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What are ”Ices” ? 

• On Earth : Solid state of water 
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What are ”Ices” ? 

• On Earth : Solid state of water 

• Moderately-to-highly volatile molecules in their solid state  (Schmitt, 1995)

H2O , CO2 , CO , SO2 , CH4 , NH3 , N2

CO2 ice also called « Dry ice » 3From Tulk et al., 2019
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Why studying surface ices ?
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Figure 4. Comparative interior structures of known icy ocean worlds.

2.3. Tidal Deformation
Interior structure determines the response to tidal forcing. The tidal Love number k2 describes the gravi-
tational potential perturbation at the surface, while h2 describes the amplitude of the radial surface dis-
placement. They can be obtained from gravity field measurements and laser altimetry of the target body,
respectively. In this study, we calculate both k2 and h2 for different interior structural models to quantify their
tidal responses. From the profiles of density, elasticity (shear and bulk modulus), and viscosity structure deter-
mined for each moon, we compute the viscoelastic response of the interior to tidal forcing using the numerical
methods of Takeuchi et al. (1972), Saito (1974), and Tobie et al. (2005), as further described in supporting
information S6. The dissipative part is represented by the imaginary part of the Love number k2, or by the
dissipation function, Q−1, which corresponds to the ratio between the imaginary part and the modulus of k2.

Table 5
Ganymede: Pyrolite Composition Containing Na2O

MgSO4 𝜌rock (kg m−3) 3,520

10 wt % 𝜌rock,model (kg m−3) 3,517 3,510 3,506

Tb (K) 250 260 270

qb mW m−2 3 6 22

qc mW m−2 15 18 25

DIh (km) 157 95 26

Docean (km) 24 287 493

DIII (km) 56 - -

DV (km) 150 - -

DVI (km) 489 528 411

Rrock (km) 1,759 1,725 1,704

Rcore (km) 501 602 661

Water 𝜌rock (kg m−3) 3,530

Tb (K) 255 265 273

qb mW m−2 4 8 107

qc mW m−2 16 20 107

DIh (km) 134 70 5

Docean (km) 119 361 518

DV (km) 139 - -

DVI (km) 478 427 331

Rrock (km) 1,764 1,776 1,780

Rcore (km) 468 437 447

Note. Qrock = 100 GW. XFeS = 20% and 𝜌core = 7, 203 kg m−3.
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Vance et al., 2018Differentiated:
• Metallic Core
• Rocky interior
• Water reservoirs
• Icy surfaces
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Why studying surface ices ?

External processes
• Impacts
• Charged Particles
• Sunlight

Internal processes 
• Cryovolcanism
• Diapirism
• Geyser/Plumes

Surface microphysics: 
composition, grain size, porosity, roughness 
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Complex light-matter interactions

• Reflection

• Absorption

• Transmission

• Scattering

F.  Schmidt, G. Cruz Mermy, F.  Andrieu      Ice with NOMAD

• Direct model (semi-analytical)

Radiative transfer tools

Andrieu, F.; Doute, S.; Schmidt, F. & Schmitt, B. Radiative transfer model 
for contaminated rough slabs Applied Optics, Optical Society of America 
(OSA), 2015, 54, 9228, http://dx.doi.org/10.1364/ao.54.009228

Douté, S. & Schmitt, B. A multilayer bidirectional reflectance model for the 
analysis of planetary surface hyperspectral images at visible and near-infrared 
wavelengths Journal of Geophysical Research, 1998, 103, 31367-31390, 
http://dx.doi.org/10.1029/98JE01894

Rough slab with 
impurities

Semi infinite rough 
granular mixture

H
2
O, CO2, Dust

Light-matter interaction in a granular medium
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Intimate mixing model (Hapke, 1993, 2012)

• Single scattering albedo: 𝞈

• Particle phase function: P(g)

• Multiple Scattering: H(𝝁)

• Opposition effect: B(g)

• Surface roughness: S

Long before unmixing algorithms were investigated
for remote sensing, the properties of chemical mixtures
were being estimated from the diffuse and specular reflec-
tion of a sample. Reflectance spectroscopy [2] emerged in
the 1920s as a complement to its sibling, transmittance
spectroscopy, and was encouraged in its development by
the introduction of spectrophotometers in the late 1930s
and early 1940s. It soon became an established procedure
for industrial inspection. Radiative transfer theory [3]
was applied to analytic chemistry and reflectance spec-
troscopy to gauge the reflective properties of particle mix-
tures and the physical mechanisms that were in effect.

