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Abstract
We present new, ice species-speciﬁc New Horizons/Alice upper gas coma production limits from the 2019
January 1 MU69/Arrokoth ﬂyby of Gladstone et al. and use them to make predictions about the rarity of majority
hypervolatile (CO, N2, CH4) ices in Kuiper Belt objects and Oort Cloud comets. These predictions have a number
of important implications for the study of the Oort Cloud, including the determination of hypervolatile-rich comets
as the ﬁrst objects emplaced into the Oort Cloud, the measurement of CO/N2/CH4 abundance ratios in the
protoplanetary disk from hypervolatile-rich comets, and population statistical constraints on early (<20 Myr)
planetary aggregation driven versus later (>50 Myr) planetary migration driven emplacement of objects into the
Oort Cloud. They imply that the phenomenon of ultradistant active comets like C/2017K2 should be rare, and thus
not a general characteristic of all comets. They also suggest that interstellar object 2I/Borisov may not have
originated in a planetary system that was inordinately CO rich, but rather could have been ejected onto an
interstellar trajectory very early in its natal system’s history.
Uniﬁed Astronomy Thesaurus concepts: Pluto (1267); Trans-Neptunian objects (1705); Oort cloud objects (1158);
Long period comets (933); Comets (280); Ice destruction (2091); Ice formation (2092); Comae (271); Neutral
coma gases (2158)
were informed by the ices found in comets and on the surfaces
of outer solar system Centaur, Trojan, and KBO bodies. The
primary purpose for calculating these Psat and Qgas curves was
to determine which chemical species could be present in
abundance in Arrokoth given the 3σ nondetection upper limit
of H coma gas production of 1024 mol s−1 from New Horizons
(NH) Alice instrument airglow observations of Arrokoth (Stern
et al. 2019). Assuming that the H production upper limit was a
good proxy for the production rate limits of ices found in other
small solar system icy bodies, Lisse+21 went on to show that

1. Introduction
Lisse et al. (2021, hereafter Lisse+21) presented state-ofthe-art saturation vapor pressure (Psat) and gas production rate
(Qgas) curves for ices expected in Kuiper Belt objects (KBOs)
like 2014 MU69 (hereafter Arrokoth) and Pluto. These curves
Original content from this work may be used under the terms
of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.
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there could not be any hypervolatile (e.g., N2, CO, CH4) or
mesovolatile (C2H6, C3H8, C6H6, SO2, H2S, etc.) pure ice
species in any substantial abundance on the surface of
Arrokoth. Rather, refractory hydrogen-bonded ice species such
as water, methanol, HCN, and ammonia that remain thermally
stable against sublimation into space over Gyr at the local
surface temperatures should be in residence.25 This ﬁnding was
consistent with the NH/LEISA and NH/MVIC ﬁndings of a
surface uniformly rich in tholins, methanol ice, and likely water
ice (Grundy et al. 2020).
Steckloff et al. (2021, hereafter Steckloff+21) used Psat and
Qgas curves, coupled with a simple one-dimensional model of
comet interior processes (Steckloff et al. 2015, 2016), to model
Arrokoth’s hypervolatile ice content. They found that insolation
would deplete Arrokoth of pure hypervolatile ices within the ﬁrst
10–100 Myr (with little variance due to the amount of short-lived
radioactive nuclides), consistent with the lack of hypervolatile
activity reported by Lisse+21. Steckloff+21ʼs results were
subsequently conﬁrmed by the ∼10 Myr loss time for CO from a
30 km diameter body by Davidsson (2021, hereafter Davidsson
+21) and the 24 ± 3 Myr hypervolatile loss time from Arrokoth
found by Prialnik (2021, hereafter Prialnik+21).
In a companion paper, Gladstone et al. (2022) present new
analyses of an NH/Alice appulse observation of the Sun to
determine upper limits to gas production rates for the ice
species studied in Lisse+21—and these are all at the
∼0.1–1 × 1029 molecule s−1 level, higher than the H-atom
proxy number quoted in Lisse+21. These new species-speciﬁc
values, while high compared to the Qgas_H, nevertheless
support the arguments made and conclusions drawn in Lisse
+21 and Steckloff+21 concerning the lack of pure hypervolatile outgassing activity, and thus the lack of pure hypervolatile species present, on Arrokoth in the present-day thermal
environment. Here we correct and update the literature
argument for the nonpresence of pure hypervolatile species
by presenting the updated individual species limits (Figure 1).

