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Chapter 2

A SEARCH FOR INFLUENCES OF TIDAL STRESSES ON SURFACE
FEATURE FORMATION ON IO

Christina Seeger' & Katherine de Kleer!

“So have I seen Passion and Vanity stamping the living magnanimous earth, but the earth
did not alter her tides and her seasons for that.”

Moby Dick, Chapter 48: The First Lowering

Abstract

Mountains and paterae are distinctive features on the surface of Io whose relationship to each
other and formation mechanisms have been the subject of long debate. Though mountain
formation likely stems from much deeper in the crust than the ultimate exit of magma onto
the surface in the form of depressed paterae, both feature types exhibit distinctive elongate
shapes, and in the case of paterae, a characteristic planform aspect ratio of 2:3 (short:long
axis). We present the first investigation into whether tidal stresses may play a role in the
formation of these features on the surface by modeling the maximum compressive and
tensional tidal stress experienced at each mountain and patera location throughout Io’s orbit,
and comparing it to the orientation of the feature on the surface, hypothesizing that tensional
stress in one direction may result in a perpendicularly-oriented patera, and compression could
produce perpendicular mountains.  While we found no significant perpendicular
relationships between features and stresses, mountains are significantly likely to form ~30°
or ~60° offset from the orientation of the maximum compressive stress vector at that location.
The paterae, in contrast, have a weakly nonuniform offset from stress, but without a dominant
preferred orientation. The strongest relationships discovered relate to regional trends in

orientation: paterae in the subjovian hemisphere are highly unlikely to be oriented NE-SW,
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while the antijovian hemisphere is statistically uniform in orientation; we suggest the
presence of Loki Patera may influence the formation of proximal paterae due to subsurface

magma movement.

1. Introduction

Io is a world of intense volcanism, driven by its eccentric orbit forced by resonance with
Europa and Ganymede (Peale et al., 1979). Tidal stresses resulting from this eccentric orbit
frictionally heat Io’s interior, melting it enough to frequently and powerfully expel lava onto
the surface in dramatic volcanic eruptions that occur so frequently they resurface the moon
at a rate of ~ 0.1-1 centimeter per year (Carr et al., 1998; Geissler et al., 2004; Johnson et al.,
1979). Over geologic time, the flows create layers of basaltic to possibly ultramafic crust,
interbedded with sulfur-rich deposits and sulfur dioxide frost, that is estimated to be 13-30
kilometers thick (Jaeger et al, 2003; Kirchoff & McKinnon, 2009; Schenk et al., 2001). This
layered crust is compressed continuously under deep crustal subsidence stresses that are
accommodated in the lithosphere by intense subsurface faulting, which can give rise to a
suite of imposing up-thrust tectonic mountains in the form of stepped plateaus and tilted
blocks rising up to 16 kilometers high (McEwen et al., 2004; McKinnon et al., 2001; Schenk
& Bulmer 1998; Schenk et al., 2001; Turtle et al., 2001). Unlike on Earth, where long
mountain chains form due to plate movements, lo’s mountains form as tall, isolated, usually
elongate massifs rising abruptly from the smooth plains below like islands (e.g., Schenk et

al, 2001; Turtle et al., 2001; Williams et al., 2011).

Eruptions are centered around paterae, which are depressed caldera-like features with steep
walls, flat floors, and arcuate margins, and often have lava flows extending outwards from
them (Radebaugh et al., 2001). Thermal emission from these volcanic eruptions is easily
detectable from both spacecraft and ground-based observing on Earth (Davies et al., 2001;
2010; 2024; de Kleer et al., 2019a; de Pater, et al., 2017; Lopes et al., 2001; McEwen et al.,
1998; Perry et al., 2024; Veeder et al., 1994). The formation and eruptive mechanisms for
paterae are not entirely understood, but hypothesized models include magma rising from
either the aesthenosphere or a magma ocean to feed isolated magma chambers and crustal

intrusions that can eventually exploit the tectonically fractured subsurface to rise to the
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surface (Davies et al., 2006; Jaeger et al., 2003; Keszthelyi et al., 2004; Spencer et al., 2020).
Alternatively, eruptions may be fed by hot-spot type volcanism, where magma ascends
through crustal weaknesses in a heat-pipe regime (Keszthelyi et al., 2004; 2007; Kirchoff &
McKinnon, 2009; McKinnon et al., 2001; O’Reilly & Davies, 1981). The presence or
absence of an interconnected subsurface melt layer is poorly constrained, but has
implications for the eruptive patterns at paterac and also the dissipation of tidal stresses
throughout Io. The absence of such a layer requires heat dissipation through solid crust,
meaning volcanic activity would likely correlate with heating centers. A melt layer,
however, allows heat to be redistributed laterally, and volcanoes can form away from regions
of increased tidal heating. Recent observations from the Juno spacecraft help constrain [o’s
interior, suggesting that a magma ocean is unlikely (Park et al., 2024) but a thin magma ocean
at a depth of ~>250 km is still compatible with observations (Aygiin & Cadek, 2025). While
it is not yet well understood which of these mechanisms is dominant in forming these surface
features, it is possible (even probable) that there many mechanisms driving the formation of

these features.

