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Abstract

A key feature of the Galilean satellite system is its monotonic decrease in bulk density with growing distance from
Jupiter, indicating an ice mass fraction that is zero in the innermost moon Io and about half in the outer moons
Ganymede and Callisto. Jupiter-formation models, and perhaps the Juno spacecraft water measurements, are
consistent with the possibility that the Jovian system may have formed, at least partly, from ice-poor material. And
yet, models of the formation of the Galilean satellites usually assume abundant water ice in the system. Here, we
investigate the possibility that the Jovian circumplanetary disk was populated with ice-depleted chondritic
minerals, including phyllosilicates. We show that the dehydration of such particles and the outward diffusion of the
released water vapor allow condensation of significant amounts of ice in the formation region of Ganymede and
Callisto in the Jovian circumplanetary disk. Our model predicts that Europa, Ganymede, and Callisto should have
accreted little, if any, volatiles other than water ice, in contrast to the comet-like composition of Saturn’s moon
Enceladus. This mechanism allows for the presence of ice-rich moons in water-depleted formation environments
around exoplanets as well.

Unified Astronomy Thesaurus concepts: Galilean satellites (627); Natural satellites (Solar system) (1089); Natural
satellite formation (1425); Planetary system formation (1257)

1. Introduction

The amount of water that was available to form Jupiter and
its regular satellite system is still under debate. Recent
formation scenarios of Jupiter invoke a substantial migration
of the planet during its growth, perhaps interior to the location
of the snow line (SL) in the protosolar nebula (PSN; Öberg &
Wordsworth 2019; Schneider & Bitsch 2021; Shibata &
Helled 2022). Those scenarios are in agreement with the 2σ
error bar associated with the Juno measurement of the deep
water abundance performed at a single latitude near the equator
of Jupiter, leaving open the possibility it could be subsolar (Li
et al. 2020) and that a global depletion cannot be excluded
(Helled et al. 2022). Hence, it is plausible that, depending on
Jupiter’s position on its migration path in the PSN, the solids
accreted by the growing planet and/or by its late-forming
circumplanetary disk (CPD; Szulágyi 2017) were no richer in
water than carbonaceous chondrites. This idea of forming the
moons from ice-poor material is supported by recent interior
evolution models of Europa suggesting that it could have
accreted from carbonaceous chondritic minerals, including
phyllosilicates such as serpentine (Melwani Daswani et al.
2021). The high temperatures required in Europa to form an
iron-rich core would have been sufficient to release volatiles
from the rocks and constitute its present-day hydrosphere,
which does not exceed ∼8 wt% (Melwani Daswani et al.
2021). If Europa accreted from ice-free building blocks that

were not partly devolatilized in the Jovian CPD, a fundamental
question is to understand how both Ganymede and Callisto can
be made of a roughly equal mix of ice and refractory material
(Sohl et al. 2002), assuming the subdisk was only fueled from
similar material.
Here, we propose a scenario based on the properties of

diffusive redistribution of water vapor throughout the CPD to
explain how the Galilean moons could accrete building blocks
with the observationally constrained ice-to-rock ratio during
their formation even though the CPD was being fed with ice-
free minerals. In such a picture, Io would have accreted from
the dehydrated product of phyllosilicate-rich solids, subsequent
to their inward drift beyond the formation location of Europa in
the CPD. Phyllosilicates form a large group of hydrous
minerals, most notably serpentines and smectites. They contain
OH as part of their crystal structures and can incorporate H2O
molecules between layers in their structures. Carbonaceous
chondrites are often rich in phyllosilicates, which are
responsible for the high content of mineral-bound water of
∼10 wt% in CI/CM chondrites (Alexander 2019). Phyllosili-
cate-rich solids drifting within the CPD could either result from
the disruption of a first generation of parent bodies that
underwent aqueous alteration or from the capture of micron-
sized grains that had been previously hydrated in the PSN
(Ciesla & Lauretta 2005). This formation mechanism invoked
for Io is similar to those previously mentioned in the literature
in which the moon would have formed from devolatilized
solids (Canup & Ward 2002; Ronnet et al. 2017) but with the
notable exception that the loss of water happens inside the
phyllosilicate dehydration line (PDL; at ∼400–600 K; see
Section 3), instead of at the SL at ∼160 K (Sasaki et al. 2010;
Harsono et al. 2015). Forming Io from aqueously altered
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materials would allow some oxidation driven by H2 to escape,
which would be consistent with inferences of the oxidation
state of its interior (Zolotov & Fegley 1999). A key
consequence of water-vapor release at the PDL is its diffusive
redistribution throughout the CPD. Water vapor diffusing
outward beyond the PDL is susceptible to condensing again
once it reaches the colder regions of the CPD, increasing the
ice-to-rock ratio of the solids located beyond the SL (see
Figure 1 for a representation of the relative positions of SL and
PDL in the CPD). The proposed scenario is consistent with
either a subsolar or supersolar water abundance in Jupiter.