Figure 1. Species-speciﬁc 3σ Qgas production upper limits for Arrokoth, as
determined by Gladstone et al. (2022; horizontal colored dashed lines at 107–
108 × 1021 molecules s−1). Also plotted on the same scale are the gas
production rates for different expected icy species found in comets and KBOs
(colored curves), as well as the local LTE temperature at 45 au from the Sun for
Arrokoth and its subsolar (noon-time) temperature (vertical dashed lines).
Hypervolatile species like N2, CO, and CH4 (red) violate the new NH/Alice
upper detection limits by 6–8 orders of magnitude. After Lisse+21.

became the protosolar nebula), like the bulk interstellar
medium (ISM), had a dust-to-gas-mass ratio D/G ∼ 0.01, 2
orders of magnitude smaller than the D/G ∼ 3 +4/−2 regime of
solid bodies in the solar system today (Ishii et al. 2018;
Zhukovska et al. 2018; Choukroun et al. 2020). Similarly, in
the very early, gas-dominated solar system, with a solar C/O
ratio = 0.54, one would expect ∼1 H2O molecule for 1 CO
molecule, rather than the 5–1000 H2O molecules for 1 CO we
see today in comets (i.e., QCO/QH2O = 0.1% to 20%, not
∼100%; Bockelée-Morvan et al. 2004; Bockelée-Morvan &
Biver 2016; Mumma & Charnley 2011). The key point here is
that easily vaporized hypervolatile apolar ice loss in the very
early solar system (upwards of 99% of the original gas content)
was a normal and expected occurrence concomitant with loss of
gas from the circumstellar protoplanetary disk to the ISM at
5–10 Myr (Williams & Cieza 2011; Ercolano & Pascucci 2017),
and necessary to produce the small icy outer solar system
bodies we know today.
However, the only direct evidence we see for abundant
hypervolatile ices in today’s solar system is in the atmospheres
of the giant planets and their largest moons and on the surfaces
of the largest KBOs (Barucci et al. 2008, 2011; Brown 2012).
These are all bodies capable of supporting gravitationally
bound atmospheres (Schaller & Brown 2007; Zahnle &
Catling 2017; Young et al. 2020). Like Arrokoth, small KBOs
and Centaurs show evidence for methanol and water ice,
(Cruikshank et al. 1998; Barucci et al. 2008, 2011) but
not hypervolatiles. Comets, which are descended from inscattered modern KBOs (the short-period comets; Lisse 2002;
Jewitt 2009; Dones et al. 2015) or ancient outwardly scattered
KBOs (Oort Cloud comets; Brasser & Morbidelli 2013;
Garrod 2019; Morbidelli & Nesvorny 2020) do not show any
obvious surface absorption features due to ices, except for the
rare small patch of water ice or frost (Sunshine et al. 2006;
Fornasier et al. 2015, 2019; Quirico et al. 2015, 2016; Lisse
et al. 2017).

2. A Predicted Dearth of Near-pure Hypervolatile Ices in
the Oort Cloud
2.1. The Origin and Sources of Hypervolatile Ices
By considering the provenance and very early history of
these hypervolatile and refractory ices, we can draw another
important solar system ices prediction from these analyses. The
hypervolatile ices can be identiﬁed as Ehrenfreund et al.’s
(2001) small, low-polarity ices, like CO, N2, O2, and CH4.
Unable to bind well to dust grain surfaces, such “apolar” ice
molecules form mainly from gas-phase reactions and condense
directly to ice in cold molecular clouds at extremely cold
temperatures (∼10–20 K), where thermal energy can be
dominated by van der Waals interactions. By contrast,
Ehrenfreund et al.’s (2001) more massive and strongly polar
ices, termed here as “refractory” ices, adhere readily to grain
surfaces at temperatures upwards of 100 K and are thus
efﬁciently formed as products of heterogeneous grain catalysis
on the surfaces of dust grains in clouds.
Often forgotten in solar system studies is that the initial
feedstock of gas and dust in the cold molecular cloud (that
25

