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Introduction:   The origins of low-albedo material 

on Europa’s surface have been a source of curiosity 

since the Voyager spacecraft returned the first close-up 

images of the icy surface. Sulfur from Io is known to 

contribute an exogenic flux of dark material primarily 

to Europa's trailing hemisphere [1], and hydrated salt 

compounds are concentrated within chaos, ridges, and 

pits [2].  

Nearly half of Europa's impact craters also exhibit 

dark ejecta, the origins of which are unknown (Fig. 1). 

Our study examines the ejecta of several large impact 

craters to investigate possible sources for the dark 

material in their ejecta blankets. Understanding dark-

ejecta craters may give insight into Europa’s surface and 

subsurface properties, useful not only for geology and 

impact studies, but also for planning future observations 

and landed missions.  

 
Figure 1. The crater Cilix, exhibiting a distinct dark ejecta 

blanket extending to ~2 crater radii. 

 

Approach & Methods: Before potential sources 

can be examined, we must quantify dark material in the 

crater ejecta. We extracted photometrically corrected 

albedo data from Galileo Solid State Imager (SSI) 

images, and used a radiative transfer model [3] to derive 

the concentration of dark material based on the highest-

resolution images of each crater. 

Our approach was to investigate several possible 

sources of dark ejecta material. First, we considered the 

impactor as the primary source of dark compounds, 

which for simplicity we call “dust”. Pi-scaling laws [4] 

were used to determine the sizes of the impactors 

responsible for each dark-ejecta crater based on the 

crater’s final diameter. The upper limit of the dust mass 

contributed by the impactor (e.g., Jupiter-Family 

Comets with albedo ~0.04) was then compared with the 

amount of dark material observed, as derived from the 

albedo model assuming an intimate mixture with the ice. 

We also estimated the amount of impact energy 

partitioned into heating to determine how much ice 

could be sublimated, thereby concentrating the dust. 

We next considered exogenic processes that could 

concentrate dark material in the ejecta long after the 

impact occurred. Ion sputtering may preferentially 

remove ice from the top of the ejecta blanket and create 

a dark lag deposit. However, gardening by 

micrometeorite impacts can also bury dark surface 

materials as the lag forms.  We developed a simple 

model of these competing processes in order to predict 

final albedo based on an assumed initial dust 

concentration and estimated rates of gardening and 

sputtering [5,6]. 

Processes and properties intrinsic to Europa were 

also examined. We compared the near-IR spectra of 

dark material found in crater ejecta to other dark surface 

materials using Galileo Near-Infrared Mapping 

Spectrometer (NIMS) data to look for similarities or 

differences in the compounds present. A similar 

composition to other dark geologic features could 

suggest the dark ejecta materials originate from non-ice 

compounds excavated from Europa’s icy shell rather 

than the impactor. Spectra of dark ejecta were also 

compared with spectra of non-darkened areas of the 

surface and with light ejecta craters. 

Lastly, we analyzed the geographic distribution of 

dark and light ejecta craters across Europa. While no 

spatial pattern is immediately recognizable, we 

performed a statistical analysis to confirm this. Crater 

distributions were examined on global, regional, and 

local scales to determine spatial correlations of dark 

ejecta craters. Geographic correlation could imply a 

buried dark layer, so crater excavation depth was also 

considered. The prevalence of other dark geologic 

features in each region was surveyed as well.  

Results: In our calculations of impactor-contributed 

dust, we found that an intimate mixture of impactor 

material and icy surface material could not solely 

account for the amount of darkening observed. (Fig. 2) 

Even considering amounts of pure ice lost to heating 

during the impact, the concentration values for dark 

material were only altered on the order of 0.1%, not 

enough to change this result. Thus, for the impactor to 

be responsible for darkening the ejecta, a secondary 

process would be required to concentrate dark material 

at the surface. 
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Figure 2. Modeled dark material concentration (dark bars) vs. 

maximum impactor contribution (light bars). 

 

Assuming a median sputtering rate of 8×10−8 m yr−1 

[5] and gardening rate of 1x10-7 m yr-1 [6], we calculated 

the timescale over which an optically thick dark layer 

would form at the ejecta surface. We find that while this 

layer could be formed by sputtering alone within short 

timescales (~104 years), the more rapid gardening would 

be the dominant process, causing dust to be buried 

before an optically thick layer forms (Fig. 3). 

 

  
Figure 3. Dust mixing ratio qd based on the sputtering and 

gardening model. Sputtering is assumed to only remove ice, 

whereas gardening mixes both ice and dust vertically within 

the layer.  

Spectral analysis with NIMS showed no significant 

differences between the spectra of dark craters and dark 

lineae. Water ice absorptions were the primary features 

in all spectra. Other absorptions found were not unique 

to any one terrain, nor were they different from 

previously-noted features in non-ice spectra [2,7,8] 

(Fig. 4). 

Statistical analysis of crater distributions showed 

that while no significant spatial correlation exists for 

dark-ejecta craters on a global scale, craters with 

diameters < 5 km and excavation depths < 1.25 km 

rarely featured dark ejecta (a 2- relation). This pattern 

was even more significant when examining only areas 

observed at highest resolutions (3- for resolution 

coverage of < 500 m/pix). This result should, however, 

be interpreted cautiously, as surface areas imaged at 

high resolution naturally show more small craters; these 

areas also account for less than 10% of Europa’s surface 

and therefore may not be representative of the total 

crater population. 

Conclusions: Our results suggest that impactor-

contributed material alone is not enough to account for 

Europa’s dark-ejecta craters. Exogenic processes such 

as sputtering and gardening are also inconsistent with 

the observed albedos and near-IR spectra of these 

features. Therefore, intrinsic compositional differences 

in the subsurface of Europa’s icy shell are more likely 

responsible for the ~50% of craters exhibiting dark 

ejecta. However, such a dark layer must not be present 

globally, whereas a localized source would explain why 

some craters show ejecta darkening and others do not. 

Future work and new data from upcoming missions like 

Europa Clipper will enable improved imaging and 

spectroscopy as well as providing geologic context 

necessary to further test this hypothesis. 
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Figure 4. Example crater NIMS spectra (grey bars indicate 

missing data); notable water ice bands present at 1.25 µm, 

1.5 µm, and 2.0 µm. 
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