t. H2O) 

31-Jan-2009 KL2 

H2CO (68) 0.81 ± 0.13 

1.64 ± 0.06 

1.33 ± 0.21 0.15 ± 0.02 

CH4 59 +4/-5 7.20 ± 0.26 11.8 ± 0.6 1.29 ± 0.06 

HCN 67 +7/-6 0.77 ± 0.07 1.27 ± 0.12 0.14 ± 0.01 

C2H2 (68) 0.46 ± 0.09 0.76 ± 0.15 0.08 ± 0.02 

NH3 (68) < 1.54 < 2.53 < 0.28 

H2O 68 ± 4 556 ± 19 912 ± 46 100 

1-Feb-2009 

KL1 

CH3OH 57 ± 3 34.59 ± 1.18 

1.48 ± 0.01 

51.2 ± 1.78 3.82 ± 0.15 

C2H6 77 +13/-10 7.20 ± 0.30 10.7 ± 0.44 0.80 ± 0.04 

H2O 65 ± 1 906 ± 16 1340 ± 25 100 

NH3 (65) 2.44 ± 1.41 3.62 ± 2.06 0.27 ± 0.16 

MW 
H2O 63 ± 2 1427 ± 27 

1.64 ± 0.11 
2340 ± 163 100 

CO 77 ± 11 37.8 ± 2.0 62.3 ± 5.3 2.66 ± 0.15 

a) Values in parenthesis are assumed; b) calculated for a common rotational temperature of 68 K for the 798 
31st of January, 65 K for the 1st of February KL1 setting, 63 K for the 1st of February MW setting. 799 
 800 

C/2007 W1 (Boattini) 801 

Date Setting Molecule Trot
a

 

(K) 
Qnc 

b 
(x 1026 mol/s) Qscale Qtot 

(x 1026 mol/s) 
MRs 

(% w.r.t. H2O) 

9-Jul-2008 

KL1 
CH3OH 83 +5/-4 3.38 ± 0.12 3.48 ± 0.10 11.7 ± 0.5 4.28 ± 0.22 

C2H6 80 ± 3 1.58 ± 0.04 1.63 ± 0.10 2.58 ± 0.17 0.92 ± 0.07 

KL2 

H2CO (83) < 0.03 1.63 ± 0.10 < 0.05 < 0.02 

HCN 84 +7/-6 0.38 ± 0.01 

1.63 ± 0.10 

0.61 ± 0.04 0.22 ± 0.02 

C2H2 (83) 0.21 ± 0.02 0.34 ± 0.04 0.13 ± 0.02 

NH3 (83) 1.27 ± 0.20 2.07 ± 0.36 0.76 ± 0.14 

KL1 + KL2 
CH4 (83) 1.41 ± 0.20 1.63 ± 0.10 2.30 ± 0.34 0.78 ± 0.15 

H2O 83 ± 4 78 ± 2 3.48 ± 0.10 272 ± 11 100 

10-Jul-2008 

KL1 
CH3OH 83 +5/-4 2.92 ± 0.08 3.48 ± 0.10 10.4 ± 0.4 3.93 ± 0.25 

C2H6 78 +5/-4 1.44 ± 0.03 1.63 ± 0.10 2.59 ± 0.15 0.92 ± 0.07 

MW CO (83) 2.86 ± 0.36 1.63 ± 0.10 4.84 ± 0.7 1.83 ± 0.31 

KL1 + MW H2O (83) 76 ± 5 3.48 ± 0.10 264 ± 20 100 

a) Values in parenthesis are assumed; b) calculated for a common rotational temperature of 83 K for all 802 
the dates. 803 
 804 

C/2009 P1 (Garrad) 805 



 
 

Date Setting Molecu
le 

Trot
a

 

(K) 
Qnc 

b 
(x 1026 mol/s) Qscale Qtot 

(x 1026 mol/s) 
MRs 

(% w.r.t. H2O) 

