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Abstract

We investigate the transient nature of water plume deposits on Europa’s surface, focusing on how radiolysis and ion sputtering

(Europa’s two most effective erosion processes) affect their lifetime. Our study is motivated by the lack of observed surface

changes in imaging data, despite tentative plume detections, and aims to inform future missions, such as JUICE and Europa

Clipper, about expected timescales of deposit survival to optimise their observational strategies. We present two models that

simulate a first order estimate of the erosion time of deposits formed by water plumes considering a wide range of mass flux and

eruption duration. Model 1 considers a confined (10 km) deposit near the source, while Model 2 evaluates the erosion material

deposited 25 km from the plume source to match observation limitations in other studies. Our results show that plume deposits

are short lived relative to Europa’s average surface age for a wide range of mass fluxes and eruption times. Even intense plumes

with $10{,}000$˜kg/s mass fluxes produce deposits that erode within $\sim 10$˜Ma. For plumes such as the one observed

by HST in 2012, deposits may be removed within years to decades. Erosion rates vary significantly with location, with polar

regions offering the best conditions for long-term preservation. These findings support the hypothesis that the absence of visible

deposits in current data may be due to rapid erosion rather than a lack of activity. They highlight the importance of time

sensitive and geographically targeted observations for maximising the scientific output of upcoming missions.
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Key Points:14

• Plume deposits (≳10km) on Europa are short-lived compared to its average sur-15

face age, making their detection difficult.16

• Erosion rates are not uniform; local energetic ion environments significantly in-17

fluence plume deposit survivability.18

• To detect HST-type plume deposits before erosion, missions need camera resolu-19

tion < 50 km and observations within months of deposition.20

Corresponding author: M. Casado-Anarte, marinacasadoanarte@gmail.com
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Abstract21

We investigate the transient nature of water plume deposits on Europa’s surface,22

focusing on how radiolysis and ion sputtering (Europa’s two most effective erosion pro-23

cesses) affect their lifetime. Our study is motivated by the lack of observed surface changes24

in imaging data, despite tentative plume detections, and aims to inform future missions,25

such as JUICE and Europa Clipper, about expected timescales of deposit survival to op-26

timise their observational strategies.27

We present two models that simulate a first order estimate of the erosion time of28

deposits formed by water plumes considering a wide range of mass flux and eruption du-29

ration. Model 1 considers a confined (10 km) deposit near the source, while Model 2 eval-30

uates the erosion material deposited 25 km from the plume source to match observation31

limitations in other studies.32

Our results show that plume deposits are short lived relative to Europa’s average33

surface age for a wide range of mass fluxes and eruption times. Even intense plumes with34

10,000 kg/s mass fluxes produce deposits that erode within ∼ 10 Ma. For plumes such35

as the one observed by HST in 2012, deposits may be removed within years to decades.36

Erosion rates vary significantly with location, with polar regions offering the best con-37

ditions for long-term preservation.38

These findings support the hypothesis that the absence of visible deposits in cur-39

rent data may be due to rapid erosion rather than a lack of activity. They highlight the40

importance of time sensitive and geographically targeted observations for maximising41

the scientific output of upcoming missions.42

1 Plain Language Summary43

Europa is a prime target in the search for life beyond Earth due to its global sub-44

surface ocean beneath an icy crust. Two major missions, JUICE and Europa Clipper,45

are set to arrive around 2030–2031 to investigate Europa’s habitability. Plumes erupt-46

ing from the surface and carrying ocean material into space are among Europa’s most47

intriguing features.48

If these plumes leave surface deposits, they could offer an indirect way to detect49

activity. A plume was seen by the Hubble Space Telescope in 2012, but no further di-50

rect detections have followed. One method of identifying activity is by looking for sur-51

face changes over time. However, none have been observed, suggesting plume activity52

may be rare or absent.53

Our study investigates another hypothesis. We model how long deposits from plume54

eruptions would last on Europa’s surface, focusing on erosion caused by radiolysis and55

ion sputtering, the two most effective surface erosion processes.56

We find that plume deposits erode quickly, geologically speaking, and their survival57

depends on location. These results suggest plumes could be active, but their surface sig-58

natures vanish too fast to observe. Our findings help future missions decide where to look59

and how soon after an eruption deposits must be observed.60

2 Introduction61

Europa, the fourth largest moon of Jupiter, is thought to harbour a subsurface wa-62

ter ocean beneath its icy crust, an environment that could potentially sustain life. This63

makes Europa one of the most compelling targets in the search for habitability beyond64

Earth (e.g. Chyba and Phillips (2002); Hand et al. (2009)). Multiple observations have65

suggested the presence of water vapour plumes erupting from its surface, possibly trans-66
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porting material from the ocean or subsurface water pockets to the surface. These plume67

could offer a rare opportunity to investigate the ocean’s chemical composition (e.g. Lesage68

et al. (2025); Yoffe et al. (2025); Dayton-Oxland et al. (2023); Winterhalder and Huy-69

brighs (2022); Huybrighs et al. (2017)). The value of directly sampling and analysing70

plume material was clearly demonstrated by Cassini’s observations at Enceladus, where71

in-situ mass spectrometry of gases and dust particles detected salts (Postberg et al., 2009),72

organics (Khawaja et al., 2019), and geothermal activity (Waite et al., 2017). This un-73

derscores the potential of similar studies at Europa if active plumes can be identified and74

targeted by future missions.75

Tentative evidence for plumes has been obtained from in-situ data and remote sens-76

ing observations. The Hubble Space Telescope (HST) detected the first potential water77

plumes at Europa’s south pole over a seven-hour observation period in December 201278