2. Disk and Transport Models

To assess the extent of the water-vapor distribution within
the Jovian CPD and examine whether it can explain by itself
the substantial ice content of Ganymede and Callisto, we used a
standard, one-dimensional, gas-starved accretion disk model

derived from the literature (Canup & Ward 2002; Sasaki et al.
2010; Anderson et al. 2021).
The disk is fed through its upper layers from its inner edge

up to the centrifugal radius Rc by gas and gas-coupled solids
inflowing from the PSN. Our model considers the transport of
porous grains and pebbles, from a few microns to the
centimeter-size scale level, in addition to gas. The outer radius
of the CPD is defined by Rd= 150 Jovian radii (RJup), based on
3D hydrodynamic simulations (Tanigawa et al. 2012). The
surface density of the CPD is given by Canup & Ward (2002):
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where Fp is the total infall rate and ν is the turbulent viscosity
of the disk gas. The turbulent viscosity of the CPD is defined
by n a= WCs K

2 (Shakura & Sunyaev 1973), where the
viscosity parameter α is set to the canonical value of 10−3

(Canup & Ward 2002; Sasaki et al. 2010). W = GM rK Jup
3 is

the Keplerian frequency, where G is defined as the gravitational
constant, MJup is the mass of Jupiter, and r is the radial distance
to Jupiter within the CPD. Cs is the isothermal sound speed
given by m=Cs kT mp , where k is the Boltzmann constant,
μ is the mean molecular weight, and mp is the proton mass. The
coefficient λ(r), defined by Canup & Ward (2002) and Sasaki
et al. (2010), is
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with the value of Rc set to 30 RJup (Canup & Ward 2002; Sasaki
et al. 2010). The total infall rate follows an exponential
relationship via ( )t= -F F texpp p,0 disk , where the timescale
τdisk taken by the PSN to deplete is set equal to 3× 106 yr
(Sasaki et al. 2010). Fp,0, which corresponds to the total infall
rate during the steady accretion state of the PSN, is set to
5× 10−7 MJup yr

−1 (Sasaki et al. 2010). This value allows us to
start our calculations at a relatively late stage of the CPD
evolution since we are only concerned with the architecture of a
satellite system formed by the last survivors (Sasaki et al.
2010).
We assume that viscous dissipation is the main heat source

in our CPD model, implying that the disk’s midplane
temperature profile Td,0 at t= 0 is derived as follows (Sasaki
et al. 2010):
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where σsb is the Stefan–Boltzmann constant. With time, the
CPD temperature decreases as
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In our model, particles are injected into the CPD with a
uniform size a= 10−6 m and density ρs= 1 g cm−3. These
porous, micron-sized, phyllosilicate-rich grains evolve in size
and position through collisions, fragmentation, and radial drift
(Birnstiel et al. 2012; Anderson et al. 2021). In this approach,

Figure 1. Temperature, surface density, and pressure profiles in the CPD
expressed in units of Jovian radii (RJup), and calculated at t = 104, 105, and 106

yr. The vertical bars designated by the letters I, E, G, and C correspond to the
current orbits of Io, Europa, Ganymede, and Callisto, respectively. The vertical
brown and blue rectangles correspond to the time evolution of the PDL and SL
over 106 yr in the CPD, respectively. A phyllosilicate dehydration temperature
of 500 K is assumed in the figure.
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the size of grains increases before reaching an equilibrium
corresponding to the minimum value between fragmentation
and radial drift. Fragmentation occurs when the relative
velocity of the dust grains due to turbulent motion exceeds
the fragmentation velocity threshold uf, which is set to 10 m
s−1 in our calculations (Birnstiel et al. 2012; Anderson et al.
2021). The size of the grains, limited by their fragmentation, is
then

( )
pr a

=
S

a
u

c
0.37

2

3
. 5

g

s

f

s
frag

2

2

In many cases, the inward drift timescale of the grains is
much smaller than that needed to let them grow significantly.
Their size, limited by their drift, is given by
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with vK the Keplerian velocity and r=P cs g
2 and

ρg=Σg/2πHg the pressure and gas density at midplane,
respectively. The prefactor fd= 0.55 represents the offset of the
representative size with respect to the maximum attainable size
of the dust grains (Birnstiel et al. 2012).

