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Abstract

The origin and evolution of nitrogen in solar system bodies is an important question for
understanding processes that took place during the formation of the planets and solar system
bodies. Pluto has an atmosphere that is 99% molecular nitrogen, but it is unclear if this nitrogen is
primordial or derived from ammonia in the protosolar nebula. The nitrogen isotope ratio is an
important tracer of the origin of nitrogen on solar system bodies, and can be used at Pluto to
determine the origin of its nitrogen. After evaluating the potential impact of escape and
photochemistry on Pluto’s nitrogen isotope ratio (2*N/2°N), we find that if Pluto’s nitrogen
originated as N, the current ratio in Pluto’s atmosphere would be greater than 324 while it would
be less than 157 if the source of Pluto’s nitrogen were NH3. The New Horizons spacecraft
successfully visited the Pluto system in July 2015 providing a potential opportunity to measure
14AN/3N in No.
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Introduction

The New Horizons mission (Stern, 2008a) arrived in the Pluto system in July 2015 and made

unprecedented observations of Pluto’s surface and atmosphere. These observations could

provide clues to the origin and evolution of Pluto’s atmosphere as well as further constraints

on the role of nitrogen in the formation and evolution of the solar system. A key
measurement will be the 1¥N/15N in N, the primary constituent of Pluto’s atmosphere
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(Jessup et al., 2013), which could help to constrain the origin of nitrogen on Pluto and the
dominant escape process in Pluto’s atmosphere.

Pluto is likely to have formed in the outer solar system (Brown, 2002) and is thought to owe
its present orbit to the migration of the giant planets (Levison et al., 2007). Its mass density
indicates that Pluto is severely depleted in water ice relative to its rock abundance, which is
between 50% and 80% (McKinnon and Mueller, 1988; Olkin et al., 2003). This high rock
abundance suggests formation in a CO-rich and ice-poor region of the protosolar nebula
(PSN), loss of volatiles by the impact formation of Charon, or a combination of these two
factors (McKinnon and Mueller, 1988). The surface of Pluto consists of a spatially
heterogeneous mixture of Np, CH,4, CO and C,Hg ices (Cruikshank et al., 2014). The most
abundant ice on the surface is N, and is presumed to be the primary constituent in Pluto’s
tenuous atmosphere (Owen et al., 1993).

Determining what was the source of Pluto’s nitrogen can provide important information
about the temperature and composition of the region of the PSN in which Pluto formed. The
most likely source of Pluto’s nitrogen was either N, or NH3 that were trapped in ices in the
PSN. However, it is important to note that significant amounts of nitrogen in the PSN were
also bound in refractory organic molecules. As the formation process for these organics is
poorly understood, we focus on N, and NHj5 for the sake of this study.

N> is believed to have been ~10 times greater in the PSN than NH3 (Lewis and Prinn, 1980),
but requires much colder temperatures to be trapped in water ices, whether the ices are
amorphous (Bar-Nun et al., 1985, 1988) or crystalline (Mousis et al., 2012, 2014). Pluto
would have accreted N5 ice in greater abundance than NHj ice if its formation temperature
was less than ~40 K, which may have been possible in the outer solar system. However,
comets also formed in the outer solar system and are believed to be deficient in N, relative
to NH3 suggesting either that temperature conditions could have been too warm for N, to be
trapped in icy grains (Iro et al., 2003) or that comets did not retain N i) beyond their first
pass through the solar system (Owen et al., 1993) or ii) due to internal radiogenic heating at
early epochs after formation (Mousis et al., 2012). The recent detection of N, in comet 67P/
Churyumov-Gerasimenko (hereafter 67P/CG) by Rosetta shows that the abundance of No
relative to CO is a factor of 25.4 lower than the protosolar value (Rubin et al., 2015). This
measurement puts a constraint on the formation temperature of 67P/CG of 32-70 K (Lectez
et al., 2015). If the composition of 67P/CG, which is believed to be a Kuiper Belt comet, is
indicative of the general composition of Kuiper Belt objects, then Pluto could have formed
in a similar temperature range and may have retained some N, from the PSN. As the relative
abundance of N, to NHz in 67P/CG is not yet known, it is unclear if these results suggest
greater retention of NH3 over N, for Pluto.

