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Endogenous CO, ice mixture on the surface of Europa
and no detection of plume activity

G. L. Villanueva', H. B. Hammel?, S. N. Milam!, S. Faggi*?, V. Kofman®?, L. Roth?, K. P. Hand®,
L. Paganini®, J. Stansherry’, J. Spencer®, S. Protopapa®, G. Strazzulla®, G. Cruz-Mermy™, C. R. Glein™,

R. Cartwright'?, G. Liuzzi*®

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 (CO,) ice were
detected; their spectral shapes and distribution across Europa’s surface indicate that the CO, is mixed
with other compounds and concentrated in Tara Regio. The 3CO, absorption is consistent with an
isotopic ratio of 2C/*3C = 83 + 19. We interpret these observations as indicating that carbon is

sourced from within Europa.

upiter’s moon Europa is thought to host a
subsurface ocean beneath an icy surface
crust, which has a thickness estimated

to be between 23 and 47 km (I). Space-

craft measurements have shown that
Europa has an induced magnetic 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 ().
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
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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 endogenic material 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 x 10> molecules
of H,O (I5). Such plume activity has not been
confirmed by subsequent observations despite
several attempts. Magnetic-field and plasma-
wave observations from a close spacecraft flyby
of Europa were interpreted as being caused by a
plume (I6). Transit observations of the Europa
limb have also been interpreted as localized ex-
cess emission (17), or alternatively as statistical
noise, not plume activity (I18). Another study
identified one tentative detection (at the 3o
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 imaging with the Near-Infrared
Camera (NIRCam) and spectroscopy in the 2.4~
to 5.2-um spectral range (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
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ular infrared features fluorescing in sunli,....
We targeted the strong fundamentals bands
of H,0 at 2.7 um; CH,, C,Hg, and CH3;OH in the
C-H stretch region (near 3.3 um); and CO at
4.7 um. 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 the models, which
is similar to the value measured in the plume
of Enceladus (22).

None of the targeted molecules were detected
in the Europa spectrum, and the resulting 3o
upper limits, in units of 10> molecules, are <35
for H,0, <18 for CH,, <18 for C,Hg, <93 for
CH;OH, and <14 for CO. Assuming an outgassing
velocity of 583 m s (19) and isotropic outflow,
the upper limit of water (<35 x 10°° H,0O mol-
ecules) corresponds to a water-vapor plume
activity of <1 x 10*® molecule s (<300 kg s ™).
This upper limit for water is a factor of two
lower than the previous tentative detection in
the leading hemisphere [(70 + 22)x10%° H,0
molecules (19)], a factor of four lower than that
inferred from auroral ultraviolet emission lines
on the anti-Jovian hemisphere [(130 + 30) x
10%° H,0 molecules (75)], and a factor of five
lower than the median value [180 x 10%° H,O
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 occurs on Europa today, it must be lo-
calized and weak (I6), infrequent and inactive
during our observations, or devoid of the vol-
atile gases that we searched for.

CO, detection and isotope ratio

An alternative way to probe 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 um]
and F212N [2.109 to 2.134 um], 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,
CH,, or CH50H ices, but did not detect them.
It has been suggested that CO, 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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Fig. 1. Spectra of Europa’s
leading hemisphere acquired
with JWST. (A) Spectrum
from 2.5 to 5.2 um (blue)
expressed as spectral
irradiance in janskys (Jy).
Gray shaded regions indicate
the ranges plotted in the
other panels. Broad features 02 |
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as (B) except for the double-peaked CO, feature at 4.27 um. The blue line is a model of a CO,:H,0:CH30H [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 CO,:H,0 ice mixture (ratio 5:1) exposed to ionizing radiation.

have previously been mapped at hemisphere
scales, including H,0, at 3.5 um (24), CO, at
4.3 um (12), and SO, at 4.0 um (12, 25). If CO, 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 CO, and other car-
bonate species (26), yet observations in the
near infrared (1 to 2.5 um) did not detect CO,
(27) on Europa, so its presence and distribu-
tion remain unclear.

In the JWST data, we detected multiple features
due to CO, ice on Europa: a narrow absorption
band at 2.7 um (Fig. 1B), a double-peaked ab-
sorption band at 4.25 and 4.27 um (Fig. 1C),
and an absorption due to the rarer isotopologue
3CO, at 4.38 um (fig. S2C). **CO, has previously
been observed on two of Saturn’s moons, Phoebe
and Iapetus (28), but not on Europa. From the
ratio of the *CO, and **CO, features, we estimate
the carbon isotopic ratio *C/**C = 83 + 19 (15)
(2I). This value is consistent with the Earth in-
organic standard [Vienna Peedee Belemnite
(VPDB)], which has 2C/**C = 89 (29). It is also
consistent with measured values for Iapetus
[*2C/*C = 83 + 8 (28)] and with the range of
12¢/13C ratios (between 83 and 85) measured
from carbonate minerals in Ivuna-type carbo-
naceous chondrite meteorites and samples of
the asteroid Ryugu (30). These values could re-
flect primordial (present in the protosolar neb-
ula) CO,, which could have been incorporated
into Europa if it assembled from materials
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that formed at temperatures below ~80 K (31).
Alternatively, the carbon in Europa’s CO, could
have been inherited from accreted primitive
organic matter in the Solar System, which has
12C/™C = 90 + 1(32). The ratio of >C to '*C is
used as a biosignature on Earth (33), where lo-
calized carbon sources and reservoirs can have
higher 2C/*C 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 CO,
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 CO, ice

