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Abstract Crosscutting relationships of tectonic lineaments on Europa record the history of surface deformation.
We mapped the displacement and orientation of older features crosscut by two types of lineaments: bands and
double ridges. These measurements allow us to determine both the strike-perpendicular and strike-parallel
displacement along investigated features. Double ridges record both ridge-perpendicular contraction and
expansion, with a mean of 0.16±0.06 km (needs space) of contraction based on the analysis of 16 double ridges.
Bands record expansion, with a mean of 3.33 ± 0.27 km for the six bands analyzed, but with perpendicular
displacement less than their apparent morphologic widths of 3–24 km. The implied global surface strain
for double ridges (including those that expand) and bands is 2.22 ± 0.76% contraction and 7.60 ± 3.7%
expansion, respectively. Double ridges thus may accommodate part of the surface expansion recorded by
bands. Most current models for double ridges do not predict contraction. The models that satisfy the
observations for bands are “slow-spreading” models, cryovolcanism, and folding.

1. Introduction

Jupiter’s moon Europa is covered by overlapping linear features that are longer and more uniform along
strike as compared to tectonic features on Earth. Because they are numerous and extend over great
distances, they provide an opportunity to study the history of surface deformation over large spatial scales
[Schenk and McKinnon, 1989; Sullivan et al., 1998; Nimmo and Gaidos, 2002].

The two most abundant types of lineaments on Europa are bands (Figure 1b) and double ridges (Figures 1c
and 1d). Double ridges consist of two parallel ridges and are ubiquitous on Europa’s surface. The along strike-
perpendicular width of double ridges ranges from 0.2 to 4 km, but individual ridge widths vary only slightly.
They can also be hundreds of kilometers long [Greeley et al., 2000]. Bands typically possess a medial valley
and, in most cases, express a morphologic symmetry about this valley that has some similarity to the mid-
ocean ridges produced by seafloor spreading on Earth [Sullivan et al., 1998; Prockter et al., 2002; Nimmo et al.,
2003; Kattenhorn and Hurford, 2009; Prockter and Patterson, 2009]. Bands are widely accepted to be
lineaments that form through dilation [Schenk and McKinnon, 1989; Pappalardo and Sullivan, 1996; Sullivan
et al., 1998; Tufts et al., 2000], but they also show evidence of lateral motion, leading to oblique opening along
lineaments [Tufts et al., 2000; Prockter et al., 2002]. Bands are typically less than 30 km wide [Schenk and
McKinnon, 1989; Pappalardo and Sullivan, 1996] and may be responsible for generating a large fraction of
Europa’s exposed surface [Prockter et al., 2002].

A variety of models have been proposed to create lineaments on Europa, including diapirism [Head and
Pappalardo, 1999], processes analogous to spreading at Earth’s mid-ocean ridges to make bands [Prockter et al.,
2002], folding of ductile ice to make both bands and ridges [Manga and Sinton, 2004], shearing to make ridges by
heating and thermal expansion of ice [Nimmo and Gaidos, 2002], opening-mode fractures [Greenberg et al., 1998],
cryovolcanism [Kadel et al., 1998], rotating plates to form both bands and ridges [Hoppa et al., 1999], and shearing
of opening-mode fractures [Aydin, 2006]. Each of these models predicts different lineament-perpendicular
displacements, permitting an observational test that can discriminate among many of these models.

Here we use Galileo solid-state imaging (SSI) images to map the displacements along lineaments. We exploit
crosscutting relationships to map and calculate both strike-parallel (strike-slip) and strike-perpendicular
displacements. We use these observations to evaluate conceptual models for ridge and band formation. We
confirm that this technique can identify expansion along bands [Schenk and McKinnon, 1989; Pappalardo and
Sullivan, 1996; Sullivan et al., 1998; Tufts et al., 2000] but also find double ridges that record net contraction.
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2. Methods

In order to identify displacements along lineaments we identify and map older crossing features that are
displaced along the younger lineament, designated hereafter as the “main lineament.” If motion along the
main lineament involves only strike-parallel displacement, then all (older) crosscutting features will have the
same observed offset. If, however, there is displacement perpendicular to the main lineament, the along-strike
offset (total offset) will depend on the angle of incidence, θi, between the main lineament and the i th older
lineament that is intersected.We illustrate this effect in Figure 2. As the angle of incidence increases, the amount of

