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OVERVIEW     

•  14N/15N ratios and Solar System   

•  Comets & meteorites: evidence for an  ISM link?   

•  Interstellar 15N fractionation: models and observations 

•  Summary and current issues 



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



 D/H IN THE SOLAR SYSTEM 

Adapted from Lis et al. (2013) 
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Processes affecting ISM fractionation 

in Proto-planetary Disks   



Nitrogen Isotopes in Solar System Objects 
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that are particularly relevant in the context of the measurements 
currently being made of Comet 67P/Churyumov-Gerasimenko by 
the Rosetta spacecraft instruments.

Nucleosynthesis of N isotopes and galactic evolution
The production paths of nitrogen isotopes and their corresponding 
rates are not fully understood15–17. 14N is produced during the cold 
CNO cycle in low to intermediate mass stars (Msolar < M < 7 Msolar), 
and is released to the ISM by dredge-up events during asymptotic 
giant branch (AGB) phases that terminate the lives of most stars 
(secondary production, where 14N is not produced directly from 
H and He nuclei). This isotope is also produced in the so-called 
hot CNO cycle that takes place in massive stars turning into AGBs 

during dredge-up from the carbon layer (primary production from 
3 alpha particles and two protons). During the cold CNO cycle 15N is 
destroyed, requiring other mechanisms such as 15N production dur-
ing the hot CNO cycle in novae and, possibly, neutrino spallation 
on 16O in type II supernovae, both secondary types of production. 
Consequently, a nucleosynthetic isotope composition cannot be 
predicted from theory, and estimates for the N isotope production 
in the Galaxy rely on (limited) observations.

In molecular clouds, the N isotope composition is mainly 
measured in CN, HCN, HNC, and, more recently, in NHD+ mol-
ecules17–22. For molecular N2, the signal-to-noise ratio is too low for 
a spectroscopic measurement. The data seem to define an isotope 
gradient with a decrease of 15N relative to 14N with increasing dis-
tance from the galactic centre (Fig. 1; refs 17,18). Because stars in 
the galaxy centre tend to be more metal-rich (where metallicity is 
the proportion of elements heavier than helium), secondary pro-
duction of  15N that presumably takes place in novae and superno-
vae should decrease more rapidly with galactocentric distance than 
the primary component of  14N production, in qualitative agree-
ment with the observation (Fig.  1). Strikingly, the Solar System, 
represented by the PSN value (see next subsection), does not fit 
the correlation. The observed offset could result from a localized 
N isotope evolution since the Solar System isolated nitrogen from 
the local ISM 4.56 billions years ago (Ga). However, a 14N/15N value 
of ≥400 has been proposed for the local ISM23 where the Sun was 
born, consistent with the solar ratio and implying little N isotope 
evolution with time. Alternatively, the apparent anomaly may be 
explained by the uncertainty in the data defining the correlation 
depicted in Fig. 1. CN or HCN, the molecules for which the nitro-
gen isotopic compositions are measured in dense cores, could have 
been isotopically fractionated with respect to the source composi-
tion, and may not be representative of the local ISM values. Indeed, 
measurements of the N isotope compositions in three starless, 
dense cores of the local ISM, either in NH3-NH+ (refs 20–22) or 
in HCN (Fig. 2), suggest that the nitrile formation path (leading to 
HCN and CNH) drastically enriches 15N compared with the amine 
path (NH compounds)19.

Remarkably, the order of magnitude variation of the nitrogen iso-
tope composition in the Solar System, defined by the most 15N-rich 
portion of the Isheyevo meteorite24 and the protosolar nebula 
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Figure 1 | Nitrogen isotope variation in molecular clouds from our galaxy 
as a function of distance from the galactic centre. Isotope compositions 
are given in both absolute 14N/15N ratios and δ15N values (deviation from the 
atmospheric 15N/14N ratio). The observed correlation (dashed line) appears 
to be consistent with secondary 15N production in massive stars. The total 
N isotope range within the Solar System (blue shading), defined by the most 
15N-rich hotspot in the Isheyevo meteorite24 (red diamond) and the PSN 
(yellow circle) composition31, is comparable to that in our galaxy. The range 
for the inner Solar System and comets are shown by dark blue and green 
boxes, respectively. Error bars indicate 1σ uncertainties. Data from refs 17,18.
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Figure 2 | Nitrogen isotope variations in Solar System objects and reservoirs. The value of the PSN (blue shading) is defined by the measurement of 
SW nitrogen collected by NASA’s Genesis mission30,31. Apart from the Sun, TiN (ref. 28), and the atmospheres of the giant planets26,27,43, all Solar System 
objects and reservoirs are significantly enriched in 15N compared with the PSN. Values determined for various N species in local and galactic molecular 
clouds17–22 are shown for comparison. Uncertainties of spectroscopic measurements are shown at the 1σ level. Note the nonlinear positive scale for the 
right-hand y axis. 
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Protosolar  14N/15N~440 
Terrestrial  14N/15N~270 