Previous studies have attempted to constrain the relationship between mountains and paterae.
On a global scale, mountains and paterae are statistically anticorrelated, concentrated in
opposite hemispheres offset 90 degrees from each other with two significant groups of
paterae clustered near the subjovian and antijovian points (Hamilton et al., 2013; Kirchoff
et al., 2010; Radebaugh et al., 2001; Schenk et al., 2001; Tackley et al., 2001; Veeder et al.,
2012). However, there are also many local examples of mountain/paterae associations (e.g.,
Ahern et al., 2017; Carr et al., 1998; Jaeger et al., 2003; Turtle et al., 2001), with examples
suggesting patera formation can occur as mountains are rifted apart (Bunte et al., 2010;
Seeger et al., 2025). No previous studies have identified a mechanism for influencing the
orientation of mountains and paterae on the surface in a preferential way. An intuitive
relationship is that of compressive stresses uplifting mountains perpendicular to the direction

of principle stress, and tensile stresses rifting the crust orthogonal to the stresses.

In this study, we consider the time-varying compressional and tensile stresses from tides,
which have a precedent for controlling volcanic activity (e.g., de Kleer et al., 2019). These

phenomena are not limited to Io: Enceladus’ plumes have characteristic timing, and on Earth,
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certain volcanoes like Mount Etna and Mount Ruapehu show sensitivity to tidal forces near
eruption time (Behounkova et al., 2015; Hedman et al., 2013; Hurford et al., 2007; Sottili &
Palladino, 2012; Girona et al., 2018). Io’s own Loki Patera shows a ~460 day cycle that may
be linked to periodic variations in lo’s eccentricity caused by forcing from Europa and
Ganymede (de Kleer er al., 2019). Tidal influence on Io’s surface features has precedent,
albeit on a much thinner layer of crust that may be more responsive to outside forcing: Bart
et al. (2004) demonstrated small-scale ridges on the kilometer scale had alignment with the
tidal stress field, suggesting they formed from tidal flexing. Therefore, by mapping the
elongate compressional (mountains) and extensional (paterae) surface features globally and
comparing their orientations to the tidal stresses they experience each orbit, this study
constrains the influence of tidal stresses on the formation and expression of these features

across the surface of lo.

2. Methods

2.1 Feature Mapping

Previous mapping efforts by Williams et al. (2011) outlined the extent of mountains and
paterae on the surface of lo, using the USGS global basemap of Io (Williams et al., 2011).
We used this geologic map, in concert with the 1 km/pixel global basemap of lo derived from
Voyager and Galileo imagery, and the 15% of the surface that was imaged by Galileo at a
higher resolution of 500 m/pixel or better. We use the publicly available Williams et al.
(2021) database for the mosaiced Voyager/Galileo imagery as a basemap and geologic map
shapefiles, using ESRI ArcGIS Pro™ software. The published geologic map contains 140

mountains, 172 hot spots based on thermal observations, and 432 paterae.

Paterae often contain multiple unit types within a singular feature (both bright and dark patera
floor material, for example), so polygons of different unit types within each patera were
merged into a single “patera” polygon using the Dissolve Tool (leaving “multipart features”
and “unsplit lines” unchecked); three features severed by the central meridian were also
merged, resulting in a total of 430 paterae (Figure 1) Similarly, mountains with multiple

components (lineated, mottled, or undivided) were merged together and “Layered Plains”
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units were excluded based on the Unit field, resulting in a total of 120 mountains in the

dataset (Figure 1).

The basemap is often presented using a simple cylindrical map projection, which preserves
angles but distorts shapes and areas of features, especially at high latitudes. Care must be
taken to ensure the shapes of paterae and mountains are not misinterpreted as elongate due
to map projection distortion. Distortions of distances, areas, or angles can introduce
considerable error in measurements made in planetary contexts. Kneissl et al. (2011) present
a methodology to eliminate measurement distortion and create map-projection-independent
crater size-frequency distributions for age dating, which requires that each crater be
reprojected into a stereographic map projection centered on the center point of the crater.
Terrestrial maps with stereographic projections are most commonly used over polar regions
or small continents like Australia, where the map is conformal; though extreme distortions
occur at the periphery, in the center, shapes are well preserved, directions are true, and lines
drawn through the center point are great circles, meaning length and width measurements are
geodesic and unaffected by the map projection. Therefore, in order to accurately measure the
length, width, and resulting aspect ratio of each patera and mountain on lo, the map (using
the standard GCG Io 2000 geographic coordinate system) was reprojected to a Stereographic
(Sphere) projection using the polygon’s midpoint latitude and longitude as the center parallel
and meridian of the projection. While projected, we then ran the Minimum Bounding
Geometry—Rectangle by Width tool to create a rectangle best representing the length and

width of the feature, as well as the orientation from North of the long axis.
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Figure 1. Map of locations of paterae (orange) and mountains (purple) used in this study,
derived from USGS geologic units shapefiles. Combined Voyager/Galileo basemap and
polygons are presented in a simple cylindrical projection centered on the subjovian point
(0°W). Longitudes are given in 0-180° format, east positive.