(Roth et al., 2014). Furthermore, Galileo magnetic and plasma wave data has been in-79

terpreted as indirect evidence of plumes. Jia et al. (2018) reported an increase in plasma80

density, accompanied by a local decrease in magnetic field strength and field rotation,81

suggesting interaction with a plume. Similarly, Arnold et al. (2019) identified magnetic82

field perturbations in Galileo data consistent with a possible plume on Europa’s trail-83

ing hemisphere. Several geological features have been identified as potential plume de-84

posits, providing evidence for plumes in Europa’s geological past. Lineated fractures, low85

albedo structures and other geological features on Europa’s surface have been interpreted86

as cryovolcanic plume deposits which could highlight regions of recent geological activ-87

ity and possible plume sources (Becker et al., 2023; Lesage et al., 2021; Steinbrügge et88

al., 2020; Quick et al., 2017; Fagents, 2003; Phillips et al., 2000; Fagents et al., 2000).89

Observations in the same location as the 2012 HST observation in 1999, 2012 and90

2015 (Roth et al., 2017, 2014) did not reveal any active eruptions, indicating that plume91

activity may be intermittent. This is further supported by Paganini et al. (2020), where92

only one out of 17 observations from February 2016 to May 2017 indicated a potential93

plume detection. Moreover,Kimura et al. (2024) failed to detect any plume-related wa-94

ter vapour signatures using high resolution infrared spectroscopy. Similarly, Hansen et95

al. (2024) and Villanueva et al. (2023) did not detect any active eruptions or volatile emis-96

sions in their surveys using Juno and JWST, respectively.97

The transient nature of Europa’s plumes makes it essential to understand how long98

their deposits persist on the surface following an eruption. By investigating the lifetime99

of plume deposits, we improve our understanding of Europa’s surface activity and pro-100

vide constraints for estimating the exchange of material between the surface and the sub-101

surface ocean. This information is also valuable for optimizing the observational strate-102

gies of upcoming missions such as Jupiter Icy Moons Explorer (JUICE) and Europa Clip-103

per. These missions aim to investigate Europa’s surface and subsurface properties us-104

ing high-resolution imaging, spectroscopy, and in situ plasma, neutrals and magnetic fields105

measurements, with the goal of assessing the moon’s habitability and searching for signs106

of recent or ongoing activity (Masters et al., 2025; Tosi et al., 2024; Pappalardo et al.,107

2024). The detection of a plume’s deposit would provide the best evidence of recent plume108

or geological activity on Europa and could also serve as an important indicator for where109

to search for ongoing activity.110

As previously mentioned, it has been hypothesized that particles released from Eu-111

ropa’s interior are deposited onto its surface. Theoretically, deposited particles could leave112

a detectable trail on the surface. Optical observations have so far failed to detect any113

conclusive changes on Europa’s surface during the recent observation epoch enabled by114

missions to Europa (Hansen et al., 2024; Schenk, 2020). Specifically, Schenk (2020), pre-115

sented three 50 km resolution global imaging maps of the surface obtained in 1979, 1996–1998,116

and 2007 by Voyager, Galileo, and New Horizons, respectively, and searched for surface117

changes related to plume deposits. These maps revealed no obvious albedo, colour pat-118

terns or surface changes related to plume activity that could be identified with confidence119
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on the surface over the ∼ 28 year period. Due to the limited resolution of the observa-120

tion (approximately 50 km), any potential surface changes smaller than this value could121

not have been detected, if they occurred.122

In this work, we investigate the hypothesis that plume deposits are subject to ex-123

ternal erosion factors and therefore may have a short lifespan. This idea is consistent with124

previous suggestions that deposits from plume activity might erode quickly due to the125

bombardment of Europa’s surface by charged particles (Tseng et al., 2025; Phillips et126

al., 2000). In particular, Tseng et al. (2025) argued that even if plume activity occurred127

in the past, the lack of visible surface signatures in Schenk’s long-term imaging compar-128

ison could be explained by the rapid erosion or modification of the deposited material129

by erosion due to impacting charged particles.130

In this study, we take a broad approach by analysing how different types of plume131

activity (mass flux, eruption time) and the locations of the plumes could influence the132

longevity and detectability of their surface deposits. Two key processes that we consider133

are ion sputtering and radiolysis, both of which have been extensively studied in the past134

(e.g. Addison et al. (2022, 2021); Vorburger and Wurz (2018); Plainaki et al. (2018); Galli135

et al. (2018); Cassidy et al. (2013); Plainaki et al. (2012)).136

Figure 1: Schematic illustration of erosion processes acting on a plume deposit. The cyan
surface represents the deposited plume material, which is impacted by incoming energetic
ion (red helix). This interaction initiates two key processes: ion sputtering and radiolysis.
Sputtered H2O (pink arc) bounces away and eventually stick to the surface. Radiolysis
produces H2, and O2, which are then sputtered. H2 escapes the surface, while O2 contin-
ues migrating across the surface, potentially reaching the poles and sticking there. Please
note that the relative size of the particle trajectories and surface layers in this schematic
are not intentional.
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Figure 1 shows a schematic overview of the sputtering and radiolysis processes. En-137

ergetic ions (and energetic electrons) impacting the surface of Europa can either sput-138

ter the water ice molecules or excite them or ionize them. Following electronic excita-139

tions and ionizations water molecules are dissociated (radiolysis) producing predominantly140

H and OH with a much smaller fraction of H2 and O, possibly only occurring at surfaces,141

grain boundaries and voids (Watanabe et al., 2000). At the temperatures on Europa,142

H diffuses until it reacts, whereas the OH and O trap (R. E. Johnson, 2001). As tem-143

perature increases these radicals are mobilized (Matich et al., 1993) possibly producing144

oxygen, water and/or additional new molecules (Kimmel et al., 1994; Orlando & Kim-145

mel, 1997) such as H2O2 and HO2. The newly formed molecules are then ejected from146

the surface to the moon’s exosphere. Assuming this pathway, we suggest that neutral147

water molecules deposited on Europa’s surface after plume eruptions interact with the148

energetic ions bombarding it, a process that predominantly leads to the release of wa-149

ter, oxygen, and hydrogen molecules to the exosphere (Plainaki et al., 2010; R. John-150

son et al., 2009). Upon bombardment, sputtered water molecules return to the surface151

of Europa. Teolis et al. (2017a) described that water molecules returning to the surface152

first stick, then either thermally desorb at the local surface temperature, re-sputter back153

into the exosphere, or diffuse into the porous regolith. However, the most erosive fac-154

tor is radiolysis, which consists of the decomposition of the deposited water molecules155

due to ionising radiation, eventually resulting in the production of molecular oxygen (O2),156

and molecular hydrogen (H2) (Szalay et al., 2024; Plainaki et al., 2010). After the de-157

composition of the water molecules, the light H2 molecules escape Europa’s gravitational158

pull and dissipate in space, while O2 undergoes a more complex journey (see Figure 1).159

