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Introduction: Europa’s young surface is marred by 

a myriad of geologic processes. The most ubiquitous 

feature on Europa are fractures that extend for 10s to 

1000s of km across the surface, uniquely represented by 

double ridges – generally linear cracks flanked by two 

raised ridges. Double ridges appear to have formed 

throughout Europa’s visible surface history and are 

generally accepted to be extensional tectonic features, 

formed as a consequence of tidal stresses in the shell 

[1,2]. The effect of diurnal tidal stresses on ridge 

formation is readily observed in the cycloidal patterns 

of a significant fraction of ridges on Europa [3]. 

Much of the work done on ridges and fractures on 

Europa has been focused on the generally linear 

portions of the features [e.g., 1-4] or, in the case of 

cycloids, smoothly varying arcs. Relatively little work 

has been done to understand those features that deviate 

from this morphology [5,6]. The focus of this study to 

try and gain a better understanding of how/why the 

morphology of some ridges and fractures transition 

from a linear or cycloidal trend to a ‘tortuous’ one: one 

in which the crack continuously deviates from a linear 

trajectory creating an irregular pattern. 

To understand the formation of the tortuous ridge 

morphology, we first characterize the morphology using 

the fractal dimension of the ridge or fracture shape. We 

then map the distribution of the ridges and fractures that 

have that morphology within Galileo SSI images of 

resolution better than ~1 km/pixel to understand their 

geologic context. Using principles from fracture 

mechanics, we then explore several possible 

mechanisms that could lead to a ridge or fracture with a 

tortuous morphology. Understanding how ridges 

transition into a tortuous morphology can shed light on 

physical properties of the shell and/or potential 

relationships with other geologic features. 

Methods:  We quantify the degree of roughness, or 

how tortuous a section of a feature appears, by utilizing 

the fractal dimension (Figure 1) [7]. The fractal 

dimension, D, has been used to characterize and 

describe how a natural pattern, such as rock fracture or 

joints [8], is scaled through the degree of self-similarity 

(the pattern scaled the same amount in all directions) or 

self-affinity (scaled different amounts in different 

directions) [9]. Additionally, D describes the degree that 

a profile fills the space it’s in. For a two-dimensional 

profile 1 ≤ D ≤ 2, where a value of 1 signifies a line, 1.5 

is Brownian motion (a random walk of particles in a 

fluid), and a value of 2 is a plane. Therefore, we would 

expect linear ridges to be 1 and tortuous ridges 

1<D<1.5, with cycloids being somewhere closer to 1 

due to their smoothly varying morphology. We utilize 

two different methods to estimate D: the box-counting 

method [10] and the roughness-length method [11], to 

estimate a self-similar and self-affine D, respectively, 

for each crack. Both methods minimum length scale is 

set at twice the resolution of the image data. 

To characterize the distribution of these features in 

image data of Europa, we have thus far analyzed Galileo 

SSI image data (<1 km/px) focused on the E11, E15, 

Figure 1. Example of using the box-counting method to 

quantify tortuousity. (Top) E15RegMap02 (northern 

trailing hemisphere) with a tortuous (blue), linear 

(orange), and cycloidal ridge (green) outlined with their 

measured fractal dimensions reported. (Bottom) The 

fractal dimension, D, reported in the figure above results 

from the slope of the data plotted here. 
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and E17 Regional Maps. We have identified linear 

ridges, cycloidal ridges, and fractures and ridges 

showing a tortuous morphology (Figure 1), as well as 

other geologic features (chaos, lenticulae, etc.). Outlines 

of ridges (top of Figure 1) were made to have equally-

spaced vertices, with spacing equal to the image data 

resolution. This mapping provides the necessary profile 

data for quantifying the tortuous morphology and, using 

cross-cutting relationships, we can characterize the the 

relative ages of the ridges to understand where they fit 

in the stratigraphy of structural features on Europa [12, 

13]. 

Preliminary Results: In the currently mapped 

regions, based on our methodology, we identify 45 

tortured ridges with lengths 69–800 km (within 

available high-resolution image coverage), with many 

that transition from linear or cycloidal to tortuous. 

Tortured ridges appear in all three mapped regions but 

predominantly appear in the northern trailing 

hemisphere. It may be important to note that, in many 

instances where a tortuous morphology is observed, 

lenticulae appear to be within 20 km of the ridge or 

fracture axis. Previous work has shown that while 

domes and chaos are more uniformly distributed on the 

surface, pits are clustered in the trailing antijovian 

quadrant (90E—180E) and the leading subjovian 

quadrant (90W—0) [14], consistent with our finding of 

the distribution of tortured ridges and their relationship 

to lenticulae.  

Analysis of the stratigraphic relationships of ridges 

in the E11, E15, and E17 RegMaps shows that tortuous 

ridges and fractures appear near the top of the 

stratigraphic column. Torturous morphologies are 

cross-cut by features generally considered to be very 

recent, such as lenticulae or chaos, and tortuous ridges 

and fractures are generally younger than (cross-cut) 

bands and ridge complexes. 

Finally, analysis of the fractal dimension of each 

mapped ridge, finds that linear ridges without tortuous 

morphologies have a fractal dimension of about 1, 

tortuous ridges have a fractal dimension 1.1 ≤ D ≤ 1.5, 

and cycloids are between 1 ≤ D ≤ 1.2. The higher D of 

tortuous ridges not only sets them apart from cycloids, 

but may suggest the fractured material has a higher 

strength [8]. 

Discussion: Based on preliminary observations we 

suggest two possible mechanisms for a tortuous ridge 

morphology: (case 1) heterogeneities within the shell, 

or (case 2) interactions with lenticulae –  roughly 10 km 

diameter quasi-elliptically shaped surface features that 

appear as depressions (pits), disruptions (small chaos), 

or uplifts (domes) and are thought to be part of the most 

recent epoch of Europa surface history [13].  

For case 1, we suggest heterogeneities in the shell 

could be endogenic or exogenic in nature, such as salt 

impurities or larger inclusions [15]. Work on dynamic 

crack growth shows that fractures in a matrix will 

deflect away from stronger inclusions but deflect toward 

weaker inclusions [16].  

Evidence for case 2 (a specialized case 1) includes 

two observed instances in the northern trailing 

hemisphere (E15RegMap01) where a fracture is 

deflected by the presence of a lenticula: one where a 

fracture is deflected in toward the center of a pit and 

another where ridge appears to deflect away from a 

chaos formation. This may be analogous to crack-crater 

interactions on Enceladus, where it was suggested the 

cracks are deflecting due to a thermal anomaly below 

the crater creating a local perturbation in the stress field 

[17]. This case is also in agreement in our results on 

distribution of tortured ridges and lenticulae [14]. 

Conclusion: The mechanism for a tortuous 

morphology is still under investigation. The formation 

mechanism may be some combination of the two cases 

discussed above or others such as ductile fracture or 

fatigue [18,19]. Further work includes continuing the 

mapping campaign to map all tortuous ridge 

morphologies to get a better understanding of their 

global distribution and geologic context. 
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