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ABSTRACT

The anti-Jovian hemisphere of Europa (the hemisphere opposite the one facing Jupiter)
displays a complex array of fractures, including roughly concentric and arcuate ones. The geom-
etry of this intriguing pattern on the icy surface of Europa resembles the textural features dis-
played by perlitic volcanic glass. We argue that fast cooling of a rhyolitic magma may serve as an
analogue for fast supercooling of water leading to formation of amorphous ice (glassy water).
We envisage two possible scenarios for ice melting and subsequent extremely fast supercooling:
(1) massive subglacial volcanic activity or (2) a large impact on the anti-Jovian hemisphere. We
suggest that extremely fast formation of amorphous ice on Europa would result in a fracture
pattern geometrically equivalent to that observed in perlitic glass. Fast supercooling of water
will initially lead to brine retention in the ice phase; however, after some time these brines would
be laterally rejected toward fractures. Furthermore, as solidification progresses downward, a
shrinking ocean would increase brine concentration. These brines would eventually escape to
the surface via the fracture network. Finally, high-pressure crystallization of salts within frac-
tures may provide an efficient mechanism for differential plate separation, horizontal move-
ment, and formation of new fractures.
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INTRODUCTION

The highly fractured anti-Jovian hemisphere
of Europa displays an intricate pattern of geo-
logic features at different scales (Fig. 1 A and 1B),
including linear, curved, and arcuate fractures,
wedge-shaped bands, and icy plates, among
others. Greeley et al. (1998a) and Prockter et al.
(1999) reviewed the geology of the region, and
offered some insights into the causes of such
complex arrays of roughly concentric and arcuate
features, approximately centered at 20°S, 200°W.
As noted by Greeley et al. (1998a), the complexity
of the anti-Jovian hemisphere makes inter-
pretation of it difficult in terms of simple global
contraction (Helfenstein and Parmentier, 1983),
global expansion (Finnerty et al., 1981), polar
wandering (Ojakangas and Stevenson, 1989),
tidal stresses induced by the eccentricity of the
orbit (e.g., Helfenstein and Parmentier, 1983), or
combinations of these models. We propose that
the unlikely combination of tectonic features
present on the anti-Jovian hemisphere strongly re-
sembles what is found in an unexpected material,
perlite, a volcanic glass with abundant arcuate
and gently curved cracks (Fig. 1C and 1D) that
form in response to quenching and hydration
(McPhie et al., 1993; Davis and McPhie, 1996).
Although this comparison might seem odd, we

suggest that fast solidification of a rhyolitic
magma and subsequent fracturing may provide
insights into the nature and origin of the tectonic
features found in the anti-Jovian hemisphere of
Europa; fast solidification of water may have led
to formation of amorphous ice on the anti-Jovian
region. The structural behavior of this material
may in turn resemble, in some relevant aspects,
that of volcanic glass (Fig. 1).

GLASSY WATER AND GLASSY ROCKS
We are used to thinking of solid water in
terms of classic hexagonal ice; however, this is just
one variety among 10 polymorphic phases of
crystalline ice (Poirier, 1982). If water is cooled
fast enough, it forms a “glass” (Debenedetti,
1998). There are two glassy forms of water, low-
and high-density amorphous ice (Mishima and
Stanley, 1998). Low-density amorphous ice is
generated by extremely fast supercooling of water
vapor. Glassy water exists as frost in interstellar
dust and in comets (Jenniskens et al., 1995;
Debenedetti, 1998; Mishima and Stanley, 1998).
‘We argue that it may also form part of the icy crust
of Europa. Another “glassy” material, perlite, is
defined as a volcanic glass in which there are abun-
dant, delicate, intersecting, arcuate, and gently
curved cracks (Fig. 1C and 1D) that surround

cores of intact glass (McPhie et al., 1993). Under
favorable conditions, outcrop-scale perlite (macro-
perlite) may form (McPhie et al., 1993). Davis and
McPhie (1996) reviewed the hypotheses for the
origin of perlite fracturing. The debate centers on
hydration (e.g., Ross and Smith, 1955; Friedman
and Smith, 1958) and cooling contraction
(Marshall, 1961; Yamagishi and Goto, 1992) as
the two possible mechanisms for perlitic fractur-
ing. The study of Davis and McPhie (1996) on the
Silver Hills dike (Queensland, Australia), an origi-
nally glassy body with relict perlitic structures,
offers new insights into this debate. Davis and
McPhie (1996) concluded that the long and cross
fractures can be interpreted as the result of quench
fracturing, whereas the typical perlitic fractures
formed in response to strain associated with
quenching and volume change. Similar results
have been obtained in laboratory experiments with
artificial glasses (Bartenev, 1970), experiments
that result in arcuate and straight cracks. Despite
the numerous investigations, accurate data con-
cerning the shape, dimension, and number of
cracks are extremely limited (Bartenev, 1970).
Nonetheless, fast cooling and the isotropic nature
of glasses seem to be causes of arcuate cracking. In
other words, unlike crystalline solids, glasses will
not break along preferential directions.