Most of the O2 released from the surface (approximately 98%) does not escape grav-160

ity. In Plainaki et al. (2012), the authors assumed that the O2 that re-impacts the sur-161

face never sticks on it but bounces back and forth, getting thermalised at each impact,162

until it is finally lost, predominantly through ionization. More recently Teolis et al. (2017a)163

have shown that oxygen could stick to Europa’s surface when reaching the poles, where164

Europa’s surface temperature drops significantly.165

The main objective of this study is to determine the order of magnitude of the ero-166

sion timescale for deposited plume material. We investigate how long a plume deposit167

can persist on Europa’s surface as a function of its mass flux and eruption time, thereby168

offering valuable insight into the lack of observed surface changes reported by Schenk169

(2020). We present a first order estimate of the erosion timescale of plume deposits by170

simulating the rate at which such material is removed under two scenarios, (a): very close171

(10 km) to the plume source which we will refer to as Model 1, and (b): just outside the172

resolution limit of Schenk (2020), which we will refer to as Model 2; across various du-173

rations of plume activity and mass flux.174

Estimating how quickly deposited particles are eroded by sputtering and radiolytic175

processes, under various plume characteristics, enhances our understanding of Europa’s176

surface-exosphere interactions. Moreover, these results could inform the targeting strate-177

gies of JUICE and Europa Clipper missions aiming to study active plumes and their as-178

sociated surface deposits directly.179

3 Methodology180

In order to investigate the erosion time of plume deposits on Europa under vary-181

ing conditions (plume mass flux, plume eruption time and localised erosion rates), we182

developed two scientific models. The two models investigate, respectively, the time it takes183

to erode a plume deposit that is confined to a 10×10 km area near the plume source,184

and the time it takes for a plume deposit to shrink to an area smaller than 50×50 km185

size (the observational limit from Schenk (2020)).186
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Both models rely on the same plume setup and on similar baseline assumptions.187

We based our plume characteristics on the HST plume detection in December 2012, where188

this plume was observed for 7 hours and had a mass flux of 7,000 kg/s (Roth et al., 2014).189

In our study, we vary the following two key plume parameters: mass flux and eruption190

time, as these parameters remain poorly constrained due to limited and tentative na-191

ture of the current observations. We considered a wide range of mass flux values, from192

1 kg/s to 10,000 kg/s. Different types of plumes might exist, but observations are very193

limited, and especially low mass flux plumes might not be detected using current tech-194

niques (Huybrighs et al., 2017). Similarly, a broad range of eruption durations was ex-195

plored, from a few seconds to up to one year, since the true duration of observed or hy-196

pothetical plumes remains uncertain.197

The plume models employed in this work are based on the modelling approach from198

Huybrighs et al. (2017) and Winterhalder and Huybrighs (2022), where the authors per-199

formed a non collisional, Monte Carlo simulation of several plume candidates and eval-200

uated the feasibility of detecting them during planned flybys by JUICE. These models201

assume a collisionless distribution of neutral H2O molecules emitted symmetrically from202

a point-source plume. The initial conditions of the molecules are determined by a Maxwellian203

velocity distribution corresponding to a gas temperature of 230 K and an imposed av-204

erage outflow velocity of 460 m/s perpendicular to the surface. As shown in Figure 2,205

the resulting particle density above the surface follows a spatial distribution that peaks206

near the source and diminishes with increasing distance. According to Huybrighs et al.207

(2017), these H2O molecules follow ballistic trajectories under Europa’s gravity and most208

of them ultimately re-impact the surface, forming a localised deposit layer. We assume209

that this fresh deposit layer has different optical properties from Europa’s complex and210

inhomogeneous surface, making the deposit detectable. In our model we assume no losses211

of H2O due to processes such as electron impact ionization (Huybrighs et al., 2017) oc-212

cur before they reach the surface.213
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Figure 2: Spatial distribution of H2O neutral density around Europa resulting from a
plume source at the south pole, with a source mass flux of 7,000 kg/s. The reference
frame used in this work is the IAU Europa-centered reference frame Archinal et al. (2011):
the z-axis is perpendicular to Europa’s mean orbital plane (pointing north), the x-axis
points from Europa toward Jupiter, and the y-axis completes the right-handed system
(opposite to Europa’s orbital motion and the direction of the corotational plasma flow).

Over time, the deposit erodes as a result of the erosion mechanisms previously out-214

lined in the introduction, exposing the original terrain underneath the deposit. The val-215

ues for the erosion factors of radiolysis and ion sputtering adopted in this work are taken216

directly from Plainaki et al. (2012). The qualitative estimates for these erosion factors,217

such as radiolysis and sputtering, vary by one to two orders of magnitude across the lit-218

erature (Szalay et al., 2024; Addison et al., 2022; Teolis et al., 2017a, 2017b; Cassidy et219

al., 2013). Consequently, our calculated erosion times may also vary within a similar range.220