Interstellar   HC14N/HC15N~ <100-400 

Disks HC14N/HC15N~ 80-160 

Comets:  HCN & CN ~ 120-250 

Meteorites  14N/15N~100-300 



14N/15N in the Solar System 

Bockelee-Morvan et al. (2015) 

D. Bockelée-Morvan et al.

Fig. 2 N isotope measurements in primitive matter of the Solar System, given either as 14N/15N ratios or
δ15N values (δ15N = (14N/15N)/(14N/15N)Earth − 1). Shown are the protosolar value measured by the
Genesis mission (Marty et al. 2011), values in HCN and CN for comet 17P/Holmes (Bockelée-Morvan et al.
2008), comet Hale-Bopp (Arpigny et al. 2003; Bockelée-Morvan et al. 2008) and other comets (Jehin et al.
2009), in NH3 from NH2 observations (Rousselot et al. 2014; Shinnaka et al. 2014b), in dust particles of
comet 81P/Wild 2 collected by the Stardust mission (McKeegan et al. 2006), in interplanetary dust particles
IDPs (Floss et al. 2006), and in the insoluble organic matter (IOM) in carbonaceous meteorites (Busemann
et al. 2006). So-called hotspots are regions that present strong isotopic enrichments relative to the surrounding
material. 13C hotspots refer to 81P/Wild 2 submicrometre grains enriched in 13C with respect to the terrestrial
12C/13C ratio and depleted in 15N. Points with error bars correspond to single measurements. When many
measurements are available, ellipses encompassing the range of measured values are drawn. Adapted from
Bockelée-Morvan (2011)

(HIRES) at Keck, the High Dispersion Spectrograph (HDS) at Subaru and the 2D Coudé at
the Harlan telescope at the McDonald Observatory (Table 2). They provided measurements
of 14N/15N for comets of various origins (new Oort-cloud comets, Halley type comets, and
Jupiter family comets), for comets at various heliocentric distances (from 0.6 AU to 3.7 AU),
at different distances from the nucleus, during comet outbursts or splitting events (Jehin et al.
2004; Manfroid et al. 2005; Hutsemékers et al. 2005; Jehin et al. 2006, 2008, 2009; Man-
froid et al. 2009; Jehin et al. 2011; Decock et al. 2014). All the measurements are providing
the same value for the nitrogen ratio within the errors but one comet, the carbon poor and
split comet 73P/Schwassmann-Wachmann 3 (Jehin et al. 2008; Shinnaka et al. 2011). Whilst
the value for the 12C/13C ratio (see Sect. 2.3.1), derived from C2, CN and HCN, is in very
good agreement with the solar and terrestrial value of 89, the nitrogen isotopic ratio, derived
from CN and HCN, is very different from the telluric value of 272. The large 15N excess in
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Figure 11
The relationship of the 14N/15N ratio in CN and the NH3 ortho-para ratio (OPR) (Shinnaka et al. 2011). Thirteen comets share a
common OPR for NH3 and a common enrichment factor for 15N in CN. 73P/SW3-B and -C differ greatly, in both parameters (see
Sections 4 and 5.2).

falls near 22K. The two fragments (B and C) of the ecliptic comet 73P/SW3 display OPRs that
represent statistical equilibrium, and thus spin temperatures that are quite high—in distinct con-
trast with the other 7 comets.

The ortho-para-meta spin isomers of CH4 were measured in NICs C/2001 Q4 (NEAT)
(Kawakita et al. 2005) and C/2004 Q2 (Machholz) (Bonev et al. 2009). Spin isomers in methane
can be sampled from the ground (rarely) for comets with very large Doppler shift, but were
inconclusive in a sample of 10 comets, excepting C/2001 Q4 for which Tspin for CH4 (33 +2/–1 K)
agrees with values for NH3 (31 +4/–2 K), and H2O (31 +11/–4 K) (Kawakita et al. 2006). A single
measurement of methanol spin states in a comet (Hale-Bopp) has placed a lower limit on the spin
temperature of >15–18 K (Pardanaud et al. 2007). Buntkowsky et al. (2008) proposed that subli-
mation phenomena may control the OPR of H2O, but similar arguments have not been examined
for NH3 or CH4. It is difficult to imagine a mechanism (other than formation) that can produce
such dissimilar OPR values for three primary species, yet produce the same spin temperature.

The comparison of NH2 spin ratios with the 14N/15N ratio in CN (Shinnaka et al. 2011)
demonstrates that 13 of 15 comets share a common OPR for NH3 and a common enrichment of
15N in CN (73P/SW3-B and -C differ greatly, in both parameters) (Figure 11, and Section 5.2).
This sameness raises additional issues, because CN has both primary (e.g., HCN, CH3CN, etc.)
and unknown precursors in some comets (see the review by Fray et al. 2005). The dominant
primary nitrile (HCN) is regularly quantified with radio and IR spectroscopy, and its production
rate is sometimes much smaller than that of CN. The correlation of jets seen in CN and continuum
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C14N/C15N in Comets: Oort Cloud & JFCs 

Adapted from Shinnaka et al. (2011) 



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?  



