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ISM-Solar System Isotopic Connection? 
Primitive material = comets, asteroids, meteorites, IDPs  
Isotopic fractionation a remnant of cold interstellar chemistry ?  



OVERVIEW     

•  Isotopic evidence for a comet-ISM connection 

•  Interstellar chemistry in comets 

•  Interstellar precursors of meteoritic organics 



Interstellar ices and dust  

in protoplanetary disks   



Crovisier et al.  (1997)	


Comet Dust 



 D/H IN THE SOLAR SYSTEM 

Cometary isotopes measurements 3

Fig. 1 D/H ratio in the water of comets compared to values in carbonaceous meteorites
(CI), Earth’s oceans (VSMOW), and Enceladus. Displayed data for planets, the interstellar
medium, and the protosolar nebula refer to the value in H2. From Lis et al. (2013).

Using the new high resolution Cryogenic Infrared Echelle Spectrograph
(CRIRES) of the ESO VLT, Villanueva et al. (2009) observed in early 2008
the HDO ro-vibrational transitions near 3.7 µm in the Halley-family comet
8P/Tuttle originating from the Oort cloud. Twenty three lines were co-added
to get a marginal detection of HDO, from which a formal value of D/H of (4.09
± 1.45) × 10−4 was derived.

In cometary atmospheres, water photodissociates into mainly OH and H.
The OD/OH ratio was measured to be (2.5 ± 0.7) × 10−4 in the Oort-Cloud
comet C/2002 T7 (LINEAR) through ground-based observations of the OH
A 2Σ+ – X 2Πi ultraviolet bands at 310 nm obtained with the Very Large
Telescope (VLT) feeding the Ultraviolet-Visual Echelle Spectrograph (UVES)
(Hutsemékers et al., 2008). No individual OD line was detected, but a marginal
3σ detection of OD was obtained by co-adding the brightest lines. Atomic
deuterium (D) emission was also discovered during ultraviolet observations
of comet C/2001 Q4 (NEAT) in April 2004 using the Space Telescope Imag-
ing Spectrograph (STIS) of the Hubble Space Telescope (Weaver et al., 2008).

Adapted from Bockelee-Morvan et al. (2015) 

67P        
X 

Cometary water 



 D/H:  COMETS vs. ISM 

Charnley & Rodgers (2008) 
See also Bockelee-Morvan et al. (2015) 



ISM 

14N/15N in the Solar System 

Adapted from Mumma & Charnley (2011) 

Measured in > 20 comets 

NH3 Comets 



Isotopes of Nitrogen and Carbon in Comets:  CN 
Adapted from Manfroid et al. 2009 

    Nebular vs. Interstellar?   

 Levison et al. (2010):  ~90% of Oort Cloud comets captured from stars in Sun’s birth cluster?  



Ion-Molecule Fractionation Chemistry 

e.g. Barnard 68 

Dense, starless/prestellar cores   
 (n~105 cm-3, T ~10K, CO depletion) 

Terzieva & Herbst (2000)	


Roberts et al. (2003)	
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(Lada et al. 2004)    



`hotspots’:  
 14N/15N~50-170 + D-rich 

D-rich + 15N-poor 
15N-rich + D-poor 

Meteorites & IDPs: 

(TERRESTRIAL 14N/15N~270) 

PROTOSOLAR  14N/15N~440 

Present in the Insoluble and Soluble Organic Material  

Problems:      1) origin of the fractionation 
                      2) nature of the carrier(s):   
                               - nitrile or amine? 
                               - aliphatic or aromatic? 

15N Fractionation in Meteorites 



      Interstellar Origin for Cometary 14N/15N Ratios ? 

Wirstroem et al. (2012) 
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Necessary if ~90% of Oort Cloud comets from extrasolar systems (Levison et al. 2010)  
 and/or outer Solar nebula shielded from cosmic rays (Cleeves et al. 2014). 