2.2 Tidal Modelling

Io’s orbital resonance with Europa and Ganymede produces an eccentric orbit, which results
in diurnal tidal stresses in the crust that change in magnitude and orientation throughout its
~42.5 hour orbit around Jupiter (e.g., Peale et al., 1979; Ross & Schubert, 1985; Ross et al.,
1990; Segatz et al., 1988). These stresses can be modeled with the open-source 2D numerical
program software SatStressGUI, which calculates the compression and tension experienced
at each point on the surface throughout a single orbit (Kay & Kattenhorn, 2010; Patthoff et
al., 2016). SatStressGUI, and its predecessor SatStress (Wahr et al., 2009) uses a four-layer
viscoelastic satellite model consisting of two-part lithosphere (a rigid upper lithosphere
(Layer 1 or L1) and ductile lower lithosphere (L2)), ductile asthenosphere (L3), and
combined mantle and core (L4), and has been used widely to model tidal stresses on Europa
and other moons (e.g., Beuthe, 2015; Groenleer & Kattenhorn, 2008; Jara-Orué¢ &
Vermeersen, 2011; Olgin et al., 2011; Smith-Konter & Pappalardo, 2008). The model was
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adapted to Io by adjusting the input parameters to match a range of assumptions about Io’s
interior composition based on ground-based and spacecraft observations. These input
parameters include mass of Jupiter, eccentricity of Io’s orbit (0.0041, Greenberg, 1982),
obliquity (0.002, Baland et al., 2012), semimajor axis (4.21 x 108 m), and the density,
thickness, viscosity, Young’s Modulus, and Poisson’s ratio of each layer (Table 1), modeled
after Patthoff & Davies (2017). Because the properties of [o’s interior are poorly constrained
and the presence of an interconnected melt layer has been debated until recent observations
precluded a shallow melt layer (e.g., Aygiin & Cadek, 2025; Khurana, et al., 2011; Park et
al., 2025), a range of values were tested and stresses were modeled for both the presence and
absence of a global magma ocean. To model a case with no ocean layer, we make L2
extremely thick, thus negating the effects of the L3 layer on L1 and L2; this method has been
used previously for (possible) ocean worlds (e.g., Rhoden et al., 2015; 2017). The thin liquid
layer of L3 decouples the mantle and core from the lithosphere layers such that they have a
negligible effect on tidal stresses on the surface (Rhoden et al., 2017 showed the L4

contribution to the magnitude of tidal stresses to be <1%).

Table 1. Range of input parameters tested for tidal model in SatStressGUI. Bold values in
parentheses are values used for model case with no magma ocean used to calculate stress
orientations for the remainder of results.

Density (kg/m3)

Layer (x1000) Young's Modulus (Pa) Poisson's Ratio Thickness (km) Viscosity(Pas)
L1: Upper Lithosphere 2.3-3.0(3.0) 1E9-1E11(1E11) 0.2-0.3(0.2) 5-50(5) 1E19- 1E26 (1E25)
L2: Lower Lithosphere 2.5-3.2(3.2) 1E9-1E11(1E10) 0.2-0.3(0.2) 10- 863 (863) 1E9-1E20 (1E14)
L3: Asthenosphere 3.3-3.7(3.7) 0 0.5 1-20(10) 0-1E6(1E2)
L4: Mantle + Core 4.5-6.0(5) 1E9-1E12 (1E12) 0.2-0.3(0.2) 934 - 1806 (944) 1E4

Though a range of input parameters were tested, including the presence and absence of a
magma ocean, we found that changing parameters changed the amplitude of the resulting
maximum compressive and tensile stresses, but changed the timing of peak diurnal stress by

less than 30° in mean anomaly. Therefore, for the remainder of the study we focus only on
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the results from the case with no magma ocean, treating it as representative of the range of
possible modeled results. Even if the timing and amplitude of some of these stresses are
different for the different cases, the orientation of the maximum compressive and tensile
stress is not changing significantly, which is the parameter we are using to compare to surface
features. Stresses were modeled for every 10 degrees of mean anomaly (Figure 2). The

magnitude-weighted average stress orientation was also calculated for each patera and
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Figure 2. Map view of modeled diurnal tidal stresses calculated with SatStressGUI starting
at periapsis and progressing in 30 degree increments until a full orbit is reached throughout
animation. Stresses were modeled for three different conditions: no magma ocean (shown
here, using bold parameters in Table 1), magma ocean with thin lithosphere, and magma
ocean with thick lithosphere. Tension (red arrows) is positive.

