
DETERMINING ICE SHELL CONDITIONS CONDUCIVE TO CONVECTION-DRIVEN GROOVED 

TERRAIN FORMATION ON GANYMEDE.  Noah P. Hammond and Amy C. Barr, Department of Geological 

Sciences, Brown University, Providence, RI 02910; noah_hammond@brown.edu 

 

Introduction:  The relatively young, bright 

grooved terrain covers over half of Ganymede’s sur-

face is characterized by zones of intense local defor-

mation [1]. Mechanisms proposed for the formation of 

grooved terrain include extensional faulting, cryovol-

canism and convection-driven lithospheric spreading 

[2-4]. Lithospheric spreading has been suggested as a 

mechanism for resurfacing on Enceladus and Europa, 

where conditions may have been similar [5-6] and 

there is evidence that at least some lithospheric spread-

ing has occurred on Ganymede [7]. Here, we deter-

mine the likely range of ice shell thicknesses necessary 

for the formation of grooved terrain due to lithospheric 

spreading driven by solid state convection in Gany-

mede’s ice shell.   

Background: Galileo imagery revealed that 

grooved terrain is dominated by grooves ~10 km wide 

which are subdivided by narrower grooves 100 m − 1 

km wide [8]. Topography within the lanes consists of 1 

kilometer-wide fault blocks superimposed on broad-

scale highs and lows with a wavelength of 6 to 8 km 

[8]. This double-wavelength structure can form by 

extensional necking in an ice shell with a surface heat 

flux of 20 − 120 mWm
-2

 and strain rates between 10
−16

 

and 10
−13

 s
−1

 [9, 10]. Models of flexural uplift predict a 

higher heat flux of 100 − 200 mW m
2
 within groove 

lanes [11]. The maximum heat flux experienced by the 

adjacent dark terrain using similar methods is 60 – 80 

mW/m
2
 [12].  

It has been proposed that grooved terrain formed 

during a period of increased orbital eccentricity and 

high tidal heat flow associated with Ganymede’s cap-

ture into a Laplace like resonance [13, 14]. Prior mod-

els of the thermal evolution of Ganymede’s ice shell 

assumed that the high heat flow would cause the ice 

shell to melt.  However, the heat flows and defor-

mation rates inferred for the formation of grooved ter-

rain are not unlike those inferred at the South Polar 

Terrain of Enceladus, where so-called “mobile lid” 

convection may be possible [5]. This style of convec-

tion occurs in planetary mantles with a weak upper 

surface which permits plumes to come close to the 

surface to transport heat and drive deformation. Heat 

flows and deformation rates associated with this style 

of convection are able to create the observed heat flow 

and surface age of Enceladus south polar terrain [5].   

Additionally, Head et al., [7] identified geologic 

evidence for 25 km of crustal spreading in Arbela Sul-

cus. They suggest grooved terrain may have formed by 

a mid-ocean ridge mechanism similar to that proposed 

for bands on Europa [6,15]. It thus seems possible that 

convection-driven resurfacing may have played a role 

in the formation of grooved terrain.  

Methods: We use the convection model CITCOM 

[16] to explore a range of ice shell conditions to de-

termine if mobile lid convection can create surface 

conditions similar to those inferred at grooved terrain.  

The convective heat flux, F, is, 

       
   

 
   ,             (1) 

where k is the thermal conductivity,    is temperature 

contrast between the surface and the base of the ice 

shell, D is the ice shell thickness and Nu is the Nusselt 

number. The Nusselt number describes the relative 

efficiency of convective heat transport over conduc-

tion, which depends upon the vigor of convection, de-

scribed by the Rayleigh number, 

            
       

  
,             (2) 

where ρ is density, g is gravity, α is thermal expansiv-

ity, η is viscosity and κ is the thermal diffusivity. We 

use ρ = 1000 kg m
-3

, g=1.43 m s
-2

, α=10
-4 

K
-1

, k= 3.3 

W m
-1

 K
-1

,  =10
-6

 m
2 

s
-1

and   =150 K, corresponding 

to a surface temperature of 110 K and a basal tempera-

ture of 260 K. Viscosity varies as a function of temper-

ature as, 

                                   ( )        (    )⁄ ,             (3) 

where θ = ln(Δη) [17]. We use a melting point viscosi-

ty of  10
14

 Pa s [18] and vary Δη between 10
3.25 

Pa s 

and 10
4
 Pa s to mimic the effect of a weak upper sur-

face (cf., [5]). We vary the basal Rayleigh Number 

between 10
5.5

 ad 10
8.5

.  

