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Introduction: The Galileo spacecraft’s Solid State
Imager revealed that Jupiter’s moon Europa has a young
surface with diverse features, including pits, spots, and
domes [1,2]. A variety of mechanisms have been pro-
posed for the formation of Europa’s domical uplifts
[2,3], including diapirism [1,4,5] and cryovolcanic em-
placement [5—-8]. Owing to their circular or lobate shape
and relatively smooth surfaces which are distinct from
the background terrain, a subset of Europa’s domes are
considered to be cryovolcanic in origin [6-8].

The morphology and emplacement of putative cry-
olava domes have been the focus of several studies.
Thirty-eight candidate cryolava domes in the Conamara
region were included in a preliminary cryolava dome
database [9]; a third of these domes were later modeled
using a volume flux approach that considered dome for-
mation as cryolava was erupted onto Europa’s surface
at a constant rate [6]. That modeling approach resulted
in fluid viscosities of dome-forming cryolavas that are
up to five orders of magnitude less than previous studies
[7]. We significantly expanded the cryolava dome data-
base to include 186 candidate cryolava domes and mod-
eled the formation of these cryolava domes to enhance
our understanding of the rheology of Europa’s cryolavas
and better constrain the rates of surface-subsurface ex-
change of potentially habitable subsurface reservoirs in
perhaps youthful areas on Europa’s surface.

Methods: We used mosaics and digital elevation
models (DEM) derived from Galileo’s E6, E14, E15,
and E17 flybys of Europa to identify and map candidate
cryovolcanic domes. We note the geologic and morpho-
logic context of the domes, including whether they in-
tersect or are intersected by a double ridge, sit in a de-
pression, contain a depression, or appear to contain one
or more flow lobes at the limit of image resolution.

Three topographic profiles for each candidate fea-
ture were obtained using the 3D Analyst tool in ArcGIS.
A significant number of the candidate cryolava domes
are positioned within regional topographic lows or
sloped terrains, and as such we implement a background
subtraction for each topographic profile to obtain rela-
tive dome heights. We report the mean diameter and
mean maximum height of each feature from the three
background subtracted profiles (Fig. 2), which are then
used as inputs to model the emplacement of the candi-
date cryolava domes.

The formation of cryolava domes has previously
been described using the generalized form of the Bous-
sinesq equation for the radial expansion of a fluid in a

cylindrical geometry [10], with the dimensionalized

form expressed as:
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where g is Europa’s gravity, vo is the bulk kinematic vis-
cosity of the cryolava, ¢ is time, 7 is the radial distance
of the dome-forming cryolava from the vent, and 4 is
the cryolavas flow height. Note that bulk dynamic vis-
cosity, i, can be found by multiplying vo by the assumed
density for a briny cryolava (p = 1200 kg/m®) and the
fluid viscosity at the time of eruption, which does not
include contributions from the insulating surface crust,
may be up to ~5 orders of magnitude lower than the bulk
dynamic viscosity [11]. The cryolava flow thickness
and distance of the flow from the vent as a function of
time during dome formation is described by:
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where x and P(x) transform (1) to an ordinary differen-
tial equation and ¢ = ¥ and @ = 1.2 for Europa’s cryol-
avas when assuming a Newtonian rheology. Terrestrial
lava domes can take anywhere from several months to
several decades to form, and previous studies have sug-
gested that Europa’s cryolava domes may take as little
as one month and as long as 50 years to be emplaced
[6,7]. In this work we consider a minimum emplace-
ment time of one month and a maximum emplacement
time is constrained by the conductive cooling time (i.e.,

solidification time) of the cryolava dome.
Results: We mapped 186 candidate cryolava
domes (Fig. 1). Of these, 63 contain either a large cen-
tral depression or contain multiple lobate flow fronts.
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Figure 1: Locations of the 186 candidate cryolava fea-
tures considered in this study.
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While we mapped these candidate cryovolcanic domes,
we do not model them as their central depressions sug-
gests that there may have been a partial draining of the
cryolava back into the vent and the additional flow lobes
suggests that these domes may have been formed by
multiple episodes of cryovolcanic eruptions. Modeling
the formation of these features is therefore reserved for
future studies. The mean radius of the remaining 123
cryovolcanic domes is 3476 £ 1653 m, with a mean
maximum height of 144 £+ 93 m. There are 4 domes that
are intersected by a double ridge, 28 domes intersect
double ridges, and 6 domes sit in a depression.

