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a b s t r a c t 

The mountains of Jupiter’s volcanic moon Io are tall, steep, and tectonic in origin, yet their precise modes 

of formation and their associations with volcanic paterae are not fully understood. Global spatial statistics 

of paterae and mountains and their associated lineations reveal that both types of features are more com- 

mon at low latitudes and tectonic lineations have preferred orientations, whereas straight patera margins 

are randomly oriented. Additionally, structurally controlled lineations tend to cluster with each other, and 

in areas of high concentrations these tectonic lineations are shorter in length than their global average. 

These results indicate that global-scale (rather than local or regional) processes are involved in forming 

Io’s tectonic structures, but that the diversity of mountain characteristics and the collapse of paterae ad- 

jacent to mountain complexes are more locally controlled. Regional structural mapping of the Hi’iaka, 

Shamshu, Tohil, and Zal regions reveals Io’s mountains reside in large, fault-bounded crustal blocks that 

have undergone modification through local responses of subsurface structures to variable stresses. Strike- 

slip motion along reactivated faults led to the formation of transpressional and transtensional features, 

creating tall peaks and low basins, some of which are now occupied by paterae. We propose Io’s moun- 

tains result from a combination of crustal stresses involving global and local-scale processes, dominantly 

volcanic loading and tidal flexing. These stresses sometimes are oriented at oblique angles to pre-existing 

faults, reactivating them as reverse, normal, or strike-slip faults, modifying the large, cohesive crustal 

blocks that many of Io’s mountains reside in. Further degradation of mountains and burial of faults has 

occurred from extensive volcanism, mass wasting, gravitational collapse, and erosion by sublimation and 

sapping of sulfur-rich layers. This model of fault-bounded blocks being modified by global stresses and 

local structural response accounts for the variation and patterns of mountain sizes, shapes, and orienta- 

tions, along with their isolation and interactions with other features. It also provides a context for the 

operation and extent of global and regional stresses in shaping Io’s surface. 

© 2017 Elsevier Inc. All rights reserved. 
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1. Introduction 

Jupiter’s moon Io, from earliest observations, has been anoma-

lously dynamic, with a surface that is a colorful mosaic of active

volcanic and tectonic features ( Morabito et al., 1979; Smith et al.,

1979; Strom et al., 1979; McEwen et al., 1998; McEwen et al.,

20 0 0; Spencer et al., 2007 ). Io’s significant tidal heat ( Peale et al.,

1979 ) is released through volcanic activity ( Johnson et al., 1979;

Peale et al., 1979; Blaney et al., 1995; McEwen et al., 1998 ) and
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rustal resurfacing and subsidence ( Schenk and Bulmer, 1998;

chenk et al., 2001; Turtle et al., 2001; Jaeger et al., 2003 ). The

verage heat flow at the surface of Io is ∼20–30 times that of

arth ( O’ Reilly and Davies, 1981; Veeder et al., 1994; Turcotte

nd Schubert, 2002; Veeder et al., 2004; Veeder et al., 2009;

eeder et al., 2011 ). Moreover, Io has no visible impact craters,

aking the surface only a few million years old ( McEwen et al.,

989; Geissler et al., 1999; McEwen et al., 20 0 0 ). The average

esurfacing rate is ∼1–10 cm/year ( Johnson et al., 1979; McEwen

t al., 1989 ), though much of this could be highly localized, with

reater volumes of material emerging at volcanic centers such as

ava lakes ( Geissler et al., 1999; Lopes et al., 2004 ). The overall

ensity, gravitational studies and topographic observations suggest

hat the moon’s crust and mantle are primarily composed of

http://dx.doi.org/10.1016/j.icarus.2017.06.004
http://www.ScienceDirect.com
http://www.elsevier.com/locate/icarus
http://crossmark.crossref.org/dialog/?doi=10.1016/j.icarus.2017.06.004&domain=pdf
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ron-rich silicates ( McEwen et al., 1989; Carr et al., 1998; Geissler

t al., 1999 ), but chalcophile elements, sulfur allotropes, and fresh

afic lavas give Io’s surface its distinctive red, black, and yellow

olors ( Sagan, 1979; Carr et al., 1998; Geissler et al., 1999; Kargel

t al., 1999 ). Many of these materials have been erupted from

lumes and fissures, or onto the floors of volcanic depressions

 Carr et al., 1998; Geissler et al., 1999; Lopes-Gautier et al., 1999;

avies, 2001; Radebaugh et al., 2001 ). 

