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Solid-State Ice Volcanism on the Satellites of Uranus

DAvVID G. JANKOWSKI AND STEVEN W. SQUYRES

Voyager images of the uranian satellites Ariel and Miranda show flow features with
morphologies indicating that ice has been extruded to the satellites® surfaces in the
whdsuu.lhesemagesprovideduﬁmobservauondmdenoeforsohd-mtem
volcanism in the solar system. T proﬁleshavebeenmumredacmssa
number of flow features on Aricl. With a simple model of extrusion, and
cooling of a viscous flow, the initial viscosity of the flow material is found to have been
no more than about 10'® poise, far lower than expected for H,O ice at the ambient

surface temperatures in the uranian system. Sharp!

ly reduced viscosities may have

resulted from incorporation of ices like NH; or CHy in the uranian satellites.

NE OF THE MOST INTERESTING

results of the Voyager mission to

Jupiter, Saturn, and Uranus has
been the extent to which even small icy
satellites of those planets have undergone
geologic resurfacing (1-5). It generally has
been uncertain, however, whether the resur-
facing has taken place in the liquid or solid
state. In the jovian system, buoyancy consid-
erations seem to favor extrusion of warm,
mobile ice rather than liquid water (6).
However, no landforms clearly indicative of
solid-state extrusion have been observed
there. On the smaller saturnian satellites,
mobility considerations favor extrusion of
liquid (7), and the observed morphology is
at least consistent with this interpretation.
In the uranian system, there is morphologic
evidence for extrusion in the solid state (5).
In this report we consider this evidence,
quantify the morphology of the flows, de-
rive approximate viscosities at the time of
extrusion, and consider the implications of
these viscosities for the compositions and
thermal histories of the uranian satellites.

The morphologic evidence for solid-state

resurfacing on the uranian satellites is best
developed on Ariel (Figs. 1 and 2). Much of
the satellite’s surface is transected by a pat-
tern of linear graben-like canyons. On the
floors of some of the grabens are deposits
that have low crater densities compared to
the rest of the satellite (8) and have topo-
graphic profiles that appear to be strikingly
smooth and convex. They appear to steepen

significantly at the margins, in what seem to
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be flow fronts. Some flows contain medial
grooves running parallel to the graben walls.
The convex topography and the concentra-
tion of the deposits in grabens strongly
suggest that these deposits are materials that
were extruded to the surface in the solid
state, probably in an extensional environ-
ment.

In some cases, the flows appear to have
been confined by graben walls. In others,
however, they clearly have not. Figure 1

shows an instance where the lateral extent of
a flow within a canyon remains relatively
constant along the canyon’s length, whereas
the width of the canyon changes from that
of the flow to roughly three times it. Figure
2 shows an instance where a flow has spread
out across a plains unit, partially burying an
impact crater.

It is likely that the sources of most flows
were linear fracture systems on the graben
floors. This interpretation is supported by
(i) the likelihood that extensional fractures
associated with grabens would parallel the
graben walls; and (ii) the apparent steep
flow fronts and limited lateral extent of
some flows, indicating that they spread a
short distance laterally rather than flowing
long distances parallel to the graben walls.
In large terrestrial grabens, volcanism is
commonly concentrated along vents near
the graben axis (9-11); such may also be the
case on Ariel. At least some of the medial
grooves may be the juncture of two inde-
pendent flows that have been extruded from
parallel fractures on a graben floor, have
spread laterally and met, but have not com-
pletely coalesced.

Evidence for solid-state resurfacing is also
observed on Miranda (Fig. 3). Miranda’s
surface consists of two types of materials: an
old, heavily cratered terrain and a younger
terrain transected by a complex pattern of
subparallel bands, scarps, and ridges. Areas
of this younger terrain are known as “coro-
nae.” In some places where corona materials
come into contact with the ancient heavily

Flg. 1. Flow region near 30°
south, 60° west. Photoclino-
metric scan lines are marked
A and B.
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cratered terrain, they exhibit distinct convex
profiles like those at the margins of the flows
on Ariel (12). As on Ariel, the most reason-
able explanation of this morphology is that
the convex profiles are flow fronts, and that
the younger material was emplaced in the
solid state.