14N/15N Ratios in Dark Clouds circa 2010 

Milam & Charnley (2010) 



Adande et al.  (2016a & b) 

14N/15N in Amines & Nitriles & N2 

NH3 

N2H+ 

HCN 

HNC 



Observed 14N/15N Ratios in Molecular Clouds 

Adapted from Wirstroem et al.  (2015) 

14NH
3

/15NH
3

Ratios in Dense Clouds 9

TABLE 5
INTERSTELLAR NITROGEN ISOTOPE RATIOS

Source Type NH
3

N
2

H+§ HCN HNC CN Reference
L1544 dark core >700 1000±200 69-154 >27 500±75 4,1,3,3,9

1000±200 140-360 1,2
L1498 dark core 619±100 ... >75 >90 500±75 3,3,3,9

>813 5
L1521E dark core ... ... 151±16 ... ... 5
L1521F dark core 539±118 ... >51 24-31 ... 3,3,3

L1262-core dark core 356±107 >450 ... ... ... 3,3
>450 3

L183 dark core 530±570

180

... 140-250 ... ... 4,2
NGC 1333-DCO+ dark core 360±260

110

... ... ... ... 4

NGC 1333-4A Class 0 protostar 344±173 ... ... ... ... 6
>270 4

B1 Class 0 protostar 300 >600 165 75 240 10,10,10,10,9
334±50 400 6,10

L1689N Class 0 protostar 810±600

250

... ... ... ... 4
Cha-MMS1 Class 0 protostar ... ... ... 135 ... 7

IRAS 16293A Class 0 protostar ... ... 163±20 242±32 ... 13
R Cr A IRS7B Class 0 protostar ... ... 287±36 259±34 ... 13

OMC-3 MMS6 Class 0 protostar ... ... 366±86 460±65 ... 13
L1262-YSO Class I protostar 453±247 >430 ... ... ... 3,3

>430 3

Several Massive starless cores ... 65-1100 ... ... 330-400 15,15
180-1034# 15

Orion-KL Hot Core Massive protostar 170±140

80

... ... ... ... 16
Several Massive protostars ... 190-1000 ... ... 190-450 15,15

180-1300 15
Several Ultracompact HII regions ... 320-900 ... ... 230-430 15,15

350-700 15

Comets JFC & Oort Cloud 127‡ ... 139±26 ... 135-170† 11,12,8

References: (1) Bizzocchi et al. (2013); (2) Hily-Blant et al. (2013a); (3) Milam & Charnley (2012), Adande et al. (2016); (4) Gerin et al. (2009); (5) Ikeda et
al. (2002); (6) Lis et al. (2010); (7) Tennekes et al. (2006); (8) Hutsemékers et al. (2008); (9) Hily-Blant et al. (2013b); (10) Daniel et al. (2013), lower limit is
for the 15NNH+ isotopologue ; (11) Rousselot et al. (2014); (12) Bockelée-Morvan et al. (2008); (13) Wampfler et al. (2014); (15) Fontani et al. (2015) ; (16)
Hermsen et al. (1986)
§ In each N

2

H+ entry the uppermost value is for the 15NNH+ isotopologue. # Larger value is a lower limit. † This range can be taken as a surrogate for the
HCN ratio, however in comets there may be additional sources of CN (see Mumma & Charnley 2011). Only 2 measurements have been made for in HCN itself,
in OC comets Hale-Bopp and 17P/Holmes. ‡ ‘Average’ based on optical observations of NH

3

daughter molecule NH
2

in an ensemble of comets.

XX XXXX



An ion-molecule origin for  14N/15N ratios in comets? 

•   14N/15N nitrile ratios most enriched as observed in ISM and comets 

•   Low 15N enrichment/depletion in interstellar NH3 possibly a time-dependent effect 

•   Depletion of 15N in N2H+ a problem -  models only predict ISM enrichment 

•   Observed 15N enrichment  in cometary NH3 not reproduced 

•   Roueff et al. (2015) now calculate barriers for the key processes: 

•   Isotope-selective photodissociation of N2 inefficient in dark cores (Heays et al. 2014);    
 …. probably also in nebula? 

•   Models need to be re-evaluated (Wirstroem & Charnley 2016) 
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Interstellar and Cometary Ices 

From  Mumma & Charnley 2011 



Bockelée-Morvan et al. 2004.   
Mumma & Charnley 2011 

Molecules in the Coma 
Recent observations indicate that  

(CH2OH)2, NH2CHO,  
HNCO, CH3CHO, HCOOH, 
CH2OHCHO, CH3CH2OH 
are probably common in comets. 