Io contains some of the tallest and steepest mountains in the

olar system ( Schenk et al., 2001; Turtle et al., 2001; Jaeger et al.,

0 03; Turtle et al., 20 07 ), composed of mafic silicates and sulfur

ompounds that are thought to be Io’s older and deeper crust

 McEwen et al., 1998; Schenk and Bulmer, 1998 ). Paterae, defined

n Io as volcano-tectonic depressions ( Radebaugh et al., 2001 ),

ange up to over 200 km across ( Radebaugh et al., 2001; Rathbun

t al., 2002 ), and make up ∼2% of the surface ( Zhang et al., 2002 ).

hey resemble terrestrial calderas and often have active lava flows

n their floors ( Carr et al., 1998; Radebaugh et al., 2001 ). These

ectonic and volcanic features are key to understanding crustal

rocesses on Io and other tidally heated bodies ( Carr et al., 1998;

chenk and Bulmer, 1998; Schenk et al., 2001; Turtle et al., 2001;

aeger et al., 2003; Turtle et al., 2007 ). 

Paterae and mountains are globally distributed ( Carr et al.,

998; Radebaugh et al., 2001; Schenk et al., 2001; Jaeger et al.,

003; Kirchoff et al., 2011; Hamilton et al., 2013 ) and their distri-

ution and character can provide valuable insight into volcanic and

ectonic processes operating within Io’s crust ( Jaeger et al., 2003;

amilton et al., 2013 ). The relationships of these two features

o each other, as well as the processes forming them, are still

ot well understood ( Radebaugh et al., 2001; Jaeger et al., 2003 ).

his paper examines mountains and paterae at global and local

cales through analysis of their distributions and new structural

aps. This will help us begin to determine the relative influences

f global and regional stresses in their formation, while also

dentifying how these two classes of features may be linked by

ectonic interactions with one another. 

. Background 

.1. Mountains 

Despite Io’s persistent volcanic activity, its ∼135 reported

ountains ( Turtle et al., 2001; Turtle et al., 2007 ) are, with very

ew exceptions, classified as tectonic rather than volcanic in origin

 Schaber, 1982; Nash et al., 1986; Carr et al., 1998; Schenk et al.,

001; Turtle et al., 2001 ). They lack distinguishable vents, calderas,

r flows emanating from their summits ( Turtle et al., 2001 ) and are

locky and steep-sided, rather than conical. Ionian mountains have

een defined by Schenk et al. (2001) as features of positive relief

nd measureable size higher than 1 km, not solely created by ero-

ional processes. Schenk et al. (2001) measured the average moun-

ain height to be 6.3 km, with Io’s highest peak, Boösaule Montes,

ising to 17.5 ± 3 km above the surface. They also measured the

verage length and width of mountains to be 158 km and 80 km,

espectively, and the average area to be ∼12,080 km 

2 . Mountains

omprise 3% of Io’s total surface area ( Schenk et al., 2001 ). 

The Voyager 1 and 2 spacecraft first observed Io’s mountains up

lose, and studies of Voyager images suggested that the mountains

ere evenly distributed in both latitude and longitude and were

ectonically modified crustal blocks, rather than volcanoes, as had

een previously predicted ( Carr et al., 1979 ). There was no pattern

r alignment of mountains to suggest that a global tectonic regime,

uch as terrestrial-style plate tectonics, could be responsible for

hem ( McEwen et al., 1989; Schenk et al., 2001; Turtle et al., 2007 ).

alileo’s Solid State Imaging (SSI) camera imaged Io’s surface from

996–2002 ( McEwen et al., 2000 ), further revealing the diversity
f Io’s mountain morphologies, along with many smaller-scale tec-

onic and mass wasting features ( Fig. 1 ) ( McEwen et al., 20 0 0 ). 

The majority of Io’s mountains appear as isolated “islands”

hat climb steeply out of the surrounding smooth, volcanic plains.

thers have scalloped margins eroded from possible sapping of

ulfur-rich crustal layers or are surrounded by debris aprons. Many

ounding scarps can be interpreted as tectonic, erosional, or a

esult of gravitational collapse ( Schenk et al., 2001 ), and many

ountains possess lineations, striations, and troughs that could

ave been created by arching or detachment during uplift or by

ass movement ( McEwen et al., 1985; Carr et al., 1998; Schenk

t al., 2001 ). Carr et al. (1998) and Schenk et al. (2001) compiled

lobal catalogs of mountains from Voyager and Galileo data to

etter classify the variations in mountain characteristics. 