To be precise, the curves track the behavior of pure ices and almost pure
(>90% one species) ices. More mixed phases usually have much more
complicated behaviors and, when such phases are determined to be present,
will require individual study as treatment.
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Cometary comae do show evidence for low, but ﬁnite levels
of hypervolatile species (CO at 0.5%–25% versus water, N2 at
0.1%–0.3% versus water, CH4 at 0.2%–1.0% versus water, and
[CO + CO2] at ∼20% versus water; Bockelée-Morvan et al.
2004; Mumma & Charnley 2011; A’Hearn et al. 2012;
Bockelée-Morvan & Biver 2016). This implies that there must
be some reservoir for them in these objects—but it cannot be in
deeply held near-pure hypervolatile ice phases. Not only is this
highly unlikely given the study of cometary thermal timescales
for ∼1–10 km sized cometary nuclei with lag deposits
published by Davidsson+21 and Steckloff+21, bolstered by
the modeling of Arrokoth’s ice loss performed by Prialnik+21
—it would also take deeply buried regions held at ∼15 K since
the beginning of the solar system 4.56 Gyr ago, coupled with
an enormous, aphysical lag delay, to force this to happen,
contrary to the modern 30–40 K core temperatures of Arrokoth
determined by Davidsson+21, Lisse+21, Prialnik+21, Steckloff+21, and Umruhan et al. (2022).26 The existence of deeply
buried pure hypervolatile ices is also contrary to the lack of
substantial hypervolatile emission, such as CO, from end
member objects 45P/Honda–Mrkos–Pajdušáková, 46P/Wirtanen, and 103P/Hartley 2 (small comets near the end of their
lives emitting chunks of their cores; A’Hearn et al. 2011;
DiSanti et al. 2017; Steckloff & Samarasinha 2018). For
example, a massive landslide is thought to have exposed the
interior of Comet 103P/Hartley 2 only ∼3 decades ago
(Steckloff et al. 2016); however, the EPOXI mission detected
no evidence of strong hypervolatile emission (A’Hearn et al.
2011).
Neither was any marked increase in hypervolatile emission
seen from the recently split comets 73P/SW3 (Dello Russo
et al. 2007) nor from 17P/Holmes (Dello Russo et al. 2008),
again showing from direct observational studies that the cores/
interiors of Jupiter-family comets do not contain any large
amount of pure hypervolatile ices “hidden down deep.”27
Instead the low but ﬁnite level of hypervolatile ices seen in
cometary comae is thought to be due to their inclusion as
minority impurities in bulk majority water ice and CO2 ice
phases (Jewitt 2009; Lisse+21; Davidsson+21), and it is from
these phases that it can be released via thermal, sputtering, or
collisional processes (Kral et al. 2021 and references therein).

Figure 2. Species-speciﬁc Qgas vs. temperature curves for species expected in
comets and KBOs (upper colored curves). Horizontal dashed lines: values of
the thermally driven outgassing rates at which an icy species is depleted in 1,
10, 100, 1000, 4600, and 12,000 Myr for an Arrokoth-sized body. Upper
colored curves: loss rates of a piece of surface ice evaporating into free space.
Lower colored curves: the much slower loss rates for the same species, after
allowing for an overlying lag layer with thermal diffusivity = 3 × 10−7 s2 m−1
impeding the ﬂow of heat and gas into free space from the interior (Davidsson
+21, Steckloff+21, Prialnik+21). Top axis: heliocentric distance from the Sun
for a blackbody at local thermal equilibrium temperature T. From these curves
and constraints, one can see that hypervolatile ices CO, N2, and CH4 are stable
in cold, dense molecular clouds and in modern KBOs residing beyond ∼100 au
from the Sun, but were lost by ∼20 Myr after Arrokothʼs formation. One can
also see that mesostable ices like CO2, while easily removed from the surface,
can remain stably at depth inside a KBO for more than the age of the solar
system.