From this global tidal stress modeling, we can then extract the tidal stresses modeled at the
latitude and longitude location of each mountain and patera in the mapped dataset. The
maximum compressional and extensional stress (and its orientation from north) experienced
at each of these locations throughout lo’s orbit were computed to compare to the orientations

of the features.
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2.3 Visual and Statistical Analysis

Rose diagrams, or circular histograms, are used across the field of Earth sciences to visualize
directional data, from wind directions to fault orientations to paleomagnetic signatures, as
well as throughout the solar system to map faults and straight crater rim segments (e.g.,
Cheng & Klimczak, 2025; Klimsczak et al., 2025). We generated rose diagrams for the
measured orientations (East from North) of paterac and mountains produced with the
Minimum Bounding Rectangle, as well as the orientations of the modeled maximum tensile
(maximum o1) and maximum compressional (minimum o1) stresses experienced at the
location of each feature during Io’s orbit. Orientations are all measured 0-180° and are
mirrored to better guide the eye. The difference between feature orientation and stress
orientation was calculated from 0-180°, and then all differences above 90° were mirrored
across the 90° axis to assess whether features were oriented parallel or perpendicular to the
maximum tensile or compressional stress experienced; that is, a feature oriented 100° from
the stress orientation is equivalent to being oriented 80° from the stress. Differences are

plotted on a single quadrant rose diagram.

Rose diagrams are often plotted with the radius of each bin proportional to the frequency of
the measurement, which can help our eyes pick out trends in the orientation data, but can be
misleading in terms of how significant those trends are. A much more intuitive method is to
plot equal-area rose diagrams, where the area of each bin is proportional to the frequency,
rather than the radius, which is akin to plotting the square root of the frequency as the radial
distance (Sanderson & Peacock, 2020). All rose diagrams are presented with a gray region
representing a dataset of equal size with a uniform distribution of orientations for reference.
Bin sizes were chosen using the widely adopted function recommended by Scott (1979),
where the bin width in degrees (b) is related to the range (R; 180° in our case) and sample
size (N) as b = R / (2N'?), rounding to the nearest common fraction of 180° for ease of
plotting. This bin size function is favored because it is based on a normal distribution but
avoids “over smoothing” (Sanderson & Peacock, 2020; Scott, 1979). For most of our
datasets on order of N=100, we use a bin size of 15°, which is a reasonable value for the

given sample sizes of the datasets; a bin size of 20° or 30° is used for the smaller subgroups
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of data. We create the polar histograms using the polar-projected bar plot function in the

Python Matplotlib library (Hunter, 2007).

In order to quantitatively evaluate the distribution of the mapped feature orientations, we
applied the Kuiper test for uniformity to determine if orientations or differences between
feature and stress orientations have significant preferred orientations (Jammalamadaka &
Sengupta, 2001, Kuiper, 1960; Landler et al., 2018). The Kuiper test is useful for directional
data, and is based on the cumulative frequency without binning the data, and therefore can
show departures from a uniform distribution without binning bias. The Kuiper test p-values
were calculated using the Python-based Kuiper function in the astropy package (Price-
Whelen et al., 2022). The null hypothesis is that orientations are randomly drawn from a
uniform distribution; Kuiper test p-values less than an alpha level of 0.01 indicate there is a
preferred orientation with 99% confidence. We chose a strict confidence interval due to
testing a large number of subsets of the data. Using this test, we investigate two different
hypotheses: Are patera or mountain orientations non-uniform on the surface? And is there a
non-uniform relationship between those feature orientations and the orientation of maximum

tensile or compressive stress they experience each orbit?

3. Orientation and Distribution of Features
3.1 Patera Shapes

Radebaugh et al. (2001) provide a comprehensive review of patera morphologies on Io and
report that seventy percent of the global population of paterae have a planform aspect ratio
of <0.8. This is consistent with our measurements, and our further exploration of the
distribution of patera ellipticity reveals that paterae have a characteristic elongate shape, with
a preferential aspect ratio of ~2/3. In our global survey of paterae, we found that 134 (31%)
of paterae have an aspect ratio between 0.6-0.72 (Figure 3). The orientation of the long axis
of the patera diminishes in significance for more circular paterae, so the dataset of “elongate”
paterae used for the remainder of analyses is limited to those paterae with an aspect ratio
<0.72, so defined because of the sharp shoulder in the patera shape distribution for features

with an aspect ratio >0.72 (Figure 3).
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Figure 4. Distribution of patera shapes, both for full dataset of previously mapped paterae
(N=430), and for the subset of paterae that are classified as “elongate” using an aspect ratio
cutoff of 0.72 (exclusive) based on the peak in the aspect ratio distribution (N=252).