13-Oct-2011 

KL1 

CH3OH 52 +5/-4 15.3 ± 2.6 

1.42 ± 0.15 

21.8 ± 4.4 2.13 ± 0.46 

C2H6 46 +8/-6 4.76 ± 0.27 6.76 ± 0.81 0.66 ± 0.09 

H2O 50 ± 2 719 ± 92 1020 ± 170 100 

KL2 

H2CO (50) < 0.31 

1.64 ± 0.08 

< 0.5 < 0.07 

CH4 (50) 5.57 ± 0.28 9.14 ± 0.64 1.22 ± 0.11 

HCN 71 +10/-8 1.50 ± 0.09 2.45 ± 0.19 0.33 ± 0.03 

C2H2 (50) < 0.31 < 0.5 < 0.07 

NH3 (50) 4.69 ± 3.68 7.69 ± 6.05 1.03 ± 0.81 

H2O 50 ± 2 456 ± 33 747 ± 65 100 

MW 
H2O (50) (456 ± 33)c 

1.86 ± 0.16 
847 ± 95 100 

CO (50) 35.13 ± 9.38 65.3 ± 18.3 7.71 ± 2.13 

9-Jan-2012 

KL1 
CH3OH 46 ± 5 11.1 ± 0.8 

1.70 ± 0.07 
18.9 ± 1.6 2.96 ± 0.52 

C2H6 60 +6/-7 3.76 ± 0.16 6.39 ± 0.37 1.00 ± 0.17 

KL2 

H2CO (60) < 0.25 

1.79 ± 0.11 

< 0.44 < 0.07 

CH4 (60) 6.90 ± 0.56 12.3 ± 1.3 1.84 ± 0.33 

HCN (60) 1.36 ± 0.12 2.44 ± 0.26 0.36 ± 0.07 

C2H2 (60) 0.67 ± 0.23 1.19 ± 0.42 0.18 ± 0.07 

NH3 (60) < 2.65 < 4.74 < 0.71 

KL1 + KL2 H2O 60 ±  2 375 ± 60 671 ± 115 100 

10-Jan-2012 

KL1 

CH3OH 43 +4/-3 9.7 ± 0.6 

1.69 ± 0.11 

16.4 ± 1.5 2.21 ± 0.21 

C2H6 57 +5/-4 2.77 ± 0.14 4.68 ± 0.39 0.63 ± 0.05 

H2O 60 ± 2 740 ± 31 743 ± 71 1250 ± 97 

KL2 

H2CO (60) < 0.34 

1.85 ± 0.09 

< 0.62 < 0.05 

CH4 (60) 5.09 ± 0.59 9.41 ± 1.19 0.76 ± 0.10 

HCN 57 ± 3 1.14 ± 0.14 2.10 ± 0.27 0.17 ± 0.02 

C2H2 (60) 1.00 ± 0.28 1.85 ± 0.53 0.15 ± 0.04 

NH3 (60) < 2.94 < 5.43 < 0.44 

H2O 60 ± 2 674 ± 48 1250 ± 107 1247 ± 108 

a) Values in parenthesis are assumed; b) calculated for a common rotational temperature of 50 K for the 806 
13th of October, 60 K for the 9th and 10th of January. the dates; c) assumed. 807 
 808 

C/2012 F6 (Lemmon) 809 



 
 

Date Setting Molecule Trot
a

 

(K) 
Qnc 

b 
(x 1026 mol/s) Qscale Qtot 

(x 1026 mol/s) 
MRs 

(% w.r.t. H2O) 

20-Jun-2013 

KL1 
CH3OH 45 +11/-8 10.36 ± 1.02 

1.63 ± 0.06 
16.9 ± 1.78 1.46 ± 0.20 

C2H6 50 ± 3 2.23 ± 0.21 3.63 ± 0.36 0.31 ± 0.04 

KL2 

H2CO (53) < 0.33 

1.63 ± 0.06 

< 0.54 < 0.05 

HCN 41 +10/-7 1.37 ± 0.21 2.24 ± 0.36 0.19 ± 0.04 

C2H2 (53) < 0.38 <  0.62 < 0.05 

NH3 (53) 4.10 ± 1.61 6.69 ± 2.64 0.58 ± 0.23 

KL1 + KL2 H2O 53 ± 3 441 ± 29 2.63 ± 0.14 1160 ± 97 100 

a) Values in parenthesis are assumed; b) calculated for a common rotational temperature of 53 K. 810 
 811 