2.2. Small Outer Solar System Body Hypervolatile Ice
Evolution
The lack of abundant near-pure hypervolatile ices in outer
solar system bodies, except the very largest with gravitationally
bound atmospheres, can be explained by thermal processing
effects. After the initial condensation of ices and small icy
bodies in the early molecular cloud/T Tauri star/protoplanetary disk phases, another important epoch of the early solar
system was the so-called “disk clearing” time, when enough of
the gas (∼90% or more) was removed from the solar system’s
T Tauri accretion disk for it to become optically thin to optical
radiation out as far as the Kuiper Belt. In Lisse+21 this was
termed “morning coming to the Kuiper Belt,” and by Steckloff
+21 as the dawn of the “Sublimative Period” of the Kuiper
Belt. Lasting for the ﬁrst 10–50 Myr of the solar system (∼20
Myr for Arrokoth but depending on object size; Steckloff
+21; Prialnik+21), the Sublimative Period led to a sudden
spike in the local surface insolation temperatures near to what
they are today, and a new wave of hypervolatile ice sublimation
as direct insolation became the dominant steady-state surface
heat source.
This is where the curves in Figure 2 apply. Using the same
Qgas curves and the insolation energy balance relation
TLTE = [(1 − A)/ε]1/4 282/sqrt(rh) K for a non- or slowly
sublimating body with average albedo A and emissivity ε
across the solar spectrum, Lisse+21 showed the different
spatial regions of stability for the different expected ices
(Table 1). As the temperatures of these bodies are raised, the
ﬁrst species to sublime are the most volatile (i.e., the ones that
evaporate at the lowest temperatures), and if present at high

26

Another thermal loss timescale on the order of 4 Gyr has also recently been
published by Kral et al. (2021), but this model utilized an aphysical thermal
diffusivity = 10−10 m2 s−2, which is more than 2 orders of magnitude lower
than that of the most insulating solid material currently known, aerogel, and
more than 3 orders of magnitude lower than the parameter values used
by Davidsson+21, Prialnik+21, and Steckloff+21 in their models. Scaling the
4 Gyr timescale by a factor of 1/300 to correct for the thermal diffusivity error,
the Kral et al. timescales become consistent with the 10–20 Myr timescales for
loss of all pure CO/N2/CH4-like ices.
27
Instead, we follow the arguments of Iro et al. (2003) and Jewitt (2009) that
the hypervolatiles and moderately volatile species in Centaurs and short-period
comets are protectively stored in H2O ice matrices—ﬁrst at high concentrations
in cold (T < 80 K) amorphous water ice composites, then in lower
concentrations in warmer T > 100 K crystalline water ice matrices limited
by the maximum interlattice “pore space” trapping capability of the crystallite.
Li et al. (2020), using the Hubble Space Telescope (HST) , veriﬁed the lack of
activity of Centaurs beyond 10 au. This is consistent with the early work of
Prialnik et al. (1987) who argued that the presence of amorphous ice within the
subsurface of comets—inferred from observations of outgassing at surprisingly
large heliocentric distances (5.8–11.4 au) and attributed to the annealing of
amorphous ice as comets ﬁrst enter the inner solar system (Prialnik & BarNun 1990, 1992; Meech et al. 2009)—provides a clear constraint on the
maximum parent body temperatures (T < 135 K) experienced over long (?100
Myr) comet lifetimes. The total Q(CO + CO2) of comets is also suspiciously
close to the ∼20% carrying capacity of crystalline water ice (A’Hearn et al.
2011).

3

Solar System Region
Inner System (rh < 2.5 au)
Outer Asteroid Belt to Saturn
(2.5 < rh < 10 au)
Saturn to Uranus (10 < rh < 20 au)
Uranus through Kuiper Belt (20 < rh < 70 au)
Outer Kuiper Belt, Oort Cloud (rh 100 au)

TLTE Rangea (K)

Crystalline Water Ice

Amorphous Water Ice

Other Refractory Ices (CH3OH, HCN, NH3,H2CO, etc.)

Hypervolatiles (N2, CO, CH4,
etc.)

