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Kuiper belt objects (KBOs) accreted from a mélange of volatile ices, carbonaceous matter,
and rock of mixed interstellar and solar nebular provenance. The transneptunian region, where
this accretion took place, was likely more radially compact than today. This and the influence
of gas drag during the solar nebula epoch argue for more rapid KBO accretion than usually
considered. Early evolution of KBOs was largely the result of heating due to radioactive decay, the most important potential source being 26Al, whereas long-term evolution of large bodies is controlled by the decay of U, Th, and 40K. Several studies are reviewed dealing with the
evolution of KBO models, calculated by means of one-dimensional numerical codes that solve
the heat and mass balance equations. It is shown that, depending on parameters (principally rock
content and porous conductivity), KBO interiors may have reached relatively high temperatures. The models suggest that KBOs likely lost ices of very volatile species during early evolution, whereas ices of less-volatile species should be retained in cold, less-altered subsurface
layers. Initially amorphous ice may have crystallized in KBO interiors, releasing volatiles trapped
in the amorphous ice, and some objects may have lost part of these volatiles as well. Generally, the outer layers are far less affected by internal evolution than the inner part, which in the
absence of other effects (such as collisions) predicts a stratified composition and altered porosity distribution. Kuiper belt objects are thus unlikely to be “the most pristine objects in the
solar system,” but they do contain key information as to how the early solar system accreted
and dynamically evolved. For large (dwarf planet) KBOs, long-term radiogenic heating alone
may lead to differentiated structures — rock cores, ice mantles, volatile-ice-rich “crusts,” and
even oceans. Persistence of oceans and (potential) volcanism to the present day depends strongly
on body size and the melting-point depression afforded by the presence of salts, ammonia, etc.
(we review the case for Charon in particular). The surface color and compositional classes of
KBOs are usually discussed in terms of “nature vs. nurture,” i.e., a generic primordial composition vs. surface processing, but the true nature of KBOs also depends on how they have
evolved. The broad range of albedos now found in the Kuiper belt, deep water-ice absorptions
on some objects, evidence for differentiation of Pluto and 2003 EL61, and a range of densities
incompatible with a single, primordial composition and variable porosity strongly imply significant, intrinsic compositional differences among KBOs. The interplay of formation zone (accretion rate), body size, and dynamical (collisional) history may yield KBO compositional classes
(and their spectral correlates) that recall the different classes of asteroids in the inner solar system,
but whose members are broadly distributed among the KBO dynamical subpopulations.

1.

INTRODUCTION

The Kuiper belt is the solar system’s “third zone” (Stern,
2003). Beyond the terrestrial planets, beyond the giant planets, it is the roughly coplanar, prograde-orbiting extension
of the “classical” solar system. Since 1930, more than 1000
bodies have been discovered there (as of early 2007).
Thought to be the main source of the Centaurs and Jupiter-

family comets (e.g., Jewitt, 2004), it is also home to bodies the mass of Pluto and larger (Schaller and Brown, 2007;
cf. Stern, 1991). The transneptunian population is thus a
bridge between small, volatile-rich bodies that impact the
Earth and other planets (the comets) and the most important worlds presently known in deep solar space (Pluto and
Eris). As such, their structure and evolution are important
for understanding cometary properties, observations of Kui-
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per belt objects (KBOs), and spacecraft mission data to
come (such as planned from New Horizons). Understanding the structure and evolution of KBOs also provides important constraints on the dynamical environment in which
the outer solar system accreted and evolved. And as a new
class of solar system body, sometimes referred to as “ice
dwarfs” (Stern and Levison, 2002), their structure and evolution are interesting in their own right.
In this chapter we will briefly review the formation environment of KBOs, especially as regards location and
timescale. Composition and potential chemistries, which are
essential input and clues to evolution, will then be updated.
We will also examine the critical issues of porosity and bulk
density. With these in hand, theoretical models of KBO internal evolution will be presented, covering a range of sizes
(necessarily including that of comets) and timescales. Finally, we will review existing work on the internal structure and evolution of the largest known KBOs, and take
stock of the potential relationships between structure and
evolution and what is actually observed of KBOs.
2. FORMATION IN THE
TRANSNEPTUNIAN REGION
The planets, their satellites, and KBOs formed out of the
solar nebula starting approximately 4.57 b.y. ago (Amelin
et al., 2002). A straightforward view of accretion in the
Kuiper belt naturally focuses on in situ formation in the 30–
50-AU, or transneptunian, region. Detailed modeling by
Kenyon and Luu (1998, 1999) predicted that large KBOs
(100–1000 km in radius) could have grown in the region
between 30 and 42 AU by traditional solid-body binary
accretion in ~10 to 100 m.y., but only for nebular disk surface mass densities greatly in excess of what exists today
(see also review by Farinella et al., 2000). A primordial,
dynamically cold (low orbital eccentricity and inclination)
disk containing anywhere from 10 to 30 Earth masses (M )
of solid material is required, which is 2–3 orders of magnitude greater than the present estimated mass of 0.01 to
0.1 M (Bernstein et al., 2004; cf. Luu and Jewitt, 2002).
Such extended timescales are consistent with gas-free accretion, as the solar nebula is not expected to have survived
beyond ~1–10 m.y. after initial collapse of the protostellar
cloud, based on studies of nebular disk lifetimes around
nearby solar-type stars (e.g., Haisch et al., 2001).
It has been long recognized, however, that once the giant
planets formed, there must have been strong gravitational
interactions between these planets and any massive disk of
solid bodies (Fernandez and Ip, 1984). Such dynamical
interactions cause the now well-appreciated phenomenon
of planetary migration, which for Neptune was strongly outward, and which has been implicated in a host of solar system phenomena, including the capture of Pluto and other
bodies (the Plutinos) in the 3:2 mean-motion resonance with
Neptune (Malhotra, 1993, 1995). With increasing levels of
numerical sophistication, planetary migration models have

been proposed to explain virtually all features of the present
Kuiper belt, from the various populations and subpopulations (i.e., the dynamically hot and cold classical populations, resonant groups, and scattered disk), the “edge” at
50 AU, and the size-frequency distribution of KBOs themselves (e.g., Levison and Morbidelli, 2003). This development has culminated in the most successful Kuiper belt formation model to date, the “Nice model,” and is described in
Levison et al. (2007b) and the chapter by Morbidelli et al.
Besides reproducing the dynamical attributes of the Kuiper
belt of today with good fidelity, it also reproduces the orbital architecture of the giant planets.
It is notable that the Nice model initially has Neptune
forming inside 20 AU from the Sun. In this case KBO accretion timescales should be shorter than those calculated
in Kenyon and Luu (1998, 1999). Indeed, in the chapter by
Kenyon et al., accretion of 1000-km-radius objects between
20 and 25 AU requires only ~5–10 m.y. (see their Fig. 7).
Moreover, Weidenschilling (2004) has modeled the accretion of KBOs starting from very small (submeter) sizes and
accounting for gas drag during the solar nebula epoch. For
the 30–90-AU region he finds that gas-drag-driven orbital
decay so enhances planetesimal sweep-up that bodies 50 km
in radius may form in under 1 m.y. in those inner nebular
regions (closer to 30 AU) that are not depleted by radial
migration of solids. Weidenschilling (2004) further finds that
his modeled Kuiper belt is so depleted of solids in its outer
portion that it effectively forms a steep gradient in solid
density, or “edge,” between 40 and 50 AU. Such an edge is
needed in the Nice model — and in particular, one at 30–
35 AU — because it is there that Neptune’s outward migration halts so that the position of the 2:1 mean-motion resonance with Neptune freezes at 48 AU, the observed limit of
the classical Kuiper belt (see chapter by Morbidelli et al.).
The Nice model in fact predicts that the entire Kuiper
belt is, in effect, scavenged from inside the edge at ~30 AU,
with bodies captured, driven outward, released, or otherwise
expelled to the transneptunian region as Neptune’s orbit
expands. Planetesimal accretion may have initiated well outside 30 AU as in Weidenschilling’s work, or the edge may
have been created in some other manner. For example, if the
Sun was born in a stellar cluster, photoevaporation by hot
OB stars may have truncated the primordial solar nebula
(e.g., Adams et al., 2004). In such a photoevaporation scenario, all KBOs should have accreted in toto in the 15–30AU range.
As for the Sun’s birth environment, the evidence for live
60Fe in the earliest solar system seems well established (see
Bizzarro et al., 2007, and references therein). Recent data
suggest a late (~1 m.y.) injection of this short-lived radioisotope, which appears to require a supernova event (Bizzarro et al., 2007), which would in turn clearly indicate that
the Sun was born in a rich cluster.
We remark that the chapter by Morbidelli et al. does not
rule out some remnant in situ bodies contributing to the
dynamically cold, classical population. Perhaps this oc-
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curred as the result of slow accretion by a remnant population of very small bodies, stranded beyond 30 AU once the
solar nebula had dispersed. In this case the KBO population as a whole would have formed over a broad radial
range, perhaps as great as 15–50 AU, which may account
for some of the surface albedo and color differences seen
today (Grundy et al., 2005; Lykawka and Mukai, 2005;
chapter by Doressoundiram et al.).
Finally, with respect to all the above theoretical models,
there is greater room for linkage between them. For example, how do the timescales change in the Weidenschilling
(2004) model when the more compact 15–30-AU region is
modeled? Although binary accretion is faster at smaller heliocentric distances, gas drag drift may be slower (the deviation from Keplerian velocity declines in a relative sense,
compared with orbital speed), and once a certain planetesimal size threshold is passed (~1 km to a few kilometers),
gas drag may no longer be important. Looking beyond the
nebular era, how long do large KBOs of all sizes take
to grow in the more compact, primordial transneptunian
zone? These issues of accretional timescale are important
because they determine the degree to which large KBOs
may have been heated by accretional collisions, and the
degree to which all KBOs may have been heated by the
decay of short-lived radionuclides, principally 26Al (halflife = 0.73 m.y.) and 60Fe (half-life = 1.5 m.y.).
3.

THE COMPOSITION OF
KUIPER BELT OBJECTS

Based on study of comets, asteroids, meteorites, interstellar dust particles (IDPs), interstellar molecular clouds,
and star-forming regions, KBOs are thought to be composed
of subequal amounts of volatile ices and organics, carbonaceous matter, and refractory “rock” (silicates and related).
The adjective subequal, drawn from petrology, expresses the
idea that the mass balance between the three main components is not yet precisely known (Greenberg, 1998; cf. McKinnon et al., 1997). Nevertheless, recent cometary exploration and observations, plus the return of samples from 81P/
Wild 2 by Stardust, are revolutionizing our understanding
of the nature of each of these components. In this section
we discuss each in turn, as well as summarize spectroscopic
evidence pertaining directly to KBO surface compositions.
3.1.

Volatile Ices and Organics

A recent, comprehensive summary of observations of
cometary volatiles is given in Bockelée-Morvan et al. (2004).
Figure 1, updated from this work, illustrates the range of
abundances (production rates) for detected species, relative
to water. We assume, naturally, that cometary volatiles are
fundamentally related to KBO volatiles, but we do caution
that any such cometary inventory necessarily incorporates
possible evolutionary effects on cometary volatile/water
ratios. The most important non-water-ice volatile, based on

Fig. 1. Abundances relative to water in comets. The range of
measured values is shown by the gray portions. The number of
comets for which data is available is given on the right. For CO,
abundances refer to total CO [both nuclear and distributed (coma)
sources]. From Crovisier (2006).

the numerous observations summarized in Fig. 1, remains
CO, although the range of measured values is quite large,
from <1% to >20% [this range may reflect condensation
temperature (Notesco et al., 2003) or the aforementioned
evolutionary effects]. Nearly as important, at the several to
10% level, is CO2. These adundances can be compared to
the much smaller abundance of reduced carbon, principally
CH4 (methane), at ~1%. The predominance of oxidized carbon in the volatile ice component of comets presumably
reflects the compositional importance of CO in stellar winds
and star-forming regions [regions similar to that in which
the solar system formed (Ehrenfreund et al., 2004)]. Generally, the volatile inventory of comets (and logically, that
of KBOs) is consistent with the interstellar inventory, subject to various degrees of processing and modification in
the solar nebula (see Ehrenfreund et al., 2004).
The dominant nitrogen-bearing species is NH3 (ammonia), but it is only present at the 1% level [and only for
Comet Halley does the abundance exceed 1%, based on
Giotto measurements (Meier et al., 1994)]. Molecular nitrogen has yet to be reliably detected at all, with severe upper
limits on its abundance (≤10–5 to 10–4) (Bockelée-Morvan
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et al., 2004). Ammonia ice is, of course, potentially important geologically for KBOs, as it is a hydrogen-bonded ice
that forms stochiometric compounds, as well as a low-melting-point “cryovolcanic” melt, with water ice (e.g., Kargel,
1992). Based on cometary abundances, though, it appears
that the most volumetrically important hydrogen-bonded ice
“co-conspirator” is CH3OH (methanol), at the few percent
level (compared with H2O). This amount of CH3OH is sufficient to form a mobile methanol-water melt when ice temperatures exceed 171 K (Kargel, 1992).
Other volatiles of note in Fig. 1 are H2CO (formaldehyde) and H2S, both with abundances <1%. The latter is the
most abundant of a number of S-bearing volatile species,
none of whom rise above an adundance level of ~0.001, but
whose aggregate could be important in KBOs that chemically resemble comets, at the 1% level.
3.2.