It appears, based on the above results, that there is a large uncertainty in the source of
nitrogen for Pluto. If temperatures were low enough during formation, the source of Pluto’s
nitrogen could have been N, but if temperatures were above the limits described above
(typically 70-80 K for enabling ammonia hydrate formation in the PSN), the source of
nitrogen for Pluto’s surface and atmosphere would have been NH3 that was later converted
to Ny, as was the case for Titan (Mandt et al., 2014).
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Stable isotope ratios that are presumed to be primordial, or representative of conditions in
the PSN, can help constrain the role of nitrogen in the formation and evolution of the solar
system. Measurements of comets, meteorites and giant planet atmospheres are presumed to
represent primordial conditions, while the terrestrial planets, Pluto, Saturn’s moon Titan and
Neptune’s moon Triton have atmospheres that have evolved over the history of the solar
system.

Fig. 1 illustrates 1*N/15N measurements throughout the solar system. They are identified as
either primordial (triangles), or evolved (circles). The primordial ratios provide constraints
for 14N/15N in N5, NH3, HCN and organics in the PSN. The solar wind (Marty et al., 2011)
and Jupiter (Owen et al., 2001) have the lightest ratios, with values in the range of ~440, and
represent primordial 4N/X°N in N,. HCN (Bockelée-Morvan et al., 2008) and NH3
(Rousselot et al., 2014; Shinnaka et al., 2014) in comets give a primordial 1*N/2°N in HCN
and NH3 of ~160 and ~133, respectively. The bulk 14N/1°N of organic material found in
Ordinary and Carbonaceous Chondrites (Alexander et al., 2012) is intermediate to N, and
HCN and NHj3 in the PSN.

Mars, Titan, Venus and the Earth have ratios that are presumed to have evolved over time.
The atmosphere of Mars has a much lower 14N/2°N (Nier and McElroy, 1977; Wong et al.,
2013) than the mantle based on SNC meteorite ratios (Mathew and Marti, 2001) because of
extreme fractionation by escape processes that preferentially remove the lighter isotope from
the atmosphere (e.g. Fox and Dalgarno, 1983). However, we recently demonstrated (Mandt
et al., 2014) that escape could not significantly fractionate the 24N/15N in N in Titan’s
atmosphere from its current value of 167.7 + 0.7 (Niemann et al., 2010), which provides a
primordial ratio for Titan that is similar to NH3 and HCN in comets. The 14N/15N in HCN in
Titan’s atmosphere is ~65 (Vinatier et al., 2007), which results from strong photochemical
fractionation by self-shielding of N, (Liang et al., 2007). Although Earth and Venus are not
expected to have experienced much fractionation due to escape, the source of nitrogen for
Earth, Venus and Mars is poorly understood (e.g. Hutsemékers et al., 2009; Alexander et al.,
2012) and their ratios are designated as evolved in Fig. 1.

14N/15N in Pluto’s atmosphere has not yet been measured, and the primordial 14N/1°N ratio
for Pluto it is not presently known. The bulk of the atmosphere (> 99%) is expected to be
N>, with trace amounts of CH,4, CO and HCN (e.g. Young et al., 1997; Lellouch et al., 2011,
Krasnopolsky and Cruikshank, 1999).