Figure 1. (a) Map of Europa summarizing results. The size of the circles is proportional to the magnitude of the strike-
perpendicular displacement. The colors indicate type of feature analyzed. The numbers correspond to regions in Tables 1
and 2. (b–d) Examples of bands and double ridges. Figure 1b corresponds to the mapped band in region 12 and further
analyzed in Figure 4. Figure 1c corresponds to the mapped double ridge in region 8 (further analyzed in Figure 3), and it is
an illustration of the method for calculating the spacing of lineaments. The line drawn from left top corner to bottom right is
10.4 km long and intersects six double ridges. The other line is 6.4 km long and intersects two double ridges. We repeat this
procedure for multiple images and tally the length of the lines and number of crossing features. Since some of the images are
better than others, we give more weight to those with higher resolution. Figure 1d indicates to the mapped double ridge in
region 2, further analyzed in Figure 4.

Figure 2. From two observable parameters, angle and offset, we can calculate the amount of displacement parallel and perpen-
dicular to the main lineament. (left column) Contraction without strike-parallel motion (90° angle shows no offset) and (right
column) expansion without strike-parallel motion. The strike-parallel motion would either add to, or subtract from, the amount of
observed offset. Positive δ defines expansion. Negative δmeans contraction. Observed right-lateral offset is positive, and left
lateral is negative.
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apparent horizontal displacement decreases; older lineaments that are perpendicular to the main lineament have
no offset due to expansion or contraction.

On geometric grounds, assuming uniform displacement along the lineament, we expect

OTi ¼ OS þ δ cot θið Þ (1)

where OTi is the total (measured) offset, OS is the strike-parallel offset, and δ is the lineament perpendicular
expansion or contraction, illustrated in Figure 2. When making measurements we record two angles for each
intersection (the angles on either side of themain lineament are not necessarily identical, but the total offset is the
same), as shown in Figure 3. The component of the perpendicular displacement (δ) is positive if the lineament has
expanded and negative if it has contracted. By observing multiple intersections, we can fit measurements of

Figure 3. (a) An example of a crosscutting feature on Europa (region 8, see Figure 1). Each side of the crosscut feature is
analyzed separately. The angle (θ) is the angle between the main lineament and the older lineament. Each of the offset
displacements, marked by the dashed green line in Figure 3a, is compared to the incidence angle. (b) Compares the
cotangent of the incidence angle and the total offset in kilometers of the intersected lineament pairs; the y intercept gives
the total offset by strike slip (Os) and the slope is the expansion (δ). (c) Reconstructs the plates after removing the strike-
parallel motion and expansion based on the fit in Figure 3b. This example is an ideal region to explain some of the mapping
criteria. The older feature intersected at a smaller incidence angle contains multiple sublineaments. In certain features we
may average multiple parts of a crosscut feature. In this case, we mapped the pair that fit our criteria. The other pairs (1)
crosscut another older lineament under the main lineament and (2) cannot be clearly connected, but the pair we do map
have similar shadow patterns, have similar appearance, and are crosscut by unusually oriented ridges on their southern
side. By mapping multiple crossed features, we account for possible incorrect pairs.
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apparent along-strike offset and cotangent of the incidence angle to determine the true mean strike-parallel and
perpendicular displacements along the main lineament. We note that the approach we adopt here to identify
strike-parallel displacements is relevant for assessing polar wandermodels [Sarid et al., 2002; Rhoden et al., 2012] in
addition to revealing whether individual lineaments experience expansion or contraction.

Coulter [2009] independently performed a conceptually similar study. Our approach differs in how we fit
models to the measurements. First, our geometrical analysis of the features allows us to fit linear models and
quantify uncertainties about the data we interpret. Second, it naturally incorporates the “intersection of two
crosscutting features” technique suggested by Coulter [2009]. Third, when mapping the two older features
that intersect, we do not map the ones that overlap beneath the lineament of interest, because we cannot
identify the amount of deformation that the middle lineament caused on the oldest. In addition, we cannot
tell the difference in ages of the three lineaments. Therefore, mapping these features would give skewed
results; hence, we do not include them in the present study. Fourth, we assume that if a younger feature
crosses the lineament of interest, it will not alter the prior history recorded by crosscutting relationships.
We exclude features that do not have three or more crosscutting features, have poor resolution, have been
altered to a point that they are not continuous, or cannot be clearly identified as either a double ridge or
a band.