180–5780
90–180

Not stable
Stable

Not stable
Not stable

Not stable
Not stable

Not stable
Not stable

60–90
35–60
10–20b

Stable
Stable
Stable

Stable
Stable
Stable

Not stable
Stable
Stable

Not stable
Not stable
Stable
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Table 1
Ice Stability vs. Sublimation Regions in the Solar System

4
Notes.
a
For a spherical, isothermal graybody. A large, ﬁnite, rotating body with different optical and infrared emissivities will have localized surface regions, like the equator and subsolar (noon) point, that will be warmer than
TLTE. In other words, there will be variations, both higher and lower, from a single global average temperature depending on the real, physical, and rotational structure of a body, and the strongly nonlinear behavior of the
Psat curves of Figure 2 will push the instability regions outward from the Sun from the simple isothermal graybody case.
b
For the Oort Cloud, the Sun’s energy input due to insolation is unimportant compared to the energy input from the local galactic ISM heat bath of 10–20 K. Oort Cloud comets spend >99.9% of their time in the
galactic ISM.
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enough relative abundances will sublimatively cool the nucleus
and keep its surface temperatures “pinned” near the temperature at which the ice species ﬂash from solid to vapor (i.e., the
near-vertical portions of the Qgas curves shown in Figure 2,
where the vapor pressure of a given species increases by 20
orders of magnitude in 10 K).
Given this, and allowing for the slower loss rate indicated
by Davidsson+21, Prialnik+21, and Steckloff+21 for sublimation from the deep interior of a realistic Arrokoth-like body
with inactive lag deposits overlaying the actively subliming
ices, one sees that the hypervolatile ices are only stable on
geological and astronomical Gyr timescales at heliocentric
distances of 100 au and beyond, in the outer extremes of the
Kuiper Belt and in the Oort Cloud region (Figure 2).28 There is
simply no way to insulate these cryogenic species versus loss
over 4.56 Gyr, given materials known to humankind for KBOs
with dayside/nightside surface temperatures of 60/30 K (Bird
et al. 2022) and interior core temperatures on the order of 40 K
(Lisse+21; Umruhan et al. 2022).

isolation heating, its hypervolatile majority ices to vacuum
within tens of Myr. Since current models have >99% of icy
Oort Cloud objects emplaced after hundreds of Myr’s worth of
residence time in the giant planet or Kuiper Belt regions, they
will have lost their bulk majority hypervolatiles, so we can
expect that the large majority of Oort Cloud objects will lack
bulk hypervolatile species like CO, N2, and CH4.
2.4. An Illustrative Counterexample? Comet 2016/R2
There could be exceptions to the rule of Oort Cloud
hypervolatile-depleted comets. For example, a few (<1%) very
extraordinary bodies may have been quickly (in <20 Myr’s
time) inserted from the giant planet region. These few bodies, if
large (Rnuc > 5 km), can then endure thousands of orbits’ worth
(i.e., Gyr) of hypervolatile loss upon perihelion passage. (But
again, the vast majority, >99% of the icy planetesimals
launched into Oort Cloud orbits from the giant planet region,
after a ∼100 Myr delay should contain no icy volatiles, except
as minority impurities in refractory ice matrices, reproducing
the apparent situation we observe today.)
As suggested in Lisse+21, comet C/2016 R2 may represent
just such an important example of an object outgassing as one
would expect if it was rich in nearly pure N2, CO, and CH4 ice.
Such an object would show large amounts of these species in
its coma as it moved from the Oort Cloud to inside the Kuiper
Belt (<30 au), but would show no trace of the most refractory
ice species—water—in the coma vapor phase, since the ∼20 K
temperature of the comet’s surface enforced by the hypervolatiles’ latent heat of sublimation means that the vapor
pressures of refractory ices, as with the usually dominant
water, are negligible—and will remain so until the available
hypervolatile solids are exhausted. The lack of water gas
production from R2 is very telling—for such an active comet,
with Qgas ∼ QCO = 1029 mol s−1, H2O is always detected in a
comet.29 Adopting the 1.1 × 1028 mol s−1 water upper limit of
Biver et al. (2018), and using the observed QCO production rate
of ∼1.1 × 1029 mol s−1 and the QN2/QCO ratio of ∼8%, we see
that QCO/QH2O > 10. This QCO/QH2O value is at least 5 times
higher than in any other comet observed inside the water ice
line at ∼2.5 au, including disrupted/fragmented/hypervolatile
comets exposing their core regions (Section 2.1). Similarly,
QN2/QH2O > 0.8 is at least 16 times higher than in other
comets, making the simple “comet with strange compositional
abundance argument” suggested by Biver et al. (2018) hard to
accept for this object. Instead, the observed QN2/QCO ratio,
indicative of the relative coma abundance of N2 versus CO, is
close to the solar N:C atomic abundance ratio (Anders &