`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 
Isotopic anomalies in primitive materials –   

               15N/D hotspots 
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IDP’s (Messenger+03) 

Not always spatially correlated – 
different functional groups? 

IAU	Astrochemistry	VII,	Puerto	Varas,	2017	

Eva	Wirström	
N	fracDonaDon	in	SFRs	and	primiDve	SS	

Busemann et al. (2006) 

Duprat et al. (2014) 
Van Kooten et al. (2017) 



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)

15N + 14N2H
+ *) 14N + 15N14NH+ (1)

*) 14N + 14N15NH+ (2)

15N + HC14NH+ *) 14N + HC15NH+ (3)

15N+ + 14N2 *) 14N+ + 14N15N (4)

15N + C14NC+ *) 14N + C15NC+ (5)

H+
3 + HD *) H2D

+ + H2 (6)
H2D

+ + HD *) D2H
+ + H2 (7)

D2H
+ + HD *) D+

3 + H2 (8)

3

(Lada et al. 2004)    



Interstellar 15N Chemistry 

Terzieva & Herbst (2000); Wirstrom et al. (2012) 



15N Fractionation – Two Routes 

Requires  high initial atomic N abundance and  
                     N  +  CN               C  +  N2 X

Rodgers & Charnley (2008) 
Hily-Blant et al. (2013) 



      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). 



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

•   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) calculate barriers for the key processes: 

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

•   Models need to be re-evaluated  
        (Wirstrom & Charnley 2017) 
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H+
3 + HD *) H2D

+ + H2 (6)
H2D

+ + HD *) D2H
+ + H2 (7)
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So, where are we?  

•  Growing database of cometary 14N/15N ratios in CN and NH2  
interspersed with a few HCN measurements  

•  Laboratory analyses demonstrating interesting correlations and 
anti-correlations in14N/15N ratios wrt to enrichments, potential 
carriers,  and to other isotopes (D). 

•  Interstellar fractionation theory is in trouble.  

•  We have a recent surge in astronomical observations of 14N/
15N ratios in clouds and disks. Multi-molecular studies may 
provide insights into fractionation mechanisms   



Adande et al.  (2017a & b) 

14N/15N in Amines & Nitriles & N2 

NH3 

N2H+ 

HCN 

HNC 



14N/15N Ratios in Dark Clouds circa 2010 

Milam & Charnley (2010) 



Observed 14N/15N Ratios in Molecular Clouds 

Adapted from Wirstroem et al.  (2016) 

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



Cordiner et al.  (2014) 

H2CO HNC HCN 

Mumma & Charnley 2011 

Modelling of data indicates 
extended sources of HNC 
and H2CO ~ 300-2000 km 
from the nucleus 

HNC has an unidentified parent such as HCN polymer, 
HMT or other macro-molecule, undergoing thermal or 
photo-degradation? 

Similarly, not all cometary CN is a photoproduct of HCN 
(see also Hily-Blant et al. 2017 for TW Hya disk)  

ISON  

Lemmon 

HCN, HNC and CN in comets 



H13CN & 13CN in comets 

12C14N/12C15N ~ 120-150 
12C14N/13C14N ~ 90 ~ Solar 

Cometary H12C14N/H12C15N ~ 120-150 

H13CN only detected in 3  comets (2 with Q~ 1031 s-1) : 

H12C14N/H13C14N ~ 111   …   Hale-Bopp 
             ~ 114   …  17P/Holmes   
                   Bockelee-Morvan et al. (2015)  

                                      ~ 109   …  Q2/Lovejoy  
     (Biver et al. 2016) 



•  14N/15N traces Solar System origins: ISM-comets-meteorites 
•  Theoretical mechanism for fractionation of ISM molecules is uncertain  
•  Observations can provide insight into possible  fractionation processes 

ISSUES 
•  N2 (N2H+) : Not known in primitive matter & comets. What causes the large 14N/15N  spread 

~150-1600 in ISM? 15N2H+ important ? 

•  NH3/15NH3 ~ 130 in comets but ~300-600 in ISM. Why? 

•  HCN/HC15N :  similar ratios in ISM, comets & disks (Guzman et al. 2017) but now showing a 
large spread in ISM (Zeng et al. 2017; Colzi et al. 2017) 

•  HNC/H15NC :  less enriched than HCN in regions of massive SF 

•  CN/C15N :  ~120-300 in comets; ~190-450 in ISM; ~323 in a disk (Hily-Blant et al. 2017) 

•  ISM: HCN, HNC & CN difficult to understand if HCNH+ involved 

•  Comets: 2 differently fractionated reservoirs for HCN and HNC+CN possible … 

•  Primitive matter: nature of the 15N carrier ? 

Summary  



END 