At Pluto, several poorly constrained processes could fractionate 4N/2°N: sublimation,
condensation, escape and photochemistry. It is unknown if, or by how much, sublimation
and condensation would fractionate 1N/1°N because, to the best of our knowledge, this has
never been measured in the laboratory for N,. We therefore assume that the sublimation
process releases N, with a 14N/15N value reflective of the surface ice ratio, and that
condensation temporarily removes N, from the atmosphere, stores it on the surface, and
rereleases it without any additional fractionation. The condensed N, is, therefore, assumed
to have a ratio reflective of atmospheric N, at the time of condensation. We do know that
escape preferentially removes the lighter isotope while photochemistry will preferentially
remove the heavier isotope due to self-shielding (Liang et al., 2007; Mandt et al., 2009). Of
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the two known fractionating processes, the dominant process will be escape because it is
estimated to have rates as much as three orders of magnitude greater than photochemical
loss rates for N, (Krasnopolsky and Cruikshank, 1999).

The Alice Ultraviolet spectrometer on New Horizons (Stern et al., 2008b) is expected to be
able to measure 14N/25N in N, in Pluto’s atmosphere if the value is < 330 (Jessup et al.,
2013). We provide here interpretations for measurements within several ranges of values for
14N/15N based on the source of nitrogen and the type of escape relying on the very limited
amount of information presently available for Pluto’s atmosphere.

2. The history of Pluto’s atmosphere

2.1. Current state of knowledge

Because of Pluto’s small size and large distance from the Sun, its atmosphere is difficult to
observe from Earth. Observations show that Pluto currently has a tenuous atmosphere with a
surface pressure of 6-24 ubar that is composed primarily of N, (e.g. Young et al., 1997;
Lellouch et al., 2011). Pluto’s very high obliquity of 102-126° (Dobrovolskis and Harris,
1983), and eccentric orbit will result in extreme seasonal effects that are poorly understood
because Pluto’s atmosphere was first detected in 1988 (Hubbard et al., 1988) and
observations of the atmosphere have only covered ~10% of a Pluto year. Model predictions
suggest that surface pressures could vary over a Pluto year by as little as a factor of four
(YYoung, 2013; Olkin et al., 2014) or as much as four orders of magnitude (Young, 2013;
Hansen et al., 2014).

Based on Pluto’s gravity relative to the energy input to the atmosphere, N5 is expected to
easily escape (e.g Krasnopolsky, 1999). Several studies suggest that N is escaping
hydrodynamically at surface-referenced rates ranging between 1.25 x 1010 and 1.17 x 1011
cm~2 571 at perihelion (Krasnopolsky, 1999; Tian and Toon, 2005; Strobel 2008). However,
Tucker et al. (2012) suggest that escape is subsonic with rates more reflective of Jeans
escape in the range of 6.81 x 10° cm~2 s~ at perihelion. Although this rate is only a factor
of 2-10 less than hydrodynamic escape, the type of fractionation is very different (Molkov et
al., 2011; Mandt et al., 2014, 2015, 2012). Furthermore, hydrodynamic escape will produce
very different density and temperature altitude profiles compared to an atmosphere
experiencing Jeans escape (Tucker et al., 2012).

The only study to evaluate changes in escape over Pluto’s orbit found a yearly averaged
escape rate that is a factor of 2 lower than at perihelion (Tian and Toon, 2005). However,
Pluto’s surface pressure is predicted to vary significantly and may collapse due to cooling
for part of its orbit (see Hansen et al., 2014 and references therein). Studies determining
escape rates used lower boundary densities reflective of perihelion conditions and are likely
to have overestimated the yearly average escape rate.

We determine here an upper limit and most likely value for fractionation of 4N/15N in
Pluto’s atmosphere due to hydrodynamic and Jeans escape using the rates determined for
perihelion. Future constraints on Pluto’s atmospheric cycles will enable more precise
estimates of fractionation, including seasonal effects.
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2.2. Evolution of Pluto’s isotopes

Fractionation of an isotope ratio due to a single process is a function of the initial, 1, and
current, n, inventory of the lighter isotope of the constituent and a fractionation factor, 7

where Ris the current ratio of 1°N to 14N (heavy/light) and R is the initial ratio. //R, gives
the degree of enrichment of the heavier isotope due to fractionation. When R/Ry > 1.0, the
current inventory is enriched in the heavy isotope. The fractionation factor, £ describes
overall difference in the relative loss or production rates of a heavy and light isotope. If fis
greater than 1.0 there is preferential loss of the heavy isotope, while a value less than 1.0
means that the lighter isotope is preferentially removed. The value of R/Ry will not change
when fis 1.0. In this relationship, fis presumed to be a representative value for the entire
relevant time period.