Mountains are often found adjacent to paterae, leading to the

onclusion that they may be genetically related ( Radebaugh et al.,

0 01; Jaeger et al., 20 03; Radebaugh, 20 05 ). Carr et al. (1998) did

ot find a spatial correlation between mountains and volcanic hot

pots. However, Schenk and Hargitai (1998) reported a longitudinal

nticorrelation between the densest concentrations of mountains

nd volcanic centers, results that have since been validated

n other research ( McKinnon et al., 2001; Schenk et al., 2001;

irchoff and McKinnon, 2009; Kirchoff et al., 2011 ). Mountains

eem to be slightly more densely clustered at lower latitudes

 Schenk et al., 2001 ) and show two broad concentrations around

5 °W and 265 °W, roughly antipodal from one another, 5 °−25 °
ff of the leading and trailing points of Io’s orbit ( McEwen and

oderblom, 1983; Schenk et al., 2001; Kirchoff et al., 2011 ). These

oncentrations are offset ∼90 ° from two clusters of volcanic cen-

ers reported by Radebaugh et al. (2001) and Schenk et al. (2001) ,

oughly associated with the sub- and anti-Jovian points. The global

nticorrelation between mountains and volcanic centers may

uggest that heat flow in the crust is higher along the Jupiter-

ointing axis in the areas where volcanic centers are concentrated

 Radebaugh et al., 2001 ), while 90 ° from those areas there exists

older, thicker, and more brittle crust better suited for mountain

ormation through thrusting or tilting of crustal blocks ( Schenk

nd Bulmer, 1998; Schenk et al., 2001; Turtle et al., 2001; Jaeger

t al., 2003; Kirchoff and McKinnon, 2009 ). 

A number of possible formation mechanisms for Io’s mountains

nd other tectonic features exist. McEwen et al. (1985) postulated

arly on that Io’s crust was experiencing Basin and Range-style ex-

ension, with high heat flow below a thin lithosphere, magmatism,

nd topographic swelling. Keszthelyi et al. (1999) proposed that

he lithosphere of Io is negatively buoyant on a dense, partially

olten upper mantle and that mountains are crustal blocks as-

ociated with remixing of the lithosphere into the mantle. Others

ave linked diurnal tidal forces directly to the formation of smaller

eatures. Bart et al. (2004) concluded that fields of small-scale

idges may have resulted from crustal deformation as predicted

rom tidal flexing, suggesting that a global input of tidal stress

ay overprint local stress fields. However, larger-scale structural

andforms may be explained by fractures undergoing diurnal

eactivation and continued slip, and non-synchronous rotation (as-

uming Io is rotating slightly faster than synchronous) ( Bart et al.,

004 ). Jaeger et al. (2003) proposed that local convective up-

elling due to global tidal heating may generate asthenospheric

iapirs that rise and dome the surface, creating local horizontal

ompressive stresses outward from domes sufficient for mountain

ormation. Finally, because local or regional crustal temperatures

re dependent on the amount of volcanism occurring in a given

rea ( O’ Reilly and Davies, 1981 ), an increase in the throughput of

onducted heat could result in increases in crustal temperatures.

cKinnon et al., (2001) and Kirchoff and McKinnon (2009) have

uggested that crustal heating could generate sufficient regional

ompressional thermal stress to form mountains. 
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Fig. 1. Examples of lineations identified in this study. Structural lineations (green) and patera-edge lineations (red) are traced over images of (a) Euboea Montes (17.5 °S, 

51 °W), (b) Tupan Patera (18.5 °S, 141 °W), and (c) the Amirani region ( ∼25 °N, 114 °W). (For interpretation of the references to colour in this figure legend, the reader is 

referred to the web version of this article.) 
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Schenk and Bulmer (1998) linked horizontal shortening in the

crust to vertical compressive stress generated by constant burial

by volcanic deposits. They suggested Io builds successive layers

of volcanic materials, causing the lithosphere to subside and thus

shorten. This process develops horizontal compressive stresses

that may be high enough to exceed the compressive strength of

rock in the lithosphere, forcing mountain blocks to pop up along

high-angle reverse faults ( Schenk and Bulmer, 1998; Turtle et al.,

2007; Bland and McKinnon, 2016 ). 