However, this level of variation does not significantly impact the broader conclusions that221

plume deposits are short lived compared to Europa’s surface age for a wide range of plume222

eruption times and mass fluxes.223

A notable assumption within the radiolysis process concerns the fate of O2 molecules224

produced on Europa’s surface. After formation, these molecules are sputtered from the225

surface by incoming energetic ions. As previously mentioned (see Section 2), some stud-226

ies assume that O2 does not stick on the surface, while others have shown a tempera-227

ture dependence for O2 sticking. In our work we generally assume that the O2 does not228

stick after erosion. We will also discuss the erosion time in the special case of Europa’s229

colder poles. Furthermore, in both our models we assume that neither sputtered H2O230

nor O2 return to the same spatial region from which they were ejected. In our study, we231

consider a localized simulation domain of 10×10 km. For sputtered O2 or H2O molecules232

to fall back within this domain, they would need to be ejected with energies as low as233

10−3 eV. This is well below the average ejection energy of sputtered O2 and H2 (Plainaki234

et al., 2012), making the fallback into the same domain as they originated from highly235

unlikely.236
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Location dependence of the erosion factors (original units and converted to
kg/m2 · s)

Location Sputtering Rate Radiolysis of O2 Radiolysis of H2

H2O/m2 · s kg/m2 · s O2/m
2 · s kg/m2 · s H2/m

2 · s kg/m2 · s

Maximum 2.251× 1015 6.73× 10−8 2.714× 1016 1.44× 10−9 6.23× 1014 2.09× 10−13

Minimum (equator) 3.621× 1014 1.08× 10−8 1.19× 1016 6.30× 10−10 1.498× 1014 5.01× 10−13

Average 2.5× 1014 7.48× 10−9 6.3× 1013 3.33× 10−9 8× 1013 2.79× 10−11

Table 1: This table presents the values used to implement Model 1 and 2, highlighting the
variability of erosion factors across different locations on Europa. These values, specifi-
cally sourced from Table 1 and 2 in Plainaki et al. (2012), provide critical data on how
sputtering and radiolysis rates change depending on the location on Europa’s surface. The
values for the maximum case for both radiolysis and sputtering are the sum of fsputtering
at the trailing hemisphere apex (THAP) (Table 1) and fO2 and fH2 at small altitude
above the subsolar point (SSP) (Table 2) for all the impacting ions. The fluxes for the
erosion factors at the minimum case (poles) represent an estimate and were obtained by
summing fsputtering at trailing hemisphere antapex (THAN) (Table 1) and fO2

at the an-
tisolar point (ASP) and fH2

at small altitude above ASP (Table 2) for all impacting ions.

The described erosion factors are highly dependent on local temperatures and on237

ion fluxes that vary over the surface of Europa (e.g. Addison et al. (2022); Teolis et al.238

(2017a); Plainaki et al. (2012)). Based on the outlined geographic location in Plainaki239

et al. (2012), we consider three representative scenarios at the equator: maximum, min-240

imum and average erosion cases. The maximum erosion case at the equator corresponds241

to the trailing hemisphere (T.H.) and subsolar point (S.P.) where sputtering is enhanced242

due to higher ion fluxes, and radiolysis is accelerated by high solar flux. In contrast, min-243

imum equatorial erosion conditions were assigned to the leading hemisphere (L.H.) and244

polar regions or anti-solar point (A.P.), where reduced solar incidence decreases the rate245

of erosion processes. Studies of Europa’s temperature suggest that the true minimum246

effect of radiolysis process might be at the poles of Europa. Here the temperature drops247

significantly, and so does the radiolysis yield, which we will discuss in Section 4.248

Note that the fluxes reported by Plainaki et al. (2012) and summarised in Table249

1 include both freshly sputtered (”newborn”) molecules escaping the surface and pre-250

viously released molecules that undergo multiple surface interactions (i.e., bouncing tra-251

jectories). Even if only the newborn component was considered, the resulting flux would252

be reduced by approximately a factor of two. However, given that the primary objec-253

tive of this study is to estimate the order of magnitude of the erosion timescale, this level254

of uncertainty is acceptable, and the full flux values were used. The details of the com-255

putational methods and implementation details specific to each model are described in256

the following section.257

Our study focuses specifically on the effects of radiolysis and ion sputtering on the258

removal of plume deposits as they are the main erosion processes. However, we have not259

considered other weaker loss processes and mechanisms that may also affect the parti-260

cles. For instance, these plume deposits are released into space when impinged upon by261

UV photons, a process known as ”photon-stimulated desorption” (Plainaki et al., 2012).262

This process might also provide some contribution to the atmospheric population, al-263

though estimations based on laboratory data show that this process, in general, is not264

the dominant one at Europa (Plainaki et al., 2012). Another erosion mechanism that is265

thought to be weaker are meteoric impacts which cause a modification of the surface (Szalay266
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et al., 2024). A detailed investigation of the role of these other processes is out of the267

scope of the current analysis.268

3.1 Model 1: Confined Domain Within 10 km from the Source and Uni-269

form Deposition of Particles270

In this model, we investigate the erosion timescale of a hypothetical case in which
all plume material is deposited on a 10×10 km area centred on the plume source. We
treat this as a closed system: all particles ejected from the plume are assumed to deposit
uniformly within this volume, and no mass exchange occurs with the surrounding en-
vironment. The motivation behind this case is to evaluate whether plume deposits could

Figure 3: Schematic illustration of the spatial setup used in Model 1, showing the 10 km
region centred on the plume source where all particles are assumed to deposit uniformly
(no particle dispersion), thereby forming a deposit represented by the blue thick band.

be eroded over geologically short timescales even if all ejected and deposited material
is confined to a small region compared to the size of Europa. Under this assumption, the
mass flux of deposited material is used to determine the mass of particles falling onto
the surface. In this closed system, the mass flux of ejected particles (ṁ) integrated over
time equals the mass of deposited particles (M). The mass of deposited particles is cal-
culated using the following equation where te refers to the eruption time of the plume:

M = ṁ · te (1)