Carbonaceous Matter

Relatively involatile, macromolecular carboncompounds,
hereafter carbonaceous matter, has long been thought important in comets, but the true diversity was first revealed
by the Giotto and Vega encounters with Comet 1P/Halley in
1986. Complex compounds of C, H, O, and N (CHON) were
found to comprise, wholly or in combination with silicates,
~75% of all the particles measured in situ (see, e.g., Fomenkova, 1999, and references therein).
Subsequently, early analyses of organic-rich particles
returned by Stardust from Wild 2 in 2006 (Wild 2 is a Ju-

piter-family comet, and thus of direct relevance to the Kuiper belt) have proved enlightening (Sandford et al., 2006).
Figure 2 shows that five of the six Wild 2 organic-rich particles measured in their study exhibit O and N abundances
that are high relative to chondritic organic matter and the
average composition of Halley as measured by Giotto. The
ensemble of Wild 2 O/C and N/C ratios is not dissimilar
to the IDP average. Sandford et al. (2006) conclude that
Stardust organic samples are, being highly heterogeneous
and unequilibrated, more “primitive” than those in meteorites and IDPs.
Much further work remains with regard to Stardust samples. Figure 2 hints at what may turn out to be an important aspect of KBO chemistry and evolution: If the N/C
ratio of carbonaceous matter in KBOs is ~0.1, and carbonaceous matter is about 25% of a given KBO by mass
(Greenberg, 1998; McKinnon et al., 1997), then carbonaceous matter is the dominant N reservoir in KBOs (when
compared with the sum of N-bearing volatile ices, e.g.,
Fig. 1). A bulk abundance of ~2.5% by mass could translate into ~7.5% with respect to water ice, if the bulk ice/
rock ratio in KBOs is ~30/70 (see section 4) and thermochemical evolution within the KBO drives release of N from
carbonaceous matter, either as N2 or NH3 (section 6).
We note that recent detailed analyses of midinfrared
emission from cometary dust comae identify an important
fraction of cometary dust particles as “amorphous carbon”
(Lisse et al., 2006, 2007), but Lisse et al. (2007) point out
that what they term dark amorphous carbon corresponds to
the CHON seen at Halley. In terms of physical modeling,
using the properties of amorphous carbon as a proxy for
the carbonaceous fraction would not be unjustified, to first
order.
3.3 Rock

Fig. 2. Atomic O/C and N/C for six Stardust samples derived
from X-ray absorption near-edge spectroscopy (XANES) analysis (black triangles), compared with chondritic organic matter (gray
squares) and averages for Comet Halley particles (star) and stratospheric IDPs (large circle). Modified from Sandford et al. (2006).

Silicates and related phases (sulfides, oxides, etc.) make
up the rock component of comets and, presumably, KBOs
(e.g., Hanner and Bradley, 2004). Long considered to be a
diverse mixture of crystalline and amorphous phases, the
relative contributions of interstellar vs. nebular and altered
vs. pristine have been much debated (e.g., Wooden et al.,
2007). The recent return of Stardust samples (Brownlee et
al., 2006) and sophisticated analyses of Spitzer and the
Infrared Space Observatory (ISO) midinfrared emission
spectra (Lisse et al., 2006, 2007) have taken this subject to
a new level.
A major portion of Stardust particles greater than 1 µm
is composed of crystalline olivine and pyroxene. By virtue
of their major- and minor-element and isotopic compositions, these particles are not likely to be interstellar in origin, whether annealed or not. These high-temperature minerals, plus fragments of calcium-aluminum-rich inclusions
(CAIs) and (possibly) chondrules (Brownlee et al., 2006;
D. Brownlee, personal communication, 2007) strongly imply large-scale radial mixing in the solar nebula. At the very
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least, initial KBO “rock” should have consisted of a nonequilibrium mélange of interstellar silicates as well as materials processed and altered, if not wholly recondensed, in
the inner solar nebula.
In contrast, the infrared emission spectra from Comets 9P/Tempel 1 and C/Hale-Bopp have been interpreted in
terms of a broad array of solid materials, including olivine
and pyroxene, but also their amorphous equivalents, as well
as sulfides, clays (hydrated silicates), and carbonates (Lisse
et al., 2007). Amorphous silicates and sulfides are found
in some Stardust samples, but not hydrated silicates or carbonates. Whether this is a discrepancy is unclear. Brownlee
et al. (2006) offer that impact heating on Tempel 1 may
have created the conditions necessary, however transient,
for aqueous alteration (and carbonation) of anhydrous precursors. We are inclined to accept these compositional differences as largely real, as it is not unreasonable that the
KBO precursors of some of the comets we see today may
have undergone thermal processing up to and past the temperature of water-ice melting (de Bergh et al., 2004) (see
also section 5).
3.4.

Compositional Inferences from Spectroscopy

The observed compositions of KBOs themselves are of
course of direct relevance to any chemical or compositional
model of KBOs, although it should always be remembered
that we are, strictly speaking, discussing the composition
of the optical surface. [The first detected KBO species was
methane ice, on Pluto (Cruikshank, 1976), and it was often
assumed, explicitly or implicitly, that Pluto was dominated
by solid methane in bulk (e.g., Lupo and Lewis, 1980).] Kuiper belt objects are notoriously difficult to observe, because
of their remoteness and faintness, but we have probably
turned a corner in terms of spectroscopy, owing to the
amount of “big glass” being devoted and to the discovery
of more intrinsically bright objects. As is usual in infrared
remote sensing, the most infrared-active species dominate
spectral identifications, at least initially. For the Kuiper belt,
three broad classes of surface types have emerged: surfaces
dominated by methane-ice absorptions, surfaces dominated
by water-ice absorptions, and surfaces that are featureless
in the infrared to the level of observational noise; even in
the latter case the spectral slopes range from flat (gray) to
very red (see Barucci et al., 2004; Barucci and Peixinho,
2006; Cruikshank et al., 2007; Brown et al., 2007a; chapter
by Barucci et al.).
As emphasized by Brown et al. (2007a,b) and references
therein, methane ice is seen on the largest KBOs: Eris,
Pluto, 2005 FY9, Sedna, and Triton, if we count Triton as
a captured KBO (McKinnon et al., 1995; Agnor and Hamilton, 2006). Water-band band depths on other KBOs range
from undetectable to deep; the latter being associated (although not exclusively) with the large KBO 2003 EL61, its
brightest satellite, and a dynamical cluster (or family) of
KBOs plausibly linked to EL61 (Brown et al., 2007a).
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The large KBOs Pluto and Triton are in the dwarf planet
class, and along with Charon, are the best studied. Triton
and Pluto each have surfaces dominated spectrally by methane, but dominated physically by hard-to-detect solid N2
(Cruikshank, 2005). CO ice is also detected on both, CO2
ice only on Triton, and ethane ice recently detected on Triton and possibly on Pluto (Nakamura et al., 2000; Cruikshank et al., 2006). A complete spectral model requires
water ice on Triton’s surface, and possibly on Pluto (and
Sedna), as well (Cruikshank, 2005; Emery et al., 2007). On
this basis, it is not unreasonable to expect that N2 ice also
exists on the rest of the largest KBOs (Eris, 2005 FY 9,
Sedna), along with CH4 ice already seen, but N2 ice has so
far only been detected on Sedna (Barucci et al., 2005b;
Brown et al., 2007b) and circumstantially on Eris (Licandro
et al., 2006); ethane ice, though, is seen on 2005 FY9
(Brown et al., 2007b).
The surface of Pluto’s moon, Charon, in contrast, is
dominated physically (and spectrally) by water ice (similar to 2003 EL61). Remarkably, ammonia-water ice has been
detected (Brown and Calvin, 2000; Dumas et al., 2001;
Cook et al., 2007; Verbiscer et al., 2007); found by several
groups, this detection seems secure. Ammonia-water ice
may also exist on Quaoar (Jewitt and Luu, 2004). The Plutino 2002 VE95 displays a spectral signature similar to that
of the Centaur Pholus (Barrucci et al., 2006). Pholus’ surface reflectance has been modeled with a mixture of water
ice and methanol ice (the latter covering perhaps 15% of
the surface) along with olivine, tholin, and carbon black
(Cruikshank et al., 1998), and a similar model works well
for 2002 VE95 (Barucci et al., 2006). Absorption bands in
the visible possibly indicating the presence of phyllosilicates
have been reported for three Plutinos as well (de Bergh et
al., 2004; see also Cruikshank et al., 2007).
The different colors and compositions of KBOs have
generally been attributed to variations in collisional evolution and impact gardening competing with different degrees
of surface alteration (insolation, UV radiation, and charged
particle bombardment) (e.g., Luu and Jewitt, 2002; Stern,
2002; Barucci et al., 2004). It is emerging, however, that
larger objects have generally icier (higher-albedo) surfaces
(Barucci et al., 2006; Schaller and Brown, 2007; chapter
by Stansberry et al.). Larger and more distant transneptunian
bodies can better retain volatile ices such as N2, CH4, and
CO (Schaller and Brown, 2007). Larger bodies are also
more likely to have been internally active, either now or in
the geologic past (e.g., McKinnon, 2002) (sections 5 and
6). However controlled by the physics of volatile retention
or escape, for surfaces to be dominated by N2 ice or CH4
ice, or to contain nontrivial amounts of ammonia-hydrate
or methanol-hydrate ice, requires that these volatile components be supplied in appropriate abundance to the surfaces. For surfaces to be intrinsically optically bright and
display deep water-ice bands requires a mechanism to separate ice from the cosmogonically more abundant dark carbonaceous matter and silicates accreted. This is the point
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of view of this chapter, to elucidate the contribution of KBO
structure and evolution to the range of surface compositions
(and bulk densities, discussed next) now being detected, and
to place this contribution in the context of Kuiper belt dynamics and exogenic surface processes.
4.
4.1.

THE CRUCIAL QUESTION OF POROSITY
Densities of Kuiper Belt Objects

The largest KBOs, Triton, Eris, and the Pluto-Charon
binary, are of similarly high density, 2.061 ± 0.007 g cm–3
(Person et al., 2006, Table 4), 2.3 ± 0.3 g cm–3 (Brown and
Schaller, 2007), and 1.94 ± 0.09 g cm–3 (Buie et al., 2006),
respectively. [For cosmogonic purposes we consider the
Pluto-Charon system as a whole, and adopt a more generous radius range for Pluto, 1143–1183 km, than in Buie et
al. (2006).] All these densities agree within the errors, when
self-compression is accounted for. When interpreted in
terms of rock/water-ice ratio, such densities imply a ≈ 70/
30 mix, which has long been thought a signature of accretion in the outer solar system (McKinnon et al., 1997; Wong
et al., 2007, and references therein), because abundant and
largely uncondensed or equilibrated CO sequestered oxygen that otherwise would have gone into forming water ice
[a concept whose genesis goes back to the kinetic inhibition model of Lewis and Prinn (1980)].
The masses and densities of the Pluto and Eris are known
because they both have satellites (Charon and Dysnomia,
respectively); Triton’s parameters are well known from the
1989 Voyager 2 flyby. An additional observational technique
has yielded densities of other large KBOs, values that have
turned out to be surprising. For example, the rotational lightcurve of the large KBO (20000) Varuna (~450 km mean
diameter) is highly symmetrical (double-peaked) and of
large amplitude (0.42-mag variation) (Jewitt and Sheppard,
2002); these authors interpreted the lightcurve as a shape
effect, in which Varuna has relaxed to a triaxial Jacobi figure, rotating about its short (c) axis as seen from Earth [or at
least an acute projection (large aspect angle) of the c-axis].
The beauty of this interpretation is that the figure distortion
(triaxial radius ratios) is solely a function of rotation rate
and density if the density is uniform and the body is in hydrostatic equilibrium; it does not depend on size.
This technique was extended to several other KBOs by
Sheppard and Jewitt (2002) and Lacerda and Jewitt (2007).
Lightcurves were modeled both in terms of Jacobi ellipsoids
and close or contact Roche binaries (the latter are highly
deformed by tidal and rotational forces and can also fulfill
the projected geometry requirements of the lightcurves).
The work of Lacerda and Jewitt (2007) in particular considered the surface scattering properties of the KBOs in question when fitting the lightcurves. Figure 3 is taken from their
paper and illustrates their bulk density results in comparison with values for Pluto and Charon. Densities range from
~0.6 g cm–3 for 2001 QG298 to 2.6 g cm–3 for 2003 EL61.
The important question is how much of this density varia-

Fig. 3. Log density vs. log equivalent circular diameter for KBOs
modeled as Jacobi ellipsoids (single ellipsoid symbols) and/or
Roche binaries (double ellipsoid symbols). Pluto and Charon (from
Person et al., 2006) are plotted for comparison. KBO 2000 GN171
is plotted twice (dotted line). Modified from Lacerda and Jewitt
(2007).

