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Abstract17

James Webb Space Telescope (JWST) observations of Europa’s leading hemisphere reveal enhanced18

CO2 abundances over equatorial chaos terrains where the subsurface ocean is thought to have breached19

the ice shell. Hydrogen peroxide, synthesized radiolytically by Jovian magnetospheric charged particles20

impinging on Europa’s ice, is also elevated in these geologically active regions, spatially coinciding with21

CO2. This correlation implicates CO2 in H2O2 synthesis, consistent with laboratory experiments showing22

increased radiolytic peroxide yields in carbon-bearing ices. Our radiolysis model – which incorporates23

charged-particle precipitation through electromagnetic fields accounting for Europa’s interaction with24

Jupiter’s magnetosphere – predicts enhanced H2O2 on the leading hemisphere equatorial regions. The25

relative dearth of energetic electrons in this region shields peroxide from destruction, leaving a notably26

higher abundance towards the leading apex compared to the mid-latitude regions or the trailing side.27

Integrating the inferred CO2 abundance and the associated boost in peroxide yield, we show that ocean-28

derived CO2 acts as a multiplier, further elevating H2O2 concentrations within the fractured surfaces29

of Tara and Powys Regiones. Together, these results imply that geologic resurfacing at Europa’s chaos30

terrains and precipitating radiation conspire to contribute to the excess peroxide observed by JWST,31

with endogenic CO2 amplifying oxidant production in these potentially ocean-linked regions.32

Confidential manuscript. © 2026. All rights reserved33
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Introduction35

Jupiter’s Moon Europa is a potentially habitable ocean world. It is thought to conceal a global liquid water36

ocean beneath its icy crust [1–3]. Charged particles from Jupiter’s magnetosphere impact Europa’s icy37

surface [4–6], breaking water molecules to synthesize oxidants like hydrogen peroxide and molecular oxygen38

through radiolysis [7, 8]. Europa’s ocean is estimated to be ∼ 100 kilometers deep lying above a rocky39

seafloor/mantle [9]. Geochemical cycling of water through the porous seabed can generate reductants such40

as molecular H2 via serpentinization chemically reducing the ocean water [10], while also possibly enriching41

the ocean with carbonates or CO2 [10, 11]. Mixing of this reduced water with radiolytic oxidants from the icy42

surface could generate the ‘redox potential’ thought to be critical to Europa’s astrobiological potential. Such43

redox gradients could supply chemical energy that putative life forms may utilize to sustain metabolism,44

cellular maintenance, and reproduction [12].45

The delivery of surface oxidants to the internal ocean requires surface-ocean exchange through an ice46

shell estimated to be 29 (± 10) km thick [13]. Such exchange is more likely to occur at the chaos terrains47

where the ice shell has collapsed either from drainage of subsurface lakes [14] or been breached by the48

intrusive ascension of convective diapirs [15]. These geological processes emplace fresh oceanic material over49

the ancient surface. Generally, Europa presents a young surface (∼ 40-90 Myr) with a sparse cratering50

record [16] suggesting that older terrains are frequently masked by fresh material resurfaced via convective51

emplacement [3], cryovolcanism [17], and/or tectonics [18].52

The JWST observations of Europa’s leading hemisphere provide compelling evidence for the presence53

of endogenic material and by extension, for surface-ocean exchange, at the chaos terrains. Excess carbon54

dioxide within Tara and Powys Regiones and relative poleward depletion suggest an internal ocean origin55

[19, 20]. However, it remains uncertain whether the CO2 observed at the chaos terrains was emplaced intact56

from the ocean or resulted through radiolytic breakdown of oceanic carbonates and/or organics by the Jovian57

plasma post resurfacing events. Importantly, both scenarios trace the carbon ultimately to the internal58

ocean – whether as CO2 itself or as carbonate precursors – and thus “ocean sourced CO2” is used here in a59

broader sense. Though the lack of a robust detection of residual carbonate signatures [20] or its radiolysis60

by-products at the chaos terrains lends more support to intact resurfacing of dissolved oceanic CO2.61

Unexpectedly, hydrogen peroxide is also enhanced towards the warmer chaos terrains and decreases62

towards the colder mid-latitude zones [21–23]. This trend contradicts laboratory findings where colder tem-63

peratures have shown to favor the radiolytic synthesis of peroxide in pure water ice [24, 25]. We find radiolysis64

of Europa’s leading hemisphere ice by the spatially varying magnetospheric particles, particularly ener-65

getic electrons, combined with the elevated abundance of CO2 over the chaos terrains, control the peroxide66

distribution, overriding the thermal effects.67

Here we present the JWST-derived maps of solid carbon dioxide and hydrogen peroxide concentrations68

on Europa’s leading hemisphere, confirming a clear spatial link between the ocean-derived CO2 and surface69

hydrogen peroxide in the equatorial chaos terrains. These equatorial regions show increased H2O2 relative70

to the mid-latitude regions – a latitudinal distribution our radiolysis model reproduces assuming a pure71

water ice surface [26], latitudinally varying surface temperatures [27] and spatially-varying charged particle72

fluxes [6, 28]. However, the tight spatial correlation between CO2 and H2O2 suggests that presence of73

carbon could further elevate H2O2 concentration in the chaos regions under Jovian radiation. Laboratory74

experiments confirm that dilute CO2 inclusion (≤ 3%) can substantially enhance the H2O2 yields [29] in75

chaos ice analogs, by up to a factor of ∼ 6, compared to the ‘purer’ water ice at mid-to-high latitudes76

on Europa’s leading hemisphere. Here, we constrain the H2O2 steady-state abundance across Europa’s77

leading hemisphere by coupling the radiolysis model [26] with the charged-particle energy fluxes of electrons,78

protons, sulfur and oxygen ions in the 10 keV-100 MeV range from [6, 28]. The model assumes pure water79

ice and incorporates temperature-dependent H2O2 yields to generate a ‘baseline’ peroxide distribution.80

We then apply the laboratory-constrained, CO2-driven enhancement factor to the ‘water-ice only’ baseline81

distribution to obtain the CO2-boosted H2O2 abundance that is broadly consistent with JWST observations82

of leading hemisphere. These findings indicate that carbonated ocean water frozen at geologically active sites83

such as Tara Regio is more susceptible to magnetospheric oxidation than purer water ice. The implication84

for Europa’s habitability is direct: an elevated oxidant supply through the fractured ices of the chaos terrains85

– which cover roughly one quarter of Europa’s surface – would help sustain the oceanic redox disequilibria86

needed for biological activity.87
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Results88

Leading Hemisphere in JWST frame89

JWST observed Europa’s leading hemisphere using the Near-Infrared Spectrograph (NIRSpec) [30] as part90

of the Cycle 1 Solar System Guaranteed Time Observations program #1250. The observations utilized91

NIRSpec’s integral field unit (IFU) mode with a 3.0" × 3.0" field of view and a spatial resolution of 0.1"92

per pixel. Three high-resolution gratings [G140H, G235H, and G395H] were used, covering a spectral range93

of 0.97-5.27 µm at a resolving power of ∼ 2,700; our analysis focuses on the data obtained from G235H and94

G395H gratings. Two dithered exposures were taken for each grating with exposures of 537 seconds each.95

Additional details on the GTO #1250 observation and data reduction are given in the Methods.96

Figure 1 presents merged, calibrated spectra from two specific locations on Europa’s leading hemisphere97

(LH). The black spectrum in the top panel originates from a near-equatorial pixel within Tara Regio (black98

pixel in Europa LH disk in the upper right inset; centroid at 17.3◦ S, 281.0◦ E) while the dark red spectrum99

comes from a mid-latitude location (dark red pixel; centroid at 25.3◦ N, 267.9◦ E) external to Tara Regio.100

The spectra are in units of radiance factor, or I/F, which is the ratio of the bidirectional reflectance of the101

surface to that of a perfectly diffuse surface of identical size and distance from both the Sun and the observer102

but illuminated at normal incidence. The incident solar flux is generated using the Planetary Spectrum103

