
GEOLOGICAL SUPERPOSITION NETWORKS ON EUROPA: A CORROBORATION OF THE 
NONSYNCHRONOUS ROTATION HYPOTHESIS.  Z. A. Selvans1 and R. T. Pappalardo2, 1University of Colo-
rado at Boulder, Laboratory for Atmospheric and Space Physics (zane.selvans@gmail.com), 2Jet Propulsion Labora-
tory, California Institute of Technology (robert.pappalardo@jpl.nasa.gov). 

 
 
Introduction: Europa lacks the high density of cra-

ters and the well understood impactor population 
which, in combination, have allowed us to accurately 
determine the relative, and in some cases absolute, 
ages of surfaces in the inner solar system. Fortunately, 
Europa’s extensive system of lineaments provides an-
other potential source of temporal information: the 
superposition relationships visible where two linea-
ments intersect each other. 

We encode such relationships using a data structure 
which we call a Geological Superposition Network 
(GSN), and from it we are able to generate a partial 
temporal ordering over a set of mapped features.  This 
partial ordering can be tested for consistency with an-
other hypothesized order of formation.  If the two or-
derings agree better than chance would predict, the 
GSN is said to corroborate the hypothesized ordering. 

We have constructed a GSN from the linear tec-
tonic features in the southern portion of the Galileo 
E15 leading hemisphere regional mapping swath 
(15ESREGMAP02) on Europa.  We find that the su-
perposition relationships within this region strongly 
corroborate the order of formation that we infer if we 
assume the shell has experienced ≤180° of prograde 
nonsynchronous rotation (NSR), and that the linea-
ments have formed as tensile fractures resulting from 
NSR stresses [1].  The level of agreement is compara-
ble to what we would expect to see if ~40% of the 
mapped features are attributable to NSR.   

From Map to GSN:  A GSN is built using a con-
struct known in discrete mathematics as a directed 
graph or digraph, composed of nodes or vertices, con-
nected to one another via directed edges, usually repre-
sented graphically as arrows.  In a GSN, each node 
represents a mapped geologic feature, and each edge a 
superposition relationship between two intersecting 
features.  The direction of the edge is oriented with the 
arrow of time, thus pointing from the apparently older 
feature to the apparently younger one.  Not all intersec-
tions are unambiguous, and so each edge is assigned a 
confidence value, 0.5 ≤ k ≤ 1.0, representing an esti-
mate of the probability that the ordering is correct, 
with k=0.5 indicating total ambiguity, and k=1.0 indi-
cating certainty. 

If there exists a directed path from one node 
(mapped feature) to another within the GSN, then the 
stratigraphic relationship between them is defined (see 
Fig. 1).  We let the confidence of that relationship be 

determined by the most confident path connecting the 
two nodes (i.e. by the path having the greatest product 
of all the confidences of its constituent edges). 

GSN Properties: GSNs corresponding to maps 
having realistic geometries only define a small fraction 
of the possible stratigraphic relationships, meaning that 
we cannot use them to create a complete stratigraphic 
stack.  Instead, we obtain only a partial ordering of the 
features.  

Additionally, it is possible that the GSN may en-
code cyclic (and thus logically inconsistent) strati-
graphic relationships, if the mapped features have ex-
perienced reactivation subsequent to their initial for-
mation and only along a portion of their lengths.  We 
might also on occasion mistakenly map two separate 
geologic structures as one, and this may result in cy-
cles.  As long as such cases are sufficiently rare, the 
GSN may still be viable, though with increased ambi-
guity surrounding the relationships of the features in-
volved in the cycles.  In such cases, we use the net 
shortest path confidence in connecting the two nodes, 
i.e. the confidence of the shortest path from A to B, 
minus the confidence of the shortest path from B to A. 