Information about the rheologic proper-
ties of the flows may be inferred from the
details of their topography. We have ob-
tained topographic profiles across the flow

Fig. 2. Flow regions inside
of Kewpic and Brownic
chasmata. Photoclinometric
scan lines are marked C and
D. The arrow indicates a

flow partially burying a cra-
ter.

left) and ancient cratered
terrain on Miranda, show-
ing the convex topographic
frgnt of the resurfaced ter-
rain. ‘
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features using photoclinometry. Photoclino-
metry uses the photometric function of a
surface and the known lighting geometry of
an image to derive topographic slopes from
surface brightness variations. It has been
used successfully in a variety of planetary
applications (13-16). To determine an accu-
rate descriptive photometric function, a
large number of intensity scans were taken
along lines of constant photometric latitude
in two Voyager 2 narrow angle—camera

clear-filter images of Ariel. The images used
were the same ones used for the photoclino-
metry (FDS 26843.38 and 26845.33), with
phase angles of 32° and 67°. The measured
intensity scans were compared with the in-
tensity variations predicted by two com-
monly used photometric functions, the
Lommel-Seelinger and Minnaert functions.
Calculating least-squares residuals, we found
that the surface of Ariel in the region of the
flows is fit best by thc Minnaert function
(mtcnsxty I pbp*=1 where pq is the co-
sine of the incidence angle and p is the
cosine of the emission angle) with a coeffi-
cient of k = 0.85.

Using the Minnaert function, we generat-
ed a number of photoclinometric profiles
across flow features. Four are shown in Fig.
4. Linear resolutions along the profiles are
in the range 1.0 to 1.5 km. Profile A shows
topography across a flow that extends to the
valley walls; profile B shows the same flow
where the valley has widened. This flow
feature is roughly 1.2 km in height and 20
km across, with a smooth, convex profile
and a flat top. Profile C shows the topogra-
phy- across a flow on the floor of a wider
valley. This flow is about 1 km in height and
nearly 40 km across, and also has a smooth,
convex topographic profile. Profile D shows
the topography across a flow region con-
taining a large medial groove. The entire
flow region is about 50 km across and
contains several rises ranging up to a height
of about 0.8 km. Convex profiles are evident
here as well. The morphology is consistent
with the hypothesis that this medial groove
results from partial flow coalescence.

An estimate of the viscosity of the extrud-
ed material can be determined from these
topographic profiles with a simple analytical
model. We consider the profile of a constant
viscosity, incompressible, Newtonian fluid
spreading on a flat surface under its own
hydrostatic pressure (17). (A power-law rhe-
ology might be a more appropriate one to
use under certain flow conditions, but a
slmplc Newtonian model suffices to obtain
an estimate of the mobility of the flows
relative to their surroundings and to one
another.) Since most of the flow features
considered seem to originate from linear
sources, we use a two-dimensional fluid
flowing outward with Cartesian symmetry.
Let h(x,t) signify the height of the fluid at a
distance x from the source at time t. Then
the pressure in the fluid at a height 2 (z < k)
is:

p=rgh—2) @

where p is the density of the fluid, ¢ is the
acceleration due to gravity for Ariel, and the
pressure at the top of the fluid is taken to be
zero. The equation of motion of the fluid
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(neglecting viscous terms containing hori-

zontal derivatives) is then given by:

h _
P ox = Mo

)

Combining Eqs. 3 and 4 gives the partial
differential equation:

h3a—h> =0 (5)

ox

where u(x,z,t) is the horizontal velocity

within the fluid and m is the fluid viscosity.
Imposing no-slip conditions at the base of
the fluid and zero stress at its top, the

solution for the velocity is:

_Lopg on

u(x,z,t) = 2 m o

Another constraint upon u and  is imposed
by fluid conservation through a vertical
sheet (there are no sources or sinks of fluid

except at x = 0):

oh
ot

z(2h — 2)

3)

+ 56; [L u(x, 2,t) dz] =0 4)

We solve Eq. 5, using a similarity variable
approach, for fluids with total volumes of
the form:

V=S8 (0=dé=1) (6)

where S is a constant. The case ¢ =0
corresponds to a constant volume fluid,
whereas the case ¢ = 1 corresponds to a
flow with a constant source of fluid at
x = 0. One boundary condition on Eq. 5
results from conservation of fluid at x = 0:

ax

h
Q(1) =J h(0,z,t) dz = _Lopg 12 ah
0 3 n N

2 A

IIIIIIIIIIIIIIIIIII

where Q(f) is the extrusion rate at time f.
< The other boundary condition results from
conservation of fluid of the entire flow:

(8)

where 17(¢) is the total volume of the flow at
a time f, and xq is the location of the

V) = fo h(x,t) dx

0 -
— B~ ]

-
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X
= L ]
c
e r 7
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L

' advancing fluid front.
To compare the calculated fluid profiles to
the measured topographic profiles, we allow

W the fluid to spread for one cooling time, =,

v b e b by

=  defined as d°/x, where d is the present height
of the flow and « is the thermal diffusivity
(taken to be that of H,O ice). After one

0 20 40
Scan distance (km)

Fig. 4. Topographic profiles along the scan lines
in Figs. 1 and 2. The vertical exaggeration is 10:1.

Fig. 5. Flow profiles from Fig. 4
(line with X’s) and their best-fit
model profiles (solid line). The ver-
tical exaggeration is 5:1. The vis-
cosity used to generate each model
profile is shown. In profile A the
dashed lines correspond to model
profiles for viscosities one order of
magnitude larger and smaller than
the best-fit viscosity.
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cooling time, we assume that the flow has
cooled sufficiently that its viscosity has in-
creased substantially and spreading has ef-
fectively stopped. The basis for this assump-
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tion is the strong exponential dependence of
ice viscosity on temperature (18). It should
be noted that the spreading of a cooling
flow may be controlled primarily by its
colder, higher viscosity margins. Rapid
cooling of the flow terminus might there-
fore halt motion before substantial cooling
and stiffening of the interior. Our assump-
tion therefore is conservative, since it places
an upper limit on the viscosity of the extrud-
ed material.

Profiles were generated assuming a fluid
extrusion rate that diminishes with time
such that ¢ = 1/2 in Eq. 6, with no extru-
sion after the flow stops at f = 1.. Model
profiles were then compared with topo-
graphic data, leaving the flow volume and
viscosity as free parameters. The best-fit
profiles for five flows are shown in Fig. 5.
Profiles 5D, top and bottom, correspond to
regions of profile D on opposing sides of the
medial groove. The model profiles fit well
except at large slope angles where mass
wasting processes may come into effect. The
viscosity limits found, given in the figure,
are all close to 10" poises. Figure 5, profile
A, also shows calculated profiles for viscosi-
ties one order of magnitude greater and less
than the best-fit value, demonstrating that
the flow viscosities are tightly constrained
by fits to the topography.

The viscosities obtained are relatively in-
sensitive to the functional form assumed for
the extrusion rate. Taking two extremes of
¢ =0 (all of the fluid extruded instanta-
neously at the beginning of the flow) and
¢ =1 (a constant extrusion rate for the
duration of the flow), we find viscosities
that bracket those in Fig. 5 and differ by
only about a factor of 2.

Ice viscosities in the range of 10'¢ poises
are extraordinarily low by normal standards
for the outer solar system and have impor-
tant implications for the thermal history and
composition of the uranian satellites. If the
extruded material were taken to be pure
H,O ice with a Newtonian rheology, the
viscosities found would indicate a tempera-
ture for the ice of about 240 K (18). This is
about 170 K higher than equilibrium sur-
face temperatures expected for these satel-
lites. If the extrusions are indeed pure water
ice, some mechanism must have heated the
satellites’ interiors a great deal at some time
in the past. There are two serious problems
with this hypothesis, however. First, it is not
clear that adequate heat sources are avail-
able. Accretional heating for Ariel can pro-
duce subsurface temperatures as high as 215
K (19), but this heating is concentrated in a
very brief period at the beginning of the
satellite’s history. Accretional heating for
Miranda is substantially less. More recent
tidal heating, although possible for Ariel
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because of passage through a 5:3 resonance
with Umbriel (20), is uncertain in both
probability and magnitude. The same can be
said for tidal heating of Miranda (21). A
more serious problem is that it is difficult to
imagine a global heating mechanism that
could produce warming this great that
would not lead to substantial viscous relax-
ation of nearby large impact craters and
tectonic features that clearly predate the
extrusion events (10-km craters would have
viscously relaxed in ~100 years at such high
temperatures). Instead, a low viscosity mate-
rial appears to have been segregated some-
how, and then mobilized by temperatures
not warm enough to allow relaxation of
surrounding terain.