3.2 Patera Orientations

The long axis of each patera, as measured from a minimum bounding rectangle drawn around
the feature using a stereographic projection centered on the feature midpoint, is oriented on
the surface at some angle 0-180°, measured East from North where North = 0°. Because
there is no directionality to the orientation data (an east-west oriented feature could have an
orientation of 90° or 270° from north), we use equal-area polar histograms, or rose diagrams,
with the orientations mirrored across the center of the circle in order to visualize the data.
Using the Kuiper test for uniformity, we did not find that the elongate paterae (aspect ratio
<0.72) significantly deviates from a uniform distribution of orientations (Table 2). To
consider any regional trends, we divided the dataset to investigate the orientations of paterae
in the entire northern and southern hemispheres, polar regions (latitude > + 45°), equatorial
region (latitude < + 30°), sub- and antijovian hemispheres, and leading and trailing
hemispheres (Figure 4). The Kuiper test did not return any p-values below the alpha level of
0.01 for any of these subdivisions except for the subjovian hemisphere, which returned a p-

value of 0.0005, meaning that those paterac have non-uniform orientations with 99%
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confidence (Table 2). These subjovian paterae do not have a unimodal preference, but rather

are unlikely to be oriented NE/SW.

Table 2. Statistical significance of feature orientations and their relationship to the diurnal
stress field, given as returned p-values from the Kuiper test of uniformity, subdivided by
region. Mountain and patera orientations reflect the distribution of feature orientations where
the long axis for features with planform aspect ratios <0.72 is measured east from north.
Feature-Stress orientations reflect the absolute value of the difference between mountain or
patera orientation and the orientation from north of maximum diurnal stress experienced by
that feature each orbit.

Region Number of F’atere? Pat?ra-Stress Numberof M.ounta.in Moun.tain-S.tress
Paterae Orientation Orientation Mountains Orientation Orientation

Global 252 0.1092 0.0583 93 0.1935 0.1354
Northern Hemisphere 122 0.9365 0.3541 47 0.0006 0.0068
Southern Hemisphere 130 0.0413 0.3154 46 0.6797 0.9081
North Pole 20 0.8121 0.8556 16 0.1172 0.3225
Equator 153 0.0974 0.111 47 0.3947 0.1907
South Pole 32 0.5927 0.1916 14 0.2378 0.0095
Subjovian Hemisphere 111 0.0005 0.0242 52 0.1312 0.032
Leading Hemisphere 118 0.4883 0.2878 56 0.2445 0.2122
Antijovian Hemisphere 141 0.8918 0.873 41 0.245 0.8811
Trailing Hemisphere 134 0.3831 0.3147 37 0.8423 0.6276
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Figure 4. Orientations of long axes of elongate paterae across different regions of lo (those
with an aspect ratio <0.72). North is up for all equal-area polar histograms, and orientations
are measured from 0-180° and mirrored across the center of the circle The gray shaded region
represents a uniform distribution for a dataset of the same size. A sinusoidal projection
basemap centered on the subjovian point (0°W), with orange points corresponding to the
locations of all paterae, is provided for reference. A larger bin size (20°) was used for the
north and south polar rose plots due to smaller sample size, compared to 15° for all other
plots.

3.3 Mountain Shapes

Unlike paterae, which have an irregular but often rounded shape, mountains tend to form as
large, blocky massifs with a clear long axis. Therefore, the dataset of mountains used for
this survey with aspect ratio <0.72 only excludes 27 mountains (or 22.5%) from those
originally mapped (whereas 41% of paterac were excluded for being too circular). Though
less pronounced than the patera shape distribution, mountains also have a characteristic

shape with a large population having aspect ratios falling between 0.4-0.66 (Figure 5).
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Figure 5. Distribution of mountain shapes, both for full dataset of previously mapped
mountains (N=120), and for the subset of mountains that are visually elongate using the same
aspect ratio cutoff of 0.72 that was used to classify paterae as “elongate” (N=93).