Generator [31] which combines the Kurucz model [http://kurucz.harvard.edu] with Atmospheric Chemistry104

Experiment Fourier Transform Spectrometer (ACE-FTS) measurements over a range of 2-14 µm [32]; this105

composite approach has also been adopted in recent JWST/NIRSpec analyses [33].106

The bottom panels of Figure 1 zoom into three key spectral windows. The sharp 2.697 µm band (bottom-107

left panel) is notably deeper at Tara Regio compared to the mid-latitude region, implying a locally higher108

CO2 abundance at Tara Regio. The dotted lines are straight line continua across the 2.68-2.72 µm interval.109

Europa’s 2.697 µm absorptions are well reproduced by modeled spectra [19] generated using optical constants110

of pure crystalline CO2 ice [34, 35]. However, our laboratory spectra show this sharp band also persists in111

dilute CO2-H2O mixtures in both unirradiated and processed variants, with nearly identical peak position112

and width compared to pure crystalline CO2 ice (Fig. S1a). It is possible that even when initially deposited113

as an intimate mixture, CO2 molecules diffuse and coalesce into crystalline clusters at 70 K [36, 37]. We114

thus interpret Europa’s 2.697 µm feature as most consistent with crystalline CO2 clusters dispersed within115

bulk water ice, where the confinement within the bulk water ice helps stabilize CO2 as a solid at Europa’s116

surface temperatures.117

The bottom-right panel of Figure 1 features the broad, double-lobed CO2 absorption with centers near118

4.25 and 4.27 µm, with both lobes clearly deeper at Tara Regio than the mid-latitude region, further119

reinforcing the presence of enhanced CO2 abundance in this chaos terrain. The 4.27 µm lobe is also consistent120

with crystalline CO2 ice [19, 20], supported by agreement with additional laboratory datasets [38, 39].121

However, the 4.27 µm lobe also persists when CO2 is present in dilute amounts within a water ice matrix122

whether as crystalline clusters or a homogenous mixture. The CO2 inclusion induced a small (< 2 nm)123

blueshift relative to the peak wavelength of pure crystalline film (Fig S1b). Thus, Europa’s sharp 2.697 µm124

absorption and the 4.27 µm lobe are collectively consistent with crystalline CO2 trapped within water ice.125

The less-understood 4.25 µm lobe likely results from CO2 in a trapped configuration, possibly within126

an organics-rich ice matrix or adsorbed onto salts [19, 20, 33]. Similar blueshifts in the CO2 band position127

have been noted on Ganymede and Callisto [40–42], although the nature of the host materials at Europa128

that produce the observed shift remain unclear. The deeper CO2 absorptions observed in Europa’s leading129

hemisphere chaos regions have been interpreted as evidence for endogenic CO2 source [19, 20, 43]. However,130

it remains uncertain whether this CO2 was delivered intact from the ocean or produced via radiolysis of131

oceanic carbonates or organics by magnetospheric plasma. Notably, the 3.5 µm H2O2 absorption (bottom-132

middle panel of Figure 1) shows a similar enhancement at Tara Regio. Polynomial continua (dotted curves)133

were applied to the H2O2 bands to assess the strength of the absorption across Europa’s leading hemisphere.134

Spatial distribution of Solid CO2 and H2O2 across Europa’s Leading Hemisphere135

Europa’s LH disk was sampled by a subset of NIRSpec spatial pixels in the 3.0" × 3.0" field of view. Pixel136

footprints were projected onto Europa using the observation kernels and any pixels for which one or more137

of the four corners failed to intersect the surface at a valid latitude and longitude were discarded. We then138
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analyzed three distinct CO2 absorptions and the 3.5 µm H2O2 absorption in the on-disk pixels to obtain139

their spatial distributions, shown in Figure 2 A-D. For each absorption, the spectrum was divided by the140

fitted linear continuum to compute 1 − (I/F )/(I/F )c and integrated over the set wavelength intervals to141

obtain band area. The continuum-normalized υ1+υ3 CO2 band was fit with a single Lorentzian, while the142

υ3 CO2 band was deconvolved into two Lorentzian components representing the 4.25 and 4.27 µm lobes.143

Retrieval of the 3.5 µm H2O2 band area required a higher-order polynomial to approximate the curved144

continuum (Figure 1). We fit a 6th order polynomial over ∼ 3.43-3.7 µm while masking the H2O2 absorption145

region. Although this approach worked well for most pixels, several spectra corresponding to the northern146

pixels are distorted with multiple inflections within the absorption band (possibly due to spatial resampling147

of the flux and/or limb-viewing effects), making it difficult to establish a reliable continuum. These pixels148

were excluded from our analysis (white pixels marked by red × in Figure 2). To account for the sensitivity149

of the derived H2O2 band areas to the masking range, we systematically varied the mask about a base150

range and derived multiple continua for each spectrum. From these, we computed an average band area151

and associated uncertainties for each pixel, as detailed in the Methods. The resulting spatial distribution152

of the H2O2 band area is shown in Figure 2D. Continuum normalization yields a residual absorption with153

an asymmetric profile centered near 3.51 µm with a FWHM of ∼ 0.1 µm for most pixels, consistent with154

laboratory peroxide dispersed in water ice [24], and Europa’s peroxide revealed by Galileo Near Infrared155

Mapping Spectrometer (NIMS) [7]. Though a few spectra from a small subset of pixels exhibit a slightly156

larger width with FWHM reaching up to ∼ 0.14 µm.157

The distribution of CO2 band areas overlaid on Europa’s geologic map [44], reveals a notable equatorial158

enhancement (Figure 2). The 2.697 µm (panel A), 4.25 µm (B) and 4.27 µm (C) absorptions are prominent159

over Tara Regio, perhaps indicating recent geologic resurfacing. The CO2 bands also show enhancement160

extending westward towards Powys Regio (most notably for the υ3 components), perhaps associated with the161

Taliesin crater, which may have excavated additional carbon-bearing species to the surface. The H2O2 absorp-162

tion shows a similar overall equatorial enhancement and notable poleward depletion (panel D), consistent163

with the broader pattern seen across all three CO2 features amid pixel-to-pixel variations.164

To obtain first-order estimates of CO2 and H2O2 concentration, we assume these scale inversely with the165

effective optical path length through the ice grains, taken as the mean chord length (2/3rd of the diameter) of166

a representative 50 µm grain. This value is consistent with inferred grain sizes from spectral modeling which167

generally span tens to hundreds of microns, including 30-40 µm for purer leading hemisphere ice and 50-75168

µm in some low albedo as well as brighter terrains [45–48]. For CO2, band areas of the υ1+υ3 absorption169

are converted to abundance using the integrated absorption coefficient for crystalline CO2 [49], yielding170

values of 0.12-0.35 % across the leading hemisphere. These values exceed previous estimates of 0.036% CO2,171

derived from a representative NIMS spectrum [50], though the Galileo-era measurements had limited signal-172

to-noise ratio especially towards the longer wavelengths and were further degraded by the Jovian radiation173

[20]. For H2O2, the 3.5 µm band areas are similarly converted using published band strength in H2O2-H2O174

mixtures [24, 29] resulting in an abundance of 0.1-0.4%, consistent with ∼ 0.13% value from Galileo NIMS175

data [7]. These estimates ignore grain size distributions, pixel-to-pixel variations in the JWST observation176

geometry, and possible spatial variations in albedo and scattering properties of ice grains across the leading177

hemisphere. We plot the H2O2 band areas against the band areas for three CO2 absorptions in Figure S2.178

The linear fits confirm a positive correlation [22], supporting the idea that endogenic CO2 may influence179

radiolytic peroxide synthesis in the icy grains of Tara and Powys Regiones.180

Discussion181

Excess radiolytic H2O2 in CO2-infused ice: Insights from the Lab182

Motivated by the strong correlation between Europa’s CO2 and H2O2 observed by JWST, we conducted183

laboratory irradiation experiments on water ice films infused with trace amounts of CO2 [29] (instrumen-184

tation and methodology detailed therein). In brief, water ice films with varying CO2 concentrations (< 10185