The nonplanar maps were created using ArcGIS. Examples of mapped features are provided in the
figures. The mapped lineaments were chosen based on the number of features each of the bands or
double ridges cross, the continuity and visibility of the lineaments, consistency with the descriptions of
double ridges or bands, and the coverage and resolution of the SSI images. The small number of features
that we do study (relative to the number of features that are visible on Europa) is due to the combination
of several limitations. Galileo imaged only 10% of the surface at better than 200m/pixel [Greeley et al.,
2000]. Furthermore, Galileo SSI obtained only two swaths at high resolution (<200m/pixel), causing our
analysis to be clustered along these two strips (Figure 1). Additionally, wider bands increase the chance
of other features forming on top of the lineament and older features crosscutting each other beneath
the band, complicating our analysis (e.g., Thynia Linea). A wide lineament also increases the error in
projecting crosscut features to the center of the main lineament (see the errors in Table 2), failing the
criteria described above. The analyzed bands are not wider than ~25 km. Finally, only some of the ridges
and bands within these images had greater than or equal to three identifiable and older crosscut
features. One of our main challenges is identifying the offsets along these features given the poor
resolution. Some of the lineaments preserve enough offset to overcome the limitations induced by low
resolution, and some do not. We account for these limitations in our interpretational error analysis. We
also note that this study can be expanded if and when additional high-resolution views of Europa’s
surface become available.

The uncertainty in our statistical inferences, such as our interpretational errors and observational errors associated
with matching lineament pairs, is calculated using a Gibbs sampling algorithm [Smith and Robert, 1993], a type of
Markov chain, to randomize each mapped point within a radius of two resolution cells. We report the errors
through the standard deviation of the distributions generated by Markov chain Monte Carlo simulations at the
68% confidence interval (1 standard deviation). The goal is to quantify how random errors in the mapping affect
themeasured angles and distances, altering the final results. Within each simulation, mapped points are displaced
in randomdirections by distances determined by random sampling of a Gaussian distribution centered about zero
with a standard deviation equal to two resolution cells of the respective SSI images.

In addition to interpretational error, our analysis includes several implicit assumptions. First, the older
lineament will remain linear as it intersects the main lineament. Second, no movement along crosscutting
features took place after the formation of the main lineament. Third, although Patterson et al. [2006]
provide examples of nonrigid plates on Europa, motion on either side of the lineament over short
distances is assumed to be spatially homogeneous (i.e., motion can be modeled using rigid plates).
Fourth, although Nimmo and Schenk [2006] report a few features that preserved several hundreds of
meters of vertical thrust, we assume that vertical motions have a very small impact on the amount of strike-
perpendicular motion that is preserved. If data do not fall on a straight line within uncertainty of our
measurements, then this is likely the result of a violation of one or more of the above assumptions. It is
also important to note that we assume the lost and gained materials are added or subtracted along the
center of the lineament.
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3. Results

Tables 1 and 2 summarize themapped lineaments and the inferred strike-parallel and strike-perpendicular (δ)
displacements. We observe a correlation between lineament morphology and displacement: bands typically
record divergence while some double ridges preserve convergence and have smaller strike-parallel
displacement than bands. The location and magnitude of strike-perpendicular displacement are mapped in
Figure 1. Both double ridges and bands show right- and left-lateral motion.

Next we consider one example of each of these features in detail to illustrate the results of mapping and the
agreement between the model (equation (1)) and the measurements; these two examples are shown in
Figure 4. The supporting information also contains analogous maps and figures for all the studied lineaments.

3.1. Double Ridges

Figure 4a shows a right-lateral offset double ridge. Variation of offset with incidence angle, however, indicates
that there is lineament-perpendicular contraction as well as strike-parallel displacement, in this case
δ = � 1.19 ± 0.15 km and OS = 2.08 ± 0.08 km.

