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Introduction: Enceladus’s geologic activity is fo-

cused within the South Polar Terrain (SPT), which 
consists of young, tectonically disrupted terrain that is 
separated from the rest of the moon by a distinct 
boundary of sub-parallel ridges and troughs hundreds 
of meters high [1, 2]. The most striking feature within 
the SPT is the long, parallel fractures known as “tiger 
stripes” [1], and the mostly water ice plumes that sup-
ply Saturn’s E-ring originate from these stripes [1]. 
Additionally, thermal measurements from the Compo-
site Infrared Spectrometer (CIRS) instrument on Cas-
sini revealed temperatures > 180 K, far in excess of the 
expected surface temperature of ~75 K [3], suggesting 
elevated regional heat flow; the highest temperatures 
are associated with the tiger stripes, further implicating 
these unique features as loci of activity. Integrating this 
excess temperature over the SPT, the total emitted 
power has been estimated to be 5.8 to 18.9 GW [3, 5]. 

Other than the tiger stripes, the main landform 
found in the SPT is sub-parallel to parallel ridges and 
troughs. These include those that strike roughly paral-
lel to the boundary at ~55° S latitude between the SPT 
and the rest of Enceladus, which have wavelengths of 
~5 km and amplitudes of several hundred meters. 
Similarly, high-resolution images of the south pole of 
Enceladus have revealed regions of closely spaced 
quasi-linear features that exist between the tiger stripes 
and possess a wavelength of ~1.1 km [3,4]. Barr and 
Preuss [2010] thought the terrain looked similar to the 
ropy pahoehoe commonly found on terrestrial basaltic 
lava flows, and hence dubbed it “ropy” terrain.  

The ridges and troughs both in between the tiger 
stripes and along the boundary of the SPT have been 
interpreted as forming in response to local compressive 
stresses. The sub-parallel ridges and troughs in the SPT 
boundary zone have slopes and changes in slopes that 
have suggested a contractional formation mechanism, 
potentially folding of the lithosphere [2]. Beddingfield 
et al. [2] applied a geometric analysis to elevation 
models of the features to estimate the amount of hori-
zontal shortening at a minimum of 10%. Recent nu-
merical work by Bland and McKinnon [6] has re-
vealed, however, that substantial shortening of an icy 
lithosphere can be taken up largely by passive thicken-
ing during the incipient nucleation stage of a litho-
spheric fold; consequently, strain estimates based on 
the geometry of putative long-wavelength, low-
amplitude folds significantly under-predicted the 
amount of horizontal shortening. Understanding how 

much shortening these folds accommodate is critical to 
unraveling the mechanical history of the SPT. 

Between the tiger stripes, the pahoehoe texture be-
lieved to be analogous to ropy terrain forms under a 
compressional stress acting on the colder (more vis-
cous) surface layer of the lava, causing folding [7-9]. 
Thus, Barr and Preuss [2010], employing a semi-
analytic model with a purely viscous rheology [8], 
constrained the conditions during folding, namely 
thickness of the folding layer consistent with the ob-
served wavelength and compressive stress magnitudes 
needed to overcome the resistive weight of a growing 
fold. However, this work did not resolve the growth of 
the folds to their observed amplitude because it em-
ployed small strain theory and used a simple viscous 
rheology [7, 8]. Subsequent work, taken to large strains 
and using a more realistic rheology found an extremely 
narrow parameter space in which it was possible to 
form this short-wavelength topography [6]. 

Thus, these two scales of putative folds present an 
opportunity. Wavelength scales with the thickness of 
the folding layer, and for lithospheric folds, this thick-
ness primary depends on thermal state. Consequently, 
understanding the formation of these two scales may 
allow constraints on the variation of the thermal state 
between the center of the SPT and its boundary. Such 
an assessment can be used to refine estimates of the 
thermal power emitting from the SPT and further elu-
cidate the engine that is driving the perplexing activity. 

Methods: We use the commercially available 
MSC.Marc finite element package, incorporating an 
viscous-elastic-plastic rheology and includes the strain 
weakening as described in [11]. The software is well 
suited to the investigation of geodynamic problems 
[12-15]. We use material, thermal, and rheological 
parameters for water ice that have been measured in 
the laboratory [see 14, 15, 16]. 