%) were deposited at 70 K and irradiated with 10 keV electrons at 70 and 100 K. The steady-state H2O2186

concentration in CO2-bearing ice films was substantially higher, up to 6×, than in pure water ice. The187

H2O2 enhancement increased steadily with CO2 concentration plateauing above ∼ 3% at both temperatures188

(Figure 3A). The inflating effect of CO2 was stronger at 100 K, the approximate temperature of Europa’s189
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equatorial chaos regions [27]. The enhancement is possibly due to the electron scavenging nature of the190

CO2 molecules [51] which are thought to capture radiolytically-generated secondary electrons that would191

otherwise contribute to the peroxide destruction. The quenching of H2O2 destruction in CO2-infused ice is192

reflected in the sharp reduction in the peroxide destruction cross section with CO2 concentration [29].193

Using the CO2 abundance inferred from the υ1+υ3 band (Figure 2A), together with the latitude-194

dependent diurnal-average surface temperatures [27], we map the expected CO2-driven peroxide enhance-195

ment factor across Europa’s leading hemisphere at JWST spatial resolution (right panel of Figure 3). Within196

the equatorial chaos regions, the enhancement factor peaks near ∼ 1.6 in regions with abundant CO2, indi-197

cating a substantial CO2-driven boost in peroxide abundance. The enhancement factor approaches 2, if198

smaller grains (∼ 30 µm) are assumed at the chaos terrains. By contrast, the enhancement factor drops199

to ∼ 15% toward 60◦ N/S, showing the effect to be weaker at the cooler, CO2-poor mid-latitude zones.200

We note that Europa’s surface is irradiated by charged particles other than 10 keV electrons used in our201

experiments [29]. The CO2-driven enhancement in H2O2 yield is primarily a function of the CO2 abundance202

and its ability to reduce H2O2 loss by scavenging off secondary ‘delta’ electrons. Potential variations in the203

enhancement factor with projectile species and their energies are yet to be constrained experimentally, and204

here we adopt the 10 keV value.205

Europa’s baseline H2O2 distribution206

Forward modeling of Europa’s surface peroxide distribution has now become feasible, owing to advances207

in both understanding water-ice radiolysis from laboratory experiments and charged-particle precipitation208

modeling of the Europan magnetospheric environment [6, 52, 53]. Specifically, previous works [6, 28] trace209

electron, proton, O2+, and S3+ ion trajectories (10 keV - 100 MeV) through realistic electromagnetic fields210

generated by a multifluid magnetohydrodynamic model [54] that treats Europa as electromagnetically active211

rather than inert [55], incorporating field-line draping by the corotating plasma's interaction with the moon's212

O2 atmosphere, as well as the induced magnetic field from currents in the subsurface ocean. On the radiolysis213

side, analysis of decades of experiments [26] revealed how peroxide production and destruction depend on214

irradiation projectile parameters and ice temperature. The analysis indicated the H2O2 creation yield Gp215

(H2O2 molecules produced per eV) and destruction cross section σd to be fairly constant across projectile216

species and energies, with an exponential decline in the creation-to-destruction ratio (which controls the217

peroxide abundance at steady state) at higher temperatures. This framework has been applied to estimate218

radiolytic peroxide concentrations and transport through the Enceladus crust to its subsurface ocean, owing219

to burial under plume fallout [56]. We adapt it here (minus the burial) to estimate peroxide distributions220

across Europa’s surface.221

Using particle fluxes vs. energy from [6, 28] as input, we compute the combined energy deposition rate222

(eV H2O molecule-1 yr-1) from magnetospheric particles (electrons and ions, 10 keV-100 MeV) as a function223

of depth into Europa’s ice versus surface location, based on the average stopping power S of each particle224

as they slow down and stop within the ice [57]. This absorbed power breaks apart water molecules to make225

OH radicals which combine to form peroxide. Though not all dissociated OH radicals contribute to H2O2226

synthesis as a large fraction recombine with H to reconstitute H2O, particularly in the solid state where227

the surrounding matrix confines the dissociated fragments promoting geminate recombination. Competing228

with synthesis is simultaneous peroxide destruction by all projectiles, which scales with the total particle229

number flux F, through a near-constant destruction cross section σd of 10-14.1 (±0.6) cm2 [26]. The error in230

the exponent captures the spread in the cross section reported in different studies [26 and references therein].231

The steady-state peroxide concentration as a function of depth then follows from the ratio of total creation232

to total destruction rates, incorporating Europa’s diurnally averaged surface temperature distribution [27].233

Averaging the peroxide concentration over the top ~50 µm – the approximate optical sensing depth – as a234

function of latitude and longitude yields a global H2O2 concentration map produced by radiolysis of pure235

water ice (i.e. excluding the effects of CO2). In a prediction consistent with the trend observed by JWST,236

the modeled peroxide concentration peaks towards the equator on the leading side (Figure 4).237

To understand this result, it is important to recognize that H2O2 is more fragile than H2O against238

radiation. Nearly pure solid hydrogen peroxide under 50 keV H+ irradiation rapidly decomposes with a large239

destruction yield ∼ 21(±5) × 10-3 H2O2 per absorbed eV [58], far exceeding the creation yield Gp of ∼240

10-3 H2O2 per eV absorbed in water ice [26]. For dilute peroxide in ice, compiled experimental data shows241
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a destruction cross section that is largely independent of projectile species and energies, and remains ∼ 1-242

2 orders above the creation cross section, yielding low equilibrium peroxide concentrations typically < 1%243

relative to water ice. The largely energy-independent nature of the destruction cross section implies that244

projectiles readily destroy peroxide molecules in their track with high efficiency regardless of their energies,245

and that the peroxide destruction rate scales with particle number flux traversing the ice. By contrast,246

peroxide creation is a far less efficient, energy-limited process, that scales with the total absorbed energy247

[26]. This distinction between flux-driven destruction and energy-driven creation is key to understanding248

Europa’s peroxide distribution.249

Europa's surface is impacted nearly uniformly by high-stopping power projectiles (> 1 MeV heavy ions)250

that deliver large energy doses into relatively fewer water molecules within a shallow surficial layer, driving251

peroxide synthesis to a similar steady-state value across the global surface [6, 28]. However, regions, like the252

trailing side, bombarded with a larger number of low-stopping power particles (i.e. 10-100s of keV electrons)253

suffer disproportionate destruction relative to creation, suppressing the equilibrium peroxide concentration254

(Figure S3). These energetic electrons are more penetrating: many more electrons than ions pass beyond255

the ~50 µm optical sensing depth, so their net effect over this layer is to overwhelmingly destroy peroxide256

rather than synthesize it. The leading apex, located in Europa’s plasma wake, receives a reduced flux of these257

destructive electrons, allowing the energy deposited by the heavy ions to build higher peroxide concentrations258

there.259

These competing effects are captured in Figure 4. The absorbed power that drives the peroxide synthesis260

is slightly depleted at the leading apex: ∼ 1.25× lower than at the leading mid-latitudes and ∼ 1.4× lower261

than at the trailing apex (Figure 4A). However, the total particle number flux F within the sensing depth262

shows an even steeper leading-apex deficit, falling ∼ 3.5× below the mid-latitudes and nearly 8× below the263

trailing apex. Averaged over the top 50 µm and accounting for the falloff in flux as particles decelerate and264

stop, the total flux F in the optical skin is dominated (∼ 90%) by ~10 keV – 1 MeV electrons. Because these265

electrons preferentially strike the trailing hemisphere [5, 28, 59], the H2O2 destruction rate constant (F ×266

σd) is ∼ 8× higher at the trailing apex than at the leading apex (Figure 4B). Destruction rates of 1 – 27267

yr-1 across Europa’s surface imply a peroxide survival lifetime of months at most – ∼ 8 months towards the268

leading equator, ∼ 2 weeks on the trailing side. The H2O2 molecules detected by JWST aren’t a relic; they269

form a standing population, destroyed and resynthesized several times over in a single year.270

Within the leading hemisphere – the region covered by the GTO #1250 observations – the interplay271

between absorbed power and the destruction rate produces a clear equatorial maximum in the steady-state272