We assume that, once the phyllosilicate-rich grains have
crossed the PDL, water vapor is immediately released into the
CPD. Water vapor then radially diffuses and advects until part
of it condenses when going beyond the SL. Σi represents the
surface density of species i investigated here, which is either in
vapor (H2O) or solid (phyllosilicate and/or crystallized H2O)
form. The advection–diffusion equation is integrated following
a forward Euler integration (Birnstiel et al. 2012):
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where vi and Di are the radial velocities and the diffusivities of
species i respectively. Q corresponds to the source term of the
H2O vapor released to the gas and is given by
S ´ Df tphyllosilicate H O2

beyond the PDL, with fH O2
the

fraction of H2O in phyllosilicates and Δt the time step of the
simulation. The last values to be calculated are the dust velocity
vd, the Stokes number St, the gas radial velocity, and the
diffusivity (Birnstiel et al. 2012). vd is given by
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where vK is the Keplerian velocity and vg is the inward radial
velocity of the gas given by vg=− 3ν/2r, with ν and η the
diffusivity and viscosity of the gas, respectively. The Stokes
number, which describes the aerodynamic properties of the
particles, is determined as follows:
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The diffusivity D of the vapor species is assumed to be that of
the gas Dg= ν and the diffusivity of the dust is given by

( )=
+

D
D

1 St
. 10d

g

Finally, the prescription that injects gas and gas-coupled dust
from the PSN to the CPD region inside the centrifugal radius Rc

is given by Canup & Ward (2002) and Anderson et al. (2021):
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where f is the solids-to-gas ratio in our CPD model, here
assumed to be ∼3× 10−3 in mass fraction, based on the
abundance of silicates and other rocky materials estimated for
the PSN (Lodders 2003). By doing so, the gas component of
the CPD sustains a quasi-steady state and viscously spreads
inward and outward from Rc. Solids also accumulate in the
formation region of the moons, close to which they are initially
delivered. Note that our model provides rather similar results
when uf is assumed to 1 m s−1 instead of 10 m s−1, as
postulated in this work.
Figure 1 represents the temperature, pressure, and surface

density profiles of our CPD model at three different epochs of
its evolution (t= 104, 105, and 106 yr). The time evolution of
these physical quantities is slow in the Jovian CPD, as
illustrated by the limited inward motion of the SL (set to 160 K;
Sasaki et al. 2010; Harsono et al. 2015), which remains in the
∼23.6–25.9 RJup region over 106 yr. This is due to the injection
of gas at a very slowly decreasing rate within the position of Rc,
implying that the disk can be considered as stationary over
short timescales.

3. Results

Figure 2 displays the evolution over one million years of the
water vapor and ice abundance profiles normalized to the initial
abundance in the phyllosilicate-bearing solids (10 wt%;
Alexander 2019). Phyllosilicate-rich grains and pebbles drift
inward within the CPD and release the trapped water as vapor
once they cross the PDL. It is assumed that the diffusion
timescale of the released water vapor is negligible within the
particles, which are assumed to be highly porous (∼66%, with
particle density of 1 g cm−3), compared with their drift
timescale. The released water vapor diffuses in both directions
away from the PDL, but the fraction diffusing outward
condenses again and creates an enrichment peak in ice at the
location of the SL.
Thermodynamic calculations performed at equilibrium

conditions relevant to our CPD model indicate that phyllosi-
licates could dehydrate at temperatures as low as ∼210 K (see
Appendix). On the other hand, these calculations do not
consider the kinetics of dehydration, for which available
experimental data of direct relevance are scarce. Some
experiments on the dehydration of phyllosilicates have been
carried out under vacuum on serpentine from the Murchison
CM chondrite, showing that decomposition starts at tempera-
tures as low as 570 K (Akai 1992) after heating during 168 hr.
The same study indicates the presence of faint dehydration
patterns possibly observed at 523 K after heating during 330 hr.
Because the experimental evidence is limited and because the
timescale of these experiments is only counted in hours, we
considered dehydration temperatures of 400, 500, and 600 K
within the Jovian CPD, which remain well above the calculated
equilibrium temperature.
Figure 2 shows that water vapor diffuses both inward and