The essence of remote sensing and reflectance spec-
troscopy merged in the study of earth sciences using re-
motely sensed data for the purpose of
providing synoptic analysis of geophysical
phenomena [4], [5]. Together, techniques for
the physical modeling of terrestrial phenom-
ena and the subtraction of atmospheric effects
permitted passive multispectral and hyper-
spectral radiance observations to be converted
to reflectance values that described the intrin-
sic properties of scenes independent of the ob-
servation conditions. Thereafter, geophysicists
pursued model-based methods to extract
physical information from remotely sensed
data by representing reflectance spectra in
mathematically exploitable language [6], [7].
The result was a way to not only consistently
characterize and discriminate materials on the
Earth’s surface, but also to decompose mix-
tures by spectral features.

The Linear Mixing Model
Analytical models for the mixing of disparate
materials provide the foundation for devel-
oping techniques to recover estimates of the
constituent substance spectra and their pro-
portions from mixed pixels. A complete
model of the mixing process, however, is
more complicated than a simple description
of how surface mixtures interact. Mixing
models can also incorporate the effects of the
three-dimensional topology of objects in a
scene, such as the height of trees, the size and
density of their canopies, and the sensor ob-
servation angle.

The basic premise of mixture modeling is
that within a given scene, the surface is domi-
nated by a small number of distinct materials
that have relatively constant spectral proper-
ties. These distinct substances (e.g., water,
grass, mineral types) are called endmembers,
and the fractions in which they appear in a
mixed pixel are called fractional abundances. If
most of the spectral variability within a scene
is a consequence of endmembers appearing in

varying proportions, it logically follows that some combi-
nation of their spectral properties can model the spectral
variability observed by the remote sensing system.

In Fig. 1(a), the reflecting surface is portrayed as a
checkerboard mixture, and any given package of incident
radiation only interacts with one component (i.e., no
multiple scattering between components). If the total
surface area is considered to be divided proportionally ac-
cording to the fractional abundances of the endmembers,
then the reflected radiation will convey the characteristics
of the associated media with the same proportions. In this
sense, there exists a linear relationship between the frac-
tional abundance of the substances comprising the area
being imaged and the spectra in the reflected radiation.
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(a)

(b)

! 1. (a) Illustration of linear mixing where incident solar radiation reflects from
surface through a single bounce and surface consists of distinct
endmembers; (b) illustration of nonlinear mixing where incident solar radia-
tion encounters an intimate mixture that induces multiple bounces.

The intimate mixing (Keshava & Mustard, 2002)

1.2. RADIATIVE TRANSFER

– The surface properties : albedo, photometry (Lambert’s law / Hapke’s BRDF).

• Geometry properties:

– The illumination condition top of the atmosphere (TOA) : incident angle

– The observation condition : emergence angle, azimuthal angle.

Recent work (Gabasova, 2021) have used the DISORT model to estimate the surface composition of
Pluto. In this PhD, we will use it to estimate the surface reflectance of Mars from the measured reflectance
top of the atmosphere and the estimated aerosols optical thickness.

1.2.3 The Hapke model

Among the different model used in surface Planetology, the Hapke photometric model (Hapke, 1993,
2012) has been widely used to estimate the bidirectional reflectance of airless regolith surfaces. The
model is based on the radiative transfer equation (Chandrasekhar, 1960) but several assumptions are
made in order to simplify its resolution. First, the model considers that the radiative properties inside a
media can be described statistically by using local mean properties of scattering and absorption. It con-
sider the interaction between an incident beam and an isolated particle using the single-scattering albedo
(w) and the particle phase function (P(g)). Multiple scattering (Ambartsumian-Chandrasekhar H func-
tions) is handled independently. Moreover, the model integrates the surface scattering contribution with
the opposition effect (B(g)) seen at low phase angle and the macroscopic roughness (S), and removes the
diffraction contribution from the single scattering. The bidirectional reflectance (r) at a given wavelength
follows (Hapke, 2012):

r(µ0,µ,g) =
w
4p

µ0

(µ0 + µ)
{[1+B(g)]P(g)+H(µ0)H(µ)�1}S(µ0,µ,g) (1.40)

Where µ0 is the cosine of the incident angle i, µ is the cosine of the emission angle e and g is
the phase angle. The single scattering albedo w is described in subsec. 1.1.1.3 and the particle phase
function P(g) is described in subsec.1.1.1.4, we consider here the two-parameters Henyey-Greenstein
function (Henyey and Greenstein, 1941) (see subsec. 1.1.1.4.5).