Figure 1. Fracturing on Europa and in perlitic volcanic glass. A: Part of Europa
(Students for the Exploration and Development of Space, 2000). Note curved linear
fractures in upper half of image. B: Part of NASA image PIA00578 (Galileo). Note
arcuate, concentric fracturing pattern. C: Perlitic volcanic glass (McPhie et al.,
1993). D: Sketch depicting fracturing in perlitic volcanic glass (modified after Allen,

1988). LF—Ilong fractures.

MODEL FOR THE ANTI-JOVIAN
HEMISPHERE

We suggest that the intricate pattern of frac-
tures of Europa’s anti-Jovian hemisphere results
from ice melting and subsequent abrupt solidifi-
cation of water into glassy ice. There are striking
similarities between the pattern of fracturing in
the anti-Jovian hemisphere and the observed
two-dimensional cracking pattern in perlitic
glasses (Fig. 1), although the environments of
ice and perlite formation are considerably differ-
ent, as is the scale. However, if water solidifica-
tion is extremely rapid, likely for an environment
such as Europa (surface temperatures in the
range 100-120 K; e.g., McCord et al., 1998),
then the passage from liquid (and/or vapor) to
solid may resemble in some key aspects the
solidification of molten rhyolite to perlitic glass
in submarine environments. What would cause
such a process? In order to generate low-density
amorphous ice, water vapor must be supercooled
extremely fast (Mishima and Stanley, 1998). We
envisage two scenarios in which ice melting,
formation of water vapor, and subsequent gen-
eration of glassy ice might occur. Scenario 1 in-
volves massive volcanic activity, whereas sce-
nario 2 involves a large impact in the anti-Jovian
hemisphere of Europa.

A crucial point relates to the existence of vol-
canism under the icy surface of Europa. There is
no indication that volcanism does not exist
within Europa. Furthermore, although some
authors (e.g., Carlson et al., 1999) have sug-
gested, among other hypotheses, an exogenic
source (Jovian plasma) for the sulfur compounds
found on the surface of Europa, the alignment of
“non-ice” material along fractures (e.g., McCord
et al., 1998) strongly suggests that the origin of
the sulfur compounds may be endogenic. McCord
et al. (1998) proposed that Europa may sustain
volcanic or hydrothermal activity, which would
be the source of sulfate brines that are extruded
onto the surface. A terrestrial analogue of sub-
glacial volcanic activity is provided by the erup-
tion of the Bardarbunga under the Vatnajokull
ice sheet (Iceland) in 1996 (Miischen et al.,
1997); volcanic activity began on September 30,
and by October 1 a major collapse cone had
formed on the surface of the 450—600-m-thick
ice sheet (Fig. 2). In the early morning of Octo-
ber 2, the eruption finally broke through the ice
(Halldorsson, 2000).

Prockter et al. (1999) proposed that the entire
stratigraphic column of the anti-Jovian region is
relatively recent. They suggested that the thermal
state of the lithosphere has changed over time as
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Figure 2. Vatnajokull subglacial eruption in
October 1,1996. Note ~2-km-wide, 100-m-deep
collapse structure. RF—ring fractures. From
Halldérsson, 2000.

a consequence of the freezing of a global ocean.
Unlike on Earth, where water progressively
freezes into ice as temperatures drop during
winter, on Europa an almost instantaneous
solidification of water in the upper levels of the
“ocean” is most probable. This would result
from a sudden drop of temperature to 100 K.
How and why might such a catastrophic scenario
develop? The answer might be provided by the
major circular pattern in the anti-Jovian hemi-
sphere of Europa. Greeley et al. (1998a; see their
Fig. 9) suggested that this pattern may indicate
the site of a major impact that led to basin forma-
tion in the silicate subcrust. The collision of more
than 20 large fragments of comet Shoemaker-
Levy 9 with Jupiter on July 16-22, 1994, illus-
trated what scenario 2 might be. For example,
impacts A and G struck Jupiter with an estimated
energy equivalent to 22.5 x 10* and 6 x 10° MT,
respectively, of TNT (Institute for Scientific
Computation, 2000).

Either of scenarios 1 or 2 could lead to cata-
strophic ice melting and subsequent formation of
glassy ice via extremely fast supercooling. A
major question is whether glassy ice would
develop a cracking pattern equivalent to that of
perlitic glasses. The conditions are equivalent:
abrupt drop in temperature and a liquid phase
that will transform into an amorphous glassy
solid. Under these conditions, we would expect
the equivalent to quenching and perlite cracking
in the icy material, only at much lower tempera-
ture. Even the “crystalline” Earth ocean ice is
particularly sensitive to temperature changes;
thermal cracking occurs when air temperature
drops below water temperature under the ice
sheet (Evans and Untersteiner, 1971; Evans,
1971). Although a definitive physical picture that
explains the behavior of glassy water is still lack-
ing (Debenedetti, 1998), we can approach the
problem through the understanding of the thermo-
dynamic behavior of liquid water undergoing
cooling. If such cooling is fast enough (almost
instantaneous), the process will be adiabatic;
therefore, Q (heat) = 0 kJ. In other words, heat
cannot be released. We have:



80 =38U+8W, )
C,8T=C,8T-P8V=0, (2)
C,8T =P34V, 3)

where C,, = heat capacity at a constant pressure
(kJ/K), C, = heat capacity at a constant volume
(KJ/K), 80 = C,8T, 8U = internal energy = C, 8T,
P = pressure (Pa), T = temperature (K), V = vol-
ume (m?), and 8W = thermodynamic work =
—P3V (J). Given that C, and P are constant, and
(Ttinat = Tinitiat) >> (Viinal = Vinigar) (Superfast,
supercooling process), it follows that the system
will accommodate the excess of internal thermal
energy in terms of cracking (release of mechani-
cal energy). The same applies for an extruded
molten rhyolitic magma subjected to extremely
fast cooling (e.g., extrusion onto the seafloor;
Yamagishi and Dimroth, 1985), which ultimately
leads to formation of glassy volcanic materials.
In addition, Knight (1987) described conspicu-
ous arcuate contraction cracks in frozen slush
(Fig. 3) that form in response to low diffusion
rates of heat to the air. Thus, providing the cool-
ing process was fast enough, there are no major
reasons that preclude perlite-like cracking on
Europa’s ice (Fig. 1A and 1B). Scenarios 1 and 2
might provide the initial heat necessary to melt
the icy envelope of Europa. The impact hypothesis
is particularly appealing, however, because it is a
high-energy instantaneous event.

ICE CRACKING, BRINES, AND
MOVEMENT OF ICY PLATES

Sulfates may play a crucial role in the geologic
evolution of Europa. Sullivan et al. (1998) called
attention to the episodic icy plate separation and
fracture infilling processes. They explained these
phenomena in terms of plate fracturing and move-
ment in response to regional surface stresses. This
movement would allow the material to rise to the
surface through the fractures. If the dark material

observed in the images corresponds to sulfates of
the type hexahydrite (MgSO,- 6H,0), epsomite
(MgSO,- 7H,0), or similar species (McCord
etal., 1998, 1999), the implications are enormous,
because these minerals may exert strong crystalli-
zation pressures (e.g., to 290 MPa during crystal-
lization of epsomite; La Iglesia et al., 1996). We
propose an alternative mechanism for sulfate em-
placement along cracks. If glassy ice formation is
fast enough, then salts may be retained in the ice;
however, they would be eventually rejected be-
cause a brine has a higher density than ice (e.g.,
Greeley et al., 1998b). For Europa we suggest a
process that could be termed “lateral draining of
brines,” toward a lower pressure environment,
e.g., a crack connected to the surface (Fig. 4A).
This process would be enhanced by the progres-
sive ordering of the initially vitreous ice phase,
which would result in higher crystallization pres-
sure in the ice, and therefore, in salt rejection
(Fig. 4A). If after the initial extremely fast super-
cooling of water in the upper levels, the process
slowed, the remaining covered ocean would have
become progressively enriched in salts. In this sce-
nario we also envisage a progressive downward-
freezing front, leading to an increasing salt con-
centration in the remaining shrinking ocean. The
brines could be pumped up in response to steep
pressure gradients (e.g., Sibson et al., 1988). Such
a process would be enhanced by deep-seated
hydrothermal activity (e.g., McCord et al. 1998)

and release of volatiles (e.g., Crawford and
Stevenson, 1988). Finally, brine migration and
salt crystallization along cracks (Fig. 4B) may
provide a plausible mechanism for plate move-
ment (Sullivan et al., 1998; Prockter et al., 1999)
along these structures. In turn, different rates of
salt crystallization could lead to different rates of
fracture opening.

CONCLUSIONS

We suggest that ice melting followed by ex-
tremely fast supercooling of water, or water
vapor, may have led to formation of glassy ice
and associated cracking in the anti-Jovian region
of Europa. To produce the energy required for the
initial melting, we propose two possible scenarios:
(1) subglacial massive volcanic activity, or (2) a
large impact on the surface of the anti-Jovian
region. Cracking of the newly formed vitreous
ice can be explained by a sudden and dramatic
drop in temperature—a minimum of about 173 K
in the case of liquid water—which could have
been even higher if the scenario included hot
liquid water or hot water vapor. Subsequent
movement along cracks and formation of new
fractures could have been governed by brine em-
placement and crystallization processes. Our
model does not rule out other processes on
Europa, such as remelting of ice or ice rafting,
which could be sustained by hidden volcanic
activity among other possible causes.
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Figure 3. Contraction cracks in frozen slush (redrawn after Knight, 1987).

Figure 4. Sketch of cross section (not to scale) depicting possible
pathways for brine migration along fractures. A: General view including
salt rejection (lateral draining) and upward pumping of brines. DFF—
downward-freezing front leading to brine concentration in shrinking
ocean; PF—propagating fracture. B: Salt crystallization, increased
fracture opening leading to plate separation (1 and 2).
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