tion is due to intrinsic compositional differences, and how
much might simply be due to variable amounts of porosity?
For the largest known KBOs, in the dwarf planet class,
porosity cannot be important. The large inferred density of
EL61, based on the lightcurve of Rabinowitz et al. (2006),
almost certainly implies a greater rock/ice ratio than possessed by Pluto and Triton. A density of 2.6 g cm–3 implies
a rock/ice ratio of ≈85/15 when modeled in terms of the
same anhydrous rock model as in McKinnon et al. (1997).
The lightcurve of 2003 EL61 and the inferred rock-rich nature of the body, contrasted with the strong spectral signature of water ice on its surface, on the surface of its major
satellite, and on the surfaces of the dynamically linked EL61
family, are compelling evidence for the scenario offered by
Brown et al. (2007a): A massive collision in the geologic
past both spun up a differentiated precursor and shattered
and dispersed a good fraction (perhaps approximately half)
of its ice mantle (cf. Morbidelli, 2007). Quite aside from
the rich collisional and gravitational dynamics to be explored, 2003 EL61 offers compelling evidence for the global differentiation of a large KBO, one in the dwarf planet
class [perhaps >800 km in radius originally (Brown et al.,
2007a)]. The state of differentiation of other KBOs will be
taken up in section 6.
Both Jewitt and Sheppard (2002) and Lacerda and Jewitt
(2007) find (20000) Varuna’s density to be ≈1.0 g cm–3. If
interpreted in terms of a solid (or grain) density of 1.93 g
cm–3 [Triton’s uncompressed density (McKinnnon et al.,
1997)], this implies a porosity of almost 50%, which intuitively seems implausible for a body of this scale. Even if
Varuna is presumed to be rotating at the minimum rotation
rate (and maximum spin angular momentum) for a Jacobi
ellipsoid, its density cannot exceed 1.27 g cm–3 (see Fig. 10
in McKinnon et al., 1997). [We note that this implies an
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aspect angle less than the 75° lower limit assumed by Lacerda and Jewitt (2007).] In this limiting case a porosity
of ≈35% is required, which is much more geologically reasonable (see below), although it is also required that this porosity be maintained against internal pressures (section 4.3)
and thermally driven, creep densification over time.
At the “small” end of Fig. 3 lies 2001 QC298, with a
modeled density of just ~0.6 g cm–3 (2000 GN171 is too
uncertain to merit further discussion). This density is similar to that inferred for the progenitor of Shoemaker-Levy 9
(Asphaug and Benz, 1996), a body 2 orders of magnitude
smaller in scale, and is consistent with the density determined for the nucleus of somewhat larger Comet 9P/
Tempel 1 from ballistic modeling of the Deep Impact ejecta
plume (Richardson et al., 2007). Essentially arbitrarily large
porosities are thought possible for typical comets (~1 to
10 km in diameter), owing to their microgravity environments and (exceedingly modest) internal strengths (Weissman et al., 2004; Blum et al., 2006). For much larger bodies, though, bulk densities substantially below that of pure
water ice are usually taken to imply an ice-rich composition (meaning more ice rich than Pluto) and porosity.
The lesson of 2001 QC298 may be that substantial porosity (probably macroporosity) is a reality for some KBOs
of up to at least ~125 km in radius. This “lesson” does not
depend on a single datum: Two additional KBOs analyzed
by Sheppard and Jewitt (2002), (33128) 1998 BU48 and
(40314) 1999 KR16, yielded lightcurve-derived densities of
~0.5 and ~0.3 g cm–3, respectively. These bodies are at least
as large as 2001 QC298. Furthermore, observations of KBO
binary orbits yield secure estimates of system masses, which
when combined with Spitzer-based size estimates (chapter
by Stansberry et al.) provide system densities. Two determinations to date, for Plutino (47171) 1999 TC36 (Stansberry et al., 2006) and “Twotino” (26308) 1998 SM165
(Spencer et al., 2006), both yield ~0.5 g cm–3 for bodies
whose effective (primary and secondary combined) radii are
in the 150–200-km range. In contrast, similar measurements
of the Centaur binary (65489) Ceto-Porcys yield a density
of ~1.4 g cm–3 for an effective radius of ~100 km (Grundy
et al., 2007), so the implication is that not all KBOs in this
size class have densities <<1 g cm–3.
4.2. The Nature of Porosity, on Earth and in
Kuiper Belt Objects
In terrestrial geology, porosity is the natural result of
damage and disaggregation of coherent rock masses, accumulation of particles fine or otherwise, or chemical attack
and dissolution of susceptible minerals. The porosity of
aggregates of loose, noncohesive (dry) rock fragments (e.g.,
boulders, cobbles, sand), generically termed rubble, depends
on particle packing, the shape or irregularity of the particles,
and their size distribution (e.g., Lambe and Whitman, 1979).
Loose, high-porosity aggregates subjected to virtually any
source of mechanical agitation will, however, evolve by
particle sliding and rotation toward a relatively maximally
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dense (minimum porosity) state (see also Britt et al., 2002).
The lunar regolith is maximally dense, with a porosity of
≈40% (Carrier et al., 1991). This porosity is consistent with
the irregular nature of lunar regolith particles (which promotes greater porosity) and the broad size distribution of
these particles (which reduces porosity by allowing small
particles to fill in the spaces between larger ones).
Greater porosities (≥50%) generally require unusual circumstances, such as highly irregular particles (snowflakes,
volcanic ash), or sufficient strength (cohesion) at interparticle contacts to resist collapse due to overburden pressure
(snow, welded ash). Low overburden pressures also favor
such underdense configurations, all other things being
equal. [In this regard, the anomalously high macroscopic
porosities inferred for the M-type asteroids 16 Psyche and
22 Kalliope by Britt et al. (2002), ~70%, depend on assuming a pure metal composition and that the IRAS-derived
diameters are correct. Lupishko (2006) argues that the latter
are too high for asteroids with metal-rich surfaces, and that
16 Psyche’s macroporosity in particular is actually closer to
30–40%.]
Porosity can be lost by mechanical crushing at particle
contact points, or asperities. On Earth, however, porosity in
crustal layers is largely lost by other physical and chemical
means, by compaction due to loss of aqueous pore fluids,
and through the dissolution and precipitation of minerals
by these fluids. These processes are important components
of sediment diagenesis, the lowest temperature and pressure
type of metamorphism.
We expect KBOs to have accreted initially as porous
bodies (e.g., Blum et al., 2006). We further expect them,
however they evolved internally, to acquire substantial porosity when mechanically disrupted and reaccumulated.
Accretion and large-scale collisions provide sufficient mechanical agitation for KBOs to evolve to their maximal relative (minimally porous) density, hence the porosities of 30–
40% referred to in section 4.1 are judged to be geologically
“reasonable.” Shattering collisions that do not disrupt a body
are expected to generate porosity along fracture surfaces,
but of a lesser amount (<<40%) (Britt et al., 2002).
High porosities (≥50%) are perfectly sensible in the
ultralow gravity and overburden environments of typical
comets and in the very low overburden environments of the
near-surfaces of typical KBOs. The compressive strengths
needed for comets to resist crushing are exceedingly small,
~10–100 Pa (weaker than dirt), and are probably achieved
by the van der Waals attraction between the volatile ices in
comets and KBOs alone (cf. Weissman et al., 2004). For
larger KBOs (>100-km diameter), internal overburden pressures are much larger (McKinnon, 2002), and high porosities (≥50%) are probably unsustainable unless the icy contact points among the constituent particles have welded
together. Such internal welding, or sintering, would, however, likely indicate that a major, “diagenetic” loss of porosity had already occurred.
Maximally dense KBOs (up to 30–40% porosity) are
permissible at any size, however, as long as the ice particles
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themselves resist crushing (discussed below) or thermally
activated viscous creep (both lead to porosity loss and bulk
densification). In the case of maximal relative density,
welding or sintering among particle contacts is irrelevant,
and interparticle strength is provided by internal friction
(Holsapple, 2007). Nonequilibrium shapes are also supportable by internal friction (Holsapple, 2007), but at least for
midsized icy satellites there appears to be a clear, empirical
transition from nonequilibrium shapes in the ~100-km-radius class (Hyperion, Phoebe) to equilibrium or near-equilibrium shapes (spheres or triaxial ellipsoids) in the ~200–
250-km-radius class (Mimas, Miranda). Whether these latter
bodies relaxed to their roughly hydrostatic (“fluid”) shapes
by transient episodes of low internal friction during major
collisions or by viscous creep of internal ice at high homologous temperature is not entirely clear [especially for
Mimas, and comparably sized Proteus (around Neptune)
remains irregular]. In addition, Romanishin and Tegler
(2001) argued from KBO lightcurves that those KBOs below ~125 km radius (for 4% albedo) were more likely to
be irregular in shape [although presumably not symmetrically so, as in Lacerda and Jewitt (2007)], whereas larger
KBOs would adopt more spherical or biaxial hydrostatic
equilibrium shapes. Thus on an empirical basis, and especially considering the icy satellites for which we have direct observations, assuming that very large KBOs such as
(20000) Varuna and 2003 EL61 are in hydrostatic equilibrium hardly seems as fraught with uncertainty as Holsapple
(2007) implies.
With respect to KBOs, we do not expect diagenesis by
aqueous fluid transport as on Earth, unless the KBO is able
to differentiate its rock from ice via ice melting. Such differentiation is clearly plausible for the largest KBOs, of the
dwarf planet class, but as we will see in section 5 may also
have occurred in small or “typical” KBOs for sufficient
early heating by 26Al decay. Perhaps more importantly,
KBOs of all sizes contain (or at least accreted) abundant
volatile ices, and with sufficient heating these volatile ices
can sublimate, or desorb from crystallizing amorphous
water ice, move through permeable ice-rock layers, and
recondense at lower temperatures elsewhere [or perhaps
form clathrates (see Blake et al., 1991)]. These volatile gases
are the mobile fluids of KBO internal evolution; their sublimation can enhance porosity in some regions, while their
condensation can cement rock-ice particles and lower if not
eliminate porosity elsewhere (e.g., De Sanctis et al., 2001).
If KBO water ice itself reaches temperatures typical of
cometary activity (~180 K) (Meech and Svoren, 2004), or
perhaps several tens of K lower (Shoemaker et al., 1982),
internal sublimation and condensation should drive diagenetic metamorphism. Larger grains and pores should grow
at the expense of smaller grains and pores, while overburden pressure drives compaction. Through sublimation and
condensation and, if warm enough, solid-state creep, the ice
fraction within a KBO should sinter and densify, and ultimately eliminate its porosity (and all at temperatures well
below that of water ice melting).

4.3.

Pressure-induced Densification

The above discussion illustrates some of the complexities involved when considering the possible structure and
evolution of KBO porosity. Some fundamental physical limits on the internal porosity of large KBOs can, however, be
placed (McKinnon, 2002). The radial pressure distribution,
P(r), within a self-gravitating uniform sphere of density ρ
and radius R is
P(r) =

r2
2π 2 2
ρ GR 1 –
=
3
R2

ρ
2.0 MPa
1.2 g/cm3

2

R
100 km

2

(1)
r2
1–
R2

where we use a fiducial density of 1.2 g cm–3 to represent
the combination of a solid rock-ice density of 2 g cm–3 and
40% porosity. The pressure within the inner 50% of the
sphere’s volume exceeds P50 ≈ πρ2GR2/4 = 0.75 MPa (ρ/
1.2 g cm–3)2 (R/100 km)2. For R > 500 km, P50 ≥ 20 MPa.
This is a nontrivial pressure for ice and, when multiplied
by the inverse of the “Hertz factor,” the relative interparticle contact area per grain (or boulder), easily exceeds the
unconfined compressive strength of cold (77 K) ice (Durham et al., 1983).
The effect of confining pressure, and the inferred geometrically enhanced pressures at grain contacts, can be experimentally demonstrated. Figure 4 illustrates the results
of a series of tests on the crushing of cold (77–120 K), granular ice (Durham et al., 2005). These experiments indicate
substantial reduction in porosity in cold, granular water ice
(and by implication in cold ice or ice-rock rubble as long
as the ice is volumetrically dominant) over a hydrostatic
pressure range of ~1–150 MPa. Somewhat surprisingly, substantial residual porosity (~10%) persists at pressures in
excess of 100 MPa. Scanning electron microscope analysis of the samples shows that this residual porosity is contained mostly in micropores supported by small shards of
fractured ice.
Sample 503 in Fig. 4 started with the widest initial range
in ice grain size, and had the lowest initial (lightly tamped)
porosity, φ = 0.37 ± 0.03, as expected for packing of particles of different sizes, and the lowest final porosity. Thus,
of this set of experiments, this sample run is probably the
most geologically “realistic,” and the one most applicable
to KBO interiors. The initial crushing and loss of porosity
over the first few MPa of external, or macroscopic, pressure is not well resolved, but by P = 10 MPa porosity decreases to 20%. We can conclude that from these experiments that non-negligible porosity can be sustained over
solar system history in even large KBOs, but of course only
in the absence of significant heating and sintering, annealing, and creep-driven pore collapse. Moreover, the maximum sustainable porosity in the ice fraction of a large KBO
(e.g., Varuna) is limited, and is likely <<30–40%. Porosity in
the anhydrous rock (or silicate) fraction, if separate, should
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though this is essentially an observational selection effect.
The size, composition, and location of KBOs all affect their
structure and thermal evolution.
5.1.

Fig. 4. Compaction of cold, granular ice under hydrostatic pressure. All five samples (inset), compacted to pressures up to
150 MPa at 77–120 K, showed nonlinear porosity reduction with
increasing pressure and residual porosities after highest pressurization of at least 0.10. Porosity is corrected for the elastic effects
of pressure on volume; error bars shown represent the absolute
uncertainty in porosity at the end of each run, and the relative uncertainty of porosity along any given curve is ~±0.005. Inset shows
the samples after testing, still inside their 0.5-mm-thick soft indium encapsulation. For scale, the diameter of the end caps is
26.4 mm. Modified from Durham et al. (2005).

be essentially unaffected by KBO pressures, although even
for a 70/30 dry-rock/water-ice mixture the rock volume fraction is only 35%. Hydrated rock is weaker (more collapsible or crushable), as is presumably the carbonaceous fraction, but the relevant density and porosity behavior of the
latter is poorly constrained (section 6.3).
With the above discussion of formation location, timescale, composition, and porosity, we now turn to explicit
models of Kuiper belt object evolution.
5.

STRUCTURE AND THERMAL EVOLUTION

Kuiper belt objects bear resemblance both to asteroids
and to comets, and the numerous studies of asteroid and
comet internal evolution published over the years are of
direct relevance to understanding KBOs (see, e.g., the chapter by Coradini et al.). Kuiper belt objects also bear resemblance to the midsized icy satellites of the giant planets, and
the fruits of research on these bodies are also relevant. The
sizes of KBOs span a wide range, but on average they are
considered larger than comets (cf. Lamy et al., 2004), al-

Composition and Energy Sources

Models of the solar nebula, or of protoplanetary disks
around solar-type stars, predict rather low temperatures in
their outer (“transneptunian”) regions (>20 AU), usually
<<100 K (e.g., D’Alessio et al., 1999, 2001; Lecar et al.,
2006; Garaud and Lin, 2007), but above the ~20–30 K
required to directly condense the most-volatile species, such
as CO, N2, or CH4 (although see Hersant et al., 2004, for
an exception). Temperatures are, however, low enough for
the water ice to be amorphous at formation (whether condensed in the solar nebula or interstellar molecular clouds),
and for moderately volatile species, such as CO2, HCN, or
NH3, to condense. Amorphous water ice may trap highly
volatile species and release them upon crystallization (BarNun et al., 1987, 1988), although the roles of direct condensation vs. trapping in amorphous water ice probably
need to be critically reexamined (cf. Notesco et al., 2003).
Indirect support for the originally amorphous nature of
the H2O ice in KBOs is provided by the hypothesis that
Jupiter-family comets originate from the Kuiper belt and
by observations of highly volatile species in the comae of
these (and Oort cloud) comets and their release pattern (e.g.,
Meech and Svoren, 2004; Dello Russo et al., 2007). Thus,
it is reasonable to assume that the initial composition of
KBOs includes “dust” (rock + carbonaceous matter) and
gas-laden amorphous water ice, possibly mixed with other,
more volatile, ices, as described in section 2. As in asteroids and other solid objects of the solar system, the dust
will include radioactive species, and their relative abundances should be similar presumably to those found in
chondritic meteorites, an inference supported by the solar
abundances of refractory elements in Halley dust (Jessberger et al., 1988; Schulze et al., 1997).
This composition leads us directly to the internal energy
sources and sinks available to KBOs (impact heat being an
external source). These internal energy sources are of three
kinds: radiogenic energy, in proportion to the rock fraction;
heat released upon crystallization, in proportion to the H2O
ice content; and latent heat of phase transition of the various
volatiles. Clearly, the first two are energy sources, associated with irreversible processes. Latent heat, however, may
be either released or absorbed, and if gases can flow through
the porous medium, it can be released in one place and
absorbed in another, thereby acting as an effective means
of heat conduction. In this respect, there is also a significant difference between species that are included in the
original composition as ices or as trapped or absorbed gas.
Overall, these ices represent a potential heat sink, since they
require an outside heat source in order to melt or sublimate,
even if later they return all or part of the absorbed heat.
Trapped gases, on the other hand, once released from amorphous ice, are a potential heat source, because they will
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release latent heat upon eventual condensation, even if they
may reabsorb part or all of it, if the volatile ice later sublimates [although to an extent this distinction depends on
where one “bookkeeps” the energy of desorption from the
amorphous ice (Kouchi and Sirono, 2001)]. This difference
is particularly important for KBOs, since they reside in a
cold environment, and hence have cold outer layers, where
gases released in the interior are bound to refreeze.
Some of these complex effects have been studied and
illustrated by numerical simulations and will be addressed
in section 5.3. However, because they depend crucially on
initial abundances assumed, as well as on a number of
uncertain physical parameters, and to the extent that no
systematic parameter study is as yet possible, it is instructive to investigate KBOs in a more general, albeit less accurate manner, by some basic analytical considerations.
5.2.