1.2.3.1 Multiple scattering

While the single scattering albedo describes the scattering of light by one particle before it goes back
to the observer, multiple scattering occur when light is scattered repeatedly by several particles before
being observed. The more multiple scattering occur, the more the average direction of light returning to
the observer tends to be isotropically distributed resulting in a behaviour close to the isotropic scattering
case. Thereby the single scattering term mostly describes the anisotropy effects. According to (Hapke,
2002), an approximation of the multiple scattering function H below 1% of the exact solution follows:

H(x) t 1

1�w
h
r0 + 1�2r0x

2 ln(1+x
x )

i (1.41)

Where r0 = 1�
p

1�w
1�+1�w .

1.2.3.2 Opposition effect

At low phases angle (close to 0°) a surge of brightness in diffused light is observed and can be related
to two distinct contributions: the Shadow Hiding Opposition Effect (SHOE) and the Coherent Backscat-
tering Opposition Effect (CBOE). The first one describes the effects of shadows casted by the particles
from the granular medium, when reaching the opposition geometry (the illuminating source is perfectly
behind the observer and aligned with the target) the shadows are no longer visible. Such effect depends

19



Direct modelling
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Reflectance spectrum:

• Volume abundance

• Grain size 

• Surface roughness

• Geometry

• Phase function

CO2

ice

H2O

ice

10 
µm

5000 
µm

Grain Size

Access to these properties via inverse modelling
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Europa: Cycle 1, 1250, Guaranteed Time Observations 
(GTO), PI : Dr. Geronimo Villanueva
Ganymede: Cycle 1, 1373, Early Release Science Programs 
(ERS). PI : Pr. Imke de Pater 

Near Infrared Mapping Spectrometer (NIMS)
 Galileo mission, NASA

James Webb Space Telescope

have previously been mapped at hemisphere
scales, including H2O2 at 3.5 mm (24), CO2 at
4.3 mm(12), and SO2 at 4.0 mm(12, 25). If CO2 is
associated with endogenic landforms, then it
would provide information on Europa’s inte-
rior, such as the carbon content of the ocean.
Theoretical models have predicted that the
ocean contains dissolved CO2 and other car-
bonate species (26), yet observations in the
near infrared (1 to 2.5 mm) did not detect CO2

(27) on Europa, so its presence and distribu-
tion remain unclear.
In the JWSTdata,wedetectedmultiple features

due to CO2 ice on Europa: a narrow absorption
band at 2.7 mm (Fig. 1B), a double-peaked ab-
sorption band at 4.25 and 4.27 mm (Fig. 1C),
and an absorption due to the isotopologue 13CO2

at 4.38 mm (fig. S2C). 13CO2 has previously been
observed on two of Saturn’s moons, Phoebe and
Iapetus (28), but not on Europa. From the ratio
of the 12CO2 and

13CO2 features, we estimate the
carbon isotopic ratio 12C/13C = 83 ± 19 (1s) (21).
This value is consistentwith the Earth inorganic
standard [Vienna Peedee Belemnite (VPDB)],
which has 12C/13C = 89 (29). It is also consistent
with measured values for Iapetus [12C/13C =
83 ± 8 (28)] and with the range of 12C/13C ra-
tios (between 83 and 85) measured from car-
bonate minerals in Ivuna-type carbonaceous
chondrite meteorites and samples of the as-
teroid Ryugu (30). These values could reflect
primordial (present in the protosolar nebu-
lar) CO2, which could have been incorporated
into Europa if it assembled from materials

that formed at temperatures below ~80 K (31).
Alternatively, the carbon in Europa’s CO2 could
have been inherited from accreted primitive
organic matter in the Solar System, which has
12C/13C = 90 ± 1 (32). The ratio of 13C to 12C is
used as a biosignature on Earth (33), where lo-
calized carbon sources and reservoirs can have
higher 12C/13C ratios (up to 104) as a result of
biogenic processes (29). For C isotopes to serve
as a biosignature on Europa, the isotopic frac-
tionation between reduced carbon and CO2

would need to be determined (34), which we
cannot measure with these data, and there-
fore we cannot distinguish between abiotic or
biogenic sources.