3.4 Mountain Orientations

We subdivide the dataset of elongate mountains by the same regions that were investigated
for paterae: the entire northern and southern hemispheres, polar regions (latitude >45°),
equatorial region (latitude <30°), sub- and antijovian hemispheres, and leading and trailing
hemispheres (Figure 6). None of these subsets, nor the global dataset of elongate mountains
(aspect ratio <0.72), can be shown to be non-uniform with the Kuiper test for uniformity,
with the exception of the northern hemisphere, which returns a p-value of 0.006, meaning
that northern mountains have a preferential orientation with 99% confidence (Table 2). These
mountains are much more likely to be oriented N/NW-S/SE, and unlikely to be oriented E-
W. Though the rest of the regional subdivisions do not show a significant deviation from
uniform, the N/S preferential trend is visible in the subjovian and leading hemispheres as

well.
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Figure 6. Orientations of long axes of elongate mountains across different regions of Io
(those with an aspect ratio <0.72). North is up for all equal-area polar histograms, and
orientations are measured from 0-180° and mirrored across the N-S meridian. The gray
shaded region represents a uniform distribution for a dataset of the same size. A sinusoidal
projection basemap centered on the subjovian point (0°W), with purple points corresponding
to the locations of all mountains, is provided for latitudinal reference. For longitudinal
reference, the USGS color mosaic has been orthographically re-projected to show the
subjovian hemisphere (-90°—0°-90°), leading (-180°-0°), antijovian (90°-180°— -90°) and
trailing (0°-180°) hemispheres of lo.

4. Tidal stresses and their relationship with feature orientation
4.1 Modeled stress results

Diurnal stresses were modeled using SatStressGUI, a four-layer viscoelastic model for
orbital bodies (Kay & Kattenhorn, 2010; Patthoff et al., 2016; Wahr et al., 2009). The 61 and
03'stress components were calculated at the latitude and longitude of each patera and
mountain midpoint through one orbit of o around Jupiter, using a range of input parameters.
These stress vectors have an amplitude, measured in kPa, and an orientation from north on
the surface from 0-180°. We found that changing the thickness and density of each of the
four layers in the model affected the amplitude of the stresses experienced, but not the timing
or orientations of them. Therefore, all stresses presented in the following results are based on

the input parameters for a case without a magma ocean, as presented in Table 1.
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Each point on Io’s surface experiences a rotating stress field with tension and compression
occurring in different directions at different times throughout the orbit. These timing and
amplitude of the peak stress experienced at each feature location varies with the feature’s

position on the moon (Figure 7).

Because we are most interested in the peak stresses experienced by these features—peak
extension for paterae, peak compression for mountains—we calculate the maximum o, value
(using the convention where tension is positive) experienced by each patera, and the
corresponding orientation on the surface of the stress vector, and the minimum o3 value and
corresponding orientation experienced by each mountain. The average stress experienced at
each feature, weighted by stress magnitude, was also calculated, but did not have any
statistically significant relationship to feature orientation. We focus on maximum stress
because the magnitude of these tidal stresses is one to two orders of magnitude smaller than
the compressive breaking strength of basalt at ambient temperature on Earth (Cardarelli,
2018), so the maximum stress is necessary to come close to influencing fault movement. Of
course, uniquely lonian processes affecting the strength of the crust, such as sulfur dioxide
frost interbeds, crystal size, temperature gradients, and lava flow morphology all influence
(and possibly reduce) the breaking strength of the crust, bringing it closer to the range of

modeled maximum stresses.
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Figure 7. Model outputs from SatStressGUI for diurnal tidal stresses experienced at the
location of each feature in the study throughout one orbit of lo around Jupiter (mean anomaly
of zero corresponds to periapsis), at 30° increments. Stresses were modeled for o; at all
paterae (a, b) and o3 at all mountains (¢, d). (a) and (c) show the change in timing of peak
stress for features located near the equator (lighter colors) vs. the poles (darker colors),
plotted as absolute value of latitude. (b) and (d) show the change in timing of peak stress for
features at different longitudes around the moon, from the subjovian point at 0° (darker
colors) around 360° to the east (lighter colors).

4.2 Correlations between stresses and features

We consider whether tidal stresses may influence the formation of the populations of
elongate paterae that have a measurable orientation on the surface. For each location on Io’s
surface with one of these features, we extract the orientation and magnitude of the modeled
maximum compressive and tensile stress experienced during one orbit of Jupiter at that
location. The difference between the feature orientation and the maximum stress orientation
guides our study: compressive stresses in one direction may produce uplifted mountains
perpendicular to stress, and extension in one direction may result in elongate paterae

perpendicular to stress as the crust opens like a fissure. We therefore calculate the difference
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between each feature orientation and the orientation of the maximum stress it experiences,
and mirror these differences across the x-axis to better assess the parallel vs. perpendicular
cases (Figure 8). That is, a feature oriented 100° from the orientation of maximum stress is

the same as being oriented 80° from said stress vector, as both are 10° from perpendicular.

We present the overall relationships between all elongate (aspect ratio <0.72) paterae and
mountains and their corollary maximum stress vectors in Figure 8, but calculated similar
distributions for all the regions outlined in Figure 4 and Figure 6. Polar histograms of the
difference between the two orientations are displayed in a single quadrant to highlight
parallel and perpendicular relationships, but the Kuiper test for uniformity was performed on

the differences as measured 0-180° (Table 2).