Analytical Considerations

5.2.1. Heating versus cooling. Assuming that KBOs
have been affected by radioactive heat sources, much as
larger bodies of the solar system still are, but considering that small bodies cool far more effectively than large
ones due to their large surface to volume ratio, only highpower (short-lived) radioactive isotopes are of importance
for smaller KBOs (what is small is clarified in section 5.3).
The radioactive isotope 26Al (with an exponential decay
time τ = 1.06 × 106 yr) was recognized as a potential heat
source capable of melting bodies of radii between 100 and
1000 km half a century ago (Urey, 1955). Evidence for its
existence was supplied by 26Mg-enhanced abundances found
in Ca-Al inclusions in meteorites (e.g., MacPherson et al.,
1995). Further support, from an independent source, was
provided by the detection of interstellar 1.809-MeV γ-rays
from the decay of 26Al (Diehl et al., 1997). All this evidence points toward an interstellar isotopic ratio 26Al/27Al ≈
5 × 10 –5, implying an initial mass fraction X0 ≈ 7 × 10 –7 in
the rock dust fraction (but in the remainder of this section
“dust,” for modeling purposes, we will not distinguish between the rocky and carbonaceous dust fractions).
The potential effect of radiogenic heating during the
early evolution of icy bodies of different radii R may be
roughly estimated based on global energy considerations
(cf. Prialnik, 1998). The bulk heating rate, or power (energy per unit time), for a body of mass M, is

Qh =

1
X0MHe –t/τ
τ

(2)

where H is the radioactive heat release by 26Al decay per
unit mass (1.48 × 1013 J kg –1), and its maximum, obtained
at time t = 0 (identified with the crystallization age of CAIs
in carbonaceous meteorites, or t CAI), is τ –1X0MH. A rough
estimate for the bulk cooling rate is Qc ≈ 4πkT/R, where the
cooling flux is approximated by kT/R, T representing the
internal temperature and k the thermal conductivity. For the
internal temperature to rise, the balance Qh–Qc must be positive at t = 0, a requirement that is determined by the body’s

radius and by the thermal conductivity of its material, for
given initial conditions. As the heating rate declines with
time, it eventually becomes lower than the rate of cooling.
For suitably large KBOs the internal temperature rises at
the beginning up to a maximum value and then falls off,
tending to the local equilibrium temperature for t >> τ.
Based on this simple, heuristic model, Prialnik et al.
(2007) calculate T(t) and show that above a certain initial
radius an icy body made of amorphous ice will start crystallizing (say, for T > 100 K), and above a still larger radius, melting of ice eventually occurs (see also Jewitt et al.,
2007). [We emphasize that because amorphous water ice
is metastable at all temperatures, there is no fixed crystallization temperature. Conversion to crystalline ice is a thermally activated process that depends on both time and temperature (Schmitt et al., 1989).]
5.2.2. Accretion and radioactive heating. The above
considered radioactive heating to take place in a body of
fixed size, whereas in reality heating also occurs while the
body grows. The processes may be separated and treated
in turn only if accretion is very rapid as compared with the
characteristic decay time of the radioactive species. Thus,
for example, a body growing into a comet in the giantplanet region should not be affected by the decay of, say,
40K. For bodies potentially accreting more slowly, like
KBOs, and for short-lived radioactive nuclei, like 26Al, the
situation is different. Consider an accreting body of mass
M(t) and assume that the accreted material contains a mass
fraction X(t) of radioactive 26Al, initially X0 (cf. Merk and
Prialnik, 2003). The heating rate is now given by

Qh =

1
X0He –t/τ(M(t) – τM)
τ

(3)

and its variation with time differs considerably from that
obtained at fixed mass. Because the accretion rate is lowest
at the beginning (e.g., Weidenschilling, 2000), it is possible
that an accreting body will first cool (in an average sense)
and later, as the mass increases and the surface to volume
ratio becomes smaller, heat up (Merk and Prialnik, 2006).
We conclude that if the characteristic timescales of accretion and radioactive decay are comparable, a growing
body may be affected by radioactivity while it grows: At
first, when the body is small, efficient cooling is compensated by the high radioactivity; later, diminished radioactivity is compensated by the less efficient cooling of a larger
body. Applications of these concepts to asteroid thermal
evolution can be found in Merk et al. (2002) and Ghosh et
al. (2003).
5.2.3. Accretional impact heating. Heating due to the
accumulation of gravitational potential energy is not usually considered important for KBOs. For large comets and
small KBOs it is simply too small, and even for large bodies, such as Pluto, it has not been judged to be significant
when compared with the heat available from the decay of
long-lived U, Th, and 40K (McKinnon et al., 1997). In the
latter work, however, significance was measured by whether
accretional heat would melt Pluto or Charon’s ice and so
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and uacc is the rate of growth of the body, dr/dt. For a low
conductivity representative of porous rock or amorphous
ice, k ~ 0.1 W m–1 K–1 (Ross and Kargel, 1998)
τacc
κ
100 km
~ 0.1 km ×
×
uacc
R
1 m.y.

Fig. 5. Accretional temperature profiles as a function of KBO
radius, for various impact heat retention fractions, h. Density is
taken to be 1 g cm–3, representing a porous mixture of ice, rock,
and carbonaceous matter. Growth of temperatures is linear at large
radii because of the increase in the heat capacity with T. From
McKinnon (2002).

drive rock-from-ice differentiation. Kuiper belt objects are
of course composed of much more than water ice, so the
question of accretional heat should be reconsidered in this
light.
Figure 5 shows the result of such a heating calculation,
a classic radial temperature profile of an accreting uniform
sphere. Contributions from planetesimal kinetic energy prior
to gravitational interaction are ignored, so the temperatures
illustrated are the minimum a KBO may acquire. The temperature profiles are parameterized in terms of h, the fraction of impact heat retained (cf. Fig. 8 in McKinnon et al.,
1997, for a similar figure covering a broader size range).
This parameter depends on the balance of impact heat burial
vs. radiative (and possibly evaporative) cooling, but conservative values of h < 0.5 are often assumed. The approximate temperature range for amorphous ice to crystallize on
a million-year (approximately accretional) timescale, based
on Schmitt et al. (1989), is also shown.
From Fig. 5, we can see that large (R > 300 km) KBOs
should have begun to crystallize their original amorphous
water ice during accretion if h ~ 0.5. The exothermic nature of the amorphous-to-crystalline transition could then
in principle initiate an inwardly propagating wave of crystallization (cf. Haruyama et al., 1993), although release of
trapped gases from the crystallizing ice may mitigate or
eliminate the exothermic heat pulse (Kouchi and Sirono,
2001).
With regard to h, the characteristic length scale for thermal conduction during accretion is κ/uacc, where κ is the
thermal diffusivity (≡ ρCk p , where Cp is the heat capacity)

(4)

where R is the final radius of the KBO and τacc is its accretion time. As long as accreting impacts bury heat deeper
than this depth, h should be non-negligible and larger KBOs
should have experienced substantial initial temperature rises,
relative to their initial temperatures. The controlling variables are the accretion rate and, especially, the planetesimal size distribution.
5.2.4. Self-gravity. When we consider larger KBOs,
self-gravity is important and is bound to affect the internal
structure, as discussed in section 4.3. The question is when
should self-gravity taken into account in modeling? Based
on equation (1), and the experimental results described in
section 4.3, hydrostatic compression should be considered
for KBOs with radii above ~100 km. In this case an equation of state (EOS) is required in order to calculate the density distribution throughout the body.
An EOS based on the properties of rock, ice, and carbonaceous matter, along with porosity, could be developed,
but here we present a simpler, more generic approach.
Kuiper belt objects are, from a condensed matter point-ofview, “cold” bodies of modest scale compared to the major planets, and a simple, temperature-independent equation
of state may suffice. Specifically, we ignore all high-pressure phases of water ice, even though these can be structurally important for bodies as small as Charon (McKinnon
et al., 1997). Adopting a simple Birch-Murnaghan form for
the P(ρ) dependence (see, e.g., Poirier, 2000)

P(ρ) = Ke

ρ
ρ0

7/3

ρ
−
ρ0

5/3

(5)

where Ke is an effective bulk modulus, we can solve numerically the hydrostatic equation together with the mass conservation equation, yielding

d r2 dP(ρ)
= –4πr2ρG
dr ρ dr

(6)

for ρ(r). In order to obtain a solution we have to determine
two parameters: Ke and ρ0, and one boundary condition for
the above equation (in addition to the trivial condition that
the mass at the center vanishes).
If the radius and average density (or mass) of a body
are known from observations, there remains one free parameter or condition. If we assume internal pressures are
not sufficiently high for compressing the solid material
(rock and ice), but can only reduce (but not eliminate) the
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Fig. 6. Structure of a self-gravitating body having the assumed mass and radius of (50000) Quaoar, for different compositions defined by the dust/ice mass ratio, as marked: top left, density; top right, porosity; bottom left, pressure; bottom right, correction factor
for the thermal conductivity coefficient resulting from porosity (based on the model of Shoshany et al., 2002). The greater the rock/
ice ratio, the greater the solid (nonporous), central density, and thus the more porous on average and compressible the rest of the
interior. Modified from Prialnik et al. (2007).

porosity, the highest central pressure results by assuming
the central porosity (just) vanishes. Adopting this as the
additional condition, we present in Fig. 6 an example based
on the radius and estimated mass of 50000 Quaoar, 630 km
(Brown and Trujillo, 2004) and ~1.7 × 1021 kg (1.65 g cm–3
assumed), respectively. Results are presented for four different rock/ice mass ratios: 2, 3, 4, and 5 (a unity mass ratio
does not allow vanishing porosity at the center). We emphasize that these equations of state are intended to illustrate

the potential effects of compressibility; they are not based
directly on data such as in Fig. 4.
This caveat aside, it is interesting to note that such a body
has a far from uniform structure, which is bound to affect
its thermal evolution as well. We note, in particular, the
change in the multiplicative correction factor for the thermal conductivity due to porosity (Fig. 6, lower right), from
the model of Shoshany et al. (2002), ranging from unity at
the center to less than 3% (0.03) near the surface. We em-
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phasize that despite the relatively low average porosity, the
porosity of the outer layers may be considerable, comparable to that encountered in comet nuclei (cf. section 4).
5.3.