The observed 4.25-um absorption band due to
200, has a double-peaked structure, which
differs from the single-peaked crystalline CO,
ice (Fig. 1C). The synthetic spectrum of crys-
talline CO, 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
CO,, H,0, and CH30H 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 CO, is
stored in a water- and organic-rich matrix on
Europa, yet we did not detect any bands in our
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spectra that were due to CH3;0H ice or other
organic molecules. We regard methanol as a
proxy for the effect of any organics on the
band position of CO,, and several other effects
could also produce shifts in the CO, funda-
mental band (21, 38). A blue-shifted CO, 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 closest match to the CO, band detected on
Callisto and Ganymede was a laboratory spec-
trum of carbonic acid (H,COj3) synthesized in a
CO,:H,0 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 possible matrix for the observed CO,,
we measured spectra of oceanic salt evaporite
with a thin CO, ice film deposited onto the
salts at different temperatures while being
irradiated (2I). In the experiments, the feature
at 4.25 um appeared after irradiation of the
salts, whereas the feature at 4.27 um was present
in freshly deposited CO, (fig. S2C). We therefore
interpret the 4.25-um band as likely indicating
CO, that was either adsorbed onto salts or cap-
tured within them.

We searched for heterogeneities in the CO,
ice abundance and its structure by mapping
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Fig. 2. Distribution of CO, 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 CO, 2.7-um feature,
determined by fitting a model of CO, 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-um double-peaked feature was modeled as
a combination of two components: CO, crystalline ice [band intensity shown in (C)] and CO, 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.

the strengths of the three CO, peaks across
the observed hemisphere of Europa (Fig. 2); the
13C0, feature is too weak for mapping. For the
mapping process and at each spatial point,
we fitted a model of CO, crystalline ice for the
2.7-um feature, whereas we modeled the 4.25-
and 4.27-um double-peaked feature as a com-
bination of two components: CO, crystalline ice
(using the model described above) and a CO,
excess. The CO, excess model was constructed
by subtracting the synthetic spectra of the mix-
ture of CO,, H,0, and organic molecules from
the crystalline CO, spectrum (Fig. 1C).

All three bands are strongest in the chaos
terrain of Tara Regio, and the 2.7- and 4.27-um
CO, bands have similar distributions (Fig. 2).
The 4.25-um band 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 CO, appears to be
in Tara Regio, potentially indicating that this
geologically distinct region is associated with
an endogenous source of CO,. The distribution
of the 4.25-um CO, band is similar to that
noted in previous observations of irradiated
NaCl on Europa (1), whereas the 2.7-um and
4.27-um bands are distributed more broadly
across Europa’s surface. This is consistent with
our interpretation (see above) that the 4.25-um
feature is due to CO, mixed with salts or pro-
duced through irradiation of carbonate salts.

An endogenous source of CO,

CO, has been observed on a wide variety of
Solar System objects and can have either na-
tive (endogenous) or nonnative (exogenous)
origins. The localized CO, 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 CO, absorption across
the surface (43). Exogenous explanations for
the observed CO, on Europa are possible, but
an exogenous source would likely produce a
more global distribution, not the observed lo-
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cal concentration that is associated with salts
(which are presumably endogenous). CO, 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 CO, through radiolysis (42), but no
silicate features indicative of such exogenous
material have been reported for Europa (25).
Given the CO, association with NaCl, and our
laboratory results (21), we conclude that the most
likely origin of the observed CO, is endogenous,
at least within Tara Regio.

We consider several possible endogenous
sources of CO,. One possibility is that aque-
ous solutions rich in CO, 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 CO,
derived from destabilized dry ice or CO, clath-
rate hydrate (45).

A second potential source of CO, could be
carbonate-bearing fluids (e.g., NaHCO; or Na,COs
dissolved in water). Enceladus has a carbonate-
rich ocean that degases CO, (46); some of that
degassed CO, freezes out on the surface (47).
An analogous process could occur on Europa.
Alternatively, endogenous carbonates could
react with acid compounds (e.g., H,SO,) at or
near the surface to produce CO,, or extruded
brines [if they contain (bi)carbonate salts] could
produce CO, during radiation processing (48).

A third possibility is that the carbon in the
CO, might have been from organic compounds
that were originally dissolved or suspended in
a subsurface liquid-water reservoir, which were
later converted to CO,. CO, might be generated
by irradiation on the surface, when material
sourced from Europa’s interior, rich in carbo-
nate salts and/or organics mixed with H,0, is
bombarded by charged particles trapped in
Jupiter’s magnetosphere (49). A similar process
has been proposed to form hydrogen peroxide
(H,0,) from H,0 ice; HyO, has previously been
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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, CO, 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
CO,, we regard the presence of CO, in a region
with previous indications of subsurface lig-
uid water as evidence of carbon availability in
Europa’s interior.
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Endogenous CO, ice mixture on the surface of Europa and no detection of plume
activity
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Editor’'s summary
Europa, an icy moon of Jupiter, has a subsurface ocean beneath a crust of water ice. Solid carbon dioxide (CO2) has

previously been observed on its surface, but the source was unknown. Two teams analyzed infrared spectroscopy
of Europa from the James Webb Space Telescope to investigate the CO2 source. Trumbo and Brown found that the

CO2 is concentrated in a region with geology that indicates transport of material to the surface from within the moon,

and they discuss the implications for the composition of Europa’s internal ocean. Villanueva et al. also identified an
internal origin of the CO2 and measured its 12C/13C isotope ratio. They searched for plumes of volatile material

breaching the surface but found a lower activity than earlier observations. Together, these studies demonstrate that
there is a source of carbon within Europa, probably in its ocean. —Keith T. Smith
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