2.2. Paterae 

Volcanic centers on Io exist in the forms of single vents,

fracture vents, flow fields, and shield volcanoes, but the majority

are paterae ( Lopes and Williams, 2005; Williams and Howell,

2007 ). Paterae are widely distributed and number over 400 ( Carr

et al. 1979; Radebaugh et al., 2001; Barth and Radebaugh, 2010;

Williams et al., 2012 ). Often compared to terrestrial calderas, these

depressions are attributed to collapse into a partially drained

magma chamber or into voids left by the sublimation of layers

of sulfur-based frosts within the crust ( Radebaugh et al., 2001;

Keszthelyi et al., 2004 ). Paterae have steep walls and flat floors

that are often covered or partially covered by relatively young lava

flow deposits ( Radebaugh et al., 2001; Williams et al., 2012 ). The

average patera effective diameter (diameter of a circle having the
ame area as the patera) from a database of 417 paterae is 41 km

 Radebaugh et al., 2001 ). 

Hamilton et al. (2013) reported that paterae tend to be

niformly distributed in regions of more active volcanism

nd are more randomly distributed around Io’s north pole.

adebaugh et al. (2001) found that paterae are located slightly

ore frequently between 25 °S and 25 °N latitude and cluster

round 330 °W and 150 °W longitude ( Radebaugh et al., 2001 ),

s do all volcanic centers ( Lopes-Gautier et al., 1999 ). These

ongitudinal clusters are 30–60 ° offset from predicted locations of

aximum surface heat flux along Io’s tidal axes, suggesting that

agma may travel laterally by way of local subsurface conduits

 Hamilton et al., 2013 ) rather than directly through the crust from

ts source. Volcanic centers, including paterae, are longitudinally

nti-correlated with mountains ( Schenk et al., 2001; Jaeger et al.,

003; Kirchoff et al., 2011; Hamilton et al., 2013 ), which has

een suggested to imply that mountain and patera formation are

elated by global-scale processes, but that the local structural

rocesses responsible for forming individual mountains or pat-

rae are independent of one another ( Schenk and Bulmer, 1998;

cKinnon et al., 2001; Schenk et al., 2001; Kirchoff et al., 2011 ).

hile 13% of paterae are adjacent to at least one mountain, 42%

f mountains have at least one adjacent patera ( Radebaugh et al.,

0 01; Jaeger et al., 20 03 ) indicating a probable local relationship

etween the two features. Kirchoff et al., (2011) also noted positive
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orrelations between the distributions of mountains and volcanic

enters. 

While terrestrial calderas are nearly always round or sub-round,

any paterae have straight or angular portions to their margins

 Radebaugh et al., 2001 ). It is possible that the straight edges

f paterae, as well as their non-round shapes, indicate tectonic

lements in their formation or genetic relationships to adjacent

ountains. 

. Methods 

We investigate possible links between mountains and paterae

y analyzing spatial relationships between them and the structural

eatures that may be related to their formation. We analyze the

elationships between mountains and paterae, specifically, where

revious statistical analyses examined the relationship between

ll volcanic centers and mountains ( Carr et al., 1998; Kirchoff

t al., 2011; Hamilton et al., 2013 ). Paterae with possible structural

nfluence are identified and their relationships to mountains

re separately characterized. Tectonic features associated with

ountains are also analyzed to determine the extent of tectonic

ontrols on mountain formation and evolution and on collapse of

ssociated paterae using both global spatial statistics and struc-

ural mapping. This study sheds light on the processes forming

ountains and paterae, sources and magnitudes of stress inputs

o the crust, crustal tectonic activity, and resultant deformation. 

.1. Data 

In order to investigate the extent, effects, and sources of stress

n Io’s crust, we have performed global spatial analyses of lin-

ations associated with mountains and paterae. We mapped all

ineations for this spatial study ( Figs. 1, 2 ) in ArcGIS using the

o merged, north pole, and south pole mosaics as base maps un-

er the Io 20 0 0 Geographic Coordinate System and North Pole

nd South Pole projections ( Williams et al., 2012 ). These mosaics

ombine Galileo color data with the high-resolution monochrome

osaic from Voyager Imaging Science Subsystem (ISS) and Galileo

SI images. The merged mosaic is a simple cylindrical map pro-

ection centered on 0 ° longitude, with resolution ranging from

–10 km/pixel near the equator (lowest resolution area cen-

ered on 50 ° W), and no coverage within 5 ° of the north pole

 Williams et al., 2012 ). Although there are resolution variations,

e have mapped lineations and features for our statistics on the

erged mosaic for global continuity and for ease in comparison

ith other work. Our data include linear features we have identi-

ed as well as databases of patera and mountain locations that we

ave updated ( Radebaugh et al., 2001; Barth and Radebaugh, 2010 ).