Numerical Simulations

The extent to which small outer solar system bodies may
have been affected by early radiogenic heating has been
debated for four decades (small here meaning comets and
sometimes KBOs, but not planets). The pioneering work
toward answering this question is that of Whipple and Stefanik (1966), who considered the decay of long-lived radionuclides and found that it would lead to loss of the mostvolatile species. It was followed by the studies of Wallis
(1980) and Irvine et al. (1980), who showed by simple
calculations that liquid water could be obtained in the core
of comet nuclei. The subject was further pursued by Prialnik et al. (1987), Prialnik and Bar-Nun (1990), Yabushita
(1993), Haruyama et al. (1993), and Prialnik and Podolak
(1995), each study focusing on one of the governing parameters, such as thermal conductivity, 26Al content, or
radius. More recently, models including mixtures of volatiles and gas flow through the porous medium have been
considered by De Sanctis et al. (2001) and by Choi et al.
(2002), and McKinnon (2002) explored the effects of longterm radiogenic heating on larger KBOs. Merk and Prialnik
(2003, 2006) have shown that radioactive heating must be
considered together with accretion of the bodies to their
final size, because these processes can proceed on comparable timescales. Their numerical calculations show that the
combined effect of accretion and radioactive heating is far
more complex.
Full-scale long-term simulations of the evolution of
KBOs are extremely demanding due to the interaction between the various thermal processes, which interfere with
each other. Hence, to date, such calculations have focused
on one aspect of the evolution, neglecting or simplifying
other effects. Even so, these calculations shed light and
impose constraints on the interior structure of these bodies.
Numerical modeling involves the simultaneous solution
of energy and mass conservation for all the components
considered, to date assuming a spherical body (see Prialnik
et al., 2004, for details). Since solar energy is not the major heat source, and since the orbital period is long and the
orbital eccentricity can be relatively low, the assumption of
spherical symmetry (“fast rotator”) is acceptable for KBOs
(far more than it is for comets). Thus a system of nonlinear partial differential equations is solved numerically on a
one-dimensional spherical grid. Further details on modeling of the porous medium, and on the method of computing the sublimation rate may be found in Mekler et al.
(1990); other parameters, as well as numerical procedures
are discussed by Huebner et al. (1999).
5.3.1. Heating of Kuiper belt objects during accretion.
Radioactive heating during the earliest stages of evolution
of KBOs, concomitant with accretion, was studied by Merk
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and Prialnik (2003, 2006). Their numerical studies consider
a composition of intimately mixed amorphous ice and dust
in various proportions and allow for crystallization and
melting of the ice. They do not consider, however, other
volatiles nor allow for flow (gas or liquid) through the porous medium, although thermal properties (such as conductivity) take porosity into account. For a growing, spherically
symmetric body of mass M(t) and uniform density ρ, composed of H2O ice and dust in various proportions, the mass
0 ≤ m ≤ M(t) is chosen as the “spatial” coordinate (Merk
et al., 2002), and adaptively gridded during calculation to
allow for the mass increase. Time is referenced to t CAI (section 5.2.1).
Using the rates of growth (M) supplied by an accretion
algorithm [the coagulation model in Merk and Prialnik
(2003)], a reasonably broad parameter-space survey was
carried out for the (a, Rmax) plane, spanned by heliocentric
distance and final (maximum) radius of the accreting object
in the outer region of the solar system: 20 AU ≤ a ≤ 44 AU
and 2 km ≤ Rmax ≤ 32 km, respectively (i.e, comet to perhaps typical KBO in size). Now, most observed KBOs are
>50 km in radius (Jewitt, 2004), so these particular calculations pertain less directly to KBOs as observed in situ, but
more to their cometary descendants and fragments thereof.
The calculations are nevertheless indicative of some of the
relevant physics and chemistry of KBO internal evolution,
especially if one focuses on the largest sizes considered
(64 km diameter).
Of the three different compositions considered by Merk
and Prialnik (2003) for the homogeneously growing body,
the ice-poor one (dust/ice by mass ~3.4) is perhaps more
relevant to KBOs and results obtained for this value are
shown in Plate 5 in the form of contour plots. The top left
panel shows the accretion times, which span a wide range,
and considerably exceed the lifetime of 26Al at the higher
radius end. The main features that emerge from these calculations may be summarized as follows.
5.3.1.1. Crystallization: The initially amorphous ice
crystallizes upon heating, and in this study is taken to be
fully exothermic. The fractions of crystalline ice obtained
when the crystallization process initiated by the decay of
26 Al is completed are shown in Plate 5 (bottom left). These
fractions, ranging between 0 and 1, correspond to the relative radius (r/Rmax) of the crystalline/amorphous ice boundary. We note that larger bodies formed in the present Kuiper
belt zone retain pristine amorphous ice throughout a considerable fraction of their mass (i.e., if the amorphous/crystalline boundary is located at half the radius, implying that
above it the ice is amorphous, it means that only one-eighth
of the ice mass has crystallized). Smaller bodies (comets),
as well as KBOs formed closer to the Sun, are bound to
undergo complete crystallization, if their initial dust/ice ratio
is as high as illustrated. The results change significantly if
the ice content is much higher.
5.3.1.2. Liquid water: Plate 5 (bottom right) shows the
maximum extent of liquid water (in terms of relative ra-
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dius r/Rmax). The occurrence of liquid water is limited in
the parameter space considered, where Neptune’s presentday orbit (30 AU) seems to describe a borderline. Beyond
this heliocentric distance, the fraction of liquid water becomes small regardless of Rmax, due to longer accretion
times. For heliocentric distances smaller than about 30 AU,
melting is still not found for the 2-km bodies, even if located as close to the Sun as 20 AU (and hence quickly accreting); these bodies remain permanently frozen. [In addition, internal pressures for the smallest bodies considered
in Merk and Prialnik (2003, 2006) do not exceed the waterice-vapor triple point of the pure substance, so melting (as
opposed to sublimation) is not possible for these bodies in
any case.] In the intermediate distance region, melt fractions
between 10% and ~90% are possible. The different progress
of these processes — crystallization and melting — is due
to the large difference, about 170 K, between the melting
temperature and the temperature range of the transition to
crystalline ice and to the fact that the two processes are
different energetically: Crystallization of (pure) ice is an
exothermic transition, whereas melting of ice is endothermic. Comparing the bottom panels of Plate 5, it is very interesting to note the existence of bodies that have liquid
water in the deep interior, while retaining pristine amorphous ice in their outer layers. These are bodies with radii in
excess of 20 km, formed beyond 40 AU, therefore potentially representative of dynamically “cold,” classical KBOs
(section 2).
5.3.1.3. Preservation of liquid water: The top-right
panel of Plate 5 shows the period of time during which liquid water is preserved, between melting as the temperature
rises, and refreezing, as the temperature drops with the decay of 26Al. We note a relatively narrow intermediate region between ~35 and 40 AU, near the present Kuiper belt’s
inner boundary, where liquid water persists for the longest
time (for the particular dust/ice ratio depicted). Closer to the
Sun, internal temperatures become too high and the water
may boil (pressures are low) and evaporate; farther away
accretion is too slow and hence cooling is too fast.
With regard to observations, if KBOs and short-period
comets formed within 30 AU, as in the Nice model, we
would expect all small bodies (and their collisional descendants) to have been thoroughly crystallized, if not melted
and devolatilized. Even larger KBOs (the ones we see),
formed well after the accretion times illustrated in Plate 5,
would be melted/refrozen if they accreted from an ensemble
of somewhat smaller (earlier-formed) bodies. Clearly, this
violates observational constraints on the measured volatile
production rates of short-period, Jupiter-family comets and
Centaurs (Meech and Svoren, 2004; cf. Dello Russo et al.,
2007), although the evidence for amorphous ice in comets
and Centaurs — exothermally crystallizing and driving
cometary outbursts — is largely circumstantial. [Amorphous
ice may have been detected in Oort cloud comets (Davies
et al., 1997; Kawakita et al., 2004).] Nor have Stardust
samples been in contact with liquid water (we return to rock
alteration in section 5.4). Either comets and KBOs formed
farther out from the Sun (>30 AU), the accretion algorithm

used to create Plate 5 is inaccurate (too rapid), or the KBO
thermophysical model needs adjusting.
Of all the input assumptions, the rock/ice ratio may be
the most critical. The dust/ice ratio in the model shown
(Plate 5), ≈78/22, may in fact be too high. If we consider a
carbonaceous mass fraction of ~25%, and use amorphous
carbon, with a density of ~1.7 g cm–3 (Wong et al., 2007),
as a thermophysical proxy, then a mix of 54% dry rock,
21% water ice, and 25% amorphous carbon by mass yields
the canonical solid density of 1.93 g cm–3. This latter rock
mass fraction is essentially identical to the dust mass fraction used (55%) in the “nominal composition” case in Merk
and Prialnik (2003, 2006), and because radiogenic heating
in the dust in these models is based on chondritic meteorite values, from an energy perspective dust mass = rock
mass. Importantly for our discussion, the 55/45 dust/ice
models in Merk and Prialnik (2003, 2006) indicate a more
tempered early thermal evolution, with some KBOs forming within 30 AU with appreciable amorphous ice, and
substantial water ice melting only for KBOs formed inside
~25 AU. Moreover, none of the models in Merk and Prialnik (2003, 2006) incorporate enhanced conductivity by
water vapor flow or sintering when temperatures rise above
180 K, which could further limit the amount of melting
predicted.
5.3.2. Survival of volatile ices. We now turn to other
volatiles and consider the possible changes that are expected
to occur due to internal heating. The main question is
whether and to what extent can volatile ices survive in the
interior of KBOs. Based on Plate 5, for comets and small
KBOs formed within 30 AU, the question is moot; for more
distant formation, or lower rock/ice ratios, the situation is
more interesting. This question was investigated by Choi et
al. (2002), with body size and heliocentric distance again
being the free parameters of the study. In this work, however,
heating during accretion is neglected and a diminished initial
abundance of 26Al is assumed instead (tacc > tCAI; see section 5.2.2), as another free parameter. Evolutionary calculations are carried out for very long time periods, on the order of 109 years, so heat from decay of 40K is considered
as well. The composition includes free (not trapped) CO
and CO2 ices, mixed with dust and amorphous water ice,
and volatiles are allowed to sublimate and flow through the
porous medium. The working assumption is that gases released in the interior can easily escape out of the interior
and to the surface (high effective permeability). The detailed
numerical solution yields temperature profiles and follows
the evolution of temperature-dependent processes and the
resulting changes in structure. An example of the results is
shown in Fig. 7, for bodies of 10 km and 100 km radius,
where the latter case is clearly representative of KBOs as
usually considered.
For both radii considered, an outer layer about 1 km deep
remains relatively cold at all times and thus preserves the
ice in amorphous form. In all cases, however, the CO ice
is lost, but this is bound to occur in the Kuiper belt region
even in the absence of 26Al (cf. De Sanctis et al., 2001),
due to the influence of insolation. The complete loss of free
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Fig. 7. Grayscale map of the evolving temperature (T) profile for a KBO radius of 10 km (left) and 100 km (right); a and X0 are
given, initial temperature T0 = 10 K, rock mass fraction is 0.5, and porosity is 53%. The change in tone along a vertical line represents
the radial temperature variation at the corresponding time. The change in tone along a horizontal line represents the change of temperature with time at the corresponding (fixed) depth. The time and depth scales are logarithmic, as changes are more pronounced
during the early stages of evolution, and sharper, generally, toward the surface of the body. Adapted from Choi et al. (2002).

CO ice — and by analogy, all volatiles that sublimate below
~50 K, which were initially included as free ices — is common to all cases considered in this study. Moreover, KBOs
may have partially lost less-volatile ices as well. The loss
of volatiles is illustrated in Plate 6: The sublimation fronts
advance inward from the surface due to solar heating (as
the initial temperature, T0, is set at 10 K for these models),
but at larger depths, sublimation is driven by radioactive
heating and the ice content gradually declines throughout
the interior.
Loss of volatiles from the interior is accompanied by
changes in porosity, and presumably, in tensile and compressive strength of the material as well. Internal stresses
caused by steep temperature gradients and high gas pressures may contribute to weakening of the porous material.
The main conclusion of all the numerical simulations considered so far is that the internal composition of KBOs is
most probably not homogeneous, but potentially stratified,
with the outer layers being less altered by volatile loss. Volatile addition through condensation may affect limited regions as well.
5.3.3. Gases trapped in amorphous ice. The conclusion that volatile ices, even if included in the original composition of KBOs, should be completely lost due to radiogenic heating leads us to consider the possibility that such
volatiles may still be present, trapped in the amorphous
water ice, which — we have seen — can survive radiogenic
heating, at least in a non-negligible outer layer. Otherwise
it would be difficult to reconcile observations of CO, for
example, in the comae of Jupiter-family comets, with the
hypothesis that these comets originate in the Kuiper belt.
As mentioned in section 5.1, trapped gases that are released from amorphous ice, and migrate toward colder re-

gions of the body where they refreeze, constitute an additional local heat source. The processes of crystallization,
freezing of the released gases, and their possible subsequent
sublimation, are all extremely temperature dependent and
they all occur in the same temperature range on comparable
timescales, thus interfering with each other. The result is a
very complicated composition pattern, where layers enriched in various volatile ices alternate.
A recent numerical study of this complex phenomenon
(Prialnik et al., 2007), which considers the evolution of
relatively large KBOs and includes self-gravity, shows that
in this case the outer zone is the most affected. There, volatiles that have been released in the interior and have migrated toward the surface refreeze, the more-volatile ones
closer to the cold surface than the less-volatile. A layered
structure is obtained, where different subsurface layers,
composed mainly of pristine amorphous ice and rocky and
carbonaceous dust, are enriched in different volatile ices.
The deep interior may be affected by loss of water ice, even
to the extent that a water-depleted core may form. The
porosity is significantly affected by these processes, as illustrated in Fig. 8. If the surface layers are heated at a later
stage, either by a collision or by a change in orbit that brings
them closer to the Sun, sublimation of these ices may lead
to enhanced activity. This may occur even if the temperature is not sufficiently high to trigger crystallization of remaining amorphous ice.
5.4.

Cryovolcanism and Differentiation

The models described in this section so far, with their
emphasis on early heating, amorphous ice crystallization,
and sublimation and transport of volatiles, have stressed
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Fig. 8. Grayscale map of the porosity (φ) of a self-gravitating body having bulk and orbital properties inspired by 50000 Quaoar
(R = 630 km; M = 1.6 × 1021 kg, average porosity = 0.25, dust mass fraction = 0.75, occluded volatiles: CO/CO2/HCN/H2O = 0.005/
0.005/0.0025/1; X0(26Al) = 3 × 10 –8, equivalent to accreting at t–tCAI = 3.3 m.y., but no long-lived radionuclides; orbital eccentricity =
0.035, a = 42.95 AU) as porosity changes with time throughout the spherical body. Over longer timescales (>100 m.y.) in the presence
of long-lived radiogenic heating, the porosities that evolve at great depth due to volatile sublimation and loss should be eliminated by
water ice sublimation and viscous creep. Modified from Prialnik et al. (2007).

heritage from cometary research. Issues of concern to the
icy satellite community, such internal differentiation, volcanic and tectonic activity, and so forth, have received much
less attention. Now, however, with real constraints on surface compositions and bulk densities, as well as inferences
for differentiation of some bodies (discussed in earlier sections), there is greater interest in the evolution of larger
KBOs and dwarf planets as individual worlds.
Figure 9 shows the results of a simple, long-term thermal evolution calculation for a 450-km-radius KBO, Varuna
(from McKinnon, 2002), and can be compared to both
Plate 6 (lower right panel) and Fig. 8. Similar to much of
the work already discussed, the model in Fig. 9 utilizes a
rock mass fraction of 0.58 and 40% porosity, and the ice is
initially amorphous (T0 = 40 K), but only long-term radiogenic heating is considered (X0 = 0). Whatever the importance of 26Al (and 60Fe) to early KBO evolution, radiogenic
heating by U, Th, and 40Ar over geologic time is inevitable,
and is most important for those KBOs whose conductive

cooling times R2/κ exceed ~4.5 G.y. For a thermal diffusivity κ ~ 10 –6 m2 s–1, appropriate to rock or crystalline ice,
this means bodies of ~400 km radius or larger.
One significant departure from the previous models is a
lack of exothermic energy release upon amorphous ice crystallization. While obviously a model simplification, it is also
experimentally justified (Kouchi and Sirono, 2001), when
the ice is impure (i.e., contains occluded gases). Ice crystallization increases the thermal conductivity of the ice
phase, promotes grain-to-grain thermal contact, and releases
gases that by transporting sensible and latent heat increase
the conductivity still more (unless the gases are able to vent
to space). Stresses caused by the volume change accompanying crystallization (Petrenko and Whitworth, 1999, chapter 11) could, in principle, promote pore collapse. For these
reasons, and to minimize the internal temperatures reached
in the model in Fig. 9, the conductivity of crystallized ice +
rock was assumed to convert to nonporous values at the
time of crystallization. Despite this substantial increase in
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Fig. 9. Temperature profiles for a 450-km-radius KBO (Varuna)
as a function of time. The ice fraction (0.42) is initially amorphous,
but once it crystallizes at ~90 K the effects of porosity on the
overall conductivity are assumed to vanish. Only an outer shell
or layer remains “primordial” and uncrystallized. Central temperatures continue to rise after 400 m.y., and in the absence of solidstate convection, would reach the water-ice melting point.
Modified from McKinnon (2002).