H2O2. Although both quantities decrease from mid-latitude towards apex, the flux drops more steeply (∼273

3.5×) than the power (∼ 1.25×). Consequently, the ratio (absorbed power/destruction rate) is highest in the274

equatorial band of the leading hemisphere (Figure 4C). The reduction in destructive electron flux, which is275

inefficient at driving radiolysis, tips the creation-destruction balance in favor of net peroxide accumulation276

towards the leading apex. This explains the elevated H2O2 abundances over the equatorial chaos over277

mid-latitude regions, consistent with JWST observations.278

At steady state, the H2O2 production rate – Gp × absorbed power – is balanced by the destruction279

rate, σd × F × (H2O2 fractional abundance). The absorbed power is the product of F and the stopping S.280

The equilibrium H2O2 abundance thus reduces to S × Gp/σd. Decades of water-ice radiolysis experiments281

compiled in [26], provide fluence dependence data of H2O2 synthesis, from which the Gp/σd ratio can be282

deduced across Europa-relevant temperatures. This ratio shows an exponential decline with temperature283

T, which we fit as (G/σd)o e-αT, with the electron irradiation data [29] added to the compilation (Figure284

S5). The fit yields α = 0.013 (± 0.0041) K-1 and (G/σd)o = 3.55 × 1011 eV-1 cm-2 with the compiled285

measurements scattering about this relation over a 1σ interval of 1.6 – 7.7 × 1011 eV-1 cm-2. Multiplying286

by the flux-weighted stopping S, in units of eV cm2, averaged over the top 50 µm sensing depth, we obtain287

the temperature-dependent ‘baseline water-ice only’ H2O2 concentration, (G/σd)o S e-αT. Figure 4D shows288

Europa’s baseline global steady-state peroxide concentration evaluated at the upper bound of the scatter289

interval, with α held at 0.013 K-1.290

Extending these analyses globally, our model predicts that the trailing apex - despite receiving ∼ 1.4×291

more absorbed power and nearly ~8× higher particle flux than the leading apex - should exhibit an equilib-292

rium H2O2 concentration an order of magnitude below the global maximum, which occurs near the leading293

equatorial region (Figure 4D). The destruction rate far outpaces creation such that the peroxide abundance294

6



towards the apex and more generally over the trailing hemisphere is suppressed (Figure 4D), consistent295

with reported hemispherical difference in H2O2 abundance [60]. This result is counter to the conventional296

expectation that more intense bombardment of the corotating plasma over the trailing hemisphere should297

translate to higher peroxide concentration. Instead, the steady-state H2O2 abundance is modulated by the298

balance between creation and destruction rather than irradiation flux alone.299

Two important caveats merit emphasis. First, the suppression over the trailing hemisphere is due to300

the fragile nature of H2O2 molecule (O-O bond strength ∼ 2 eV, half the O-H strength in H2O) which301

makes it prone to radiolytic destruction. More robust species (e.g. H2SO4 and its hydrated forms) may resist302

destruction more effectively and therefore may display a different spatial distribution, one not necessarily303

suppressed in regions of elevated electron flux. Second, the trailing hemisphere is markedly depleted in water304

ice, with non-ice components such as salt and acid hydrates reaching abundances as high as 65-85% [61, 62].305

The scarcity of water ice will likely result in an even lower equilibrium peroxide concentration compared to306

our model prediction which does not account for the provenance of acid hydrates. However, the bound water307

molecules may still participate in radiolysis and contribute to the peroxide abundance.308

Although the leading-hemisphere equatorial chaos ices are the warmest on Europa – which suppresses309

peroxide synthesis [24, 26] – the latitudinal (equatorial vs. polar) asymmetry in the impinging radiation,310

particularly in the electron flux, is the primary modulator of the ‘baseline water-ice only’ peroxide distribu-311

tion. Including Europa’s diurnally averaged surface temperatures [27] in our model, the thermal suppression312

is insufficient to displace the peroxide maximum from the leading apex (Figure S4). The model predicts a313

peak concentration of 0.15% H2O2 near the leading apex. Degraded to JWST pixel scale, this falls to 0.11%,314

which is ∼ 2.4× below the 0.27% at the collocated pixel (Figure 2D). We discuss next how the inclusion of315

endogenic CO2 in the radiolyzed optical skin may help bridge this deficit.316

Endogenic CO2 as a Peroxide Booster over Europa’s leading chaos terrains317

Applying the H2O2 enhancement factor (Figure 3B) to the baseline peroxide map increases the modeled318

steady-state H2O2 abundance by ~60% over the equatorial leading hemisphere chaos terrains. This increase319

could plausibly be higher, if smaller ice grains (∼ 30 µm vs. nominal 50 µm assumed here) are more prevalent320

or if CO2 is more concentrated at smaller local scales. Furthermore, the current CO2 estimate does not321

include carbon associated with the 4.25 µm absorption. If CO2 trapped in an organic matrix or adsorbed on322

salts or other host materials were to roughly double the carbon inventory over the chaos terrains, the H2O2323

boost factor could exceed 3, bringing the modeled H2O2 abundance closer to JWST-inferred levels, while324

noting that both enhancement factor and abundance assessments remain approximate, first-order estimates.325

We present the CO2-boosted peroxide map degraded to the coarser JWST resolution in Figure 4E. The326

peroxide abundance peaks at ~0.19% at 285◦ E on the equator, within ~40% of the 0.27% JWST value at327

the collocated pixel - agreement at the level the dispersion in Gp/σd dataset allows.328

Both the observed and modeled H2O2 abundances decline poleward, by factors of ∼ 1.4 and ~1.8 respec-329

tively between equator and 40◦ N/S. In longitude though, the model diverges from the observation. The330

modeled abundance falls off by ∼ 2× westward of the leading apex (from 0.11% near 270◦E to ~0.05%331

towards 220◦E), whereas the observations rise over the same span increasing towards Powys Regio from332

0.22% to 0.27%. The highest observed abundance ~ 0.4% is at 217◦E and 16◦S, close to Taliesin crater333

at 223◦E and 23◦S. This longitudinal excess towards the western limb may reflect a true compositional334

contribution from Taliesin’s ejecta or limb sampling effects or both.335

Several other factors that are not included in our model could also influence Europa’s H2O2 abundance.336

For example, NaCl appears to be enhanced over the chaos terrains [63], but its role in modulating H2O2337

concentration is not known and requires irradiation experiments with CO2 embedded in briny ices. Taking338

these caveats into consideration, the CO2-enhanced model result nonetheless captures the broad peroxide339

distribution across Europa’s leading hemisphere and predicts the trailing peroxide abundance in the vicinity340

of the apex to be ∼ 6× smaller than the leading counterpart, while not accounting for potential suppression341

from enrichment of salt and acid hydrates/H2O ice depletion on the trailing side, or the boosting effect of342

any trailing hemisphere CO2. The endogenic CO2-derived boost factor enables the model to approach the343

observed leading hemisphere peroxide level, underscoring CO2’s role as a key modulator of Europa’s surface344

oxidant budget.345
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Conclusion and Outlook346

This work provides important insights into the mechanisms by which geologic activity at chaos terrains and347

charged particles in the Jovian magnetosphere work synergistically to enhance the synthesis of radiolytic348

oxidants such as hydrogen peroxide in Europa’s icy crust. Geologic processes emplace carbon-bearing water349

from the interior ocean to the breached surfaces of the chaos terrains, where it is subject to energetic350

charged particles from Jupiter’s magnetosphere. The resulting surficial CO2 enhances the radiolytic yield351

of H2O2, and presumably other oxidants, as demonstrated through the laboratory experiments, leading352

to the observed co-enhancement of CO2 and H2O2 at Tara and Powys Regiones by JWST. The peroxide353

distribution across Europa’s leading hemisphere surface is determined not just by the surface temperature354

but more importantly by the emplacement of fresh oceanic carbon-bearing material and spatially asymmetric355