An upper limit for my/nis a function of the maximum flux and the amount of time the
fractionating process has been in effect:

n
D dEn_ Py (g
n n n

where ¢ is the maximum flux of the lighter isotope and #is time.

Combining (Egs. (1) and 2) gives an upper limit for R/ Ry:

¢ ](1 - 3)

LT
0 n

In the case of Pluto, two loss processes play an important role in fractionating /. escape
(subscript ) and photochemistry (subscript ¢). As we demonstrated in Mandt et al., (2015)
for Mars and Pluto, the influence of escape and chemistry can be combined because they are
both loss processes.

Note that this equation assumes only loss processes are in effect in the atmosphere and that
there is no production. This assumption leads to a condition of an initially large atmosphere
that decreases with time to the current inventory. However, this is not realistic in the case of
Pluto because the escape rate at Pluto relative to the atmospheric abundance is predicted to
be significantly higher than at Mars or Titan. For this reason, resupply of the atmosphere by
sublimation of fresh unfractionated ice (subscript s) will play an important role in the
evolution of R/Ry with time.

Planet Space Sci. Author manuscript; available in PMC 2019 May 06.



1duosnue Joyiny VSN 1duosnuey Joyiny YSYN

1duosnue Joyiny VSN

Mandt et al.

Page 6

In order to illustrate the significance of each of the loss processes, we first evaluate the limit
for how much each individual loss process can influence R/ R, over a given time, ¢ using Eq.
(3). We then evaluate the upper limit for fractionation due to combined loss processes. We
combine the influence of the two loss processes by (Mandt et al., 2015)

febo+ f o0,
frotal = b, + b, (4)

We then evaluate the evolution of R/ Ry with time based on the following model that
incorporates resupply of the atmosphere due to sublimation.

The basic equations governing the net loss of 14N, and 14N5N as a function of time, ¢ are

14 )
d7=¢s—¢e—¢c )

145,15
i ]c\ilt N f Rop, ~ 1RO, ~ f ROD,  (6)

where R is the ratio of 14N15N to 14N, 7is the fractionation factor for each of the three
types of loss or production processes, ¢: sublimation (s), escape (&) and photochemical loss

(). Note that because 1N, has two 14N atoms, R is equal to % the value of R. However,

also note that 911 =R

o Ro
The change of R as a function of time is based on (Egs. (5) and 6)

BNSNGe [ Reby— f RO, — f RO )dt

R@) = =
©="y 0 [ @, b, — dodi

No information is available about isotopic fractionation of nitrogen during sublimation or
condensation, so we assume that 7;=1.0.

14N15N(l‘) _ f(m()d)s - fem(t)¢e B fcm(t)¢c)dt
BNy [(@,—¢,—¢dt

R@G) =

We can simplify this equation by defining a parameter, y = which is the ratio of

¢S
@, +0)

total supply to total loss.
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14
d—2 =1+ b))~ B+ ) = =D, + ) (©)

We also make the simplifying assumption that the supply and loss rates are constant over

time
NAGE f = (@, + pdt = *Ny(t) + (7 = D(@, + ¢t (10)
R, — ROLSf b, + [ P Ddt
fR(t)=/14° ; 11)
Ny(to)+ = 1P, + Pt
Therefore,

RO _ RO _ 1 SR, — ROLf @, + f P Dt
Ro Ry Ry YN+ - D@, + ¢t

We solve Eq. (12) for a range of values for y to evaluate the role of resupply in the evolution
of RIRy. In the simplest case, unfractionated N is added to the atmosphere at a rate equal to
the total loss of 1*Ny: g=ge+ 4, or ¥ = 1. This is a reasonable approximation for resupply at
Pluto given the limited understanding of Pluto’s seasonal N5 cycle, which involves migration
of N ice on the surface through sublimation and condensation rates that must equal or
exceed the escape and photochemical loss rates in order to sustain an atmosphere (e.g.
Hansen et al., 2014).