conductivity throughout most of the model volume, the center of the body reaches quite high temperatures after several
100 m.y. The steep temperature gradient indicates, however,
that conductive cooling has penetrated to the center.
Similar calculations predict the critical KBO sizes necessary to reach important thermal benchmarks:
1. Large-scale crystallization of KBO interiors occurs
between ~75 and 225 km radius, depending on the details
of the conductivity model (and in the absence of 26Al). This
is an interesting radius range in that it is the same range in
which the color properties of classical KBOs change, i.e.,
the “cold” classical KBOs are smaller and predominantly
red (see discussions in Barucci et al., 2004; Morbidelli and
Brown, 2004; cf. Peixinho et al., 2004), an effect sometimes
attributed to collisional resurfacing because of the colorinclination correlation. More to the point, and more importantly, the discovery of crystalline ice on larger KBOs, for
spectra that possess sufficient signal-to-noise (Cruikshank
et al., 2007), should come as no surprise. All KBOs greater
than a certain size (which depends on their initial endowment of 26Al) should be predominantly if not entirely crystalline (factoring in impact erosion and regolith overturn).
2. Mobilization of ammonia-methanol-water eutectic
melt (potential cryolava) occurs for KBOs of R > 300 km.
As noted in section 3.1, methanol forms a lowest-melting
temperature (or eutectic) melt with water ice at 171 K (at
1 bar). The equivalent ammonia-water peritectic is at 175 K,
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and the ternary eutectic between ammonia dihydrate, methanol hydrate, and water ice (the hydrates being the predicted
stable chemical forms within a KBO) is near ~155 K (Kargel, 1992). Mobilization means that the centers of KBOs
of the critical size will reach the eutectic temperature.
For larger-sized KBOs, greater internal volumes should
exceed the eutectic temperature or temperatures, and the
resulting melt, being buoyant with respect to the unmelted
water ice and rock that remains, should percolate upward;
if the melt collects in a sufficiently large layer or lens, it
should be able to “hydrofracture” its way to the surface and
erupt as a cryovolcanic sheet (Stevenson, 1982). It is tempting to treat the relatively large amounts of methanol ice on
the surfaces of Pholus and (55638) 2002 VE95 (section 3.4)
as evidence of such cryovolcanism, but both bodies are
about R ~ 200 km, significantly smaller than the minimum
predicted size (and thus melting is not easily achieved by
tweaking thermophysical model parameters). On the other
hand, it is not obvious that ~10–15% CH3OH on the surface of a body is evidence of a “chemically primitive nature” (Barucci et al., 2006) either. Perhaps a contribution
from 26Al is necessary to bring bodies of the Pholus scale
to the required internal temperatures (≈155–170 K, depending on ammonia content).
3. Substantial sublimation of water-ice, sintering, and
densification by solid-state creep of the ice grains should
set in by ~180 K (at least), temperatures first reached by
bodies of R > 350 km. Kuiper belt objects above this size
should evolve to eliminate any residual porosity in their
warm central regions not previously lost to pressure-densification alone (section 4.3). This process has not yet been
incorporated in KBO models yet, but an approach along the
lines of Eluszkiewicz et al. (1998) using modern compression data (section 4.3) and ice rheology (Durham and Stern,
2001) would seem warranted.
4. In models similar to that in Fig. 9, the water-ice
melting temperature (≈270 K) is reached for KBOs of R >
425 km. The critical question for large KBO evolution is
whether melting and differentiation proceeded at the centers of large KBOs, hundreds of millions of years after they
accreted, or whether the internal temperatures were moderated by the onset of solid-state convection in the ice-rock
mixture (effectively creating a thermal short circuit). This
issue was addressed in detail in McKinnon et al. (1997) with
regard to Pluto’s internal evolution, but those authors did
not converge on an answer. Given accumulating evidence
that the very largest KBOs are indeed differentiated (section 6), this important issue is also worth reexamining, and
for all large, dwarf-planet class (R > 500 km) KBOs. The
presence of liquid water may also be key to formation of
phyllosilicates and carbonates (sections 3.3 and 3.4) from
alteration of crystalline or amorphous mafic precursors, although sustained contact with water ice near its melting
point (Reitmeijer, 1985; B. Fegley, personal communication)
or with the water-bearing cryolavas just described may
suffice.
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Conclusions from Thermal Evolution Models

The calculations presented here, both as analytical estimates and as simple or complex numerical simulations,
should be taken to indicate evolutionary trends and the results should be regarded more as qualitative than quantitative. For example, for large KBOs the predicted thickness
of the primordial, amorphous-ice-rich outer crust depends
critically on the conductivity model employed and the intensity (and therefore timing) of radiogenic heat release
(compare Plate 6, lower right panel, and Fig. 9), but all
models agree that the interiors should be overwhelmingly
crystalline.
We also note that mobilization of moderately volatile
methanol and ammonia and even water vapor or liquid are
all predicted for the larger (>300 km radius) KBOs (section 5.4), even in the absence of early short-lived radiogenic
heating. The bodies to the right side of Fig. 3, then, should
be thought of as fundamentally endogenically evolved bodies, regardless of the specifics of the particular thermal
model. The extent of internal evolution for midsized KBOs,
at the left side of Fig. 3 (and discussed in section 5.3), is
much more dependent on the details of the thermal model
employed, and/or whether 26Al was important.
Indeed, many additional factors may affect the structure
of KBOs — among them an uneven shape, rotation, orbital
migration, and collisions. It may be difficult, perhaps impossible, for all these factors to be accounted for in a systematic manner. Nevertheless, we may state with a reasonable
degree of confidence that, if KBOs experienced radioactive
heating, their structure and composition were altered, with
considerable loss of volatiles and significant departure from
internal homogeneity likely.
6.

DWARF PLANET STRUCTURE AND
GEOLOGICAL ACTIVITY

For the largest KBOs (perhaps R > 500 km) we may
adopt the premise that accretional and radiogenic heating
were likely more than sufficient to have driven these bodies to an advanced state of chemical separation and internal differentiation (and no porosity, except in near-surface
impact regoliths or “cryoclastic” volcanic layers). In reality this is an open question, and should be studied further,
but it is now a defensible point of view. We noted earlier
(in section 4.1) the evidence that the precursor to 2003 EL61
was differentiated. To this we may add the refined system
parameters for Pluto-Charon, which definitively indicate
that Charon has a lower density (1.65 ± 0.06 g cm–3) than
Pluto or the Pluto system as a whole (Buie et al., 2006;
Sicardy et al., 2006). In terms of the paradigm of Charon’s
origin by large-scale (“giant”) impact of two cosmochemically similar bodies (Canup, 2005), this implies that one
or both bodies had already differentiated, so that there was
a greater contribution from one or both icy mantles to the
debris that remained in orbit to form Charon. That Charon
is as dense as it is might be taken to indicate that the im-

pactor was undifferentiated, or otherwise its rock core might
have merged with the body that became Pluto.
Deep water-ice absorptions in the near-IR might also be
taken as evidence for KBO differentiation (or the collisional
products of such differentiation), although this interpretation has had a checkered history in its application to icy
satellites. Given the amount of rock and dark carbonaceous
matter likely present in KBOs, and the low albedos of many
of the smaller bodies (Grundy et al., 2005; chapter by
Stansberry et al.), this interpretation may in fact be correct
[and especially if spectral modeling does not require any
carbon black or other “dark neutral absorber” to fit the albedo (e.g., Trujillo et al., 2007)].
If differentiation is assumed, questions such as the presence or absence of icy convection, or internal oceans (“aquaspheres”), or even metallic core formation naturally arise.
Hussmann et al. (2006) have examined one aspect of ocean
formation within KBOs, that of thermal stability. Figure 10
is taken from their work, and shows possible internal configurations for ammonia-bearing oceans within the largest
KBOs, for the present epoch. In general the preservation
of such oceans is facilitated by the freezing-point depression offered by dissolved ammonia, methanol, or salts; in
the presence of solid-state convection in the ice layer (which
suppresses ice temperatures), such freezing-point depression may be necessary to allow the ocean at all.
The models in Hussmann et al. (2006) are highly simplified (details are provided in the caption to Fig. 10), but
the key parameter is ammonia content. For all but Sedna,
the initial NH3 abundance is 0.05 with respect to water.
From section 3.1 and Fig. 1, this is much higher than the
expected NH3 abundance in KBOs of ~0.01, and thus is not
realistic insofar as we understand cometary abundances.
One speculative pathway to provide more ammonia would
be for carbonaceous, CHON-like material to be hydrothermally processed in the hydrated, rocky cores of these bodies, which in principle could provide a variety of N-bearing organic or inorganic compounds (Shock and McKinnon,
1993). For sufficiently reducing conditions in the core, NH3
would be the most abundant nitrogenous compound produced. From an icy petrology point of view, methanol behaves much like ammonia, and their combined abundances
could be close to 0.05 (section 3.1), so we could alternatively view the models in Fig. 10 as proxies for ammoniaand methanol-bearing oceans.
Another aspect of the models in Hussmann et al. (2006)
is that they assume all the available “antifreeze” is contained
in the ocean of a given KBO, and it is implicit then that
the ice shell froze from the top down, from an initially completely molten state. This is certainly justifiable for Triton,
given its likely strong, capture-related tidal heating (McKinnon et al., 1995), but the situation for other KBOs is not
as favorable. As described in section 5.4, for large KBOs
that evolve from an undifferentiated, cold start, the first
cryovolcanic events are the eutectic/peritectic melting of
ammonia and/or methanol hydrate ices. This melting, at
relatively low temperatures, will consume all the locally
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Fig. 10. Interior structure models for dwarf planets and similar worlds. Models are constructed from rock cores (3.5 g cm–3), ice
shells, and internal ammonia-water oceans (both 1 g cm–3), with a rock mass fraction of 0.65 assumed for Eris and Sedna, and the ice/
ocean boundary determined by thermodynamic equilibrium between the ice and ammonia-bearing ocean for present steady-state heat
flows (conductive in the cases shown). The examples shown utilize global NH3/H2O ratios of 0.05, except for Sedna, which uses 0.014.
Modified from Hussmann et al. (2006).

available ammonia and methanol and only a fraction of the
water ice (e.g., if only ammonia is present, 5% ammonia
implies that ≈10% of the original water ice enters the melt).
This melt is very buoyant compared to the rock-ice residuum, and as the body warms the melt should make its way
to the colder near-surface regions, eventually erupting to
the surface or freezing in subsurface masses (e.g., Stevenson, 1982). Rock-from-ice differentiation is not triggered
by these early cryovolcanic events, and requires substantially higher temperatures (by ~100 K), but even in this case
is likely to have proceeded in a piecemeal fashion as opposed to wholesale (all at once) ice melting. The latter is
only possible for large KBOs that are heated much more
quickly than conductive or convective losses can compensate, such as by strong, early heating by 26Al (Busarev et
al., 2003) or by massive impacts when the progenitor is
already close to the water-ice melting point (McKinnon,
1989; Canup, 2005). Without wholesale ice melting it is not
clear how efficiently early ammonia- and/or methanol-rich
“crusts” are recycled into deep, oceanic layers.
6.1.

Pluto-Class Kuiper Belt Objects

With the above as background, we turn to remarks about
individual bodies, and for Pluto and Charon comparisons
with models previously published in McKinnon et al. (1997).
Discovery of Nix and Hydra have allowed a refinement of
the position of the Pluto-Charon barycenter, and thus the
Pluto/Charon mass ratio (0.1165 ± 0.066) (Buie et al.,
2006). The mass of Pluto and Charon are now known to
within 0.5% and 5%, respectively, a remarkable improvement over 10 years. The size of Pluto remains uncertain, but
its atmosphere was probed down to a radius of ≈1192 km
by the stellar occultation of June 12, 2006 (Elliot et al.,
2007), and extrapolation of an atmospheric model consistent with vapor-pressure equilibrium with N2 surface ice
gives an upper-limit radius of 1184 km. Elliot et al. (2007)

note that Pluto’s atmosphere could be tens of kilometers
deeper, however, and Pluto’s radius smaller. For a solidbody radius of, say, 1175 km, Pluto’s density is 1.92 g cm–3
and its inferred rock mass fraction is ≈0.67 (calculated on
an anhydrous basis). Using a smaller radius, such as the
1153 ± 10 km adopted by Buie et al (2006), Pluto’s density is 2.03 ± 0.06 g cm–3 and its inferred dry rock fraction
is ≈0.71 ± 0.02.
Bodies of Pluto’s size and density mark a transition in
KBO structure type; bodies that are smaller (or more rock
rich) permit differentiated models of ice I overlying rock
cores, whereas larger (or less rock-rich) bodies achieve sufficient pressures at the base of their ice shells (>200 MPa)
to require higher-pressure polymorphs of ice at those pressures. This transition pressure also marks the minimum
melting point for ice (the liquid-ice I–ice III triple point), and
is the natural place for ammonia, methanol, or salty oceans
to “perch,” between less-dense ice I above and (depending
on temperature) denser ice II or III below. If there is enough
ammonia or salt, etc., the ocean may be thick enough to
extend to the base of the icy layer, and be in direct contact
with the rock core as in Fig. 10 [although, technically, Hussmann et al. (2006) ignored higher-pressure phases of ice
in their models].
Earlier in solar system history, heat flows would have
been sufficiently high that the floating ice layers in Fig. 10
would have been much thinner, or they may have been of
similar thickness but with convecting lower portions (sublayers), depending on ice viscosity and ocean temperature
(cf. McKinnon, 2006). Over time radiogenic heating declines, however, and the ocean and sublayer may ultimately
cool too far. In this case convection may become subcritical and then shut down altogether (McKinnon, 2006). The
conductive temperature profile that subsequently establishes
implies a thinner ice shell and thicker ocean than before.
Kuiper belt objects the size of Triton are safely above
this convective shutdown threshold; due to their relatively

