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Introduction: Ganymede, the largest Galilean 

moon of Jupiter and in the solar system, has a surface 
that betrays a long history of geologic activity [1], sim-
ilar to those of various other icy moons such as Europa 
and Enceladus, among others [e.g., 2]. First observed 
at close range by the Voyager mission in 1979 [3], the 
Galileo mission furthered our knowledge of its dynam-
ic history with high-resolution imagery of parts of its 
surface and magnetic evidence of a subsurface water 
ocean [4]. While loosely constrained, best estimates of 
the outer ice shell thickness are around 100 m [5]. 
High resolution imagery from Galileo indicated frac-
ture/fault-like structures related to both normal and 
strike-slip processes [6]. Several previous studies have 
shown that several features can be attributed to exten-
sional tectonism, and recent mapping of the surface of 
Ganymede suggests that strike-slip faulting also plays 
an important role in its tectonic history [7]. Open ques-
tions related to fracturing and faulting in such icy bod-
ies include: What is the prevalence of strike-slip vs. 
normal faulting? How do features relate to the terrain 
in which they lie? How can we differentiate between 
features from orbit or remote observation?  

While previous studies rely on visible 2D mapping 
to categorize such processes [e.g., 7], here we present 
results using surface topography dependent upon fail-
ure mechanics and how these can be characterized by 
altimetry of the surface, particularly focused on impli-
cations for scientific returns from the Ganymede Laser 
Altimeter (GALA), a laser altimeter that will fly 
onboard ESA’s JUpiter ICy Moons Explorer (JUICE) 
mission, scheduled to launch in 2022 and arrival at the 
Jupiter system in 2029. Dependent on failure mecha-
nism, what can GALA expect to see above the ubiqui-
tous surface fractures? How can we prepare to interpret 
these results? As the first laser altimeter for icy bodies, 
surface returns from GALA will be a crucial piece of 
the puzzle in understanding the formation of surface 
features, and will no doubt improve our understanding 
of icy moon tectonics.  

The Ganymede Laser Altimeter (GALA): The 
JUICE mission will carry ten payloads, one of which 
will be the GALA instrument. GALA is a laser altime-
ter that will emit at a wavelength of 1064 nm firing at 
30 Hz [e.g., 8]. Surface spot size at 500 km orbit will 
be approximately 50 m. GALA will be operated from 

ranges smaller than 1300 km during flybys of Europa, 
Ganymede and Callisto; the primary observation phase 
for the instrument will be its final circular polar orbit 
about Ganymede at 500 km. GALA will provide the 
first laser altimetry data over a planetary body. GALA 
and the JUICE mission on the whole will target the icy 
Galilean moons. The mission is designed to study the 
moons’ unique characteristics in terms of surface geol-
ogy, interior structure, and evolution.  

Models of Fracture Geometry and Topography:  
Using expected penetration depths of both surface and 
basal fractures in an ice shell, we can estimate possible 
effects on observable surface topography[]. In doing 
so, we can relate near-surface and subsurface features 
to surface features, which in turn we can use to deter-
mine the spatial limits to which the GALA instrument 
can detect such features. This enables detection of sub-
surface mechanics via remote sensing instrumentation 
on passing spacecraft without the explicit necessity of 
a landed mission. Particularly of interest is the surface 
expression of any basal fractures, as these are not as 
obvious as are surface features/fractures.  

 
Figure 1. Expected surface topography above a basal 
fracture reaching to within 20 km of Ganymede’s sur-
face. This illustrates that large-enough basal fractures 
are likely to be detected from orbit using high resolu-
tion laser altimetry. Profiles were produced using the 
Okada et al. (1985) method to determine deformation 
of a surface over a crack in an elastic half-space. 
 

To bound expected surface effects of subsurface 
fractures, we use the Okada [1985] approach to inves-
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tigate surface deformation due to a subsurface fault. 
Figure 1 shows the expected surface flexure due to a 
basal fracture (that does not perforate the surface) for 
an example ice shell for Ganymede (100 km) under 1 
MPa stress. A basal fracture would propagate to within 
~20 km of the surface. Results show that such a mid-
range fracture could produce surface flanks up to sev-
eral meters high, spread over several km from the rift 
axis in the horizontal direction. These results illustrate 
that any surface expression of a basal fracture reaching 
even the middle of the ice shell would be fairly low-
relief and localized, but certainly measurable with 
high-resolution topographic mapping by GALA. Given 
the low-relief and localized flank spreading, it is how-
ever likely that fractures that do not penetrate close to 
the surface will be more difficult to detect, especially 
when variations in the rheology of the upper ice shell 
are considered. 

Altimetric returns over ice fractures on Earth: 
We used surface profiles from the ICESat mission 
(2003-2009) and NASA’s Operation IceBridge’s Air-
borne Topographic Mapper (ATM), both green laser 
altimeters, and newly-acquired photon-counting altim-
etry data from the recently-launched ICESat-2 mission 
to characterize rift topography in floating ice shelves 
around Antarctica [9]. In our survey of every large rift 
in Antarctica, we observed “bumps” or flanking uplift 
in nearly all rifts. We found that the most pronounced 
uplift along rift axes occurred along actively- or re-
cently-propagating fractures. We also observed that 
there is an offset between the two sides of a rift; i.e., 
the flanks exhibit asymmetry. An example is shown 
using ICESat returns (two separate groundtracks) over 
a large rift in the Filchner Ice Shelf, which is approxi-
mately 700 m thick, in Figure 2. We determined that 
the same side was enhanced regardless of the ascend-
ing/descending direction of the observations; as such 
we are convinced this effect is not attributable to bias 
from rift wall approach direction. This phenomenon 
was also observed in the field [9]. We show that over 
time, the flexure dissipates due to viscous relaxation, 
and older walls appeared rounded off.  

Results of modeling an ice shelf rift as an angled 
fault demonstrate that this model predicts uplift and 
offset between rift walls that match the altimetric ob-
servations within an order of magnitude. While this is 
a static picture of the elastic response to normal fault-
ing in a layer of ice, it is not entirely realistic to assume 
that rifts will behave elastically throughout the time-
scales over which they evolve. As such, it is prudent to 
consider the process of viscous relaxation. Using the 
viscous slab approach [10], we show that flexural to-
pography should decay within a characteristic time, 
given by τ_α=  (ηH_υ^3)/(27Δρgα^4  ) 

Here, η is the ice viscosity and H_ν is the effective 
viscous thickness of the plate, here assumed to be be-
tween ¼ and ½ of the entire ice thickness. We hypoth-
esize that while fractures are still actively propagating, 
mass is still added/subtracted from the walls via nor-
mal faulting, and as such a buoyancy differential is 
continually being generated, thus the result is that the 
offset is maintained. As the rift ages, the oldest seg-
ment of the rift axis likely equalizes itself first as it 
viscously relaxes. 
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Figure 2. Topography of the central rift on Filchner Ice 
Shelf along ICESat tracks 1303 and 0085. The vertical 
offset is visible all along the rift axis, with the seaward 
side of the rift sitting higher than the landward side 
along both tracks. (Bottom inset) Box plot shows the 
offset magnitudes for each sampled track across the rift 
axis through the ICESat lifetime. 

Summary: Using our terrestrial measurements 
from ICESat, ICESat-2 and Operation Icebridge over 
terrestrial ice rift systems, we test models of fracture 
and failure in floating ice to determine the types of 
topography we can expect to observe in the ice shells 
of the Galilean moons in preparation for science return 
from the GALA instrument. We aim to test constraints 
on feature formation by different fracture processes, 
and constrain expected observability limits for features 
on Ganymede’s surface and subsurface. 
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