 Biver et al. (2014, 2015) 

A&A proofs: manuscript no. glycol2comets_g

3.2. Abundances of other complex molecules

Using the method outlined in Sect. 3, we searched for a number
of CHO-bearing molecules in the spectra of comets Lemmon
and Lovejoy. Production rates, or upper limits, were determined
assuming the local thermodynamical equilibrium, and the corre-
sponding abundances relative to water are displayed in Table 3.
Formic acid (HCOOH) is detected in comet Lovejoy (more than
6 lines with a S/N >3), but not in comet Lemmon. Acetalde-
hyde (CH3CHO) is detected at the 4σ level in comet Lovejoy,
both at the end of November (average of 39 lines) and in De-
cember (45 lines) (Table 4). CH3CHO was previously detected
only in comet Hale-Bopp before (Crovisier et al. 2004b). Methyl
formate (CH3OCHO) and glycolaldehyde (CH2OHCHO) are
not detected, but significant upper limits are obtained. Methyl
formate and formic acid were detected in comet Hale-Bopp
(Bockelée-Morvan et al. 2000; Crovisier et al. 2004b). We also
include in Table 3 the abundances of HNCO and H2CO (Biver et
al. in preparation).

4. Discussion
Chemical diversity is observed in the population of Oort Cloud
comets, with abundances varying by up to a factor of ten for
several simple species such as CO, CH3OH, H2S, CS, and hy-
drocarbons (e.g., Bockelée-Morvan 2011). The origin of this di-
versity is unclear and might reflect comet formation at different
places and times in the early solar system. The abundances of
ethylene glycol and formamide in comets Lemmon and Lovejoy
are remarkably similar to the values measured in comet Hale-
Bopp (Table 3). Conversely, HNCO and CO are depleted by a
factor of 4–5 in both comets with respect to Hale-Bopp, whereas
HCOOH is depleted in comet Lemmon and not in Lovejoy, and
acetaldehyde is enhanced in Lovejoy.

The comparison of cometary abundances with those mea-
sured around protostars can shed light on the processes respon-
sible for the formation of complex molecules in protoplane-
tary disks. It is important to decipher the role of grain-surface
chemistry and radiation processing versus gas-phase chemistry
(Walsh et al. 2014). As discussed by Crovisier et al. (2004a)
and Walsh et al. (2014), an important issue is the now con-
firmed high abundance of ethylene glycol in comets, which is
at least 5–6 times higher than that of the chemically related
species CH2OHCHO (glycolaldehyde) (Table 3). By contrast,
both molecules are observed in similar abundances in the hot
core Sgr B2(N) (Hollis et al. 2002), and tentatively in the Class
0 solar-type binary protostar IRAS 16293–2422, where ethy-
lene glycol relative to glycolaldehyde is 0.3–0.5 (Jørgensen et al.
2012). In IRAS 16293–2422, the glycolaldehyde lines have their
origin in the warm (200–300 K) gas close to binary components
(Jørgensen et al. 2012). Similarly, ethylene glycol, together with
other complex molecules is found to originate from a warm re-
gion of radius∼ 60 AU in the Class 0 source NGC 1333-IRAS2a.
Hence, this supports a scenario where these two molecules are
released into the gas phase by the sublimation of grain man-
tles. From laboratory experiments, Öberg et al. (2009) showed
that both molecules are produced by UV-irradiation of methanol
ices mixed with CO, with the amount of ethylene glycol relative
to glycolaldehyde increasing with decreasing CO content and
being sensitive to the temperature. This suggests that complex
molecules found in cometary ices might have been formed from
the irradiation of CO-poor ices. We note, however, that there is
no correlation between the CO and ethylene glycol abundances
in comets (Table 3).

Table 3. Abundances relative to water

Molecule Abundance (%)
C/1995 O1a C/2012 F6 C/2013 R1
(Hale-Bopp) (Lemmon) (Lovejoy)

HCN 0.25 0.14 0.16
CO 23 4.0b 7.2c
H2CO 1.1 0.7c 0.7c
CH3OH 2.4 1.6 2.6
HCOOH 0.09 < 0.07 0.12
(CH2OH)2 0.25 0.24 0.35
HNCO 0.10 0.025c 0.021c
NH2CHO 0.02 0.016 0.021
HCOOCH3 0.08 < 0.16 < 0.20
CH3CHO 0.025 < 0.07 0.10
CH2OHCHO < 0.04 < 0.08 < 0.07

Notes. (a) Bockelée-Morvan et al. (2000); Crovisier et al. (2004a,b).
(b)Paganini et al. (2014).(c) Biver et al. in preparation.