The E15 GSN: We mapped a connected network 
of 164 features in the densely lineated southern portion 
of the Galileo 15ESREGMAP02 regional mapping 
observation.  A total of 729 intersections occurred 
among these features, with 91% of them having k ≥ 
0.7.  Including only these higher confidence intersec-
tions, we found 6,292 stratigraphic relationships were 
implied out of a possible total of 13,336.  Only 56 of 
the shortest paths result in cycles, indicating that the 
mapped features have very well-defined temporal rela-
tionships. If these stratigraphic relationships are 
weighted by confidence, then their sum, which we call 
the GSN’s completeness, is C=0.213.  This is a rough 
estimate of the fraction of the theoretically possible 
stratigraphic information which the GSN actually con-
tains. 

Hypothesis Corroboration:  Because GSNs corre-
sponding to realistic maps in general, and the E15 
GSN in particular, contain very incomplete strati-
graphic information, they are of limited use on their 
own.  However, they can be very useful in testing the 
validity of another a priori ordering hypothesis.  Given 
a potential complete or partial ordering of mapped fea-
tures, we can calculate the fraction of the stratigraphic 
relationships implied by the GSN that are consistent 
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with that hypothesis, and the fraction that are inconsis-
tent with it.  If a significantly greater proportion of the 
relationships are respected than random chance would 
predict, then we can say that the GSN has corroborated 
the hypothesis. 

The NSR Ordering Hypothesis: If we choose the 
order of formation implied by the amount of longitudi-
nal translation required to make the mapped features 
agree with the NSR stresses, assuming ≤180° of pro-
grade rotation as described in [2], we find that 70% of 
the ordering relationships are in agreement with the 
E15 GSN.  Conversely, only 30% of the ordering rela-
tionships are in agreement for ≤180° of retrograde 
rotation.  These values are more than 5 standard devia-
tions away from the expected chance value of 50%, 
arguing strongly in favor of prograde rotation.  Previ-
ous work in this vein [3] has made the implicit as-
sumption that all mapped features are the result of 
NSR stresses, by requiring that all stratigraphic rela-
tionships must be respected, with the result that many 
complete shell rotations are required to satisfy all the 
mapped constraints.  However, Zelvans [2] suggests 
that only ~40% of the prominent features in the global 
Europa mosaic may be the result of NSR stresses.  If 
that is the case, we would expect to see roughly the 
observed agreement between the E15 GSN and the 
NSR ordering: all of the ~40% of the intersections be-
tween features due to NSR should agree, and roughly 
half of the other 60% will agree by chance. 

If NSR is in fact responsible for these tectonic fea-
tures, then the result should hold elsewhere on Europa. 
Application of this method to future mapping of sev-
eral additional sites would uniquely identify, or poten-
tially reject, NSR as the source of stress responsible for 
a significant portion of the tectonic features.  This 
could also test the hypothesis that the present rotation 
pole is the pole about which NSR is most likely to 
have occurred [2].  
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Figure 1: Schematic illustration of an idealized acyclic 
GSN, representing one connected component of a syn-
thetic map composed of random great circle segments, 
assigned an arbitrary order of formation. Note that all 
of the arrows point upward, indicating that the vertical 
ordering is consistent with the mapped stratigraphic 
relationships. Any rearrangement of the nodes in the 
graph which results in all the arrows pointing upward 
is a valid stratigraphy. The synthetic map has 35 
lineaments (nodes) and 46 intersections (edges). Be-
cause of the additional indirectly implied stratigraphic 
relationships (paths), about 10% of the 1190 total pos-
sible binary ordering relations are defined. This level 
of GSN completeness is typical for the sparse distribu-
tion of lineaments that we see at the global scale on 
Europa. Note that the longest path within this GSN 
involves only 6 features, and there exist no paths be-
tween most pairs of nodes, meaning the map provides 
no information about their relative times of formation. 
As the number of features contained in the map in-
creases, it becomes extremely difficult to draw the 
corresponding graph in a visually comprehensible way. 
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