Nature and distribution of the CO2 ice

The observed 4.25-mm absorption band due to
12CO2 has a double-peaked structure, which
differs from the single-peaked crystalline CO2

ice (Fig. 1C). The synthetic spectrum of crys-
talline CO2 ice in Fig. 1C was computed with
the surface model of the Planetary Spectrum
Generator (PSG) (21, 35). The best match we
found to this doubly peaked shape (Fig. 1C)
was to a laboratory spectrum of a mixture of
CO2, H2O, and CH3OH in the ratio 1:0.8:0.9,
respectively, measured at a temperature of
114 K (36). The temperature of this laboratory
spectrum is within the range previously mea-
sured for different hemispheres of Europa (90
to 130 K) (37). This could indicate that CO2 is
stored in a water- and organic-rich matrix on
Europa, yet we did not detect any bands in our

spectra that were due to CH3OH ice or other
organic molecules. We regard methanol as a
proxy for the effect of any organics on the
band position of CO2, and several other effects
could also produce shifts in the CO2 funda-
mental band (21, 38). A blue-shifted CO2 peak
has previously been observed on Ganymede
and Callisto (39, 40) but did not show the same
double-peak signature as we observe on Europa,
perhaps because of differing spectral resolutions.
The closestmatch to the CO2 band detected on
Callisto and Ganymede was a laboratory spec-
trumof carbonic acid (H2CO3) synthesized in a
CO2:H2O ice mixture (in the ratio 5:1), then ex-
posed to ionizing radiation in the form of 5-keV
electrons (41). Similar laboratory irradiation
experiments have been reported for Europa-
like conditions (42). Figure 1C shows a syn-
thetic spectrum based on the carbonic acid
experiment (41), which reproduces the width
and location of the band but not its double peak.
To test a possiblematrix for the observedCO2,

we measured spectra of oceanic salt evaporite
with a thin CO2 ice film deposited onto the
salts at different temperatures while being
irradiated (21). In the experiments, the feature
at 4.25 mm appeared after irradiation of the
salts, whereas the feature at 4.27 mmwas present
in freshly deposited CO2. We therefore interpret
the 4.25-mm band as likely indicating CO2 that
was either adsorbed onto salts or capturedwith-
in them.
We searched for heterogeneities in the CO2

ice abundance and its structure by mapping

Fig. 1. Spectra of Europa’s
leading hemisphere acquired
with JWST. (A) Spectrum
from 2.5 to 5.2 mm (blue)
expressed as spectral
irradiance in janskys (Jy).
Gray shaded regions indicate
the ranges plotted in the
other panels. Broad features
due to H2O and CO2 ices are
labeled. Narrower features
are mostly Fraunhofer lines
from sunlight reflected off
Europa. (B) Zoomed spectrum
(black histogram) around the
band of crystalline CO2 ice at
2.7 mm, normalized by the
local continuum. The green
line shows a solar spectrum
used to identify the Fraunhofer
lines. The dark purple line
is a model of crystalline CO2
ice; the light-purple shading
indicates the integrated band
strength used to produce
the map in Fig. 2B. (C) Same
as (B) except for the double-peaked CO2 feature at 4.27 mm. The blue line is a model of a CO2:H2O:CH3OH [1:0.8:0.9] mixture at 114 K. The shape of the observed
spectrum is fitted with a combination of the blue and purple models. The peak position and width of the feature can alternatively be reproduced with a model (dashed red
line) of carbonic acid synthesized in a CO2:H2O ice mixture (ratio 5:1) exposed to ionizing radiation.
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Radiative transfer (Hapke, 2012) + Bayesian MCMC framework