Model 1 provides an upper-limit estimate for the lifetime of the deposit, as this the-271

oretical study focuses on the deposit near the source and assumes uniform deposition.272
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To do so, we consider the combined effect of dominant erosion mechanisms, collectively273

represented as the erosion rate (re). These include the average sputtering rate of water274

molecules (sR) and the average radiolysis of both O2 and H2, as described in Plainaki275

et al. (2012) and summarized in Table 1. To determine the disappearance time of the276

deposit, we solve for the time when all deposited particles have been eroded from the277

surface (equation 2). This yields the maximum erosion time Tmax (equation 3). The pa-278

rameter A denotes the surface area over which particles are deposited, taken to be the279

face of a cube with side length 10 km. This spatial scale is approximately consistent with280

observational constraints, as candidate plume deposits on Europa have been identified281

on scales of several kilometres (e.g. Quick et al. (2022); Phillips et al. (2000)).282

M − re ·A · Tmax = 0 (2)

Tmax =
M

re ·A
(3)

.283

3.2 Model 2: Expanded Domain Outside 50 km Observational Limit and284

Non-Uniform Particle Deposition informed by Plume Model285

While Model 1 provides valuable insights into the erosion timescales of very con-286

fined plume deposits near the source, it cannot be directly compared with the results of287

Schenk (2020). This is due to two factors: (a) Model 1 focuses on a 10 km cubic volume,288

which lies well within the 50 × 50 km observational constraint outlined by Schenk (2020),289

and (b) it assumes a closed system in which all ejected particles fall back into the same290

region, neglecting the spatial dispersion of the ejected material (see Figure 2) which has291

been modelled by studies such as Tseng et al. (2025); Dayton-Oxland et al. (2023); Win-292

terhalder and Huybrighs (2022); Vorburger and Wurz (2021); Huybrighs et al. (2017);293

Berg et al. (2016).294

To better assess the longevity of plume deposits at larger distances from the source295

and to establish a meaningful comparison with the observational limitations presented296

in Schenk (2020), we introduce a second model. Here, we evaluate the erosion time of297

particles that land 25 km away from the plume source. This location lies just outside298

the observational limit of 50 km and provides a representative case for exploring the fate299

of particles at the outer edge of the detectable region (Figure 4). By focusing on this spe-300

cific distance, rather than simulating the entire spatial domain, we aim to determine the301

maximum time available for plume deposits to remain observable before retreating into302

regions smaller than the observational limit from Schenk (2020) (50 km).303

304

In this model, the density distribution of particles ejected by the plume is explic-305

itly considered using the plume model outputs from Winterhalder and Huybrighs (2022)306

and Huybrighs et al. (2017). Unlike Model 1, where the mass flux towards the surface307

was assumed uniform across the region, in Model 2 the mass flux towards the surface varies308

with distance from the source. This is due to the spatial distribution of the ejected col-309

lisionless particles: the density is highest directly above the plume and decreases with310

distance. This approach then allows us to extend the model to account for infalling mass311

flux in the new location.312

However, while the particle density is spatially resolved, the velocity of the parti-313

cles impacting the surface is treated as constant. In reality, plume particles impacting314

the surface exhibit an increase in velocity as they move farther from the source as they315

represent the tails of the velocity in a Gaussian distribution (Huybrighs et al., 2017). How-316

ever, this velocity gradient only becomes significant at much larger distances. Because317
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Figure 4: Diagram showing the geometry used in Model 2, where we estimate the ero-
sion time of particles deposited (cyan sloped line) at a distance of 25 km from the plume
source, just outside the 50× 50 km observational limit in Schenk (2020).

we are only seeking a first order approximation and our focus remains within 25 km of318

the source, we neglect this effect and adopt a constant average velocity (460 m/s), as given319

by Huybrighs et al. (2017). This value overestimates the actual particle velocities at 25320

km from the source. Assuming a uniform ejection angle and an average velocity of 460321

m/s, the majority of particles travel distances exceeding ∼ 50 km. Therefore, using this322

constant velocity leads to an overestimation in impact speed at 25 km, and consequently,323

an overestimation of the erosion timescale.324

An important assumption in Model 2 is that all deposited water particles adhere
perfectly to the surface upon impact, forming a uniform layer that entirely covers the
underlying terrain. This assumption maximises the retention efficiency of the deposited
material and, as such, provides an upper limit for the longevity of the deposit. It is im-
portant to note that in reality H2O molecules ejected by the plume or sputtered by in-
cident ions may bounce before sticking to the surface. The perfect adherence assump-
tion simplifies the mass budget and facilitates the derivation of an upper-bound estimate
for erosion timescales, but should be revisited in future models incorporating more de-
tailed surface physics. To calculate the mass flux of falling particles at the 25 km mark,
we used the density distribution derived from the plume simulations of Winterhalder and
Huybrighs (2022) at this distance, which are publicly available in Casado-Anarte and
Huybrighs (2025). The infalling mass flux at this point, denoted as ṁf , is computed via

ṁf = n25 km · vavg ·A (4)
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where n25 km = 4.71×106 particles/cm3 is the number density at 25 km from the plume325

source for a plume with a mass flux of 1 kg/s, vavg is the constant average particle ve-326

locity (460 m/s), and A is the effective cross-sectional area of the landing region. Once327

the mass flux at 25 km is determined, equations [1],[2] and [3] are used to determine Tmax328

at 25 km from the plume source. As the density of the plume in the non-collisional model329

of Huybrighs et al. (2017) and Winterhalder and Huybrighs (2022) scales linearly with330

the plume’s mass flux, we can evaluate plumes of different mass fluxes by linearly scal-331

ing Equation 4.332

Model 2 investigates how spatial variations in Europa’s surface environment influ-333

ence the erosion of plume deposits. Radiolytic erosion is primarily dependent on local334

surface temperature, while ion sputtering varies with the flux and energy of incident Jo-335

vian plasma ions. To capture these effects, two sets of simulations were performed us-336

ing the values listed in Table 1. First, the individual contributions of sputtering and ra-337

diolysis were assessed independently by applying equatorial minimum, average, and max-338

imum erosion rates to a deposit located 25 km from the plume source. This approach339

isolates the influence of each mechanism under varying environmental conditions. Sec-340

ond, the combined effect of both sputtering and radiolysis mechanisms was evaluated for341

representative surface regions corresponding to equatorial minimum, average, and max-342

imum erosion scenarios. All cases assume static environmental conditions for simplic-343

ity. However, given Europa’s 3.5 day orbital period around Jupiter, surface conditions,344

particularly ion flux and temperature, vary significantly over time. A more comprehen-345

sive treatment would require modeling the time-dependent exposure of the deposit to346

changing irradiation conditions as Europa moves through Jupiter’s magnetosphere.347