The differences between paterae and stress direction do not have a non-uniform distribution
indicating a preferential orientation (p-value of 0.0583). The patera orientation distribution
may be multimodal, which is why the first-order Kuiper test fails to find a significant result
in the orientations; visual inspection of the rose plots suggests there may be peaks at ~0° and
90°. The Kuiper test also fails to detect any significant non-uniformity in the regional subsets
analyzed in Figure 4. The subjovian hemisphere paterae, which demonstrated a strong
preference away from NE/SW orientations, does not demonstrate a significant preferential

offset from stress orientation (p-value = 0.0242).

Similarly, the mountain dataset does not exhibit a correlation between feature orientation and
stress direction (p-value = 0.1354), though there are larger populations of mountains oriented
0-30° and 60° from peak stress orientation than other angles. The northern hemisphere,
which has a significant preferential N-S orientation, also has a significant preferential offset
from stress (p-value = 0.0068) with mountains most likely to be within 30° of parallel to
stress. The south polar region exhibits a weaker but significant offset as well (p-value =
0.0095), with the most likely offsets being 25°r 60°, but caution should be exercised in

interpreting this relationship due to the very small number of features in this region (N=14).
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Figure 8. Orientations of elongate paterae (N=242), mountains (N=93), modeled maximum
diurnal tidal stresses experienced at each feature location, and the difference between them
for each feature. All orientations are measured in degrees east from north, and gray regions
represent a uniform distribution for each dataset. Differences greater than 90 are reflected up
over the x-axis to better visualize features parallel vs. perpendicular to stresses.

5. Discussion
5.1 Patera Stress Relationships

While the mechanisms surrounding tidal influence on mountain and patera formation are
unclear, the spatial relationships between these features and the modeled stress field are
important. We did not find any regions where there is a significant preferential orientation

of features perpendicular to peak stress with an intuitive relation to the stress field.

Paterae are surface features deeply connected to the movement of magma upward and
outward across lo’s plains. They are much deeper than volcanic calderas on Earth, with walls
that can exceed the Grand Canyon in depth (Radebaugh et al., 2001; White & Schenk, 2015).
There are several models for the movement of magma to the surface to express as paterae,

including using faulted crust as a pathway to the surface, or upwelling and melting through
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sulfur dioxide frost layers (Davies et al., 2006; Jaeger et al., 2003; Keszthelyi et al., 2004;
2007; Kirchoff & McKinnon, 2009; McKinnon et al., 2001; O’Reilly & Davies, 1981;
Spencer et al., 2020). In either model, it is not unreasonable to predict that periodic flexing
of the crust in diurnal cycles could influence the opening of fissures on the surface,
perpendicular to those extensional stresses. Therefore, paterae might be expected to be better
indicators of a feature-tidal stress relationship than mountains, which are thought to be
generated by deep compressive crustal subsidence stresses, orders of magnitude larger than
tides. The global ~uniform distribution of patera orientations and offsets from stress
orientations indicates that there is no imprint of tidal stresses on the shape of paterae on the
surface. However, it should be noted if these features initiate as narrow rifts, it is possible
any initial shape is quickly modified by subsequent eruptive activity, new lava flows, and
sapping of crater walls producing scalloped cliffsides (Moore et al., 2002). Though tidal
stresses may not control the global population of patera orientations, they could still

contribute to initial rifting and regional orientation trends.

For example, the strong preferential orientation of paterae in the subjovian hemisphere is
striking, with a scarcity of features forming in a NE-SW orientation (Figure 4). Further
subdividing this group of paterae to only include those in both the subjovian and leading
hemispheres, thus encompassing one of the two antipodal clusters of paterae on lo (Kirchoff
et al., 2011), yields a similar result (significantly nonuniform distribution with very few
paterae oriented NE-SW; p-value = 0.0161, N=72). While the differenced distributions do
not have a significantly nonuniform distribution according to the Kuiper test, they both show
a large population of features oriented parallel and perpendicular to stresses. Though the
subjovian hemisphere does contain a lower density of hot spots and lower heat flow, it also
includes the massive and active Loki Patera, proposed to be linked to a crustal hot spot of
mantle upwelling (Davies et al., 2015; Steinke et al., 2020). It is possible that the volcanic
plumbing supporting this eruptive center disrupts the regional magma pathways, preventing
proximal paterae from forming with the NE-SW orientation. On a longer timescale, it is
possible that crustal formation from Loki-centric lava flows contributes to local

heterogeneities that then manifest in preferential rifting orientations. Ultimately, factors
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beyond tidal stresses must be preventing paterae from forming or remaining oriented in a

NE-SW direction in the subjovian hemisphere.