Of the 16 mapped double ridges, seven show contraction (between 0.28 ± 0.18 and 1.40 ± 0.11 km) and five
show expansion (between 0.17 ± 0.05 and 1.09 ± 0.18 km). The crosscutting features with high incidence
angle show that there is also a strike-parallel component of displacement between � 0.82 ± 0.15 km (left
lateral) and 2.08 ± 0.08 km (right lateral) for contracted double ridges. We note, however, that only one
contracted feature records (within error) left-lateral strike-parallel displacement. For expanded double ridges,

Table 1. Summary of Mapped Double Ridgesa

Region Latitude Longitude
Number of Intersecting

Lineaments
Expansion δ

(km)
Strike-Parallel

Os (km) χ2
Resolution
(m/pixel)

1.3 40 �150 8 �0.28± 0.18 �0.09 ± 0.11 0.42 169.37
2 �15 140 14 �1.19± 0.15 2.08 ± 0.08 1.59 222.60
3.1 �12 145 11 0.15 ± 0.25 1.00 ± 0.13 1.12 223.06
3.2 �12 145 3 �0.70± 0.36 1.38 ± 0.12 0.36 223.06
1.2 38 �152 6 0.05 ± 0.30 �0.84 ± 0.23 0.82 169.37
4 35 135 12 0.17 ± 0.07 0.06 ± 0.05 2.29 63.03
5 9 37 9 1.09 ± 0.18 �0.45 ± 0.08 0.28 104.65
6.3 �19 �172 7 �0.64± 0.40 0.35 ± 0.12 0.23 230.05
6.4 �19 �172 7 �0.04± 0.29 �0.82 ± 0.15 1.43 230.05
6.2 �20 �171 3 �0.45± 0.26 0.13 ± 0.29 0.31 230.05
6.1 �20 �171 11 0.35 ± 0.21 0.11 ± 0.13 0.35 230.05
7 �17 164 8 �0.26± 0.10 1.53 ± 0.03 2.00 49.60
8 14 87 5 0.30 ± 0.03 0.14 ± 0.03 1.65 20.60
9 15 85 3 0.17 ± 0.05 0.55 ± 0.04 6.16 20.60
10.1 �28 141 3 �1.40± 0.11 1.01 ± 0.05 5.41 54.75
10.2 �28 142 5 0.11 ± 0.15 0.31 ± 0.07 2.24 54.75

aThe region number corresponds to numbers on the figures. The latitudes and longitudes are with respect to the
equator and the prime meridian. Negative δ indicates contraction, and positive indicates expansion. Negative
strike-parallel displacement is left-lateral motion, and positive strike-parallel displacement is right-lateral motion. Goodness
of fit is reduced chi-square, χ2. The stated uncertainties are one sigma (68% confidence interval) derived using Markov chain
Monte Carlo simulation with a radius of two resolution cells.

Table 2. Summary of Mapped Bandsa

Region Latitude Longitude
Number of Intersecting

Lineaments
Expansion δ

(km)
Strike-Parallel Os

(km)
Morphologic Width

(km) χ2
Resolution
(m/pixel)

11 �12 145 6 2.88 ± 1.10 0.82± 0.52 4–5 1.78 211.26
1.1 41 �150 5 8.61 ± 0.85 4.09± 0.30 11–24 3.28 169.37
12.2 8 140 6 2.10 ± 0.49 4.33± 0.36 6–8 0.15 226.00
13 23.5 137 15 0.94 ± 0.35 0.98± 0.16 3–6 0.58 227.99
14 15 86 12 2.19 ± 0.37 �1.99 ± 0.13 6–9 4.19 182.50
12.1 5 135 11 3.28 ± 0.38 1.38± 0.26 6–7 0.95 226.00

aSame format as Table 1, with the addition of width range. The error on each of the measured widths is ±0.5 km.
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the strike-parallel component varies between � 0.84 ± 0.23 km (left lateral) and 1.00 ± 0.13 km (right-
lateral). The expanded features show a variety of strike-parallel motions.

Of all 16 double ridges, four are ambiguous such that the uncertainty is too high to state if it has contracted or
expanded to within a 68% confidence limit (1 standard deviation). This is true for one of the double ridges
that shows contraction and three of the double ridges that show expansion. There are more uncertain cases
for expanded double ridges.

Figure 5 compares the relationship between strike-perpendicular motion and strike-parallel motion. For
double ridges, there is a rough linear correlation between strike-parallel and strike-perpendicular
displacement, with a Pearson correlation coefficient of R=�0.6: features with larger magnitude of
contraction are associated with large amounts of right-lateral strike slip. The relation can be described by

�0:8 ± 0:2ð Þ� δ þ 0:3 ± 0:6ð Þ ¼ OS (2)

where δ is strike-perpendicular motion and OS is strike-parallel displacement.