(across latitude and longitude) impingement of Jovian magnetospheric particles, particularly the 10-100s356

keV electrons. Our findings highlight the complex interplay between the interior ocean, geologic activity357

and radiation in shaping Europa's surface chemistry and composition, driving redox gradients critical for its358

potential habitability.359

The impact of brines such as NaCl on ice radiolysis remains unclear and further experiments are needed360

to investigate their effects on oxidant yields in Europa’s icy crust. Recent models indicate that brine perco-361

lation channels can expedite the transport of oxidants through the icy crust, potentially delivering ∼ 85% of362

radiolytic oxidants to the subsurface ocean over timescales of ~ 20,000 years [64]. This rapid brine-assisted363

oxidants delivery could be important for sustaining oceanic redox gradients which is key to Europa’s poten-364

tial habitability. Recent models, however, indicate a silent seafloor with limited volcanism and water-rock365

interactions, potentially choking the mantle-derived reductant supply into the ocean [65, 66]. The dimin-366

ished reductant yield can adversely affect the ocean’s habitability, especially if only oxidants are delivered367

to the ocean from the ice shell. However, the radiolysis of CO2-containing chaos ice could also lead to pro-368

duction of CHO-bearing species like methanol or carbonic acid as laboratory studies indicate [29]. A subset369

of leading-hemisphere pixels show subtle evidence of excess absorption on the long-wave shoulder of the per-370

oxide band, but this excess shows no systematic spatial trend and its position does not agree with methanol371

or carbonic acid [29, 33, 67, 68], precluding a confident assignment. It is possible, however, that the presence372

of salts may shift band positions and distort the spectral profile of CHO-bearing species. Radiolytic synthe-373

sis of organics alongside peroxide would make the ice shell a source of both oxidant and reduced organics374

to the ocean, potentially bypassing the need for seafloor reductants. Whether such a supply could sustain375

biological activity would still depend on yields, redox energy and delivery rates to the underlying ocean.376

Upcoming missions like Clipper and Juice are equipped to constrain these hypotheses further.377

The relevance of our investigation, which leverages laboratory findings to elucidate the role of endogenic378

CO2 in controlling peroxide distribution observed by JWST, extends to future missions, particularly to379

Europa Clipper. Equipped with a comprehensive remote sensing package, Clipper will utilize the Mapping380

Imaging Spectrometer for Europa (MISE), Europa Imaging System (EIS) and Europa Ultraviolet Spec-381

trograph (Europa-UVS) to collaboratively analyze Europa’s surface composition at unprecedented spatial382

and spectral resolution, mapping the distribution of ices, acid and salt hydrates, and organics. Likewise,383

MASPEX and SUDA will measure and map the composition of more complex species (including organics,384

salt and acid hydrates) at larger scales through in-situ collection of gases and icy grains. Clipper will vali-385

date and build upon these JWST findings to improve our knowledge of surface-ocean exchange and oxidant386

production at Europa’s enigmatic chaos regions.387

8



Figures388

Fig. 1 Spectral signatures of excess CO2 and H2O2 at Tara Regio. JWST reflectance spectrum from a Tara Regio pixel [black
spectrum, pixel indicated by the black square in the Europa inset (E) at the top right corner] compared to a spectrum from a
mid-latitude pixel [dark red curve]. The occurrence of CO2 is evident from the sharp absorption at 2.697 µm (υ1 + υ3 mode)
shown in the bottom left panel. The 4.27 µm absorption in the bottom right panel is due to solid CO2 (υ3 fundamental mode).
Both the 2.7 and 4.27 µm absorptions are consistent with CO2 in either pure state or when intimately mixed in with water ice.
The 4.25 µm absorption (also bottom right) has been tentatively ascribed to a ‘complexed form’ of CO2, either adsorbed on
brines or embedded in organics-rich ice matrix [19]. All three CO2 bands present deeper absorption in the Tara Regio spectrum
than the mid-latitude spectrum. Interestingly, the asymmetric 3.51 µm H2O2 absorption is also stronger in Tara Regio spectrum
(bottom middle panel). Our experiments implicate endogenic CO2 to inflate radiolytic synthesis of peroxide contributing to the
observed peroxide excess in Tara Regio compared to the mid latitude regions with purer water ice content.
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Fig. 2 Overlays of CO2 and H2O2 absorptions atop Europa’s Geologic Map. Panels A-C show the spatial distribution of
integrated band areas for three CO2 absorptions, highlighting equatorial enhancement at Tara and Powys Regiones. Mid-
latitude regions (> 30◦ N/S) appear relatively depleted in CO2 compared to the equatorial chaos terrains. Panel D shows the
distribution of the 3.5 µm H2O2 absorption, which closely mirrors the three CO2 maps.
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Fig. 3 CO2-boosted radiolytic H2O2 enhancement factor in icy Chaos analogs. Left panel shows the experimentally derived
H2O2 enhancement curves as a function of CO2 concentration in water ice films irradiated with 10 keV electrons at 70 and
100 K [29]. Dotted curves are linearly interpolated enhancement factors for intermediate Europa surface temperatures. Right
panel shows the map of CO2-enabled H2O2 enhancement factor at JWST spatial resolution, computed using the average CO2

abundance and the mean diurnal surface temperature in each pixel.
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Fig. 4 Europa’s Peroxide. H2O2 creation is driven by the absorbed power per H2O molecule (mapped in panel A) from
electrons and all ion species of all energies (10 keV-100 MeV) averaged over the 50 µm optical skin. Likewise, the destruction
rate per H2O2 molecule (panel B) is proportional to the depth-averaged total particle flux F of all particles traversing the
ice, multiplied by the constant destruction cross section σd, adopted to be 10-14.1 cm2. The predicted equilibrium peroxide
concentration (panel D, excluding the effects of CO2) is proportional to the depth-averaged ratio (panel C) of absorbed power to
destruction rate. Peroxide concentrations peak at the leading hemisphere equatorial region, where the reduced energetic (>10s
of keV) electron flux results in a low destruction rate (large ratio in C). Carbon dioxide contributes to additional peroxide on
the leading side (panel E), mostly consistent with JWST observations (Figure 2D). The modeled maps are smoothed with a 5◦

Gaussian kernel, which slightly lower the peak values relative to native 1◦ grid.
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Methods389

JWST GTO 1250 Observations and Data Reduction390

Europa was observed with the Integral Field Unit (IFU) of the Near-Infrared Spectrograph (NIRSpec)391

onboard the James Webb Space Telescope (JWST) as part of the Cycle 1 Guaranteed Time Observations392

(GTO) program #1250. The IFU mode provides a 3.0 arcsec × 3.0 arcsec field of view sampled at 0.1393

arcsec per pixel. Observations employed the high-resolution gratings G235H and G395H, paired with the394

F170LP and F290LP filters, respectively, covering wavelength ranges of 1.66–3.17 µm and 2.87–5.27 µm at a395

resolving power of approximately 2700 [30]. Two dither positions were acquired for each grating configuration,396

improving the subsampling to 0.05 arcsec per pixel. These configurations capture diagnostic absorption397

bands of H2O, CO2, and organics across Europa’s leading hemisphere.398

Our reduction of the JWST data closely followed the methodology described by [33, 69]. The uncali-399

brated data were retrieved from the Mikulski Archive for Space Telescopes and processed locally using Stages400