C/2012 S1 (LINEAR) 812 

Date Setting Molecule Trot
a

 

(K) 
Qnc 

b 
(x 1026 mol/s) Qscale Qtot 

(x 1026 mol/s) 
MRs 

(% w.r.t. H2O) 

22-Oct-2013 KL1 

CH3OH (50) < 0.84 

1.72 ± 0.12 

< 1.45 < 1.66 

C2H6 (50) 0.27 ± 0.07 0.47 ± 0.13 0.54 ± 0.19 

H2O (50) 50± 12 86 ± 21 100 

24-Oct-2013 

KL1 

CH3OH (50) < 0.57 

1.61 ± 0.10 

< 0.91 < 1.21 

C2H6 (50) 0.20 ± 0.06 0.32 ± 0.01 0.43 ± 0.13 

H2O (50) 47 ± 2 76 ± 6 100 

MW 
H2O (50) 135 ± 46 

1.61 ± 0.10 
217 ± 75 100 

CO (50) < 3.41 < 5.48 < 2.52 

25-Oct-2013 KL2 

H2CO (53) < 0.11 

1.42 ± 0.22 

< 0.16 < 0.24 

CH4 (53) < 0.09 < 0.12 < 0.18 

HCN (53) < 0.07 < 0.09 < 0.14 

C2H2 (53) < 0.12 < 0.17 < 0.26 

NH3 (53) < 1.19 < 1.69 < 2.54 

H2O 53 ± 5 47 ± 13 67 ± 21 100 

7-Nov-2013 KL2 

H2CO (63) < 0.24 

1.98 ± 0.30 

< 0.48 < 0.10 

CH4 (63) 0.92 ± 0.12 1.82 ± 0.36 0.41 ± 0.06 

HCN (63) 0.21 ± 0.05 0.42 ± 0.12 0.09 ± 0.02 

C2H2 (63) 0.22 ± 0.11 0.44 ± 0.23 0.10 ± 0.05 

NH3 (63) < 1.52 < 3.01 < 0.68 

H2O 63 ± 4 222 ± 19 439 ± 76 100 



 
 

a) Values in parenthesis are assumed; b) calculated for a common rotational temperature of 50 K for the 813 
22nd and 24th of October, 53 K for the 25th of October and 63 K for the 7th of November. 814 
 815 

C/2013 R1 (Lovejoy) 816 

Date Setting Molecule Trot
a

 

(K) 
Qnc 

b 
(x 1026 mol/s) Qscale Qtot 

(x 1026 mol/s) 
MRs 

(% w.r.t. H2O) 