2.3. Late Oort Cloud Formation Implies a Lack of Bulk
Hypervolatile Ices
However, compared to observations this presents a puzzle,
given that the only Oort Cloud comets known to emit majority
hypervolatiles (but little to no refractory volatiles) are Comet
C/2016 R2 (Biver et al. 2018; McKay et al. 2019), and perhaps
the new hyperdistant active comets such as C/2017 K2
PANSTARRS (Jewitt et al. 2021; Yang et al. 2021). This
handful of comets represents a negligible (∼10−3) fraction of
all the known Oort Cloud comets.
The answer lies in the formation timescale for the Oort
Cloud. Unlike the Kuiper Belt, which is at or near to the edge
of the original protoplanetary disk (PPD), the Oort Cloud is a
later construct, formed of billions of icy planetesimals that
failed to aggregate onto and become part of one of the giant
planets—but were instead scattered out onto nearly hyperbolic,
barely bound, million year orbits (Boe et al. 2019). Originally
thought to be created quickly during the 1–10 Myr time of
greatest mass growth of the giant planets (Duncan et al. 1987),
later work has shown (Stern 2003; Dones et al. 2004, 2015;
Brasser 2007) that it is very difﬁcult to launch a small
planetesimal onto a Myr long, near-unity eccentricity orbit
through a midplane dense with gas and other planetesimals,
rather than scattering them off of other bodies nearby in the
ecliptic. Most current models (e.g., Brasser & Morbidelli 2013;
Garrod 2019; Morbidelli & Nesvorny 2020) favor instead the
population of the Oort Cloud to start around the time of the
giant planet orbital instability, at hundreds of Myr after the
beginning of the solar system, via Neptune’s scattering of
planetesimals from the Kuiper Belt into the Cloud. The same
dynamical processes also removed upwards of 99% of the mass
of the Kuiper Belt through ejection and accretion, and created
the “dynamically hot” scattered disk KBOs seen in the modern
Kuiper Belt (see Nesvorny 2018).
As mentioned above and shown in Figure 2, any small icy
solar system body found in regions from the Kuiper Belt
inward, including the giant planet region, will lose, via

29
Note that a 1029 molecules s−1 level of hypervolatile outgassing is
reasonable, and can be supported by a 15 km radius object that is losing molar
(∼1015 molecules cm−2) amounts of ice surface every second: (2πR2nuc) ∗ (2 ×
1015 cm−2 s−1) ∼ 3 × 1028 molecule s−1. From Lisse+21, the evaporation of 1
mole of CO or N2 ice requires ∼7.3 kJ of heat; thus, the amount of
hypervolatile cooling from the emission rate of 1029 molecules s−1 =
1.6 × 105 moles s−1 is ∼1.4 × 109 J s−1, the same order of magnitude,
(1–0.9) ∗ πR2nucleus ∗ (0.1 W cm−2 ∗ (1.0 au/2.6 au)2) = 1 × 1010 W, as the
insolation heating that the Sun is delivering to R2ʼs nucleus (with assumed
albedo = 0.90) at 2.6 au. So the observed mass loss rate of R2 being attributed
to hypervolatile sublimation makes rough sense if R2 is feverishly sublimating
from its entire sunlit surface during the small portion of each 20,000 yr long
orbital cycle where it is intensely heated. For a 15 km radius object of
∼0.5 g cm−3, with ∼7 × 1015 kg total mass and current orbital loss rate of
∼3 × 107 s [1 yr] ∗ (28 amu for CO/N2 ∗ 1.67 × 10−27 kg amu−1) ∗ 1 ×
1029 molecule s−1 ∼1 × 1011 kg should be able to endure ∼7 × 104 more of
these kinds of passages before dissipating, comprising another or ∼2 × 104
yr passage−1 ∗ 7 × 104 passages = 1.4 Gyr.