Water ice drops
within lineaments

Magnesium Chloride 
increase toward lineaments

Dark lineaments a 
preferential location for 

material exchange ?
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Endogenous CO2 ice mixture on the surface of Europa
and no detection of plume activity
G. L. Villanueva1*, H. B. Hammel2, S. N. Milam1, S. Faggi1,3, V. Kofman1,3, L. Roth4, K. P. Hand5,
L. Paganini6, J. Stansberry7, J. Spencer8, S. Protopapa8, G. Strazzulla9, G. Cruz-Mermy10, C. R. Glein11,
R. Cartwright12, G. Liuzzi13

Jupiter’s moon Europa has a subsurface ocean beneath an icy crust. Conditions within the ocean are
unknown, and it is unclear whether it is connected to the surface. We observed Europa with the
James Webb Space Telescope (JWST) to search for active release of material by probing its surface
and atmosphere. A search for plumes yielded no detection of water, carbon monoxide, methanol,
ethane, or methane fluorescence emissions. Four spectral features of carbon dioxide (CO2) ice were
detected; their spectral shapes and distribution across Europa’s surface indicate that the CO2 is mixed
with other compounds and concentrated in Tara Regio. The 13CO2 absorption is consistent with an
isotopic ratio of 12C/13C = 83 ± 19. We interpret these observations as indicating that carbon is
sourced from within Europa.

J
upiter’s moon Europa’s is thought to host
a subsurface ocean beneath an icy surface
crust, which has a thickness estimated
to be between 23 and 47 km (1). Space-
craft measurements have shown that

Europa has an inducedmagnetic field, which
has been interpreted as the result of a deep,
salty ocean (2, 3). Smaller liquid-water bodies
might also be present within the ice shell (4).
Europa’s surface is one of the youngest in the
Solar System, with the near absence of impact
craters indicating an age in the range of 40 mil-
lion to 90 million years (5). The extensive
resurfacing is probably due to tidal heating
sustained by orbital resonance—which could
power cryovolcanism (6) (the eruption of wa-
ter and volatiles through an ice crust at freezing
temperatures)—and the upwelling of material
to form ice domes (7). These processes would
provide pathways for subsurface materials to
reach the surface, where they could be observed.
Surface materials could be either endogenous

(from within Europa) or exogenous (delivered
by impacts or from Jupiter’s magnetosphere);
distinguishing between these possibilities is
required to infer properties of the subsurface

ocean (8). Europa’s surface composition is
dominated by water ice (9), with a complex
mixture of other compounds, including salts
(e.g.,NaCl, hydrated sulfates) (10, 11), and carbon-
and sulfur-bearing molecular species (12–14).
The diversity of observed species leads to un-
certainty about the endogenous or exogenous
nature of material on Europa’s surface.

Searches for plume activity

A possible indication of endogenicmaterial on
Europa would be plumes: ejections of large
amounts of material through cracks in the ice
opened by the strong tidal forces. Evidence for
plumes has been reported from ultraviolet ob-
servations of auroral emission lines of hydro-
gen and oxygen in the southern hemisphere,
which were interpreted as the result of local-
ized plumes containing up to 1× 1032molecules
of H2O (15). This plume activity has not been
confirmed by subsequent observations despite
several attempts. Magnetic-field and plasma-
wave observations from a close spacecraft flyby
of Europawere interpreted as being caused by a
plume (16). Transit observations of the Europa
limb have also been interpreted as localized ex-
cess emission (17), or alternatively as statistical
noise, not plume activity (18). Another study
identified one tentative detection (at the 3s
level) of water-vapor plume activity within an
otherwise quiescent period (19).
To search for active sources on Europa, we

probed its atmosphere and surface using JWST
(20), performing imagingwith theNear-Infrared
Camera (NIRCam) and spectroscopy in the 2.4-
to 5.2-mm spectral range (F1 Fig. 1) with the Near-
Infrared Spectrograph (NIRSpec) at a resolving
power of ~2700. The observations were carried
out on 23 November 2022 to sample Europa’s
leading hemisphere (21). Searching for plume

activity was done by probing the narrowmolec-
ular infrared features fluorescing in sunlight.
We targeted the strong fundamentals bands
ofH2O at 2.7 mm;CH4, C2H6, andCH3OH in the
C–H stretch region (near 3.3 mm); and CO at
4.7 mm. We extracted an integrated spectrum
across a 1.3–arc sec–diameter region centered
on Europa (500 km beyond its radius), sam-
pling the extended region beyond the moon’s
1–arc sec diameter. We then removed solar
and ice absorption features and compared the
resulting residual spectra (fig. S1) with line-
by-line fluorescence models by performing
retrievals (21). We assumed an excitation rota-
tional temperature of 25 K in themodels, which
is similar to the value measured in the plume
of Enceladus (22).
None of the targetedmolecules were detected