3.2. Bands

Figure 4b shows an expanded band with δ = 0.94 ± 0.35 km, OS = 0.98 ± 0.16 km, and a width that varies
between 3 and 6 km.

Figure 4. (a) Double ridge at�15°N and 140°E (region 2) that records contraction, δ=�1.19±0.15 km, and right-lateral strike-slip
displacement,Os=2.08±0.08 km. (b) Band at 22°N and 130°E (region 13) that records dilation, δ=0.94±0.35 km and right-lateral
strike-slip motion Os=0.98±0.16km. The morphologic width for this band varies between 3 and 6km. This band was also
analyzed by Coulter [2009], who obtained similar results. Inset shows the relationship between offset and incidence angle for each
feature. The entire region that is mapped is not shown in the figure.
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Of the bands, five record right-lateral
motion (up to 4.33±0.36 km of offset)
and one shows left-lateral motion
(�1.99 ± 0.13 km). All of the bands
involve a component of expansion
(between 0.94 ± 0.35 and 8.61 ± 0.85 km).
Our results also show that the
morphologic width is larger than the
measured expansion (Table 1). Our results
confirm previous studies that show that
common bands are formed by expansion
and strike-parallel motion [Head and
Pappalardo, 1999; Prockter et al., 2002;
Manga and Sinton, 2004; Aydin, 2006].

The main differences between ridges and
bands are as follows. Bands record
expansion compared to double ridges,
which preserve contraction and expansion.
The magnitude of perpendicular
displacement, |δ|, is much larger for bands
than for ridges. Bands do not show a relation
between strike-perpendicular and strike-
parallel motion, as ridges do (Figure 5).

4. Discussion

One puzzling aspect of the tectonic features on the surface of Europa is the paucity of features that record
contraction to balance the expansion produced by bands. Changes in volume of Europa from time variations
in the thickness and temperature of the ice shell [Hussmann and Spohn, 2004;Mitri and Showman, 2005] are at
least an order of magnitude too small to account for the observed extension [Nimmo, 2004; Manga and
Wang, 2007], but changes in porosity could explain the lack of visible evidence for compression [Pappalardo
and Davies, 2004]. Observational evidence for contraction is preserved in folds with small amplitudes
[Prockter and Pappalardo, 2000] though these folds do not record enough strain to accommodate the
expansion elsewhere [Dombard and McKinnon, 2006]. There are also no large-amplitude folds with smaller
strains [Bland and McKinnon, 2012]. Bands [Greenberg, 2004], strike-parallel faults [Sarid et al., 2002], and
ridges [Patterson and Pappalardo, 2002] have been proposed as sites of convergence, though quantification
of the magnitude has been limited.

We have documented here that double ridges can preserve contraction, which is evident in their crosscutting
relationships. In order to assess the amount of strain that ridges might accommodate, we assume that the
ridges and bands remain intact, enabling us to make some extrapolations. The average spacing is estimated
by identifying the number of double ridges that intersect a given line on the surface (Figure 1c). Multiple
locations were chosen and scaled by their resolution. Over a total length of 12,501 km, we count 1,735 double
ridges. Assuming that these values are representative of the entire surface, ridges are spaced 7.2 ± 3.5 km
apart. The mean fault-perpendicular displacement for all 16 double ridges (including ridges with expansion
or ambiguity) is 0.16 ± 0.06 km (net contraction). The observed net contraction is supported by the
dominance of double ridges on the contraction half of the plot. The implied mean strain is 2.2 ± 0.8%. This
value is compatible with the analysis of Patterson et al. [2006], who found a ~1% surface loss in the region
around ~230° longitude and ~0° latitude.