It is unclear at this time how the cycle of condensation and resublimation will influence
fractionation of the atmosphere beyond storing fractionated N, ice on the surface. However,
it is important to note, that the storing of fractionated N ice on the surface removes the
fractionated N, from the atmosphere, reducing the time available for this N, to fractionate.
Modeling the influence of condensation is highly complex and requires an understanding of
the condensation and sublimation rates that goes beyond what is available in the literature
about Pluto at the present time. However, we note that the process of condensation could
reduce the upper limit that we find for fractionation in this study.

The fractionation factor is different for each loss process. For photochemistry, the
fractionation factor is a function of Rin the reactant and the product (Mandt et al., 2009)

R
fc _ product (13)

reactant
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The fractionation factors for Jeans and hydrodynamic escape depend on the escape
parameter (or Jeans parameter when rrefers to the exobase)

_ GMm

4= 19

where G is the gravitational constant, M is the mass of Pluto, mis the mass of N, kis
Boltzmann’s constant, 7'is the temperature and ris the radius of the point at which A is
determined.

The fractionation factor for Jeans escape is (Mandt et al., 2014)

_29,
; my (1+ 2 e 28 5
< \my (14

where /m is the mass of the lighter isotope and /7, is the mass of the heavier isotope. The
possible values for Fdue to Jeans escape range between 0.170 when A=50 and 0.820 when
A=6, which is the minimum value for A before transition to hydrodynamic escape (Molkov et
al., 2011). The estimated range of values for A at Pluto is between 5.4 and 8.8 (Tucker et al.,
2012) giving fdue to Jeans escape of 0.739-0.835. We determine £, for Jeans escape using
A=5.4 because it provides the greatest amount of fractionation in searching for an upper
limit. This is likely to be an overestimate of the fractionation due to Jeans escape because
the temperature of the atmosphere, and thus A will vary with time leading to less
fractionation.

In hydrodynamic escape A gradually becomes smaller while Fincreases to a value of
(Volkov et al., 2011; Mandt et al., 2014)

Therefore, if Pluto’s atmosphere is escaping hydrodynamically, fis 0.983.

2.3. Input parameters

Table 1 gives input parameters based on observations and modeling of Pluto’s atmosphere. It
is possible that the average column density over a Pluto year was greater in the past than
today, which would reduce the upper limit determined by Eq. (3).

Photochemistry on Titan preferentially removes the heavier isotope from N, because of
complex chemistry that produces aerosols, which fall to the surface leading to a permanent
loss of Ny. It is unclear if this process will be effective at Pluto, but the estimated 14N, loss
rate due to photodissociation is 2.3 x 107 cm~2 s~ while production of HCN is ~10” cm™2s
-1 (Krasnopolsky and Cruikshank, 1999) suggesting similar incorporation of nitrogen into
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HCN to that observed at Titan. Lacking measurements of 4N/15N in N, and HCN at Pluto,
we use the photochemical fractionation factor for Titan to approximate photochemical
fractionation at Pluto. However, because the photochemical loss rate is so small compared to
the lowest escape rates, fis defined primarily by escape fractionation and the balancing
effect of sublimation.

3. Results and discussion

Fig. 2 illustrates the upper limit of enrichment of 14N/15N in Pluto’s atmosphere as a
function of time for individual loss processes based on Eqg. (3): hydrodynamic escape (black
line), Jeans escape (blue line) and photochemistry (red line). Hydrodynamic escape’s
fractionation factor is close to 1.0, so it is not efficient at fractionating the isotopes. This
process would reduce 14N/3N by a factor of no more than 1.5. Jeans escape, on the other
hand, is more efficient at fractionating 1N/1°N because fis much lower and would reduce
14N/15N by as much as a factor of ~10. Photochemistry, when considered as an isolated
process, is efficient at removing 1°N and would increase 14N/2°N by a factor of <1074,
which would practically eliminate observable 14N1°N from Pluto’s atmosphere.