outward from its source initially located at ∼8.2, 6.1, and 4.9
RJup for the respective dehydration temperatures of 400, 500,
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and 600 K. Water vapor evolves outward until it freezes at the
SL location. At t= 104 yr, the water-vapor abundance profile
already rises by several orders of magnitude compared with its
initial content in phyllosilicate-rich particles. An abundance
peak of solid ice is already forming at the SL location but with
a limited extent, assuming dehydration temperatures of 500 and
600 K. At t= 105 yr, the water-vapor distribution remains
almost identical, and its outward diffusion continues to induce
the formation of water ice in the vicinity of the water SL. At
this epoch, the ice abundance profiles peak at values that are
∼13.3, 9.3, and 7.0 times higher than the initial abundance in
dust, assuming dehydration temperatures of 400, 500, and 600
K, respectively. After 106 yr of CPD evolution, the ice
abundance profiles slightly decrease and peak at ∼12.6, 9.2,
and 6.7 times the initial abundance in dust when considering
dehydration temperatures of 400, 500, and 600 K, respectively.
Ice peaks are higher at lower dehydration temperatures because
the diffusion of vapor takes place over narrower distance
ranges between the PDL and the SL. Figure 2 also shows that
the abundance of solids located beyond Rc quickly decreases
with time, illustrating the fact that this CPD region loses its
solids as pebbles form from the agglomeration of grains and
drift inward.

Enrichments higher than 8 times the 10 wt% of water
assumed in phyllosilicates are easily achieved over the first
hundreds of thousands of years of the CPD evolution for
dehydration temperatures of 500 K or below. This minimum
enrichment factor, combined with the water already present in
phyllosilicates (80 + 10 wt%), is enough to explain the ice-to-
rock ratio of ∼1 estimated in Ganymede and Callisto (Sohl
et al. 2002), provided that the particle flux delivered to the CPD

was constant over the same time period and comprising of
phyllosilicates with 10 wt% water bound as hydroxide groups
in the minerals, i.e., an equivalent 90 wt% of dry minerals.
Higher dehydration temperatures do not allow the formation of
enough solid ice unless the interiors of Ganymede and Callisto
are rockier than expected (Néri et al. 2020).

4. Discussion

Most of the current formation scenarios of the Galilean
moons (hereafter water-rich scenarios) advocate growth of
embryos during their migration in the CPD until the three inner
moons Io, Europa, and Ganymede became trapped in mutual
mean-motion resonances (Canup & Ward 2002; Peale &
Lee 2002; Sasaki et al. 2010; Oberg et al. 2020; Madeira et al.
2021). The outermost moon Callisto would have ended its
migration prior to reaching the Laplace resonance because of
the removal of the CPD due to photoevaporation (Oberg et al.
2020) or due to divergent migration resulting from tidal planet–
satellite interactions (Madeira et al. 2021). Mostly based on
CPD models similar to the one used in the present work, these
water-rich scenarios advocate the migration and growth of
Ganymede and Callisto from solids originating from the region
extending beyond the SL and possessing ice fractions
equivalent to those inferred for their interiors. In those
scenarios, Io and Europa would have accreted from the same
solids, which devolatilized during their inward drift through the
SL (Canup & Ward 2002; Sasaki et al. 2010; Ronnet et al.
2017). The formation conditions imposed upon Ganymede and
Callisto by our water-depleted CPD are not very different from
the water-rich scenarios. Pebbles and satellitesimals accreted by
the two forming moons would mostly originate from the region

Figure 2. Radial profile of the water abundance within the Jovian CPD expressed as a function of the initial abundance in phyllosilicates, assuming its vapor form is
sourced by the dehydration of phyllosilicate-rich particles during their inward drift, and calculated at t = 104, 105, and 106 yr. Three dehydration temperatures are
considered: 600 K (top row), 500 K (middle row), and 400 K (bottom row). The horizontal dashed line denotes the threshold at which the amount of condensed water
is sufficient to account for that in Ganymede and Callisto. The brown and blue vertical dashed lines correspond to the locations of the PDL and SL in the CPD,
respectively.
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extending over several Jovian radii beyond the SL to reproduce
their ice-to-rock ratios, as shown by Figure 2. In our approach,
the two inner moons Io and Europa would have grown from the
direct accretion of ice-free material in the region interior to the
SL. Europa’s hydrosphere would result from the release of the
water fraction contained in accreted phyllosilicates (Melwani
Daswani et al. 2021). The near absence of volatiles in Io’s
interior would be the consequence of its growth from
dehydrated minerals in the region interior to the PDL or, if it
accreted from the same hydrated minerals that formed Europa,
the loss of its hydrosphere via hydrodynamic escape (Bierson
& Nimmo 2020).