There are strong cosmochemical argu-
ments that suggest that the uranian satellites
may have formed under conditions that
would have led to inclusion of volatiles such
as CH,, CO, or Nj as clathrates, or NHj; as
one of the stoichiometric ammonia hydrates
(22, 23). Even modest amounts of accre-
tional heating could have created a subsur-
face zone in which partial melting produced
CH,, CO, or N, liquid, or a H,O-NHj;
peritectic melt. These fluids, because of their
mobility and contrast in density with the
surrounding material, would tend to mi-
grate, forming segregated pockets or magma
bodies.

Stevenson and Lunine (24) have suggest-
ed that a small amount of CH,4, CO, or N,
fluid could cause pressure solution creep of a
fine-grained ice matrix, leading to viscosities
as low as 10 poise at uranian system
temperatures. This mechanism is attractive,
although it is untested and highly dependent
upon grain sizes and grain boundary widths.
Very recent experimental results indicate
that the viscosity of H,O-NHj ice can be
substantially lower than that of pure H,O
ice at the same temperature (25). Peritectic-
composition NH;-H,O solid consists of
two stable phases, H,O ice and ammonia
dihydrate (NH3-2H,O). The low viscosity
found experimentally for the mixture indi-
cates a rheology dominated by a more mo-
bile phase other than H,O, probably dihy-
drate (though metastable monohydrate or
glass might also be present). Even if segre-
gated peritectic-composition pockets solidi-
fied after accretional heat was lost, then they
might be remobilized in the solid state by a
relatively mild tidal heating episode. Since
complete differentiation of the uranian satel-
lites is very unlikely, the material surround-
ing these pockets would be comparable in
density to the bulk satellite value of about
1.6 g/em®. Despite the fact that ammonia
dihydrate is slightly more dense than pure
water ice (26), the pockets would be buoy-
ant relative to surrounding undifferentiated

9 SEPTEMBER 1988

material and would rise to the surface if
sufficiently mobile. We note that further
creep experiments on all of these exotic ices
are sorely needed.

The solid-state resurfacing that has taken
place on the uranian satellites is, to our
knowledge, unique in the solar system.
Highly localized ice flows with viscosities
less than 10'® poise on satellites this cold
appear to require the presence of some
material that can substantially increase mo-
bility. If this material is indeed some low-
temperature condensate, then solid-state ice
volcanism might also be found to be geolog-
ically impertant in the Neptune and Pluto
systems.
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Site-Specific Integration of H-ras in
Transformed Rat Embryo Cells

W. GIiLLIES MCKENNA, KEN NAKAHARA, RUTH J. MUSCHEL

A karyotypic analysis was performed on seven independently derived clones of primary
rat embryo cells transformed by the ras oncogene plus the cooperating oncogene myc.
The transfected oncogenes were sometimes present in amplified copy number, with
heterogeneity in the levels of amplification. Some chromosomal features, such as
aberrantly banding regions and double-minute chromosomes, typical of cells carrying
amplified genes, were also seen in three of the seven cell lines. Underlying this
heterogeneity there was an unexpected finding. All seven lines showed a common
integration site for ras on the q arm of rat chromosome 3 (3q12), though some lines
also had other sites of integration. In four of the lines integration of ras was
accompanied by deletion of the p arm of chromosome 3 or its possible translocation to

chromosome 12.

CTIVATION OF THE r4s ONCOGENE

has been implicated in a wide variety

of human and animal malignancies
(1). In NIH 3T3 cells the oncogene has
been shown by calcium phosphate—-DNA
transfection to cause morphological trans-
formation (2) and to induce the tumorigenic
(3) and metastatic (4) phenotypes. Spandi-
dos and Wilkie (5) have shown that it is
possible to transform a variety of early pas-
sage cells with H-ras when the gene is linked
to a strong enhancer. Similar results were
reported for very early passage rat embryo

cells by Pozzatti et al. (6). The latter also
showed that it was possible to obtain rare
transformants with the ras gene alone (in
co-transfection with a selectable marker,
pRSVneo), if rat embryo fibroblasts were
transfected when subconfluent. These rare
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