4 Results and Discussion348

To assess the lifetime of surface deposits formed by Europa’s plume activity, we in-349

vestigated the erosion timescale of deposited material as a function of eruption duration350

and mass flux. The analysis, carried out under variation of the surface temperature and351

impacting ion fluxes representative of Europa, demonstrates a clear limitation on plume352

deposit lifetime due to erosion by radiolysis and sputtering.353

4.1 Model 1 Suggests Plume Deposits Likely Eroded Before Recent Imag-354

ing Epochs355

Figure 5 shows the dependence of the erosion time as a function of plume mass flux356

and eruption time for Model 1. In the figure, the white contour line marks an erosion357

time of 28 years, a threshold chosen to represent the temporal separation of the obser-358

vations in Schenk (2020). Plume eruptions characterized by parameters falling below this359

white contour line result in deposits that are eroded within 28 years due to sputtering360

and radiolysis.361
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Figure 5: Erosion time of the plume’s deposit as a function of mass flux and time of
eruption for Model 1. The magenta dot represents the plume observed by HST in 2012 (a
7,000 kg/s plume active for 7 hours).

Figure 5 shows that the lifetime of a plume deposit in Model 1 is strongly limited362

by the two erosion parameters. Notably, the estimated erosion time for the plume ob-363

served by HST, which released 1.76×108 kg of particles, falls beyond the 28 year limit,364

with a predicted erosion time of approximately 5050 years in this hypothetical scenario,365

which is very short compared to the estimated 60 Ma age of Europa’s surface (Bierhaus366

et al., 2009; Schenk et al., 2004; Zahnle et al., 2003). This implies that, even when look-367

ing at a closed system in which all released plume particles are confined to a 10×10 km368

surface area and using averaged values for the erosion factors, plume deposits are geo-369

logically short lived. Therefore this model highlights the importance of further investi-370

gating the erosion of deposits with plume models that account for a physically realistic371

spatial distribution of the deposit.372

In addition, Model 1 suggests plume deposits likely eroded before recent imaging373

epochs. Therefore the lack of observational evidence for large plume deposits (of scale374

of tens to hundreds km size) does not necessarily mean there is no plume activity on Eu-375

ropa. In fact, if a plume were to erupt repeatedly on timescales shorter than the erosion376

lifetime, its deposit would persist and be detectable in current observations. The absence377

of such deposits therefore supports the idea that eruptions are infrequent or singular. One378

proposed explanation for the lack of repeated activity is vent sealing (Boccelli et al., 2025).379

This reinforces the conclusion that, even under idealized assumptions, plume deposits380

are geologically short-lived and would not be expected to remain visible on Europa’s sur-381

face today.382

4.2 Model 2 Suggests Plume Deposits Shrink Below Observable Scales383

While Model 1 provides a valuable first-order estimate of deposit survival and il-384

lustrates the broad sensitivity of erosion timescales to eruption parameters, it is not di-385

rectly comparable to the observations reported by Schenk (2020) because Model 1 lies386

within the observational constraints. To address this limitation and provide a more re-387
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alistic representation of a plume event, Model 2 focuses on investigating how long it takes388

for plume material to erode outside the 50 × 50 km area around the source. To do so389

we investigate the erosion at a location 25 km away from the source. Additionally, this390

model incorporates a physically informed particle distribution for the ejected material,391

offering a more accurate depiction of the deposition profile. As such, Model 2 yields re-392

sults that are more consistent with expected conditions on Europa and more directly com-393

parable to observational data.394

Figure 6: Erosion time of plume’s deposit as a function of mass flux and time of eruption
25 km away from the source. The magenta dot represents the plume observed by HST in
2012 (a 7,000 kg/s plume active for 7 hours)

Figure 6 presents the estimated erosion timescale for a deposit at 25 km from the395

source, using average values for sputtering and radiolysis rates (see Table 1). Model 2396

indicates that erosion progresses more rapidly at increasing distances from the plume source.397

This trend arises from the decreasing number of deposited material with distance, as fewer398

particles reach farther regions, resulting in thinner layers. As a result, deposits located399

at greater distances not only erode more quickly, but are also less likely to persist to be400

detected across typical observational timescales.401

The results from Figure 6 suggest a deposit outside of the 50 × 50 km area cen-402

tred at the source has a lifetime of approximately 33 years for the HST-detected plume.403

These findings allow for an alternative interpretation of the results presented by Schenk404

(2020), where they found no observable changes on the surface of Europa. For plumes405

whose deposits fall below the 28-year erosion threshold illustrated in Figures 5 and 6,406

it is likely that surface features would have eroded before becoming detectable beyond407

the 50 km observational range employed in that study. Our findings suggest that a plume408

erupting at the beginning of a 28-year period could have its deposits completely eroded409

25 km away from the source by the end of that interval, and therefore would no longer410

be visible within the observational constraints of the image data used in that study.411

It is worth noting that Schenk (2020) primarily searched for large-scale, long-lived412

deposits. Based on the upper limits of our models, i.e., a hypothetical plume active for413
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a year with a mass flux of 10, 000 kg/s, we estimate that any resulting deposits outside414

the 25 km distance from the source would persist for only ∼ 10 Ma. We emphasize that415

such extreme cases exceed observational constraints of the HST-plume. Even for these416

extreme plumes the estimated lifetime is significantly shorter than Europa’s average sur-417

face age of ∼ 60 Ma (Schenk et al., 2004; Zahnle et al., 2003; Bierhaus et al., 2009). This418

suggests that plume-related features, even if initially substantial, are unlikely to persist419

at scales larger than 50 km over geological timescales and may have been entirely removed420

by continuous erosion processes.421

The types of plumes detected by HST might be rare exceptions, with smaller plumes422

