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Introduction: Uranus’ mid-sized moon, Ariel, 

(radius of 578.9 km) exhibits a complex geologic 
history that includes the formation of massive graben 
and possible cryovolcanic resurfacing [1]. This 
contrasts with its neighbor Umbriel, which despite its 
nearly identical size has a dark, ancient surface 
dominated by impact craters [1]. The two moons must 
have experienced different thermal and orbital histories 
that produced different stress, energy dissipation, 
and/or interior evolution. Here we use observations of 
Ariel’s largest crater, Yangoor, to better constrain the 
thermal conditions in Ariel’s past.  

Ariel’s Impact Craters – Evidence for Viscous 
Relaxation: Ariel’s cratered terrains have crater 
densities less than those on Titania, Umbriel, and 
Oberon, with a particular dearth of large craters [1,2]. 
Although the average depth-diameter (d/D) trend of 
fresh simple craters on Ariel is similar to other icy 
bodies (d/D≅0.1), Ariel’s complex craters with D≳ 35 
km appear shallower than expected when compared to 
other icy moons [3], and its largest observed craters, 
Domovoy and Yangoor, are both much shallower than 
even this already shallow d/D trend would predict 
[1,3]. Yangoor (D=80 km) has a complex morphology 
and geologic history (Fig. 1). Roughly one-third of the 
crater rim has been disrupted by a combination of 
tectonism (an extension of Kewpie Chasma) and, 
potentially, cryovolcanism [1]. Yangoor’s observed 
depth is 0.5–1.5 km, or roughly half its expected depth 
of ~2.7 km [3].  Schenk and McKinnon [4] also 
identified six craters in smooth terrain with diameters 
of 8–12 km that are 50–80% shallower than expected. 
Taken together, these observations suggest that some 
of Ariel’s craters have been modified by viscous 
relaxation [1,2,3,4], in which the stresses induced by 
gravity on the crater’s topography result in viscous 
flow that reduces crater depth.  Viscous relaxation has 
been observed on icy moons such as Ganymede 
[5,6,7], Enceladus [8,9], Dione and Tethys [10]; 
however, the process would require Ariel’s ice shell to 
have a relatively low viscosity, either due to warm 
temperatures or compositional effects.  

Despite these observations, given the sparsity of 
the data, other explanations for Yangoor’s shallow 
depth cannot be discounted. Very little, if any, of 
Ariel’s ancient surface remains, and if cryovolcanic 
resurfacing was the culprit, Yangoor, Domovoy, and 

other shallow craters may simply be partly filled with 
cryovolcanic material. 

Simulating Viscous Relaxation of Yangoor 
Crater: To assess the conditions required to 
substantially reduce Yangoor’s depth by viscous 
relaxation, we used the finite element model Tekton 
[11] to simulate its evolution under a range of thermal 
and rheological conditions. We begin with an 
axisymmetric finite element mesh (i.e., only half the 
crater is simulated) that includes an 80-km diameter 
crater with an initial depth of 2.67 km (rim to center) at 
the surface. The depth is consistent with the depth-
diameter curve of [3]. The simulations are viscoelastic 
and include dislocation creep (three mechanisms), 
diffusion, grain-boundary sliding, and basal slip in a 
composite flow law [12]. The thermal structure 
(surface temperature and heat flux) is set through the 
viscosity structure, and time dependent conditions can 
be simulated. Our current results use a surface 
temperature of 80 K, which is just cooler than peak 
polar temperatures from Voyager 2 thermal emission 
measurements [13]. This temperature may be 
optimistically warm, as temperatures can fall to 30 K 
during the long polar night [14]. However, a solid-state 
greenhouse may buffer this variation and increase 
diurnally averaged temperatures by 20 K [14]. We 
investigated both radiogenic and constant heat fluxes 
for time spans of up to 4 Gyrs. 

 

 
Figure 1: Voyager 2 mosaic of Ariel 
(https://photojournal.jpl.nasa.gov/jpeg/PIA01534.jpg). 
Red arrow indicates location of Yangoor crater. 
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Results: Radiogenic heating alone is insufficient to 
reduce the depth of Yangoor. We assumed a chondritic 
abundance [15] that results in a maximum radiogenic 
heat flux of 6.4 mW m-2 at 4.6 Gyrs ago, and 0.8 mW 
m-2 at present. Even after 4 Gyrs, the rim depth of our 
simulated crater changed by less than 8 m. A factor of 
two difference in the flux (e.g., due to greater or lesser 
abundance of radiogenic material) does not change the 
conclusion that radiogenic heating is inconsequential.  

Reducing Yangoor’s depth to within the range 
reported by [3] requires a sustained heat flux of at least 
60 mW m-2 (Fig. 2): ten times the maximum radiogenic 
flux. In that case, the elevated flux must be sustained 
for 2 Gyrs. Higher heat fluxes sufficiently reduce 
Yangoor’s depth on shorter timescales. A heat flux of 
70 mW m-2 will reduce the depth to 1.5 km in 200 
Myrs, and a flux of 80 mW m-2 will do so in 20 Myrs.   

   

 
Figure 2: Rim depth as a function of time for a 
Yangoor-like crater under heat fluxes ranging from 10 
mW m-2 to 80 mW m-2, as labelled.  
 

Discussion: The heat flux required to viscously 
relax Yangoor to a depth of < 1.5 km greatly exceeds 
radiogenic but is consistent with the range inferred by 
[16]. Tidal heating of Ariel may have occurred during 
its chaotic evolution through a series of mean-motion 
resonances [17,18,19]. These include a possible 4:1 
mean-motion commensurability with Titania that 
would have increased Ariel’s eccentricity to a value 
more than ten times its current eccentricity, with a 
damping timescale of 100 Myrs [19]. The timescale is 
sufficient to cause relaxation of Yangoor to its current 
depth, but the resulting heat flux is likely insufficient 
[16]. Viscous relaxation of Ariel’s smaller craters is 
even more challenging and would require ever greater 
fluxes and/or longer timescales. 

Alternatively, the viscosity and/or thermal 
conductivity of Ariel’s lithosphere may be lower than 
assumed here. Ground-based observations have 

observed both CO2 [20] and ammonia [21] on Ariel. 
CO2 clathrate (notably not observed by [20]) has a 
much lower thermal conductivity than water ice [22] 
and would act to keep subsurface temperatures much 
warmer for the same heat flux. Unfortunately, they 
also have a high viscosity, and if present in quantities 
large enough to affect the thermal structure may inhibit 
viscous flow. Alternatively, a high-porosity ice layer, 
if sustained against closure by viscous flow, could also 
decrease the thermal conductivity and maintain a 
relatively warm lithosphere without increasing its 
viscosity.  

Ammonia dihydrate is up to four orders of 
magnitude less viscous than water ice for temperatures 
greater than 143 K [23], and its presence might enable 
viscous relaxation [1,2], as also proposed for 
Enceladus [8]. However, at temperatures below 143 K, 
ammonia dihydrate is stronger than water ice [23] so a 
relatively warm subsurface is still required even if 
ammonia is invoked. Ongoing work will better 
constrain the compositional conditions that enable 
viscous relaxation at lower heat fluxes.   
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