      We assume a basally heated shell and initially ne-

glect tidal heating, because the strong dependence of 

viscosity on temperature is the most important factor in 

determining the heat flow and near-surface behavior 

[17]. We treat the entire ice shell as a viscous material 

deforming by Newtonian volume diffusion [19], as-

suming that the surface is sufficiently weakened by 

impact fracturing, tidal flexing, and/or shallow tidal 

heating such that surface yield stress is less than the 

critical stress for mobile lid convection [17, 20, 21].  

      We simulate convection in an 8x1 box using either 

periodic of free slip boundary conditions. We find that 

a wide domain is necessary because at modest Δη the 

natural wavelength of a convective plume is much 

larger than the thickness of the ice shell. Simulating 

convection in a narrow domain can affect the convec-

tive wavelength and the resulting Nusselt number and 

near-surface deformation rates. By exploring periodic 
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and free slip boundary conditions for a variety of initial 

conditions, we are able to assess the significance of the 

boundary conditions in determining the results. 

      For a simulation to successfully create grooved 

terrain, it must produce a 10 km – 100 km wide region 

with a heat flux > 100 mW m
-2

 and a strain rate be-

tween 10
−16

 and 10
−13

 s
−1

, and the heat flux outside this 

region must be 60 – 80 mW m
-2

. 

Results: Our results show that convection can cre-

ate conditions required to form grooved terrain at a 

wide range of ice shell conditions. Figure 1 shows a 

convective regime diagram (Δη versus Rayleigh num-

ber) where symbols represent the convection simula-

tions we performed. Successful calculations are repre-

sented by red poins; calculations which do not match 

grooved terrain conditions are shown as black points. 

Simulations in a 1x1 box from [5] are plotted as empty 

squares as a comparsion.  

 
Figure 1. Log-log plot of Δη versus basal Rayleigh number for con-

vection simulations. Red, black and blank points represent successful 
and unsuccessful calculations for grooved terrain and simulations for 

the south polar terrain of Enceladus from [6], respectively. Squares 

and triangles represent calculations using free slip and periodic 
boundary conditions, respectively.  

 

Conditions conducive to grooved terrain formation 

occur for 10
3.25

 < Δη < 10
3.75

,
 
higher than the Δη re-

quired to match the observed heat flow for Enceladus 

[5]. They lie atop the formal boundary between the 

“sluggish-” and stagnant-lid convective regimes for a 

Newtonian fluid (Δη =10
3.47

) [17]. Rayleigh numbers 

between 10
6
 and 10

8
 can produce conditions similar to 

grooved terrain, corresponding to ice shell thicknesses 

at the time of groove terrain formation of 16 – 80 km 

given a melting temperature viscosity of 10
14

 Pa s. 

Figure 2 shows a candidate successful calculation with 

Ra0=10
7.5 

and Δη=10
3.75

, corresponding to an ice shell 

thickness of 54 km. Regions with F>100mWm
-2

 are 20 

- 80 km wide, with and average heat flux of 116 

mWm
-2

 and strain rates between 10
-14

 and 10
-13

. Out-

side this region, the average heat flux is 64 mWm
-2

.  

 
Figure 2: (top) Temperature field for convection calculations with 

Ra0=107.5, Δη=103.75, D=54 km). (bottom) Heat flux and strain rate as 

a function of horizontal distance (black and blue lines, respectively). 

 

Discussion: Our results suggest that Ganymede’s 

ice shell could have been between 16 – 80 km during 

grooved terrain formation. Because we treat the sur-

face as a viscous fluid, our results also show a high 

strain rate near convective downwellings. However, 

the heat flux at this region is less than 50 mWm
-2

. Un-

der such conditions it is unlikely the surface would 

yield, and the surface above the convective down-

welling may remain stagnant. This would allow for 

crustal spreading to occur within grooved terrain with 

minimal surface deformation outside grooved terrain. 

Future calculations incorporating yield stress may pro-

duce this behavior. If convection occurred simultane-

ously with global expansion, convection driven resur-

facing could form grooved terrain without significant 

surface contraction, in agreement with geologic evi-

dence.   
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