5.2 Mountain Stress Relationships

Because mountain formation is hypothesized to be driven by crustal subsidence stresses—
which are orders of magnitude stronger than the surface tidal stresses—we do not expect
tidal stresses to be strongly influential on the mountain uplift (e.g., McEwen et al., 2004;
McKinnon et al., 2001; Schenk & Bulmer 1998). Therefore, it is not surprising that the
mountains globally do not have a statistical correlation with tidal stresses orientations (Figure
8). However, the preferential N-S orientation of the mountains in the northern hemisphere,
as well as their tendency to form parallel to direction of maximum compression, hints that
there could be some contribution from stresses to slip along faults, but more but more detailed
modeling of the stress components, particularly shear, may be useful to further illuminate
this relationship in future work. It is possible cyclical compression could drive incremental

motion along mountain-bounding faults with a directional bias.

Perhaps more than paterae, mountains are strongly impacted by erosional processes on lo,
with their dramatic scarps being softened by processes of mass wasting and erosion over
geologic time on a body constantly being shaken by volcanically-induced seismicity (e.g.,
Moore et al., 2002; Schenk & Bulmer, 1998; Seeger et al., 2025). These erosional processes
could obscure any characteristic shape a mountain has when it is freshly uplifted, softening
the features and making them rounder over time. Higher resolution global coverage of lo’s
mountains would allow us to better distinguish scarp from slump components of individual
mountains, providing a better metric to understand the distribution of orientations (Figure 5).
Mountain identification is also highly dependent on solar incidence angle. Though there is
some variation in incidence angle between the northern and southern hemisphere by Galileo,
it does not appear dramatic enough to strongly skew the N-S orientation bias of the northern
hemisphere mountains compared to the southern hemisphere (Figure 7 in Williams et al.,

2011).
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6. Conclusions

Io’s diverse surface features include towering tectonic mountain massifs and depressed
volcanic paterae that are diverse in size, shape, and spatial distribution. Hypothesized
mountain formation mechanisms are driven by crustal subsidence stresses, which are orders
of magnitude stronger than the tidal stresses that act on lo’s surface, while subsurface
pathways bringing magma to the surface at eruptive paterae may be more susceptible to the
flexing of the crust in different orientations and to different degrees throughout Io’s orbit.
Because tidal stresses have been shown to affect surface feature formation elsewhere in the
solar system, we modeled the tidal stresses acting on lo’s surface at the locations of all
elongate mountains and paterae (meaning those with an aspect ratio <0.72) to determine if
tidal stresses may influence surface feature formation by affecting their shape and map-view
orientation. Both compressive and extensional maximum stresses have a preferential north-
south orientation. Paterae tend to be more circular in shape than mountain blocks, but those
that are elongate do have a characteristic planform aspect ratio of 2:3. Globally, the
orientations of both mountains and paterae cannot be shown to be non-uniform according to
the Kuiper test of uniformity. Moreover, there is no significant non-uniformity their offset
from the direction of maximum tensile stress (for paterae) and compressive stress (for
mountains) that they experience during lo’s orbit. A significant lack of paterae oriented NE-
SW in the subjovian hemisphere, where Loki Patera is located, hints that there may be more
complicated stresses influencing the regime, especially if Loki is a site of mantle upwelling.
Mountains in the northern hemisphere show a significant trend of N-S alignment. Ultimately,
though the distributions of measurements and modeled stresses do not support the
hypothesized perpendicular relationships indicative of tidal stress influence on feature
formation, this study reveals regional asymmetries in feature orientation and hints at
relationships between feature orientation and stress that are likely compounded by crustal

heterogeneities at depth influencing both tectonic uplift and magma pathways.
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Supplementary Data for Chapter 2

This section contains all data used in evaluating surface feature shape, orientation, and
relationship to diurnal tidal stresses. Table S1 (p. 47-55) contains data for elongate paterae
(planform aspect ratios of <0.72). Table S2 (p. 56-59) contains data for all mountains, though
the elongate population with aspect ratios of <0.72 was isolated for analysis in Chapter 2. In
both tables, Latitude and Longitude (0-180, East positive) correspond to the midpoint of each
patera or mountain polygon. Width and Length refer to the geodesic length (in km) of the
long and short axis of a minimum bounding rectangle encasing each feature. Orientation is
the orientation in degrees of the long axis of that rectangle measured clockwise from north.
The absolute value of the difference between the stress orientation and feature orientation is
given in both the original 0-180 measurement and as 0-90, where all values >90 are reflected
back up over the x-axis as in Figure 8. For Mountains, Unit corresponds to geologic units in
USGS geologic map (Williams et al., 2011); Ml = Mountain, lineated; Mm = Mountain,
mottled; Mu = Mountain, undivided. Note that Object ID refers to unique identifier in
ArcPro map based on drawing order; table is sorted in order of increasing latitude so some

Object_ID values are slightly out of chronological order.
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