1 and 2 of the JWST calibration pipeline (version 1.17.0) [70], producing flat-fielded, distortion-corrected,401

wavelength- and flux-calibrated data cubes expressed in units of MJy sr-1. Reference files were automati-402

cally drawn from the Calibration Reference Data System (CRDS) context jwst_1321.pmap. The processing403

included correction of correlated detector noise using the NSClean algorithm implemented in the standard404

pipeline [71]. Stage 3 of the JWST calibration pipeline was then applied to generate a dither-combined cube405

per grating.406

The centroid of Europa within the NIRSpec field of view was determined from a two-dimensional image407

obtained by collapsing the entire spectral cube along the wavelength axis, after masking pixels with non-408

zero data-quality flags. The centroid position was measured by fitting a two-dimensional Gaussian model to409

the target point-spread function (PSF). To identify and mask outliers in the background region, we masked410

a 17 × 17 pixel spectral extraction region centered on the target in each wavelength slice and applied two-411

dimensional iterative sigma clipping, which removed pixels deviating by more than 8σ from the median412

in either direction. This procedure removed background outliers while preserving Europa’s PSF, and no413

additional filtering was applied along the wavelength axis.414

After masking outliers, background subtraction was carried out on a slice-by-slice basis. For each wave-415

length, the mean background level was determined from pixels outside a 25 × 25 pixel region centered on the416

target, after applying five iterations of 8σ clipping. The resulting mean background was subtracted from each417

image slice, and the associated uncertainty, estimated as the standard error of the mean, was propagated in418

quadrature into the pixel flux uncertainties.419

The background-subtracted NIRSpec cubes, expressed in spectral radiance units (MJy sr-1), were con-420

verted to dimensionless reflectance ( I
F

) at the pixel level. The conversion follows I
F

= (πr2hI)/F⊙, where I is421

the observed spectral radiance of each pixel, F⊙ is the solar flux at 1 AU, and rh is the heliocentric distance422

of Europa at the time of the observation (4.95 AU). The solar spectrum used for this calculation is the one423

implemented by the Planetary Spectrum Generator (PSG) [31], which combines the Kurucz solar model424

at wavelengths shorter than 2.0 µm (http://kurucz.harvard.edu) with measurements from the Atmospheric425

Chemistry Experiment Fourier Transform Spectrometer (ACE-FTS) onboard SCISAT-1 over the 2–14 µm426

range [31, 33]. Prior to division, the solar spectrum was convolved to match the wavelength-dependent427

resolving power of the NIRSpec dispersers. Each pixel I/F spectrum was passed through a 21-point-wide 5σ428

rolling median filter along the wavelength axis to mask isolated outliers.429

The pixel I/F spectra and associated uncertainties obtained from the G235H/F170LP and430

G395H/F290LP cubes were concatenated, preserving each grating’s native sampling. Before merging, we431

applied a quality filter based on the distribution of relative uncertainties: for each spectrum we computed the432

relative error across flux-positive samples, estimated the mean and standard deviation using sigma-clipped433

statistics (3.5σ), and removed points with relative error exceeding the high-tail threshold of mean + 8σ.434

Selection of Europa’s on-disk pixels435

SPICE kernels [72] were used to constrain observation geometry for JWST observations of Europa, including436

SPK (ephemeris), PCK (planetary constants), CK (spacecraft orientation), FK (reference frames), and IK437

(instrument FOV), to determine the spatial relationship between the observer and the target. To calculate438

per-pixel geometry, a vector for each individual pixel within the 3" x 3" field of view was projected onto439
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Europa’s surface using the sincpt (surface intercept) function. This allows for the determination of the440

incidence, emission, and phase angles at every point on the disk by calling routines like ilumin and others,441

which account for the target’s triaxial ellipsoid shape and rotation. The pixel intercepts are constrained by442

projecting the four corners of the FOV polygon (found with getfov) onto the planetary surface to define the443

exact footprint and ensure the observation’s spatial extent is accurately mapped to Europa longitude and444

latitude.445

υ1+υ3 CO2 band area retrieval446

To obtain the 2.697 µm CO2 band area map, we fit a local continuum around the absorption feature using447

two fixed wavelength windows bracketing the band (2.690-2.694 µm and 2.699-2.703 µm). Iterative 2.5σ-448

clipping (MAD-based, ≤ 3 iterations) is applied within each window to remove outliers; the surviving points449

from both windows are combined and fit with a single straight line. Examples of such continua are shown in450

Figure 1 in the main section. Each spectrum is then divided by this continuum to produce the normalized451

absorption spectra, which is given by 1 – [(I/F)/(I/F)c]. Since the continuum is treated as fixed, the pointwise452

uncertainty on the absorption depth is (I/F)err/(I/F)c, where (I/F)err is the error in the I/F spectra.453

Before fitting, isolated single-point spikes within the absorption band are detected and masked using a454

first-derivative impulse test: a point is flagged if both adjacent finite differences are large (> 8σ of the MAD455

scatter of all first differences) and of opposite sign, indicating a sharp spike-and-return pattern. Flagged456

points are set to NaN so the fitter ignores them. The normalized, spike-cleaned absorption is modelled with457

a Lorentzian profile with a fixed-center fit (center locked to a pre-determined median value of 2.6968 µm458

from a prior all-pixel run). Both fits are performed iteratively with 5σ residual clipping (up to 3 iterations)459

using scipy.optimize.curve_fit with bounded parameters.460

For each pixel, the CO2 band area is computed in two ways over the fit range: trapezoidal integration of461

the spike-cleaned data, and trapezoidal integration of each best-fit Lorentzian model. Monte Carlo uncer-462

tainties on the model-integrated areas are estimated by perturbing I/F with Gaussian noise drawn from the463

measurement errors (300 draws), refitting the full continuum + Lorentzian pipeline each time (with the same464

spike mask held fixed), and taking the 16th-84th percentile half-width of the resulting area distributions.465

We present the best-fit band area obtained from trapezoidal integration of the Lorentzian fit in Figure 2A.466

Goodness-of-fit metrics (RMSE, χ2, reduced χ2, DOF) are computed for the continuum and the Lorentzian467

fit approach.468

υ3 CO2 4.25-4.27 µm band area retrieval469

To obtain the band areas for the absorption components centered near 4.25 and 4.27 µm features that470

constitute the broad double lobed υ3 band, we first fit a linear continuum over two windows flanking the471

doublet (4.189-4.206 µm and 4.31-4.34 µm). Within the continuum windows, isolated single-point spikes are472

first removed via a first-derivative impulse test, and the surviving points are then iteratively σ-clipped (2.5σ,473

up to 3 iterations) prior to fitting a straight line. An example of such continuum is shown in Figure 1 in the474

main section. Since the continuum is treated as fixed, the pointwise uncertainty on the absorption depth is475

(I/Ferr)/(I/F)c. A second pass of derivative-based spike masking is applied to the normalized profile within476

the band region (4.206–4.31 µm) before fitting.477

We deconvolved the double-lobed CO2 absorption using a sum of two Lorentzian peaks, with the com-478

ponent centers locked at pre-determined median values of 4.2462 and 4.2711 µm (25 nm separation) and the479

FWHM of the 4.27 µm component fixed at 16 nm, consistent with our laboratory measurements (Fig. S1).480

Locking the centers prevents the optimizer from trading amplitude for position in the blended doublet, and481

fixing the 4.27 µm component width further constrains the decomposition. Among the model variants tested482

(see below), this configuration yielded the best goodness-of-fit metrics. Each fit is performed iteratively with483

5σ residual clipping (up to 3 iterations) using bounded least-squares via scipy.optimize.curve_fit. For each484

pixel, the CO2 band area is computed by applying trapezoidal integration of each component over the band485

region, the trapezoidal integration of each model component and the analytic integration of each model486

component. We present the trapezoidal integration of the model components in Figure 2 of the main text.487

Monte Carlo uncertainties were estimated by perturbing the I/F spectra with Gaussian noise drawn from488

the reported errors (300 draws), re-running the full continuum + spike mask + deconvolution fit pipeline489

14



each draw, and reporting half width of the resulting area. Goodness-of-fit metrics (RMSE, χ2, reduced490

χ2, DOF) are computed for the continuum and the double Lorentzian fit approach. We note that we also491

investigated deconvolution alternatives, including double Gaussian, mixed Gaussian-Lorentzian models, as492

well as variants with fixed and free centers and free FWHM of the long-wavelength component. We find that493

the 4.27 µm component is more sensitive to the choice of model flavor than the 4.25 µm component.494

3.5 µm H2O2 band area retrieval495

For the 3.5 µm H2O2 band-area map, the analysis differs from the CO2 bands, in that no parametric496

absorption model is assumed; the band area is instead measured empirically from the continuum-divided497

spectrum. At each pixel, we isolate the spectral region spanning 3.35-3.90 µm and model the local continuum498

with a 6th degree polynomial fit to the data outside the band window (3.43–3.69 µm). Spikes are first detected499

via a rolling-median filter (11-point window, 8σ threshold) and excluded from the fit. The polynomial is then500

fit iteratively with 2.5σ clipping (≤ 15 iterations) to suppress residual outliers in the continuum regions.501