Formamide, the simplest amide, may have been the starting
point for prebiotic synthesis (Saladino et al. 2012). Formamide
has recently been detected in the Class 0 source IRAS 16293–
2422, with an abundance 10 times lower than the Hale-Bopp
value (Kahane et al. 2013). Several formation routes are pro-
posed for NH2CHO in protoplanetary disks (Kahane et al. 2013;
Walsh et al. 2014). Grain-surface chemistry satisfactorily ex-
plains the NH2CHO abundance relative to water measured in
cometary ices, as well as that of most CHO-bearing species de-
tected in comets (excluding ethylene glycol; Walsh et al. 2014).

In summary, the new measurements presented here show that
the high abundance of ethylene glycol is most likely a specific
property of comets. Molecules present in cometary ices could
have formed by a wealth of chemical processes, which will hope-
fully be better constrained in the coming years by the combina-
tion of new observations, models, and laboratory works.
Acknowledgements. This research has been supported by the Programme na-
tional de planétologie de l’Institut des sciences de l’univers (INSU).
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Charnley & Rodgers (2008) 

Atom Addition Reactions on Cold Dust 

Both ISM & comets 

ISM only  



Isotopes: 13C Labelling 
Cold gas: 

Dust formation and post-evaporation gas formation 

13C+   +  12CO           12C+   +  13CO 
Langer et al. (1984) 



Posterior Isotopic Labelling 

Charnley et al. (2004)  



12C/13C Observed in  CO, CO2, H2CO and CH3OH 

Wirstroem et al. (2011) CH3OH 

Measured in  massive protostellar cores  (Onsala, ARO): 
AFGL 2591, NGC 7538 IRS1 &IRS9, S140 IRS1, NGC 2264 IRS1, 
DR 21(OH), W51 e1/e2   

Boogert et al. (2000, 2002): CO & CO2 ice with ISO 

Wirstroem et al. (in prep.): H2CO 



D and C isotopic fractionation in the Murchison meteorite 

After Cronin & Chang (1993)   



1    D-Aspartic Acid 
2    L-Aspartic Acid 
3    L-Glutamic Acid 
4    D-Glutamic Acid 
5    D,L-Serine 
6    Glycine 
7    β-Alanine 
8    γ-Amino-n-butyric Acid (γ-ABA) 
9    D,L-β-Aminoisobutyric Acid (β-AIB) 
10  D-Alanine 
11  L-Alanine 
12  D,L-β-Amino-n-butyric Acid (β-ABA) 
13  α-Aminoisobutyric Acid (AIB) 
14  D,L-α-Amino-n-butyric Acid (α-ABA) 
15  D,L-Isovaline 
16  L-Valine 
17  D-Valine 
X:   unknown 

Amino Acids in Meteorite 
Extracts 

Ehrenfreund et al. (2001)!

CM 

CM 

CI 

CI 



Interstellar Precursors of Meteoritic Organics? 

Strecker synthesis: 

Michael addition: 

Pizzarello  et al.  (2006)   

Aqueous phase reactions with H2O, NH3, HCN, CO, CO2, H2CO, CH3CHO, CH3COCH3, CH2CHCN  





Elsila et al.  (2012)   

Using D, 15N and 13C to Probe Amino Acid Origin 



•  For comet composition, good correlation with known interstellar 
molecules (but CH3OH low  etc. ) 

•  Ice CHO compositions both consistent with  grain chemistry at ~10K  

•  Isotopes suggest comets contain volatile materials with different 
thermal histories:   ~25-35K (D/H in water); ~10K (15N in HCN, CN 
and ammonia) 

•  Apparent retention of `interstellar’ chemical characteristics - variable 
    mixing and re-processing in the nebula (81P/Wild 2 vs. Hale Bopp vs. 

67P)  

•  Interstellar isotopic measurements may provide insight into the 
starting materials for a prebiotic chemistry initiated by comets and 
asteroids/meteorites 

ISM-Solar System Isotopic Connection? 
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