(in size) possibly being more common (Quick & Hedman, 2020). Quick et al. (2022) in-423

vestigates small-scale (less than 10 km) deposits from ice-rich plumes. We propose a hy-424

pothesis that such deposits may have originated from larger plumes, in which the ma-425

jority of the area covered by the plume deposit has since been eroded. The deposits in-426

vestigated in Quick et al. (2022) could thus be leftovers of initially much larger deposits427

and spatially larger plumes. In the case of much smaller plumes, the observed deposits428

would require most of the ejected material to settle near the source region, consistent429

with the behaviour described in Model 1 (Section 4.2). Note that lifetimes could exceed430

those from Model 1 if plume deposits were even more confined than 10 by 10 km.431

In addition to explaining the absence of detectable deposits, our model also offers432

a means to constrain plume characteristics in cases where deposits are observed and their433

size changes over time. If future missions were to re-image a candidate deposit and de-434

tect shrinkage, for instance, a retreat of 10 km over 10 years, this erosion rate could be435

compared to the erosion rates predicted in our models. This would enable us to estimate436

which combinations of plume mass flux, eruption duration, and local erosion conditions437

are consistent with the observed evolution. Conversely, if a deposit remains unchanged438

across repeated observations, it implies that the local erosion rate is lower than the rate439

required to remove the deposit over that time, placing a lower bound on either the age440

or mass of the deposit. In both cases, observational data can be used to refine or invert441

the model to extract physical properties of the source event.442

4.3 Plume Deposit Erosion Strongly Depends on Location443

While the previous section considered the average combined effect of sputtering and444

radiolysis on a deposit located 25 km from the plume source, here we examine each ero-445

sion factor independently and in location-specific contexts. This decomposition is essen-446

tial for understanding how plume deposit longevity varies across Europa’s surface, where447

the variation of ion fluxes and surface temperature affects erosion timescales. Such an448

approach also allows for the identification of surface regions where deposits may survive449

longer or erode more rapidly, contributing to the interpretation of observational constraints450

and the understanding of the effect of these factors on plume deposits.451

Figure 7 presents the influence of the individual erosion processes, ion sputtering452

and radiolysis, applied to a plume deposit located 25 km from the source (Model 2). Each453

process is evaluated using minimum and maximum rates (see Table 1), across four rep-454

resentative locations: sputtering at the Trailing and Leading hemispheres (panels a and455

b), and radiolysis at the Subsolar and Antisolar points (panels c and d).456
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Figure 7: Erosion time of a plume deposit located 25 km away from the source, evaluated
under varying plume mass flux and eruption durations. Each panel isolates the effect of a
single erosion factor, either ion sputtering or radiolysis, under specific surface conditions
representative of different regions on Europa. Panels (a) and (b) show sputtering erosion
at the trailing (T.H.) and leading hemispheres (L.H.), respectively. Panels (c) and (d)
display radiolysis driven erosion at the subsolar (S.S.P.) and antisolar (A.S.P.) points.

Although the ion sputtering rate we use is less than the radiolysis rate (see Table457

1), the upper bound results shown in panels (a) and (b), which correspond to sputtering-458

only scenarios, demonstrate that for a plume of 10, 000 kg/s active over one year, a de-459

posit located 25 km from the source could survive for tens of thousands years. This is460

consistent with our previous discussion regarding the short lifetime of plume deposits.461

In the specific case of the plume observed by HST (7,000 kg/s active for 7 hours), the462

estimated erosion time is approximately 5 years if the deposit resides on the Trailing hemi-463

sphere (panel a), and ∼ 33 years on the Leading hemisphere (panel b), showing that lo-464

cation influences sputtering efficiency by roughly an order of magnitude.465

Radiolysis, by contrast, emerges as a much more dominant erosion mechanism. Pan-466

els (c) and (d) of Figure 7 show that under both Subsolar and Antisolar conditions, de-467

posits located 25 km away from the source are eroded in less than a year for a HST-plume468

type. However, for the most intensive plume in our model, the erosion time differs by469

an order of magnitude. The temperatures at these equatorial locations are never as cold470

as near the poles, where the radiolysis effect would notably decrease. This result may471

prove particularly useful for future studies investigating erosion at polar latitudes, where472

lower surface temperatures are expected to significantly enhance the longevity of plume473
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deposits. For reference, Europa’s polar temperatures are around 40 K, compared to ap-474

proximately 80 K at the antisolar point (Teolis et al., 2017a). Based on Plainaki et al.475

(2012), the yield of O2 production via radiolysis can be estimated at these temperatures476

using their equations (2) and (3) from their study, which are based on (Famá et al., 2008).477

Their analysis shows that the efficiency of O2 production by S+ ion impact decreases by478

roughly two orders of magnitude between 80 K and 40 K (see Figure 1 in Plainaki et al.479

(2012)). Hence, a conservative approximation suggests that O2 production, and by ex-480

tension surface erosion due to radiolysis at the poles, even in the absence of precise quan-481

titative models for radiolysis at this location, would be two orders of magnitude lower482

than at the antisolar point. Consequently, this strongly supports the idea that plume de-483

posits located 25 km from the source region could persist for significantly longer in po-484

lar locations. While the deposit is expected to last longer due to reduced radiolysis at485

lower temperatures, ion sputtering is less sensitive to temperature variations and thus486

sets a lower bound on the overall erosion rate.487

Furthermore, observational limitations must be considered. As noted by Schenk488

(2020), image resolution near the poles is significantly degraded, with effective resolu-489

tion worsening to between 50 and 70 km. Such resolution constraints may have prevented490

the detection of polar plume deposits, even if they are more persistent than equatorial491

ones.492

Figure 8: Combined effect of radiolysis and ion sputtering on the erosion of a plume
deposit located 25 km from the source, evaluated across a range of plume eruption du-
rations and mass fluxes. Panel (a) shows results under maximum erosion conditions on
the equator (trailing hemisphere and subsolar point), while panel (b) shows the minimum
erosion case (leading hemisphere and antisolar point). The two scenarios illustrate how
the geographic variability of Europa’s surface environment leads to differences in erosion
timescales.