Each spectrum is divided by this continuum to produce the continuum-divided profile (I/F)/(I/F)c. As a502

quality gate, any continuum solution for which the 99th percentile of (I/F)/(I/F)c exceeds 1.04 across the fit503

domain is rejected, ensuring the polynomial does not dip below the data and produce spurious emission-like504

artifacts.505

From the continuum-divided spectra within the absorption window, we extract the band depth, band506

center, FWHM (from half depth crossing from the smooth profile) and band area, computed as the trape-507

zoidal integration of the unsmoothed data. To quantify the sensitivity of the band areas to the choice of508

the masking window flanking the absorption region, we employ a mask-window ensemble. A grid of candi-509

date masking windows is generated by perturbing the nominal mask window edges by ±0.02 µm in steps of510

0.005 µm, and a random subset of 60 windows are drawn from this complete 81 masking window set. For511

each candidate window, the full polynomial continuum fit is repeated and the resulting divided spectrum512

is subject to a series of acceptance criteria: a minimum number of fit points before and after clipping, a513

maximum clipped fraction, the percentile gate on (I/F)/(I/F)c described above, and a requirement that the514

continuum-divided spectrum agree with unity to within 1% (RMS) outside the band. Band metrics, includ-515

ing areas, are computed for each accepted realization, and the ensemble spread (standard deviation and516

16th-84th percentile range) captures the systematic uncertainty due to the choice of the continuum.517

Monte Carlo uncertainties due to measurement noise are estimated separately by perturbing I/F with518

Gaussian noise drawn from the reported errors (300 draws), refitting the polynomial continuum each draw,519

and computing the standard deviation of the resulting band metrics. The total uncertainty is obtained by520

combining the Monte Carlo (noise) and ensemble (continuum-placement) contributions in quadrature.521

Laboratory experiments on CO2 and CO2-H2O icy mixtures522

To constrain the physical state of Europa’s CO2, we measured infrared spectra of pure CO2 ice and CO2:H2O523

mixtures under ultra-high vacuum conditions (base pressure ~10-10 Torr). Ices were vapor deposited onto a524

gold-coated quartz crystal microbalance (QCM) cooled to 70 K. Pure CO2 film was grown by condensing525

CO2 vapor from a doser at a constant rate. Intimate CO2-H2O mixtures with controlled compositions526

were produced by co-deposition from separate CO2 and H2O dosers: we first established a steady CO2527

condensation rate before introducing H2O to raise the total rate to ~50 nm minute-1. Near the target528

thickness, the H2O doser was closed first to ensure the CO2 deposition rate remained within 10% of the529

initial value, enabling a precise calculation of CO2 fraction in the mixture. At 70 K, CO2 molecules could530

diffuse and coalesce to form crystalline clusters dispersed in water ice. Specular reflectance spectra (1 - 16531

µm) were acquired with a Thermo-Nicolet is50 Fourier Transform Infrared Spectrometer at 35◦ incidence532

and at a resolution of < 1 cm-1. For the CO2:H2O films, spectra were also measured after irradiation with533

10 keV electrons using a Kimball Physics (EGG-3101) electron gun.534

Water Ice Radiolysis Model535

The main input to the radiolysis model is the surface irradiation fluxes for 10 keV - 100 MeV electron, protons,536

O2+ and S3+ ions taken from [6, 28], where simulated particles are traced through Europa’s local field537

topology constrained by the magnetohydrodynamics model [54]. The treatment considers plasma density and538
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species energy distributions at Europa's orbit together with the time-variable Jovian and induced Europan539

fields and so resolves how electron and ion precipitation patterns shift as Jupiter's magnetodisc flaps past540

the moon. We adopt the time-averaged impact fluxes and use them to model the cumulative radiolytic H2O2541

distribution in the surface ice.542

The surface precipitation pattern of each species is obtained by scaling the energy distribution function,543

as estimated for the ambient Jovian plasma in the upstream corotation flow, by a surface latitude/longitude544

dependent and energy-dependent access fraction. This is the fraction of particles that, at the given energy,545

after flying co-rotating cycloidal trajectories that bounce north-south along Jupiter’s magnetic field lines,546

can fly through Europa’s local field topology to reach unobstructed a given latitude and longitude on the547

surface. The access fraction ai(E, θ, ϕ) for species i, at energy E, latitude θ and longitude ϕ, is multiplied548

by the upstream particle flux fi0(E), projected onto a surface by integrating over steradians, to obtain549

fi(E, θ, ϕ), the irradiation flux (e.g. eV-1cm-2s-1) onto Europa’s surface.550

This model treats radiolysis only by ions and electrons between 10 keV and 10 MeV, the range that551

dominates energy deposition within the optical depth sampled by JWST, taken here as D = 50 µm. The552

thermal plasma < 10 keV delivers substantially more particle flux to the surface but penetrates no more553

than a few microns and so alters the peroxide concentration seen by JWST by <10%. Radiolytic peroxide554

synthesis at Enceladus was estimated in [56] using the ice radiolysis model of [26]. We adapt equations (4)555

and (6) of [56] to Europa to obtain peroxide creation and destruction rates in water ice. All integrations556

below are evaluated numerically; parenthetical quantities give dimensions in indicative units.557

The peroxide creation rate in an ice at temperature T is proportional to radiolysis yield G(T ) (molecule558

eV-1) times the power density P(x ) (eV cm-3 s-1) deposited by all radiation species versus depth x in the ice:559

P (x) =
∑
i

∫ ∞

0

fi(E, θ, ϕ)Si(E, x) dE (1)

creation(x) = G(T )P (x) = G(T )
∑
i

∫ ∞

0

fi(E, θ, ϕ)Si(E, x) dE, (2)

where Si is the average stopping power (eV cm-1) of particles slowed to depth x. For electrons, we neglect560

straggling and estimate the energy E’ versus depth as E
′

(E, x) = E −
∫ x

0
Si(E, x′)dx′, and approximate561

Si(E, x) as equal to Si(E
′). For ions we evaluate Si(E, x) by using TRIM software [57] to estimate the562

average stopping power (so averaging over the straggling) for an ion at depth x. We produced a script to563

auto-run TRIM simulations for protons, and for O and S ions over a grid of energies, tabulating Si(E, x′)564

across the full range of energies and depths for all three species. Creation rates average ∼ 4 – 8 × 1012 H2O2565

cm-3 s-1 within the top 50 µm.566

The peroxide destruction rate (inverse of the H2O2 survival time) is the destruction cross section (cm2)567

times the total particle flux over all species as a function of depth.568

destruction(x) = σd(T )
∑
i

∫ ∞

0

fi(E, θ, ϕ)Fi(E, x) dE, (3)

where Fi is the fraction (0 to 1) of particles with energy E reaching depth x. The average H2O2 lifetime569

is the inverse of the destruction frequency and falls between ~2 weeks on the trailing hemisphere up to ~8570

months on the leading, within the top 50 µm surficial ice. Predicted peroxide concentrations therefore peak571

on the leading hemisphere owing to the long survival lifetimes there; a result of the low fluxes of destructive572

energetic electrons on that hemisphere (Figure 4).573

The steady state peroxide density np (cm-3) as a function of depth in the ice is just the ratio of the574

creation rate per unit volume to the destruction rate:575

np(x, θ, ϕ) =
creation(x, θ, ϕ)

destruction(x, θ, ϕ)
=

G

σd

(T )

∑
i

∫∞

0
fi(E, θ, ϕ)Si(E, x) dE∑

i

∫∞

0
fi(E, θ, ϕ)Fi(E, x) dE

. (4)