However, these processes cannot be taken in isolation. Photochemistry will be accompanied
by escape and the atmosphere will be resupplied through sublimation of unfractionated ices.
We first illustrate in Fig. 3 the enrichment of 24N/15N in 15N as a function of escape process
when combined with photochemistry. We find that photochemistry slightly reduces the
fractionation due to escape. Hydrodynamic escape increases the abundance of 15N relative to
14N by a factor of no more than 1.23, while Jeans escape would increase the abundance of
15N relative to 14N by only a factor of 8.54.

Finally, we evaluated R/ Ry at the present time using Eq. (12) for a range of y, or the ratio of
supply to loss, as illustrated in Fig. 4. It is first clear from this figure that taking into account
resupply of the atmosphere significantly reduces the amount of fractionation that can occur.
Furthermore, we find that as y increases, R/ Ry decreases. The maximum R/ is 3.63 for
Jeans escape and 1.08 for hydrodynamic escape. We also found that if the rate of supply of
nitrogen is greater than the rate of loss, the initial density of the atmosphere must be negative
due to the rapid rate of atmospheric loss on Pluto due to its weak gravity. In order to sustain
an atmosphere on Pluto over geologic timescales the rate of supply of unfractionated
nitrogen must be nearly equivalent to the rate of loss, suggesting that the most likely R/Ry is
1.35 for Jeans escape and 1.05 for hydrodynamic escape.

The nitrogen in Pluto’s atmosphere is likely to have originated primarily as either N, or NH3
in the PSN. Table 2 summarizes our predictions for the most likely current 14N/15N ratio in
Pluto’s atmosphere based on the source of nitrogen and escape process. These most likely
ranges of values are also illustrated in Fig. 1.

If Pluto’s nitrogen source was N, then the primordial ratio would have been ~440 + 65
based on the measurements made in the solar wind (Marty et al., 2011) and Jupiter’s
atmosphere (Owen et al., 2001). The current ratio would be greater than 357 if Pluto’s
atmosphere is escaping hydrodynamically and between 278 and 505 in the case of Jeans
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escape. If the source was NHg, then the initial ratio would have been ~133 + 24 based on the
measurements made in comets (Shinnaka et al., 2014; Rousselot et al., 2014).
Hydrodynamic escape would give a current ratio of 104-157 while Jeans escape would
produce a ratio of 81-157.

4. Conclusions

Our results provide predictions of four possible ranges of values of 14N/15N that could by
measured by Alice on New Horizons.

1. If Alice is not able to detect 2NN in Pluto’s atmosphere, or measures a value
between 278 and 330 (the lower limit for 24N/2°N measurable by Alice; Jessup et
al., 2013), then Pluto’s nitrogen originated as N in the PSN.

2. If14N/1N is found to be between 104 and 157 then nitrogen originated as NH3
and the escape process is unconstrained.

3. A measurement of N/1°N by Alice of less than 104, can only be explained by
an origin as NH3 fractionated by Jeans escape.

4. Finally, if Alice measures 14N/1°N between 157 and 278, the origin of nitrogen is
more complex than a bulk source of N, or NH3 and further investigation is
needed to constrain the origin of nitrogen on Pluto. In this case, organics could
have served as a major contributor to Pluto’s nitrogen inventory.

It is clear from these results that any information provided by New Horizons Alice could
provide a strong indication of whether Pluto’s nitrogen originated as N, or NH3 or if the
source is more complex than a bulk origin as one of these two volatile compounds. It is
important to note that the limit determined by Jessup et al. (2013) is based on an
atmospheric profile that assumes hydrodynamic escape of N, (Krasnopolsky and
Cruikshank, 1999). As Tucker et al. (2012) demonstrate, the column density that would be
observed by Alice under Jeans escape conditions would be significantly greater at distances
above 2000 km from Pluto’s center. This may raise the upper limit for Alice to be able to
measure 14N/15N.