Figure 8 introduces the combined effect of radiolysis and sputtering on a plume de-493

posit located 25 km from the source. Panels (a) and (b) correspond to the maximum and494

minimum erosion scenarios at the equator, respectively, defined by the most and least495

erosive combinations of hemisphere and surface temperature (see Table 1). The total ero-496

sion differs by approximately one order of magnitude: in the maximum erosion case (Panel497

(a) in Figure 8), a plume with a mass flux of 10, 000 kg/s active for one year survives498

for ∼ 100 years, whereas in the equatorial minimum erosion case (Panel (b) in Figure499

8) , the same deposit can last up to ∼1,000 years.500
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Although this difference is non-negligible, both timescales remain extremely short501

in a geological context. Given Europa’s estimated surface age of 60 millions years, nei-502

ther deposit (a) nor (b) would remain detectable after erosion, even in the most favourable503

scenario.504

However, for a scenario consistent with the observed plume by HST (plume of 7,000505

kg/s active for ∼ 7 h), the deposit lifetime is significantly shorter. In the maximum ero-506

sion case at the equator, the deposit survives ∼ 3 months, while in the minimum ero-507

sion case at the equator it persists for ∼ 7 months. These short timescales indicate that508

any deposits formed under such conditions would erode from this location within the 28509

year observational window used in Schenk (2020), providing a plausible explanation for510

the non-detection of plume deposits in that study.511

Panel (b) in Figure 8 suggests that even under the least erosive conditions, plume512

deposits located 25 km from their source degrade rapidly. Therefore, we recommend that513

future missions focus on identifying potential deposition sites early, as their persistence514

is limited even in favourable locations. Further studies should explore how the longevity515

of these deposits evolves with Europa’s rotation as variations in surface temperature and516

ion fluxes occur, meaning that erosion rates are unlikely to remain constant (Addison517

et al., 2022, 2021; Breer et al., 2019; Teolis et al., 2017a; Cassidy et al., 2013; Plainaki518

et al., 2012). Consequently, the notion of an ”average” location used in this paper must519

be interpreted with caution, as surface temperature and ion impact may vary substan-520

tially over both space and time.521

5 Detection of deposit by future missions522

Our findings suggest that, in order to observe any plume deposits or surface alter-523

ations resulting from plume activity during future missions, such as JUICE (Tosi et al.,524

2024) or Clipper (Pappalardo et al., 2024), observations must be both spatially targeted525

and temporally optimised. In particular, for instruments with a resolution limit of ap-526

proximately 50 km, such as those discussed in Schenk (2020), surface imaging must oc-527

cur within months following an eruption of an HST plume type. Beyond this time frame,528

the deposits are likely to be significantly eroded, disappearing in both minimum and max-529

imum erosion scenarios previously discussed.530

Moreover, the geographic location of a plume plays a critical role in the longevity531

and detectability of the resulting deposits, due the pronounced variability in erosion rates532

across Europa’s surface (see Section 3). To maximise the likelihood of detecting these533

transient features, missions could prioritise high-resolution imaging of the polar regions,534

where deposits may be better preserved. Repeated observations of candidate source re-535

gions across multiple flybys would also be essential to constrain the persistence and evo-536

lution of the deposit over time.537

A direct way to sample the deposits is by means of lander missions. Landers would538

offer the unprecedented opportunity to analyse plume deposits directly and potentially539

collect in-situ data on material from the plume fallout. Basing on Model 2 results, if a540

lander mission were launched today and arrived at Europa by 2040, it would need to land541

25 km from the plume source within months of a plume eruption (assuming an HST-type542

event) in order to sample any remaining deposits before they are lost to erosion.543

Overall, our results show that plume deposits erode rapidly on geological timescales.544

Therefore, any mission aiming to study Europa’s plume activity through surface obser-545

vations must carefully coordinate its arrival and observation schedule with expected plume546

events. Targeting regions where deposits are likely to persist at the time of landing could547

yield valuable insights into the physical and chemical nature of the plumes, and by ex-548

tension, the composition and dynamics of Europa’s subsurface ocean.549
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6 Conclusion550

We show that large (≳ 10 km) plume deposits on Europa are short-lived compared551

to the moon’s average surface age, and that their persistence strongly depends on ge-552

ographic location due to locally varying erosion processes, specifically ion sputtering and553

radiolysis. This supports the hypothesis that the absence of observed plume-related sur-554

face changes could result from rapid erosion rather than a lack of plume activity.555

Using two simplified models, we simulate the erosion of plume deposits under vary-556

ing eruption durations and mass fluxes. For a plume similar to the one observed by HST557

in 2012, we find that deposits located 25 km from the source are eroded within months558

to a year.559

These results highlight the need for precise temporal and spatial targeting in fu-560

ture surface imaging campaigns. Missions such as JUICE and Europa Clipper benefit561

from prioritizing high-resolution imaging of polar and leading hemisphere regions, where562

erosion rates are lower and the potential for deposit preservation is highest. Assuming563

an HST-type event, flybys should have a resolution better than 50 km and conduct imag-564

ing within months of a plume eruption in order to sample any remaining deposits be-565

fore they are lost to erosion. Repeated flybys over suspected source regions can help con-566

strain surface change timescales. For lander missions, deposit detection 25 km away from567

the source requires arrival within months of a plume eruption for HST-like events.568

Future work can expand this framework by incorporating surface transport dynam-569

ics, spectral detectability thresholds, and coupled erosion-plume models to further re-570

fine our understanding of Europa’s surface activity.571
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