in the Europa spectrum, and the resulting 3s
upper limits, in units of 1030 molecules, are <35
for H2O, <18 for CH4, <18 for C2H6, <93 for
CH3OH, and<14 forCO.Assuminganoutgassing
velocity of 583m s−1 (19) and isotropic outflow,
the upper limit of water (<35 × 1030 H2O mol-
ecules) corresponds to a water-vapor plume
activity of <1 × 1028 molecule s−1 (<300 kg s−1).
This upper limit for water is a factor of two
lower than the previous tentative detection in
the leading hemisphere [(70 ± 22)×1030 H2O
molecules (19)], a factor of four lower than that
inferred from auroral ultraviolet emission lines
on the anti-Jovian hemisphere [(130 ± 30) ×
1030 H2O molecules (15)], and a factor of five
lower than the median value [180 × 1030 H2O
molecules] reported for plumes at the trailing
hemisphere (17). The JWST observations of the
leading hemisphere set a limit on sustained
water-plume activity on Europa; if any plume
activity exists on Europa today, it must be lo-
calized and weak (16), infrequent and inactive
during our observations, or devoid of the vol-
atile gases that we searched for.

CO2 detection and isotope ratio

Analternativeway toprobe for endogenic sources
on Europa is to search for recently deposited
material on its surface. The NIRCam images
(Fig. 2A), obtained by combining the observa-
tions with filters F140M [1.331 to 1.479 mm]
and F212N [2.109 to 2.134 mm], show enhanced
brightness in Tara Regio (10°S, 75°W), which
is an area of chaos terrain, and also on the anti-
Jovian side of Europa (180°W). The chaos ter-
rain is an area of irregular groups of large blocks,
which are thought to be related to an active
geological process. Using the contemporane-
ously collected NIRSpec spectra of the leading
hemisphere, we searched for evidence of CO,
CH4, or CH3OH ices, but did not detect them.
It has been suggested that CO2 ice on Europa
is concentrated on the anti-Jovian and trailing
sides of its surface (12); however, the absorp-
tion bands were only marginally resolved in
earlier data (23). Many nonwater ice bands
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the strengths of the three 12CO2 peaks across
the observed hemisphere of Europa (Fig. 2); the
13CO2 feature is too weak for mapping. For the
mapping process and at each spatial point,
we fitted a model of CO2 crystalline ice for the
2.7-mm feature, whereas we modeled the 4.25-
and 4.27-mm double-peaked feature as a com-
bination of two components: CO2 crystalline ice
(using the model described above) and a CO2

excess. The CO2 excess model was constructed
by subtracting the synthetic spectra of the mix-
ture of CO2, H2O, and organic molecules from
the crystalline CO2 spectrum (Fig. 1C).
All three bands are strongest in the chaos

terrain of Tara Regio, and the 2.7- and 4.27-mm
CO2 bands have similar distributions (Fig. 2).
The 4.25-mmband has a larger dynamic range,
with almost no detection in the northern re-
gions and a lower abundance between Tara
Regio and the anti-Jovian regions (Fig. 2D).
The most abundant surface CO2 appears to be
in Tara Regio, potentially indicating that this
geologically distinct region is associated with
an endogenous source of CO2. The distribution
of the 4.25-mm CO2 band is similar to that
noted in previous observations of irradiated
NaCl on Europa (11), whereas the 2.7-mm and
4.27-mm bands are distributed more broadly
across Europa’s surface. This is consistent with
our interpretation (see above) that the 4.25-mm
feature is due to CO2 mixed with salts or pro-
duced through irradiation of carbonate salts.