Itis less clear if the isotope ratio can be used to differentiate between hydrodynamic and
Jeans escape as the dominant process in Pluto’s atmosphere. Because the density and
temperature altitude profiles and the altitude of the exobase are different for an atmosphere
escaping hydrodynamically compared to one experiencing Jeans escape (Tucker et al.,
2012), a measurement of the density and temperature profiles is the best tool to determine
the dominant escape process.

A further constraint on the nitrogen origin can be provided by measuring Argon in Pluto’s
atmosphere. Alice has the capability of measuring Ar down to 10% of the Ar/N solar value
(Mousis et al., 2012), and since solid Ar exists only at very low temperature in the PSN,
either in the form of amorphous ice (Bar-Nun et al., 2007) or a pure condensate (Mousis et
al., 2012), its detection in Pluto’s atmosphere would support the idea that the N-dominating
species is No.
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Fig. 1.

Measurements of nitrogen isotope ratios, or 14N/15N, in the solar wind, comets and the
atmospheres of Jupiter, terrestrial planets and Titan. Triangles are primordial values
representing 14N/15N in the PSN. Circles are isotope ratios that have evolved over the 4.6

billion year history of the solar system. 14N/15N in the atmosphere of Marsis muc

h lower

than in the mantle, although it is unclear if the mantle measurement can be considered as
primordial. The primordial value for Titan is inferred from models of atmospheric evolution.

Since 14N/15N has not yet been measured for Pluto, we provide a range of values
the source of the nitrogen and the type of escape as described in Section 3.
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Fig. 2.
Upper limit for the enrichment of /Rin the heavy isotope relative to the primordial value for

Pluto based on fractionation due to the independent processes of hydrodynamic escape
(black solid line), Jeans escape (blue dashed line) and photochemical loss (red dash-dot
line). (For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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Fig. 3.:
Upper limit for the enrichment of /Rin the heavy isotope relative to the primordial value for

Pluto based on fractionation due to photochemical loss combined with hydrodynamic escape
(black solid line) and Jeans escape (blue dashed line). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. :
The enrichment of Rin the heavy isotope relative to the primordial value for Pluto at the

current time based on fractionation due to photochemical loss combined with sublimation
and hydrodynamic escape (black solid line) and Jeans escape (blue dashed line). (For
interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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Table 1

Input parameters used to determine the upper limit for fractionation due to escape based on published studies
of Pluto. Column density is presumed to be in steady state while the rates for sublimation, escape and
photochemistry evolve with time according to Ribas et al. (2005). The total fractionation is constant with time.

Variable Jeansescape Hydrodynamic escape

Atmospheric column density (cm™2) 7 3x 10 3x 104
Nitrogen abundance X 0.996 0.996
Escape rate (cm=2s™1) P 7x10°% 1.8 x 1010 b
Escape fractionation A 0739 ¢ 0.983
Photochemical loss rate (cm™2s71) ¢ 23x107? 23x1077
Photochemical fractionation A 266 26¢

Total loss fractionation Toss 0.822 0.983
Maximum R/ R, RIR, 8.54 1.23

Most likely R/ R, RIR, 1.35 1.05

aTucker etal., 2012;

erasnopoIsky, 1999; Tian and Toon 2005; Strobel 2008;

CAssuming A=5.4 from Tucker et al., 2012, which provides maximum Jeans escape fractionation;
dKrasnopoIsky and Cruikshank, 1999;

eBased on f¢determined for Titan by Mandt et al., 2009.
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Table 2

Most likely ratio of 14N/15N in Pluto’s atmosphere as a function of the nitrogen source and the process
responsible for escape.

Hydrodynamic Jeans

Ny Rp=440 + 65 357-505 278-505
NH3: Rp=133+24  104-157 81-157
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