The temperature dependence of G
σd

(T ) was modeled in [26] on the basis of decades of laboratory data for576

water ice radiolysis across different projectiles and energies. We have added new electron irradiation data577

from [29], and the updated fit across the compiled dataset is shown in Figure S5 and the fit parameter values578

are discussed in the main text.579

16



Surface temperatures versus latitude and local time follow the approach of [73], adapted from [27]. The580

plotted baseline peroxide distribution is referenced to To = 80 K (Figure S4, top panel), near the middle of581

the diurnally averaged range of ~49-104 K from pole to equator. Temperature effects are applied by scaling582

the baseline distribution by exp(−α∆T )583

G

σd

(T ) =
G

σd

(To) exp(−α∆T ), (5)

where ∆T = T − T0. We use diurnally averaged rather than instantaneous temperature, since the radi-584

olytic time constants of weeks to months far exceed Europa's 3.55-day rotation period - too long for peroxide585

concentrations to track daily temperature changes.586

The average relative concentration Cavg sensed by JWST within D = 50 microns is587

Cavg(θ, ϕ) = (1/nw)

∫ D

0

np(x, θ, ϕ) dx, (6)

where nw is the molecular density of water ice. As np « nw, the conversion of water to peroxide is so588

minor that we approximate nw = 3×1022 cm-3 as constant and unaffected by the radiolysis.589

An LLM (Claude Opus 5) was used to refine the language and structure of the author-written text.590

Data Availability591

The JWST data used in this study are publicly available from the Mikulski Archive for Space Telescopes592

(MAST) at https://mast.stsci.edu/, under GTO program #1250. The data underlying all figures (including593

those in the supplemental information) will be deposited in public repository hosted at Zenodo or equivalent.594

The Global Geologic map of Europa is available at https://doi.org/10.3133/sim3513.595

Code Availability596

The JWST science data calibration pipeline is at https://github.com/spacetelescope/jwst. The radiolysis597

model is implemented within a larger toolset that couples charged particle precipitation and plume fallout,598

originally developed for Enceladus, and is not distributed as a standalone package. Model formulation,599

governing equations, and parameter values are given in full in the Methods. The complete tool set is available600

from the corresponding author for replication or verification purposes.601
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Fig. S1 | Physical state of carbon dioxide on the surface of Europa. a) Continuum-corrected
Europa spectra from a Tara Regio and a mid-latitude pixel, showing the narrow ν1 + ν3 CO2 band at 2.697
µm (red vertical dashed line), compared with laboratory spectra of pure crystalline CO2 ice and CO2

diluted in H2O ice (pristine and irradiated with 10 keV electrons to a fluence of 1.1× 1015 cm−2) at 70 K.
The laboratory spectra have been scaled to match the band depth of the Tara Regio spectrum. Europa’s
ν1 + ν3 band agrees with the pure crystalline CO2 ice peak position (within 0.5 nm), as do the dilute
mixtures, pre- and post-irradiation. The broad overlapping band near 2.704 µm in the laboratory spectra
of mixed H2O-CO2 ice is attributed to disordered CO2 molecules interacting with the water ice matrix [1].
The dashed spectra is the deconvolved Lorentzian component, distinct from the overlapping
disordered-CO2 absorption. This sharp 2.697 µm component is the spectral signature of crystalline CO2

[2], embedded within the water ice matrix. CO2 molecules, even though initially deposited into an
intimately mixed state, can diffuse and coalesce into crystalline clusters at 70 K [1,3]. b) As in a, but for
the fundamental ν3 CO2 band. Europa’s ν3 band differs starkly from the laboratory spectra shown here: it
is a doublet, with components near 4.25 and 4.27 µm, whereas pure crystalline CO2 as well as H2O ice
containing trace amounts of CO2- pristine and irradiated alike, present only the 4.27 µm band. The
missing 4.25 µm band dominates the Tara Regio spectra. It may reflect the need for additional components
like brine or organics in the laboratory ices, though recent study showed CO2 in pores or cracks in the ice
may produce the 4.25 µm absorption [4]. Europa’s 4.27 µm component, in contrast, agree with the
laboratory bands: its position agree to within 3 nm and lies < 2 nm blueward of the pure crystalline CO2

ice. The two laboratory cases are themselves nearly co-incident such that their peak position alone is not
diagnostic of Europa’s CO2 – whether it is present as pure crystalline deposit or dispersed in water ice.
Taken together, the two panels indicate that CO2 on Europa is likely present as crystalline clusters, hosted
within a water ice matrix and such confinements enable the stability of solid CO2 at warmer surfaces on
Europa exceeding 100 K. The feature at 4.20 µm in the pure CO2 spectrum is a longitudinal optical
phonon mode [5]. Spectra are vertically offset for clarity.
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Fig. S2 | Linked CO2-H2O2 in Europa’s chaos ice. Strong positive correlation between Europa’s 3.5
µm H2O2 and CO2 band areas as revealed by three linear fits with Pearson’s coefficient increasing from
0.73, 0.78 and 0.82 from left to right. This correlation suggests CO2 may influence radiolytic peroxide
synthesis which was confirmed in the laboratory (Figure 3). The CO2-driven boost factor was used to
estimate the steady-state H2O2 concentration at the chaos terrains and across Europa’s leading hemisphere.
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Fig. S3 | Energetic electrons – primary destroyer of Europa’s peroxide. The predicted
near-uniform peroxide concentration from radiolysis of pure water ice by energetic ions only (H+, O2+, S3+

across 10 keV- 100 MeV) at 80 K, averaged over the 50 µm depth (panel A). Including electrons over the
same energy range (panel B) drastically alters the steady-state H2O2 concentration, with trailing side
heavily depleted and the region in the vicinity of the leading apex showing elevated levels of peroxide.
Away from the leading equatorial region, the electron fluxes are sufficiently high to effectively destroy
peroxide produced primarily by heavy ions within the optical sensing depth, assumed 50 µm. The peroxide
concentration presented in panels A and B are normalized by the respective global averages in panel C
(ions only) and D (all species) to further emphasize the small deviation from the mean value across the
global surface in the case of ions-only radiolysis. By contrast, the deviation from the mean is significantly
larger in panel D, confirming the energetic electrons, owing to their destructive nature, are largely
responsible for the asymmetry in Europa’s peroxide distribution.
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Fig. S4 | Thermal suppression and the CO2-driven boost in H2O2 yields. Predicted peroxide
distributions within the 50 µm optical skin for three cases. With the assumption of pure water ice at a
uniform 80 K temperature (top), concentrations peak at the leading hemisphere apex, owing to a dearth of
energetic electron flux at that location capable of efficiently destroying peroxide through the skin depth.
Equilibrium peroxide concentrations decline with ice temperature according to laboratory experiments [6],
and therefore the addition of Europa’s diurnally averaged (latitude-dependent) surface temperature to the
model suppresses the equatorial concentrations (middle panel). However, as we show here, the thermal
suppression is counteracted by adding CO2 to the ice (bottom). The three maps share a logarithmic color
scale (0.014 - 0.22 % H2O2) divided into 14 equal-ratio bands.
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Fig. S5 | Exponential decline of Gp/σd with ice temperature. Gp/σd values are obtained from the
fluence dependence data of H2O2 production in pure-ice radiolysis experiments, previously compiled in [7].
30 keV H+, C+, N+, Ar+ ions from [8]; 200 keV H+, He+ and 400 keV Ar2+ from [9]; 100 keV H+ and Ar+

from [6]; 10 keV electrons from [10]. We added new 10 keV electron irradiation data from [11]. The
datasets are treated as 11 projectile-energy series (as indicated in the legend) which were fit jointly with a
common-slope model, ln(Gp/σd) = ln(Gp/σd)o − αT . The fit, indicated by the solid black line, yields a
single α = 0.013 (±0.0041) K−1 and intercept (Gp/σd)o = 3.55× 1011 eV−1 cm−2, the geometric mean of
the series intercepts. Dotted lines mark the fit multiplied and divided by 2.16, the 1σ dispersion about it,
with α held constant such that bounds appear parallel to the fit. Vertical dashed lines bracket Europa’s
diurnally-averaged surface temperature. The equilibrium H2O2 abundance at a given temperature is
Gp/σd(T ) multiplied by the flux-weighted stopping cross section S.
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