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Introduction:  The ice shell of Saturn’s moon 

Enceladus has experienced a protracted history of 
tectonic activity. Cratered terrains on Enceladus may 
date back to 2 Ga [1], whereas the south-polar terrain 
(SPT) and associated thermal anomaly is geologically 
young and currently active [2-6]. Accordingly, tectonic 
features associated with the SPT (Fig. 1), which include 
features both within and outside of the so-called 
dichotomy boundary that circumscribes the SPT, are 
geologically young. Such features include eruptive 
fissures (tiger stripes) and variably oriented ridges and 
cracks that pervade the SPT [6-8] and young rift systems 
of normal faults (so-called pinwheel rifts; Fig. 1) that 
emanate from the SPT on the trailing hemisphere side 
and propagate northward [9]. Young tectonic features 
have also been described within ancient cratered terrains 
outside of the SPT, typically manifested as pit chains 
[10], which may postdate recent SPT tectonic activity.  

The patterns of these young tectonic features are 
diverse and imply a complex stress history. Some of 
these features have been interpreted previously in the 
context of global stress states related to nonsynchronous 
rotation (NSR) [6, 11]; however, pinwheel rift systems 
radial to the SPT [9] (Fig. 1) are inconsistent with an 
NSR stress field (Fig. 2a).  

In this work, we show that pinwheel rift orientations 
and their location asymmetry about the SPT are more 
consistent with a global stress field related to true polar 
wander (TPW), ostensibly related to the reorientation of 
the south polar thermal anomaly to the current rotational 
pole [12] in the recent geologic past. We demonstrate 
that stress fields and resultant tectonics evolved from 
TPW-dominated to NSR-dominated during the period 
in which the SPT thermal anomaly has been active. 

South Polar Terrain:  The SPT is pervasively 
fractured and includes the eruptive tiger stripe fissures 
(Fig. 1). The SPT fractures have been previously 
mapped as defining distinct sets in at least 4, but 
possibly more, orientations [6]. Although a number of 
disparate models have been proposed for the formation 
of tiger stripe fissures and other features in the SPT [8, 
13], we favor a model in which consecutive sets of 
fractures formed at different points in time and with 
different orientations in response to the stresses created 
by nonsynchronous rotation of the ice shell about its 
current rotational pole (see [6] for a detailed 
explanation). This sequence of events culminated in the 

formation of the currently active tiger stripe fissures and 
thus represents one of the most recent geologic events 
on Enceladus. 

 
Figure 1: Main elements of the SPT in a south polar 

projection; equator along the outer edge. Tiger stripes in red. 
Blue shading shows three “pinwheel” rift systems emanating 
from cuspate protrusions (pink) on the trailing hemisphere 
side of the dichotomy boundary (dashed white line). The 
yellow line represents the outer deformation boundary. 

 
Pinwheel Rifts:  A system of at least 3 tectonic rifts 

(cf. chasmata [14]) emanate from cuspate protrusions 
along the trailing hemisphere margin of the dichotomy 
boundary [9] at ~50°S and between 30-130°E. These 
rifts can exceed 10 km in width and 3 km in depth and 
are bounded to either side by a stepped system of normal 
faults, implying extension. The rifts propagated 
northward up to 260 km, with two crossing the outer 
deformation boundary and one continuing into the 
northern hemisphere. The initiation of the rifts at the 
boundary of the SPT indicates a causal and temporal 
relationship between rift formation and early SPT 
activity (they pre-date the tiger stripes and other fracture 
sets in the center of the SPT); however, their restriction 
to the trailing hemisphere side of the SPT implies that 
extensional stresses responsible for the orientations and 
driving force for the pinwheel rifts were asymmetrically 
distributed about the SPT. Such a stress field is 
inconsistent with that caused by NSR at 50°S (Fig. 2a). 
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Pit Chains in Cratered Terrains: Among the 
youngest tectonic features on Enceladus are sets of pit 
chains in cratered terrains on the Saturn-facing or anti-
Saturn directions [10]. They crosscut the SPT boundary 
and other relatively young tectonized terrains, implying 
they are among the most youthful tectonic features on 
Enceladus. Crosscutting relationships allow a definitive 
age sequence to be unraveled and changing orientations 
through time are consistent with the rotation of the ice 
shell through an NSR stress field in Enceladus’s recent 
geologic history [11], similar to the SPT fracture sets.  

 Reorientation of the SPT:  The thermal anomaly 
beneath the SPT may be related to a diapir beneath the 
rigid outer portion of the ice shell [12, 15]. If this diapir 
was not originally located at the current rotational pole, 
the mass anomaly may have been reoriented towards the 
pole by as much as 30° [12], producing a TPW stress 
field. Hence, tectonic features related to the early 
history of the SPT and migration of the thermal anomaly 
should be considered in the context of such a stress field. 

Stresses Related to Nonsynchronous Rotation: 
NSR about the current rotational pole creates a stress 
field with hemispherical reflection symmetry about a 
plane containing the tidal axis (Fig. 2a). As a result, two 
locations at the same latitude that are 180° apart in 
longitude experience identical stress conditions. This 
result contrasts greatly with TPW stress fields. 

Stresses Related to True Polar Wander: The 
stress field related to TPW is dependent upon the initial 
and final locations of the pole of rotation as well as the 
initial and ending locations of the tidal axes in the 
Saturn-facing and anti-Saturn hemispheres. If both the 
rotation poles and tidal axes migrate, the resultant stress 
field shows two-fold reflection symmetry about the 
planes containing the tidal axis or the equator (Fig. 2b). 

Discussion: The SPT on Enceladus represents a 
thermal anomaly in the ice shell that likely formed at a 
lower latitude than its current south polar location. This 
migration created a TPW stress field that guided 
tectonic features forming during or shortly after the 
migration event. The pinwheel rifts are examples of 
such features. They formed away from the dichotomy 
and propagated northward under ~E-W extension in the 
trailing hemisphere only, consistent with a TPW stress 
field in which the original tidal axis was 60°-90° away 
from the location of the thermal anomaly prior to the 
onset of the TPW (Fig. 3b). 

Once the current rotational pole was established, 
fracture sets in the SPT and recent pit chains in cratered 
terrains formed as the ice shell began to reorient 
nonsynchronously about the new pole, creating an NSR 
stress state (Fig. 2a) that was not conducive to continued 
growth of the relatively older pinwheel rifts outside the 

SPT, nor the development of new ones from the 
dichotomy. We conclude that the ice shell of Enceladus 
has experienced two major periods of reorientation and 
associated stress fields during the lifetime of the thermal 
anomaly, beginning with migration of the rotational 
pole (TPW) followed by NSR about the current pole. 

 

 
 

 
 
Figure 2: (a) Symmetric NSR stress field for a rotational 

period of 500,000 years. (b) Global stress field related to TPW 
in which the initial pole of rotation (open circle) was at 45°S, 
90°E but migrated to the current south pole (black circle). The 
original tidal axis (open square) migrated during the pole 
reorientation to its current location (black square). In both (a) 
and (b), ticks show tensile (red) and compressive (blue) 
horizontal principal stress orientations. Black boxes show the 
locations of pinwheel rifts. Tensile stresses are positive in both 
plots. Stresses calculated using the program SatStressGUI. 
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