An endogenous source of CO2

CO2 has been observed on a wide variety of
Solar System objects and can have either na-
tive (endogenous) or nonnative (exogenous)
origins. The localized CO2 that we observe on
Europa could be related to a disrupted surface,
with a difference in the surface grain sizes af-
fecting the strength of the CO2 absorption across
the surface (43). Exogenous explanations for
the observed CO2 on Europa are possible, but
an exogenous source would likely produce a
more global distribution, not the observed lo-

cal concentration that is associated with salts
(which are presumably endogenous). CO2 ice
is also localized on Enceladus, where it is known
to be endogenous (44). Exogenous interplan-
etary dust grains might deliver carbonaceous
material to Europa’s icy surface, which could
then yield CO2 through radiolysis (42), but no
silicate features indicative of such exogenous
material have been reported for Europa (25).
Given the CO2 association with NaCl, and our
laboratory results (21),we conclude that themost
likely origin of the observed CO2 is endogenous,
at least within Tara Regio.
We consider several possible endogenous

sources of CO2. One possibility is that aque-
ous solutions rich in CO2 are present in the
subsurface. Such solutions could be present if
a long-lived reservoir, such as Europa’s ocean,
has a low-enough pH (26), or if fluids migrating
through Europa’s ice shell incorporate CO2

derived from destabilized dry ice or CO2 clath-
rate hydrate (45).
A second potential source of CO2 could be

carbonate-bearing fluids (e.g., NaHCO3 or Na2CO3

dissolved in water). Enceladus has a carbonate-
rich ocean that degases CO2 (46); some of that
degassed CO2 freezes out on the surface (47).
An analogous process could occur on Europa.
Alternatively, endogenous carbonates could
react with acid compounds (e.g., H2SO4) at or
near the surface to produce CO2, or extruded
brines [if they contain (bi)carbonate salts] could
produce CO2 during radiation processing (48).
A third possibility is that the carbon in the

CO2 might have been from organic compounds
that were originally dissolved or suspended in
a subsurface liquid-water reservoir, which were
later converted to CO2. CO2might be generated
by irradiation on the surface, when material
sourced from Europa’s interior, rich in carbo-
nate salts and/or organics mixed with H2O, is
bombarded by charged particles trapped in
Jupiter’s magnetosphere (49). A similar process
has been proposed to form hydrogen peroxide
(H2O2) from H2O ice; H2O2 has previously been

observed to be enriched at low latitudes across
Europa’s leading and anti-Jovian quadrants,
including within the boundaries of Tara Regio
(50). Because the surface environment of Europa
is strongly oxidized, CO2 would be produced
by radiation-driven oxidation of reduced car-
bon species (organics) on Europa’s surface; the
lack of detectable CO could be an indication
of that process (49).
Regardless of the specific source species of

CO2, we regard the presence of CO2 in a region
with previous indications of subsurface liq-
uid water as evidence of carbon availability in
Europa’s interior.
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Fig. 2. Distribution of CO2 on Europa. (A) A false-color image of Europa as it appeared during the JWST
observations (21). The image is oversampled at 0.031 arc sec per pixel; the diffraction-limited resolution is
~0.08 arc sec at these wavelengths. (B) Distribution of the band intensity of the CO2 2.7-mm feature,
determined by fitting a model of CO2 crystalline ice to the spectrum at each location. The white circle
indicates the size of Europa in (A). (C and D) The 4.25- and 4.27-mm double-peaked feature was modeled as
a combination of two components: CO2 crystalline ice [band intensity shown in (C)] and CO2 noncrystalline
ice [band intensity shown in (D)]. (B), (C), and (D) share the same color bar but with different maximum/
middle values of 0.70/0.35, 4.20/2.10, and 7.10/3.55 nm respectively.
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NIRSpec (band fitting) + NIRCam (mapping) 

CO2 ice strongly correlated with chaos units !
Carbon source within Europa ?

Villanueva et al. (2023)
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On going & future collaborations:
GEOPS: F. Schmidt, F. Andrieu ; IPAG: B. Schmitt, E. Quirico ; ESAC: T. Cornet ; OBSPM: T. Fouchet, 
D. Bockelee-Morvan ; IAS: F. Poulet. ; NASA-Goddard: G. Villanueva

• Microphysical properties accessible via Radiative 
Transfer  modelling

• First maps of the microphysical properties of Europa !

• Combining JWST High Spec. Res with NIMS Spatial Res.

• Fusion of NIRSpec & NIRCam

• Proposal for future JWST observation of Ganymede

JUICE Mission:

Radiometric 
Calibration of MAJIS

Define ROI