We measure a mean spacing of bands of 43.8 ± 15.7 km, using the same approach we used to measure the
spacing of ridges. The mean fault-perpendicular displacement for six bands is 3.3 ± 0.3 km. However, this is a
small fraction of the satellite’s surface (we observe less than 1% of the visible features), and there are
numerous types of bands that might have experienced varying deformation. Our study is versatile enough to
include most types of bands, but we do not include some such as gray bands [Kattenhorn and Hurford, 2009;
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Prockter and Patterson, 2009] and wide bands (e.g., Libya Linea and Thynia Linea). Different types of bands
might form through different mechanisms, at different rates, or from different materials [Hoyer et al., 2013;
Prockter and Pappalardo, 2000; Greeley et al., 1998; Marshall and Kattenhorn, 2005]. Nevertheless, if generalized,
our results imply a mean strain of 7.6 ± 3.7%, Figueredo and Greeley [2004] conducted pole-to-pole mapping
of all features on Europa between 80°W and 220°W longitude. While they do not report a value for the band
strain or the fractional area covered by bands, our analysis of their mapping results indicates that ~15% of
Europa’s total surface area is covered by bands (including all band classifications). We obtain this number
by averaging the percent surface area covered by bands that they documented for each latitudinal range,
excluding polar regions to minimize optical errors [Figueredo and Greeley, 2004; P. Figueredo, Arizona State
University, unpublished dissertation, 2002]. A value of 15% is greater than the mean strain we calculated
and consistent with our observation that band morphologic widths are greater than the expansion
preserved by crosscutting geometries (Table 2).

One of the objectives of mapping displacements perpendicular to ridges is to gain insight into how they form and
to evaluate some of the proposed formation mechanisms. We recognize that double ridges can show contraction
and expansion, but more double ridges show contraction within error. Most models predict extension, either from
flow created by rising diapirs [Head and Pappalardo, 1999], cryovolcanic eruptions [Fagents, 2003], or tidal
pumping of water through fissures to the surface [Greenberg et al., 2000]. Models that involve strike-parallel
displacements [e.g.,Nimmo and Gaidos, 2002] may lead to contraction:Nimmo and Gaidos [2002] hypothesize that
any melt water generated along the shear zone may cause contraction as the melt drains downward. Although
ridges produced by folding [Manga and Sinton, 2004] would involve contraction, the spatial resolution of our
mapping is insufficient to distinguish between distributed contraction, the product of folding, and contraction
along a line at the center of the ridge. None of the proposed models clearly account for both the compressional
and extensional motion we observe for double ridges.

We also observe a correlation between strike-parallel and strike-perpendicularmotion (Figure 5), with 0.8 ± 0.2 km
of ridge-normal displacement for every kilometer of strike-parallel displacement. While we have been able to map
only a limited number of features, hence the relationship shown in Figure 5 may not hold globally, the correlation
implies a consistent strain along ridges. The origin and implications, either for the forces driving the formation of
ridges or the mechanisms that create ridges, remain unclear but may be worthy of further study.

For the studied regions, our results show that bands preserve net expansion while double ridges preserve net
contraction, suggesting that double ridges may accommodate some of the expansion associated with band
formation. All of the observed bands show expansion less than their morphologic width. There are two
proposed end-member conceptual models for bands, a fast-spreading limit in which the band is composed
entirely of new crust, and a slow-spreading case in which displacements along dipping faults
accommodate some of the extension [Prockter et al., 2002]. Since the width of the band exceeds the
extension we measure, our data favor the slow-spreading model. The surface morphology produced by
sets of dipping perpendicular faults may allow resurfacing by cryovolcanism, creating new surface area
that could exceed the actual tectonic extension [Patterson and Head, 2003]. Repeated folding and
resurfacing is another possible model and allows the width of the feature to exceed the amount of
extension [Manga and Sinton, 2004]. Models in which bands are generated by strike-parallel motion
[Schulson, 2002] or through cyclical tension [Greenberg et al., 1998] do not explain why bands appear to be
wider than the measured dilation.

5. Summary

By analyzing crosscutting relationships along lineaments, we are able to identify displacements both along strike
and perpendicular to the lineament. We provide quantitative demonstration of contraction using an independent
method and a larger sample size when compared to previous work addressing contraction. We confirm that
double ridges can record contraction [Patterson et al., 2006]. We also confirm that bands show expansion, but the
recorded expansion along strike is less than the morphologic width. Upscaling to a global estimate of contraction
across ridges, we suggest that the expansion recorded by bands may be partly accommodated by contraction
about ridges. These measurements provide constraints for models for the formation of bands and double ridges.
The reliability of the global extrapolation, however, is limited by the small fraction of surface images at high
resolution. Global, high-resolution images better than~20 m/pixel will overcome this limitation.
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