Our simulated domain is one radial slice in a planar 
geometry, as the folds are largely invariant along their 
strike for distances far longer than the wavelengths. 
We test for both the shorter wavelength features (~1.1 
km) and the longer wavelength features (~5 km). Tak-
ing advantage of symmetry, we simulate a crest to 
trough of an initial sinusoidal topographic perturbation 
of 1 m in amplitude. For the ‘ropy terrain’ features, we 
set the depth of the domain to be 1500 m. We consider 
the individual wavelengths for the width of each mesh. 
To identify the dominate wavelength of folding, seven 
different widths were tested: 450, 500, 550, 600, 650, 
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700, 750 m. For the longer wavelength boundary folds, 
we set the depth to be 6000 m and the widths to be 
2500, 3000, 3500, 4000, 4500, and 5000 m. 

Next, we consider two different thermal models for 
the different sets of features. We assume that both cas-
es would have a high background heat flow of 400 
mW m-2. However, the shorter wavelength features in 
the central SPT are set up to have a higher surface 
temperature of 186 K [cf., 10], and the cases set for the 
folds at the SPT boundary have a lower surface tem-
perature of 90 K. We also assume a formation time 
scale of 1 Myr, consistent with the young crater reten-
tion age of the SPT and with the observed geologic 
activity. Furthermore, we presume that the features 
underwent a significant amount of lateral contraction 
and test cases out to 30% horizontal shortening, with 
outputs every 10%, for a rate of ~10-14 s-1.  We apply a 
density of 950 kg m-3, a gravity of 0.113 m s-2, and an 
ice grain size of 1 mm. 

Results: In searching for the dominant wavelength 
of the instability, we search for the largest amplifica-
tion factor, which is defined as the ratio of topographic 
amplitude to its initial value (1 m for these simula-
tions). Our initial results demonstrate different amplifi-
cation scenarios for the two thermal cases. In the high 
surface temperature simulations (186 K), there is in-
creased amplification as the half-wavelengths increase 
in length (Fig. 1), indicating that the dominant wave-
length has not been identified and that cases with larg-
er initial wavelengths are required. None of the half-
wavelengths that are tested show much amplification 
for shortening less than 10%, with a range of 1.1-4.7. 
For 30% shortening, the amplification factor starts at 
19 for an initial wavelength of 0.9 km and ends at 93.8 
for an initial wavelength of 1.5 km. Note that for a 
shortening of 30%, the final wavelength of this last 
case is close to the observed wavelength of ~1.1 km. 
Thus, the final wavelength predicted from these simu-
lations will be a convolution of the lithospheric thick-
ness set by the thermal state and the total amount of 
horizontal shortening. 

For the larger wavelength features, less amplifica-
tion is observed (Fig. 1), but the dominant wavelength 
will clearly be larger, supporting the notion that the 
variation in fold wavelength observed across the SPT 
can be used to chart variations in thermal state. For 
10% shortening, the range of amplification values 
range from 0.737-20.8. For 30%, we find the amplifi-
cation ranges from 0.38-54.1. 

Discussion and Conclusions: Much effort has 
been put in to estimating the thermal power emitted 
from the SPT [3, 5, 16]. The surface temperatures are 
higher at or near the tiger stripes [5, 16] and decrease 
as the distance from the vents increases. This creates 

the conditions under which we have designed our 
thermal models and could potentially explain the varia-
tions in wavelength of the two sets of putative folds. In 
our simulations, we can produce amplification that is 
consistent with the observed conditions on Enceladus, 
though we have yet to identify the exact suite that re-
produces the observations. While future simulations 
will do so, our current results show that the variation in 
wavelength from the center of the SPT to its boundary 
is consistent with enhanced thermal conditions be-
tween the tiger stripes. 
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Figure 1. The amount of amplification for each half-
wavelength as a function of 10, 20, and 30% shorten-
ing. Red is for the smaller wavelength features; blue is 
for the longer wavelength features. 
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