22-Oct-2013 

KL1 
CH3OH 57 +8/-7 3.82 ± 0.28 

1.60 ± 0.09 
6.11 ± 0.57 4.77 ± 0.42 

C2H6 62 +15/-10 0.91 ± 0.06 1.45 ± 0.13 1.14 ± 0.09 

KL2 

H2CO (58) < 0.38 

1.60 ± 0.09 

< 0.23 < 0.19 

CH4 (58) 0.85 ± 0.06 1.35 ± 0.12 1.06 ± 0.09 

HCN 70 ± 16 0.18 ± 0.07 0.30 ± 0.12 0.23 ± 0.09 

C2H2 (58) < 0.14 < 0.23 < 0.17 

NH3 (58) < 1.85 < 2.96 < 2.31 

KL1 + KL2 H2O 58 ± 4 80 ± 4 1.60 ± 0.09 128 ± 10 100 

24-Oct-2013 MW 
H2O (58) 80 ± 27 

1.60 ± 0.09 
128 ± 45 100 

CO (58) 7.48 ± 0.35 12.0 ± 0.88 9.32 ± 3.22 

25-Oct-2013 KL2 

H2CO (60) < 0.12 

1.63 ± 0.12 

< 0.19 < 0.05 

CH4 (60) 2.72 ± 0.08 4.44 ± 0.35 1.11 ± 0.07 

HCN 61 ± 3 0.66 ± 0.06 1.08 ± 0.13 0.27 ± 0.03 

C2H2 (60) 0.20 ± 0.06 0.32 ± 0.10 0.08 ± 0.02 

NH3 (60) 4.58 ± 1.38 7.47 ± 2.32 1.87 ± 0.57 

H2O 60 ± 2 245.63 ± 13.23 400 ± 37 100 

27-Oct-2013 

KL1 

CH3OH 55 +7/-6 5.06 ± 0.35 

1.50 ± 0.08 

7.60 ± 0.66 2.35 ± 0.23 

C2H6 58 ± 3 1.10 ± 0.07 1.65 ± 0.14 0.51 ± 0.05 

H2O 60 ± 2 215 ± 15 323 ± 28 100 

KL2 

H2CO (60) < 0.15 

1.50 ± 0.08 

< 0.22 < 0.15 

CH4 (60) 1.29 ± 0.02 1.94 ± 0.11 1.30 ± 0.15 

HCN 50 ± 5 0.22 ± 0.06 0.34 ± 0.10 0.22 ± 0.07 

C2H2 (60) < 0.11 < 0.17 < 0.11 

NH3 (60) < 1.52 < 2.29 < 1.54 

H2O 60 ± 2 99 ± 11 149 ± 19 100 

28-Oct-2013 KL2 

H2CO (65) < 0.13 

1.30 ± 0.07 

< 0.17 < 0.04 

CH4 (65) 4.24 ± 0.29 5.51 ± 0.48 1.31 ± 0.11 

HCN 62 +9/-7 0.72 ± 0.04 0.94 ± 0.08 0.22 ± 0.02 

C2H2 (65) 0.29 ± 0.06 0.38 ± 0.08 0.09 ± 0.02 



 
 

NH3 (65) 4.92 ± 1.35 6.40 ± 1.79 1.52 ± 0.42 

H2O 65 ± 2 324 ± 14 421 ± 29 100 

29-Oct-2013 

KL2 

H2CO (65) < 0.14 

1.67 ± 0.16 

< 0.24 < 0.08 

CH4 (65) 1.84 ± 0.11 3.08 ± 0.35 1.03 ± 0.08 

HCN 70 ± 8 0.49 ± 0.06 0.81 ± 0.13 0.27 ± 0.04 

C2H2 (65) < 0.13 < 0.22 < 0.07 

NH3 (65) < 1.89 < 3.16 < 1.06 

MW CO 56 +8/-7 14.24 ± 0.53 22.8 ± 1.31 7.94 ± 0.51 

MW + KL2 H2O 65 ± 3 179 ± 9 299 ± 32 100 

7-Nov-2013 KL2 

H2CO (73) 0.21 ± 0.05 

1.56 ± 0.05 

0.32 ± 0.08 0.08 ± 0.02 

CH4 (73) 3.55 ± 0.19 5.54 ± 0.34 1.38 ± 0.08 

HCN 69 ± 3 0.68 ± 0.05 1.07 ± 0.08 0.26 ± 0.02 

C2H2 (73) 0.18 ± 0.09 0.28 ± 0.13 0.07 ± 0.03 

NH3 (73) 2.95 ± 1.25 4.61 ± 1.96 1.14 ± 0.49 

H2O 73 ± 2 258 ± 8 402 ± 18 100 

a) Values in parenthesis are assumed; b) calculated for a common rotational temperature of 58 K for the 817 
22nd and 24th of October, 60 K for the 25th and 27th of October and 65 K for the 28th and 29th of October 818 
and 73 K for the 7th of November. 819 
 820 