Depending on the size of the candidate cryolava
dome, the lower limit eruption viscosities of the mod-
eled domes range from 10! — 10° Pa s and the upper limit
eruption viscosities range from 10° — 107 Pa s when con-
sidering the conductive cooling time to be commensu-
rate with the maximum emplacement time of the domes.
The maximum emplacement time for these domes
ranges from 108 — 10° s (years to decades), with some of
the largest candidate features (>300 m in height) having
emplacement times upwards of 10 s (hundreds of
years). Figure 2 shows the topographic and modeled
profiles of two candidate cryolava domes. Dome
3726rA” (referenced as dome #4 in [6,7]) has a mean
maximum height of 143 m and a mean radius of 3280
m. The modeled emplacement time of this feature
ranges from 2.5x10% — 4x10° s (1 month — 126 years)
with an eruption viscosity of 1.4x10° — 2.3x10° Pa s.
Dome 4379rD, which was not included in previous anal-
yses in [4-5], has a mean maximum height of 145 m and
a mean radius of 2603 m. The modeled emplacement
time of this dome ranges from 2.5x10° — 4.1x10° s (1
month — 129 years) with an eruption viscosity of
2.4x10° - 3.8x10° Pa s.

Discussion: The height of Dome 3726rA” was pre-
viously reported as 70 m [7] and 88 [6], while we report
a maximum height of 143 m. Differences in reported
heights may be due to using different transects for the
topographic profiles and/or DEMs. Additionally our
modeling utilizes the mean maximum height of each
dome rather than the mean height as considered in [6].
We have done this as the mean height considerably un-
derestimates dome height. As such, using mean dome
height in our models has the potential to underestimate
the viscosity by up to two orders of magnitude. The em-
placement time of Dome 3726rA” is consistent with
previous studies [6], although we find that the viscosity
of the erupted cryolava may be up to an order of magni-
tude higher when the conductive cooling time is consid-
ered to be equal to the domes emplacement time.

The range of potential eruption viscosities is con-
sistent with dome forming cryolavas on Europa having

a basaltic to andesitic like rheology at the onset of erup-
tion, suggesting that the cryomagma may be composed
of a thick brine containing icy particulates. Variations
in eruption viscosity are consistent with compositional
or thermal differences in cryolava source regions. By in-
vestigating spatial variations in cryolava eruption vis-
cosities, we can better understand the thermal evolution
and potential heterogeneities in heat flux within Eu-
ropa’s interior. Higher resolution images of Europa’s
surface, which will be provided by the Europa Imaging
System (EIS) on Europa Clipper [12], will allow for the
identification of new or additional candidate cryolava
domes, and potential locations of active resurfacing on
the icy moon. Subsurface cryomagma reservoirs may
also represent near-surface habitable environments. By
studying Europa’s candidate cryolava domes, we gain
valuable insights into the compositional states of these
potentially habitable abodes and current geological ac-
tivity rates on this enigmatic moon.

160

4379rD

S © B
S o oS

EN
S o

n
S

Background Subtracted Height (m)
3

N/

0 1000 2000 3000 4000 5000 6000
Distance (m)

3726rA"

Background Subtracted Height (m)

0
0 2000 4000 6000 8000
Distance (m)

= Profile A = Profile B~ Profile C
= Modeled Dome

Figure 2: Observational and modeled profile of Domes
3726rA” and 4379rD.
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