28

This simple long-term thermal analytical line of reasoning is valid because
other processes, like the transient heating introduced via galactic cosmic rays,
nearby passage of O/B stars, explosion of nearby supernovae, and perihelia
passages (Stern 2003), are strictly “surface processes” that only affect the top
few meters of an object (Lisse+21).
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instead simply have been launched early (within the ﬁrst
20 Myr or so) of its natal system’s history, or is
representative of the natal system’s dwarf planet surfaces.

Grevesse 1989; Lodders 2003; Asplund et al. 2005) as one
would expect for a mix of PPD ices of true solar abundance.
2.5. A Possible Additional Small Population of Large-KBO
Derived Comets

The authors would like to thank NASA for ﬁnancial support
of the New Horizons project that funded this study via funding
from contracts NASW-02008 and NAS5- 97271/TaskOrder30,
and the entire New Horizons mission team for making the
success of the ﬂyby and its groundbreaking data return
possible. The authors are also indebted to an anonymous
graduate student who attended the “UCLA Planet Lunch
Seminar” on 2021 May 7 for the inspiration to write this
material up into an article.

Another class of hypervolatile-rich Oort Cloud insertion
models, due mainly to Desch & Jackson (2021), suggests that
free-ﬂying hypervolatile-rich fragments of dwarf planet
surfaces (such as Pluto’s) can be created via energetic impacts
during the 2:1 Jupiter:Saturn resonance epoch, and then
scattered into the Oort Cloud along with multitudes of
“normal” KBOs. Again the hypervolatile-rich surface fragments will be a very small minority compared to the bulk
hypervolatile stripped implanted KBOs (∼0.1%), and the ratio
NOort hypervolatile rich/NOort normal comet for this process would be
determined by the efﬁciency of carving out kilometer-sized
chunks of differentiated dwarf planet surface and ejecting them
into the Kuiper Belt. This ratio could thus be very different than
that determined by the low efﬁciency of dynamically scattering
very young (<20 Myr) planetesimals by the giant planets
through the busy, well-populated disk of the very young solar
system.
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3. Conclusions and Observational Tests
The prediction that Oort Cloud comets should be depleted in
majority species hypervolatiles has some important implications for the study of the Oort Cloud. Many of these are directly
testable, and include the following:
(a) The prediction that hypervolatile-rich comets are rare,
and thus that abundant hypervolatiles will not be a
general characteristic of all comets, despite the current
high levels of interest expressed over the phenomenon of
ultradistant active comets like C/2017K2 (Jewitt et al.
2017; Hui et al. 2018).
(b) If the hypervolatile-rich objects came from the lucky few
primitive planetesimals scattered by the giant planets,
then they must have been emplaced within ∼20 Myr
(Davidsson+21, Prialnik+21, Steckloff+21), and thus
represent the ﬁrst objects in the Oort Cloud, and can
potentially provide a direct measurement of CO/N2/CH4
ratios in the protoplanetary disk.
(c) Obtaining good, debiased statistics on the frequency of
hypervolatile-rich Oort Cloud comets (i.e., from
NOort,hypervolatile rich/NOort,normal comet) can provide important constraints on models of early (<20 Myr) versus later
(0.05–2.0 Gyr) emplacement of objects into the Oort
Cloud from the giant planet region of the solar system.
(d) If instead, following Desch & Jackson (2021), the
hypervolatile-rich Oort Cloud comets are sourced from
differentiated KBO surfaces, then they could be roughly
coeval with the rest of the Oort Cloud and their frequency
NOort,hypervolatile rich/NOort,normal comet will reﬂect the
proportions of Kuiper Belt dwarf planet surfaces in the
era of giant planet instability containing hypervolatilerich phases, convolved with the efﬁciency of launching
these phases into the Oort Cloud.
(e) The presented arguments also provide an alternate
explanation for the high observed CO levels in interstellar
object 2I/Borisov other than the one presented in
Bodewits et al. (2020)—i.e., that rather than coming from
a hypervolatile CO-rich system versus ours, 2I could
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