The formation of the Galilean moons in a water-depleted
CPD is also consistent with the possibility of finding a
supersolar abundance of water in Jupiter. The heavy elements
accreted in Jupiter’s envelope could have been accreted in the
form of solids and/or vapors beyond the PSN SL (Mousis et al.
2021; Aguichine et al. 2022), while the CPD would have
started to be active when the planet migrated to a water-
depleted region inward of the SL (Ali-Dib et al. 2014). In this
context, it is also not excluded that the heavy elements present
in the envelope would come from the erosion of an ice-rich
core (Alibert et al. 2005; Moll et al. 2017).

Remote sensing or in situ instruments on board the James
Webb Space Telescope and the future JUICE and Europa-
Clipper spacecraft could have, in principle, the capability of
discerning the formation scenario elaborated here from those
proposed so far in the literature. For example, traditional
formation scenarios proposing that the Galilean moons accreted
directly from ice-rich solids originating from the PSN predict
that Europa, Ganymede, and Callisto should have constant and
supersolar deuterium-to-hydrogen (D/H) ratios in water and
typically close to those measured in comets (Horner et al. 2008;
Waite et al. 2009). In contrast, a scenario proposing that
Ganymede and Callisto accreted from building blocks
condensed in an initially warm and dense CPD would display
D/H ratios close to the protosolar value (Horner et al. 2008).
Also, in case of atmospheric loss driven by the accretion
heating of Europa, the resulting D/H ratio in its icy crust
should be up to 10–100 times higher than the values measured
in Ganymede and Callisto, with smaller enrichments for rapid
blow off than for more diffusive escape (Bierson &
Nimmo 2020). Our model predicts that the D/H ratio in
Europa would be similar to the value measured in carbonac-
eous chondrites, which is close to Earth’s ocean water
(Alexander et al. 2012), and that measured in some comets
(Bockelée-Morvan & Biver 2017). Our model implies that the
D/H ratio in Ganymede and Callisto should be smaller or at
most equal to Europa’s value because water vapor could
isotopically exchange with the CPD’s H2 during its outward
diffusion toward the SL. How much lower the D/H ratio is in
Ganymede and Callisto, compared to Europa, would then
strongly depend on the initial thermodynamic structure of the
Jovian CPD. Our model finally predicts that the icy phase
embedded in Ganymede and Callisto should be by far
dominated by water, the ice lines of the other volatiles being
located at greater distance from Jupiter in the CPD. Such a
prediction would be at odds with an Enceladus-like composi-
tion, which is close to that observed in comets (Bockelée-
Morvan & Biver 2017). Another implication is that the isotopic
composition of any detectable nitrogen in the Galilean moons

would be more similar to Earth’s (largely inherited from
organic matter) than Titan’s (largely inherited from ammonia).
Finally, to be assessed, our scenario highlights the need of

additional experiments investigating the kinetics of phyllosili-
cate dehydration at pressure–temperature conditions relevant to
those of the CPD. Also, the scenario presented here, as well as
the one proposing that Ganymede and Callisto grew from ice-
rich solids coming from the PSN, are two end-member
scenarios. We then cannot formally exclude that the two
moons formed from the combination of both mechanisms.
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holds as part of the project FACOM (ANR-22-CE49-0005-
01_ACT) and has benefited from a funding provided by
l’Agence Nationale de la Recherche (ANR) under the Generic
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Appendix

A lower limit on the dehydration temperature of phyllosi-
licates can be obtained by determining the temperature at which
the following reaction would be at thermodynamic equilibrium
in the Jovian CPD:

( ) ( )
( ) ( )

( ) ( )
 +
+

Mg Si O OH serpentine; chrysotile lizardite

Mg SiO forsterite 0.5Mg Si O enstatite

2H O g . A1

3 2 5 4

2 4 2 2 6

2

Serpentine is selected because it is the most abundant hydrated
mineral in chondrites (Brearley 2006); we know that serpentine
was present in the early solar system. If the minerals in
Equation (A1) are approximately pure, which is appropriate
when working on a log scale (see Figures 3 and 4), then the
equilibrium constant is given by