232

The Solar System Beyond Neptune

Fig. 11. Temperature and pressure profiles through Charon at two stages of its potential internal evolution [calculated using ICYMOON
(Mueller and McKinnon, 1988)]. (a) Early, undifferentiated Charon approximately 550 m.y. after formation and initial radiogenic heating
(cf. Fig. 9). Interior temperatures are moderated by convection (the convective adiabatic temperature shown, ≈250 K, is for illustration), but convection depends on ice viscosity; if the ice is too viscous then convection is inefficient and the ice melts, ultimately
resulting in a differentiated Charon. (b) A differentiated present-day Charon. A steady-state thermal profile is illustrated, starting at
the surface (55 K), and utilizing the thermal conductivities of crystalline ice I in the shell and 3 W m–1 K–1, a value typical of igneous
and metamorphic rock [such as serpentinite (e.g., Clauser and Huenges, 1995)] in the rock core. In these models, Charon today is a
cold and geologically inactive body.

elevated heat flows, Pluto-scale KBOs are near the tipping
point for convective shutdown. For Pluto itself, the radius
limits above imply a rock mass fraction not too far below
that of Triton, so it is likely that convection persists (or
could persist) today (see McKinnon, 2006, for details).
If KBO oceans bear sufficient ammonia or methanol, the
physics of convective shutdown may be considerably more
complex. In this case, there may be no steady state at shutdown, but an oscillation between a subcritically convecting but thickening shell, and one that is conducting and
thinning (Mitri and Showman, 2007). The threshold for
convective shutdown is in this case a threshold for thermomechanical shell instability, and depends on, e.g., ammonia
content, not just body size and the rock/ice ratio.
Ultimately, the ice layers of dwarf planets such as Pluto
and Eris, and Triton, could cool sufficiently over solar system history to freeze oceans containing only salts (alkali
halides, sulfates, and so forth), but cooling to the point of
complete freezing of aqueous ammonia or methanol is exceedingly unlikely (if not impossible). If the deep ice shells
of these worlds (as opposed to their cold surface layers)
contain ammonia or methanol, they almost certainly have
oceans.
6.2. Charon
Pluto’s moon Charon may not officially be a dwarf
planet, but it is larger than Ceres (although not quite as
massive), and so we may consider it to be one-half of the
first known dwarf planet binary. It is also the first solid body

in the solar system where ammonia-ice (probably hydrated)
has been spectroscopically identified (Brown and Calvin,
2000). Ammonia ice, often taken as the sine qua non of icy
satellite volcanism, has been sought since the earliest work
of J. S. Lewis on the subject (see Kargel, 1992), and it is
remarkable that it has been found on a KBO, where all other
things being equal its abundance should be low (e.g., Prinn
and Fegley, 1989) (see also section 3.1). An important question is whether the spectroscopic presence of ammonia ice
implies recent cryovolcanism on Charon (Brown and Calvin, 2000; Cook et al., 2007).
McKinnon et al. (1997) argued that Charon was likely
undifferentiated and cold today, but this inference was tempered by the satellite’s then uncertain density. Charon’s
density is now known to within ≈4% (Buie et al., 2006),
which implies a dry, solar-composition rock fraction in the
0.53 to 0.57 range, depending on whether Charon is undifferentiated or differentiated, respectively. There is more
than enough energy from long-term radiogenic heating
alone to bring Charon to the threshold of differentiation
(Fig. 11a), but as discussed in McKinnon et al. (1997), the
issue is whether solid-state convection in the volumetrically
ice-rich interior efficiently transports this heat to the nearsurface lithosphere (or “stagnant lid,” in convective parlance), where it is conducted to the surface and radiated to
space. The rock volume percent implied from the mass fraction above (~30%) is substantial, but not quite enough as
to demand that the viscosity of primordial Charon ice + rock
was too high for efficient convective transport. This depends
critically on the ice viscosity (as rock particles remain rigid
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at the temperatures in question), which in turn depends on
ice grain size at the convective stress levels inside icy satellites and KBOs. This is an area of active research for icy
satellites (Barr and McKinnon, 2007). We can say from
Fig. 11a is that Charon’s differentiation is a plausible evolutionary outcome. We can also say that even if undifferentiated, Charon became hot enough internally that all the ammonia and methanol within the bulk of the body (≥60% of
the volume) should have formed an aqueous melt, which
then percolated into the bottom of the stagnant lid, if not
erupted to the surface.
Over the long term, however, Charon is a small enough
body that it should cool substantially. If it remains undifferentiated it should have become quite cold throughout its
interior, notwithstanding its nontrivial rock fraction, undergoing strong global compression as deep ice I converted to
more dense ice II. If Charon did differentiate, then the conversion to ice II can be avoided (Fig. 11b), but internal temperatures today should still be modest. In particular, the
temperatures in the ice layer should be well below the ammonia-water peritectic temperature of 175 K, even accounting for somewhat elevated heat flows compared with present steady-state values (perhaps by 25%) (McKinnon et al.,
1997).
Cook et al. (2007) argue that a very ammonia-rich ice
shell (NH3/H2O ≈ 0.15) would be of low enough thermal
conductivity to permit an ammonia-rich liquid layer at depth
to survive to the present, but this is an extreme compositional choice [essentially the fully equilibrated, solar ammonia abundance, and thus incompatible with the large rock/
ice ratios of dwarf planet KBOs (e.g., Wong et al., 2007)].
Rather, we suspect that the lower conductivity of ammonia-water ice (in comparison with water ice) in surface and
subsurface cryovolcanic units (Ross and Kargel, 1998) only
modestly increases internal temperatures, for likely ammonia/water abundances (unit thicknesses). As discussed in
McKinnon et al. (1997), though, the effect of a porous, and
thus low-conductivity, regolith may be substantial. Such a
low-porosity layer would have to be several tens of kilometers deep (assuming an order of magnitude reduction in
conductivity) to sustain an ammonia-rich melt layer (and
thus might be termed a megaregolith), but there would be
a synergistic effect with deeper water ice — warmer ice
is less conductive, which implies comparatively warmer
conductive temperature profiles. Unfortunately, internal
temperature regulation by icy regoliths, first proposed by
Shoemaker et al. (1982), has never been adequately quantitatively modeled.
It is probably premature to conclude that the presence
of ammonia-water ice on Charon’s surface implies recent
cryovolcanism. It is, however, reasonable to conclude that
there exist ammonia-bearing cryovolcanic units on Charon.
These may be continually, spectroscopically exposed by
impacts. Implantation of N2 escaping from Pluto is an alternate explanation for ammonia ice on Charon, but ammonia ice may also exist on Quaoar, for which there is no corresponding external N2 source (Jewitt and Luu, 2004). By
implication, this weakens the exogenous N2 hypothesis for
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Charon. It would be most valuable to confirm the Quaoar
2.2-µm spectral feature at higher S/N.
It has been argued by Cook et al. (2007) that the presence of crystalline, as opposed to amorphous, water ice in
Charon’s optical surface also implies recent cryovolcanic
activity. We will not go into this topic in depth, but we will
note, as have others (Brown and Calvin, 2000; Grundy et
al., 2006; Jewitt et al., 2007; Trujillo et al., 2007), that the
crystalline ice feature at 1.65 mm is ubiquitous in the spectra of outer planet satellites and KBOs in which water-ice
spectral features can be seen. This includes all five of the
midsized satellites of Uranus, none of which have been
obviously active in the geologically recent past, and some
of which are clearly inactive (heavily cratered), based on
Voyager 2 imagery. We reiterate that the issue is not the
mere presence of crystalline water ice, as we expect the
overwhelming bulk of all larger KBOs to have crystallized
over time if they accreted from amorphous ice. Rather it is
the expectation that ionizing UV and charged particle bombardment will reamorphotize the optical surface on geological timescales competitive with, say, regolith turnover.
Ultimately, however, nature will answer the question of
recent geological activity on Charon, as long as the planned
New Horizons encounter with the Pluto system in July 2015
is successful.
6.3.

Carbonaceous Caveat

We note in closing that the carbonaceous fraction of
KBOs has all but been ignored in this section. McKinnon
et al. (1997) offered some hypotheses as to how a carbonaceous or graphite-rich layer might affect Pluto’s internal
structure, but lack of constraints on the chemical or physical makeup and characteristics of such a layer (or its distributed equivalent) have impeded incorporation into either
KBO structural models or evolutionary calculations.
7.

STILL LARGER BODIES
BEYOND NEPTUNE?

The history of KBO discovery has, since the discovery of ~100-km-diameter 1992 QB1, consistently yielded
new, record-setting discoveries of larger and larger bodies.
The current (mid-2007) largest KBO is Eris, which has an
~2400 km diameter, some 5–10% larger than Pluto but
smaller than 2700-km-diameter Triton, which was formed,
before its capture, in heliocentric orbit. It is also simple to
calculate, based on brightness alone, that a 10% albedo
“Mars” could be detected with current detection capabilities to over 800 AU, and that a 10% albedo “Earth” could
be detected to over 1200 AU. The real difficulty with such
detections is that such bodies would move very slowly and
have very small daily parallaxes at opposition, but such
difficulties could be overcome. These various facts beg the
question of whether still larger bodies are to be discovered
among the KBOs or perhaps beyond, in the Oort cloud. One
can approach this topic from any of several directions. As
we will see, all lead to generally similar conclusions.
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One approach to this question is the “forensic” one taken
by Stern (1991). In this study, the collisional probabilities
of creating the tilts of Uranus and Neptune, of making a
Pluto-Charon pair, and of capturing Triton into orbit around
Neptune were each found to be quite low, even over the
entire age of the solar system. Given that all three of these
independent events have probabilities of 10 –2 to 10 –4 of
having occurred, Stern concluded that there was strong circumstantial evidence for a substantial former population of
bodies that once populated the Uranus-Neptune and KBO
regions, with sizes ranging from objects just large enough
to create Charon by a “giant” impact with Pluto, to Tritons,
to Earth-mass bodies capable of tilting Uranus and Neptune. Such bodies, Stern concluded, would have been removed in the clearing of this region after the formation of
Uranus and Neptune, and are now to be found in the Kuiper
belt or its distant extensions, the Oort cloud, or in interstellar
space.
Another approach is based on the results of KBO accretion studies that were initiated some years later after the
discovery of KBOs. Indeed, a series of such studies, each
with increasing fidelity (e.g., Stern, 1996; Stern and Colwell, 1997; Kenyon and Luu, 1999; Kenyon, 2002), have
all shown that the large KBOs observed today must have
been grown in an environment with considerably (e.g., 100–
300 times) higher surface mass density than the current-day
Kuiper belt. These studies have also consistently predicted
growth times for Pluto-sized bodies of 50–100 m.y., depending on starting assumptions (or less if accretion takes
place much closer to the Sun; see section 2 and chapter by
Kenyon et al.). Most importantly, however, these studies
also demonstrated that such an environment could grow still
much larger bodies, at least up to Mars (Earth) size, if left
dynamically undisturbed for additional amounts of time,
i.e., ~200 m.y. (1 G.y.). Given this information, and the existence of Triton (with twice Pluto’s mass), one thus easily
concludes that unless the accretion process was efficiently
aborted owing to some dynamical removal of the growing bodies from the feedstock just as bodies the scale of
Pluto, Eris, and Triton were reached, then larger bodies
were grown and have since been removed to greater distances by some later dynamical clearing process. It has in
fact been postulated that just such a large, Mars-sized body,
in a more distant orbit, could have been responsible for the
“edge” to the Kuiper belt (Brunini and Melita, 2002).
There is likely a limit, however, to how large bodies in
the Kuiper belt might have grown. Gomes et al. (2004)
concluded, based on numerical simulations of theirs and in
Morbidelli et al. (2001), that Mars-mass embryos or larger
could not have existed in the planetary disk beyond Neptune unless the disk was truncated near the present position of Neptune, at ~30 AU. And even in this case only a
single embryo is permitted, one that was ultimately scattered or lost. The problem with extended disks, and multiple embryos, is that one or more of the embryos should still
be in the remnant disk (Kuiper belt) beyond Neptune (and
we don’t see them), because embryos are massive enough
to migrate independently through the disk (Gomes et al.,
2004), and if there were more than one, interact with each

other so as to dynamically detach themselves from Neptune
(Mordibelli et al., 2001). That is, such embryos are not simply low-mass KBOs, subject to resonant “catch and release”
as Neptune moves outward.
Yet another approach to the question of large objects
is based principally on dynamical arguments. In the “Nice
model” of outer planet evolution (e.g., Tsiganis et al., 2005;
chapter by Morbidelli et al.), Uranus and Neptune were suddenly evolved, after a long interval of dynamical stability,
from their original compact orbits between 10 and 20 AU
in a dynamical scattering event that transported them to
various farther-removed orbits. This transport, combined
with the later clearing of the current Uranus-Neptune zone,
would then have presumably emplaced numerous bodies
with a size spectrum reaching upward from KBOs, in the
deep outer solar system beyond the zone that Uranus and
Neptune could clear.
Now, in the Nice model, the upper limit on the size of
bodies scattered into the Kuiper belt region (or farther afield)
is unclear, but a large (approximately Mars-sized or greater)
embryo, following the above discussion, even if scattered
to the Oort cloud, might have upset the resonant structure
of the Kuiper belt in the process of being scattered (H.
Levison, personal communication, 2007). On the other hand,
the obliquities of Uranus and Neptune do argue for interaction with Earth-mass-scale embryos (Stern, 1991). The Nice
model starts with a very compact solar system, in terms of
the giant planets. There is not much room in the model between Saturn and the outer planetary disk to fit more Earthmass or greater planetary embryos and still maintain stability for hundreds of millions of years. Levison et al. (2007a)
in particular argue that all four giant planets essentially
reached their full masses during the lifetime of the solar
nebula (<10 m.y.); the nebula provides the needed stability and implies that any Earth-sized embryos or additional
giant-planet cores that were scattered out did so during this
early epoch. If they are to be found, they probably lie in
the Oort cloud or in the extended scattered disk as “detached objects” (“super-Sednas”).
As stated at the beginning of this section, all three of
these approaches yield consonant results, i.e., one should
not be surprised to see the pantheon of record-setting size
discoveries in the Kuiper belt and Oort cloud continue for
some time. Indeed, it is possible to conclude that objects
the diameter of the Moon, Mars, and perhaps even Earth
or larger may await our discovery, although the largest-mass
bodies are most likely to be found as dynamically detached
objects or in the Oort cloud. We eagerly anticipate the discoveries that will come with broader and deeper studies of
the population of the deep outer solar system.
8.