 ( )K p , A2OH
2

2

in which it is assumed that the fugacity and partial pressure of
H2O (in bars) are interchangeable at the very low pressures that
are expected in the Jovian CPD (Figure 1).
We used the code SUPCRTBL (Johnson et al. 1992; Zimmer

et al. 2016) to calculate equilibrium constants for
Equation (A1) as a function of temperature (T) at 1 bar total
pressure (which is sufficiently close to zero so as to be
applicable to disk pressures in our model). Figure 3 shows the
computed dehydration curves of chrysotile and lizardite
polymorphs of serpentine, plotted as log pH O2

versus T.
Lizardite is slightly more stable (5–6 kJ mol−1) than chrysotile,
which is itself considered a metastable mineral (Evans 2004).
The sublimation curve of water ice (Wagner et al. 2011) is also
shown in Figure 3. Because the serpentine dehydration curves
lie to the right of the ice sublimation curve, it can be inferred
that no ice would be present at the conditions of serpentine
dehydration.
We can recast Equation (A2) in terms of the total gas

pressure by performing a simple mass balance calculation for
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the distribution of oxygen in solar composition material
(Lodders 2021). In this canonical calculation, we utilize the
approximation that only H, He, C, O, Mg, and Si are significant
to the oxygen balance. We assume that Mg and Si exist as their

oxide components (MgO, SiO2) in silicate minerals and the
dominant reservoirs of carbon, oxygen, and hydrogen are CO,
H2O, and H2, respectively. Because ice cannot be present at the
conditions of serpentine dehydration, we assume that all H2O

Figure 3. Equilibrium dehydration curves of the serpentine polymorphs chrysotile and lizardite, along with the vapor-pressure curve of water ice (Ih). Gray arrows
represent examples of how changes in temperature and/or partial pressure of water vapor would make the indicated processes thermodynamically favorable.

Figure 4. Equilibrium dehydration curves of the serpentine polymorphs chrysotile and lizardite in the presence of solar composition material, where the carbon
speciation is dominated by carbon monoxide. Water ice (Ih) condensation curves are shown for (blue curve) a solar composition case in which ∼33% of the water
budget is in phyllosilicates, while the rest is present as water vapor; and for (orange curve) a case in which the water-vapor abundance has been enriched by a factor of
10 relative to the preceding case. The green curve depicts the Ptot–T profile from our CPD model after 105 yr. At temperatures higher than the temperature of curve
crossing, the dehydration of serpentine is thermodynamically favored. Water vapor will condense as water ice at disk temperatures below the SL temperature.
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would be present as steam along the serpentine equilibrium
dehydration curves. We can then calculate the mole fraction of
H2O in the gas phase ( = ´ -y 3 10OH

4
2

). Lastly, we write
Equation (A2) in the following form:

 ( )-P K ylog 0.5 log log , A3tot 1 H O2

where Ptot refers to the total gas pressure and K1 is the
equilibrium constant at 1 bar. Figure 4 shows the equilibrium
dehydration curves of chrysotile and lizardite in Ptot–T space.
Also shown are condensation curves of water ice for the
nominal solar composition model and for a case in which
phyllosilicate dehydration and diffusive transport of water
vapor have locally enriched the abundance of water vapor by 1
order of magnitude. These curves can be compared to the
Ptot–T profile at 105 yr from our CPD model (the profiles at 104

and 106 yr in Figure 1 are almost identical with respect to the
range of Ptot in Figure 4). The thermodynamic limit for the
dehydration temperature occurs where the CPD profile crosses
the dehydration curve, i.e., at ∼206 K for chrysotile and ∼215
K for lizardite. These values are insensitive to the assumed
speciation of carbon in the CPD. For example, if we adopt an
end-member in which no oxygen is bonded to carbon (e.g.,
C-rich organic matter), then the derived temperatures would
increase by only 5–6 K. Strictly speaking, these temperatures
are lower limits because it is presently unclear if the rates of
dehydration would be fast enough at these temperatures. Our
suspicion based on the limited relevant literature is that a higher
temperature is most likely needed, which is why we assumed in
the main text that the temperature should be at least 400 K for
phyllosilicate dehydration to serve as a significant source of
free water in the Jovian CPD.
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