DISCUSSION AND OUTLOOK

McKinnon (2002) strongly criticized the often unstated
assumptions in cometary models incorporating 26Al, in particular highlighting the problematic issue of accretion timescale, and wondering whether such strong heating as 26Al
might supply is consistent with the retention of volatiles
such as CO in comets or other evidence for the maintenance
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of low temperatures within cometary nuclei. Indeed, Prialnik et al. (1987) had already argued the amount of 26Al originally incorporated in comets must have been limited (X0 ≤
4 × 10 –9) in order to preserve amorphous water ice. Furthermore, if comets and KBOs had heated to the point of
water-ice melting and differentiation, where was the evidence of that differentiation? Where was the evidence of
water ice mantles or crusts on KBOs and Centaurs? Given
collisional processing (see Farinella et al., 2000), where
were the more-or-less pure ice comets? McKinnon (2002)
noted that 26Al was live and important in the inner and main
asteroid belt, but asked whether the C, P, and D asteroids
and Ceres, which presumably accreted more rapidly than
KBOs, were differentiated as well.
Many of these questions are in the process of being answered. Accretion timescales have come down, but as discussed in section 2, there is still a wide range of model values. Whether 26Al was live and important in the Kuiper belt
is, from a dynamical point of view, still uncertain. What is
clear, though, is that accretion and 26Al decay can coexist
in such as way as to provide both thoroughly altered and
relatively pristine comets and KBOs (section 2.3) (see also
Fig. 5 in Merk and Prialnik, 2006). Spectroscopic evidence
of water-ice surfaces on several KBOs now exists (section 3.4). Furthermore, the first spectroscopic evidence for
possible hydrated silicates on a D-type asteroid has been
reported (Kanno et al., 2003), and aqueous alteration is inferred for both Comets Halley and Tempel 1 (section 3.3)
and several KBOs (section 3.4). Even Ceres is now thought
to be differentiated (from its shape and density), with a rock
core, ice mantle, and possible subsurface ocean (Thomas
et al., 2005). This does not imply that early heating by 26Al
decay was necessarily responsible, but it does mean that
models of asteroid accretion (McSween et al., 2002) do not
have to avoid early melting and differentiation of Ceres. To
this we might add that the D-type asteroids that dominate
the outer asteroid belt and Trojan clouds could actually be
refugees from the Kuiper belt (Morbidelli et al., 2005).
The question remains, however, whether live 26Al and
60Fe were required during accretion of the Kuiper belt, i.e.,
what observations today demand that early radiogenic heating was important? We will come back to this question at
several points below.
The surface colors and compositional variation classes
of KBOs, such as derived by Barucci et al. (2005a), are
usually discussed in terms of “nature vs. nurture,” i.e., in
terms of intrinsic, primordial compositional variations or
different and diverse degrees of surface processing (Cruikshank et al., 2007). Specifically, the redness of the lowinclination classical KBO population may indicate the dynamical uniqueness and isolation of this group, or it may
indicate that the group is somehow protected from or less
affected by “collisional resurfacing.” The latter refers to the
hypothesis of Luu and Jewitt (1996) and Jewitt and Luu
(2001), in which continuous radiolytic reddening competes
with sporadic impacts bringing grayer material to the surface. Collisional resurfacing explicitly assumes that all
KBOs are born equal, and implicitly assumes that (1) KBO
interiors and subsurface layers remain primordial; (2) the
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primordial mixture of rock, water ice, refractory organics,
and volatile ices and organics is spectrally neutral in the
visible and near-IR; and (3) this primordial mixture only
reddens under the influence of solar wind and UV and
cosmic-ray bombardment, as new, tholin-like organic compounds are created from simpler precursors and organic
compounds devolatilize and evolve to higher carbon fractions.
One problem with this hypothesis, which is otherwise
attractive in terms of its simplicity (Occam’s principle), is
that long-term radiolysis should completely carbonize the
organic fraction, as well as preferentially sputter away water
ice, rendering old surfaces black (spectrally gray and featureless) (e.g., Moroz et al., 2004). This and the lack of
rotational color/spectral variations among individual KBOs
or consistent color/spectral correlations with either KBO
size or mean collisional speed (see, e.g., Thébault and
Doressoundiram, 2003; Peixinho et al., 2004; Delsanti et
al., 2006; Cruikshank et al., 2007) imply that the collisonal
resurfacing hypothesis is, by itself, insufficent.
Delsanti et al. (2004) added outgassing to the mix of
processes that might affect KBO surfaces, considering that
KBOs might respond as comets to external stimuli. For their
modeled KBOs, though, only the sublimation of free CO ice
was considered (as long as the bodies remain in the Kuiper
belt), and then only when impacts exposed buried, CO-icebearing, primordial KBO ice plus rock and carbonaceous
matter. Of course, CO ice is “supervolatile” throughout
KBO interiors for internal temperatures appropriate to semimajor axes ≤50 AU and low albedos, i.e., T ≥ 40 K, so it is
unclear why removal of meter-scale surface radiation mantles by impact (as in the model of Delsanti et al., 2004)
should be a prerequisite for outgassing. Outgassing or, more
generally, internal activity (especially past internal activity)
should nevertheless be considered as potentially important
for KBO surfaces. Even within the “nature” of KBOs, there
may be substantial distinctions between KBOs as they are
born, and how they evolve or mature.
The broad range of albedos now found for KBOs
(Grundy et al., 2005; chapter by Stansberry et al.) do not
obviously or easily fit within the primordial vs. radiation
mantle paradigm of Luu and Jewitt (1996). That all large
KBOs [R ≥ 350 km in the statistical analysis of Barucci et
al. (2006) (see also the chapter by Barucci et al.)] show the
presence of H2O, CH4, or N2 ice spectral features only reinforces this point. While the presence of CH4 or N2 might
be as much a question of retention as of outgassing (Schaller and Brown, 2007), deep water ice absorptions would
seem to require some differentiation or separation of water
ice from the (presumably low-albedo) primordial composition. When we add to that the body of evidence reviewed in
section 4 for a range of intrinsic solid KBOs densities, from
rock-dominated 2003 EL61 to somewhat smaller, porous,
and almost certainly ice-rich KBOs, then the evidence for
different KBO compositions, if not compositional classes,
becomes almost undeniable.
Precise definition of KBO compositional classes (taxonomy) awaits more and higher-quality spectral and albedo
measurements. In this regard, it is probably useful to ex-
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amine the compositional and taxonomic structure of the
asteroid belt, the closest analog to the Kuiper belt in our
solar system. The major classes of asteroids, types S, M,
C, P, and D, owe their existence to three major factors
(e.g., McSween et al., 2002). The first is composition, or
more specifically ice content (and to a degree, carbon content), which was controlled by distance from the proto-Sun
through the condensation temperature of water ice (and the
vaporization temperature of carbonaceous matter). S- and
metallic M-type asteroids are thought to be nearly anhydrous, while increasing amounts of water and water ice are
thought to have been incorporated into the C-, P-, and Dtype asteroids (based on spectra and study of meteoritic
analogs). The second major factor is early heating and differentiation. Many asteroids of the inner belt were melted
and differentiated, most likely via heating by 26Al and 60Fe
decay, based on radiometric dating of igneous meteorites,
whereas the heating that drove the aqueous alteration of the
C-type asteroids (based on carbonaceous chondrites) was
not as intense, and ostensibly did not even lead to ice melting among the more distant D types (Rivkin et al., 2002).
The leading theory for this spatial localization is the decrease in accretion rate with distance from the Sun, limiting the effects of early radiogenic heating for later accreting
asteroids. The third major factor was collisional evolution,
for it is the major collisions (once Jupiter formed and dynamically stirred up the asteroid belt) that broke apart the
differentiated rock + metal asteroids, and exposed the iron
cores we recognize as metallic M types as well as some subsets of the S-type asteroids (the sources of iron and pallasite
meteorites, respectively).
With regard to the Kuiper belt, there does not seem to
be any obvious primordial compositional gradient expected,
even across as great a range of accretional distances as 20–
50 AU. Models of the solar nebula generally predict very
cold temperatures at these distances, consistent with complete accretion of rock, amorphous water ice (and absorbed
volatile ices), carbonaceous matter, volatile organics, and
moderately volatile free ices (such as CO 2). The only compositional gradient we might expect, for a sufficiently cold
nebula, would be increasing amounts of independently condensing volatile ices (such as CO and N2) with greater solar
distance. The effects of insolation (once the nebula clears)
and any radiogenic heating (early or long-term) all but
guarantee that these very volatile gases should be outgassed
and lost (section 5), though, except from the largest and
most distant KBOs, which can retain them as surface ice
deposits.
Evolutionary changes within KBOs are also expected.
These depend on body size and, for early radiogenic heating, on formation distance through the accretion rate. The
actual effects and patterns predicted depend strongly on accretion rate and on the bulk rock content, which as described in section 5 are simply not that well known or constrained at present. As an example, all KBOs large and small
may have crystallized their amorphous water ice (except in
thin outer layers), releasing their occluded gases. CO and

N2 may be lost to outgassing, but less-volatile CO2 (and
possibly CH4) may be retained in the cold outer layers. Or,
possibly, only those KBOs originally formed within, e.g.,
30 AU (Merk and Prialnik, 2006), or KBOs above a certain size (McKinnon, 2002), have largely crystallized. If so,
uncrystallized KBOs might be the closest to primordial in
composition, accounting for reddest spectra (e.g., class RR
in Barucci et al., 2005a), while primordial layers have been
impact eroded from the rest, exposing undifferentiated but
essentially permanently spectrally gray ice-plus-rock-plusorganics. This interpretation implies that the “ultra-red matter” of Jewitt (2002) is intrinsic to primordial KBO material
(radiolytic alteration may also be necessary), but requires
that something important is lost during crystallization and
degassing. The state of water ice crystallinity in the very
red (RR) and very blue (BB) spectral classes (Barucci et
al., 2005a) are important tests of this interpretation. The
preferential redness of the largest Plutinos (Peixinho et al.,
2004), in contrast, presents a puzzle.
Greater degrees of internal heating should have mobilized other moderately volatile ice formers, such as methanol and ammonia, within KBOs. These would then concentrate in colder near-surface or surface regions. Ice rich in
CH4, methanol, or other moderately volatile organics would
presumably strongly redden when bombarded by charged
particles or UV radiation (e.g., Pholus and 2002 VE95).
Indeed, the gray, spectrally neutral surfaces of many KBOs
may require that internal evolution progress to this cryovolcanic stage. That is, crystallization of amorphous ice and
release and loss of occluded gases may not be sufficient for
the residuum to resist radiation reddening if methanol ice
and other moderately volatile organic ices remain. It is difficult if not impossible to raise the internal temperatures of
smaller KBOs (R ≤ 200 km) to the threshold of methanol
mobilization (~150–170 K) by long-term radiogenic heating alone (McKinnon, 2002), and even in this case the
colder, unaffected surface layer or shell may be thick and
thus not easily impact eroded or stripped. This may be an
instance where interpretation of KBO spectra in terms of
internal evolution (heating) does require modest early heating by 26Al.
A major milestone in the thermal evolution of any KBO
would be water-ice melting and formation of a rocky core
by differentiation. We now have evidence that two of the
largest, dwarf-planet-class KBOs, Pluto and 2003 EL61, are
differentiated (section 6). The evidence in the case of 2003
EL61 seems particularly compelling. For bodies of this scale,
either short- or long-term radiogenic heating is probably
sufficient for full rock-from-ice differentiation, given the
cosmogonic rock-rich nature (or more precisely, ice-poor
nature) of KBOs.
Interestingly, the Pluto and EL61 systems may imply different collisional environments. The formation of Pluto’s
relatively massive moon, Charon, may require a relatively
low-velocity encounter, one characteristic of the accretional
era in the Kuiper belt. On the other hand, the extreme impact spin-up of 2003 EL61, plus the shattering and dispersal
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of much its icy mantle to form the E61 family, argues for a
very violent, relatively high-velocity event, one consistent
with the orbital expansion of Neptune and the dynamical
sculpting of the Kuiper belt. These inferences may prove
critically important. If it can be conclusively shown (from
modeling) that one or both bodies in the Charon-forming
impact were differentiated prior to the impact, then heating by decay of 26Al (and 60Fe) would most likely have been
the cause, because heating by the decay of U, Th, and 40Ar
over the first ~100 m.y. of solar system history is comparatively modest.
The cases of Pluto-Charon and 2003 EL61 also illustrate
the importance of collisions and dynamical environment,
as in the asteroid belt. The shattering and dispersal of previously differentiated KBOs by impact should be the principal mechanism for creating rock-rich and rock-poor KBOs
[tidal stripping during close passages to Neptune may also
contribute (cf. Asphaug et al., 2006)]. Such catastrophic
disruptions are a pathway to create KBOs (and comets) that
are essentially pure ice in composition. [And the water ice
will already be crystalline; there is no need to invoke shock
effects (Merlin et al., 2007).] The fate of primordial and
volatile-enriched surface layers is less clear, but presumably
some of these survive on their parent KBOs (much as basalt survives on Vesta) or on major fragments thereof. Most
material collisionally stripped in the ultimately erosive Kuiper belt environment probably ended up in the collisional
cascade of small KBOs, and ultimately pulverized or expelled as comets.
The fate of refractory carbonaceous matter within thermally and structurally evolving KBOs is also unclear. If
such material can differentiate from rock upon heating, it
may form a separate carbonaceous structural layer within
the largest KBOs (see Fig. 4 in McKinnon et al., 1997).
Such layers may be revealed by collisional disruption. Alternatively, refractory carbonaceous matter may remain
bound up with core-forming rock, and subject to its thermal history. With devolatilization, it may ultimately crystallize into anthracite-like rock, or even graphite. All of this
is speculative of course, and outside the bounds of practical constraint, but the presence of abundant, highly thermally conductive graphite in the cores of “giant” KBOs and
dwarf planets would be important to their thermal histories.
As for the future, studies of the solar system beyond
Neptune are advancing rapidly. Much will become clearer
about the formation and evolution of the Kuiper belt and
KBOs in the next few years. But it is the constraints that
observations and interpretations provide on theoretical
models, such as discussed in this chapter, that should prove
most important, for nature’s imagination exceeds our own.
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