We identified and measured lineations across the surface of

o and divided these into two categories—structural lineations

nd patera-edge lineations, examples of which are given in Fig. 1 .

tructural lineations refer to any features interpreted as faults,

ractures, or folds— features that have formed as a result of

ectonism ( Fig. 1 a). These were interpreted based on fault and fold

eometries and geomorphologic characteristics of similar struc-

ures on Earth as understood from aerial photos and field studies.

atera edge lineations are defined as straight margins of paterae

nd have been considered alongside, but separate from, structural

ineations because of their connection to paterae ( Fig. 1 b). These

ere identified anywhere a straight, rather than arcuate, segment

f a patera margin exists, ranging from 2.8 km to 193 km in length

where the minimum value was not preset, but may have been

etermined by resolution constraints). 

The azimuths and lengths of all identified lineations ( Fig. 2 )

ere calculated in ArcGIS using the COGO Toolbox. In addition to

ineations, we measured the long axes of paterae and calculated
heir azimuths and lengths in ArcGIS. We also measured lengths,

idths, and areas in ArcGIS of 82 mountains using polygonal

hapefiles to calculate areas. Of Io’s ∼135 mountains ( Turtle et al.,

007 ), we were only able to discern 82 well enough to find bound-

ries between them and the surrounding plains at the resolutions

f the global mosaic. We recognize the potential for observational

iases due to lower image resolution in some locations, or to

ifferences in viewing or illumination angles between images, but

igh resolution images of Io are limited. This is one reason that

e selected areas of higher resolution (as explained in Section 4 of

his paper) to study in greater detail—to see from both a global

nd local scale tectonic features that point to important processes

n Io’s past. 

.2. Statistical methods 

We tested these data for clustering of lineations and lineation

haracteristics (length and azimuth) in 16 sectors of equal area

cross Io’s surface. It is visually apparent that some features are

lustered at various locations and scales ( Fig. 3 a), so we tested

hese features for spatial randomness using the G and K functions

nd the statistical software R ( R Core Team, 2015 ) with the con-

ributed “spatstat” package ( Baddeley and Turner, 2005 ). The G

unction is a nearest neighbor distance function that quantifies

patial interaction between features. It gives the proportion of

eatures in a set of distances up to a given cutoff, r , to the total

umber of points expected under complete spatial randomness.

he K function is also a distance function between features but

ooks beyond nearest neighbors. It shows interactions between

oints by computing the cumulative number of features located

round all others within a certain radius, r ( Gelfand et al., 2010;

iggle, 2013 ). To determine the bounds for complete spatial

andomness, we performed 100 runs through both the G and K

unctions, with randomized locations assigned to the correspond-

ng number of features we had identified, to obtain a range in

hich we would reasonably expect the data to plot if they were

andomly distributed. For a clustered pattern, features or mea-

urements are closer to each other than expected from complete

patial randomness and plot above those bounds. For a uniform

attern, they are farther apart than expected and plot below the

omplete spatial randomness function bounds. 

Additionally, we looked at the conditional marked moments,

hich are the conditional mean and conditional variance of the

engths and azimuths of a random lineation, given that there exists

nother random lineation at a distance r away from it. These tests

re used to indicate whether similar length or azimuth values

end to cluster geographically by fixing measurement locations

nd varying lengths and azimuths randomly ( Gelfand et al., 2010;

iggle, 2013 )—in this study we ran these tests using 100 scenarios.

his provides an average, with some variation for randomness,

hat the lengths and azimuths of our data are compared to in

rder to detect patterns at distances in 50 km intervals away from

ach feature along great circles. The number and character of each

eature were analyzed along each given great circle, rather than in

he cumulative area covered by all previous great circles. If points

lot within the bounds of variance around the mean, then we

an conclude that there is no pattern, but rather that lengths and

zimuths vary randomly with location. If they plot above or below

he bounds we generated, then some spatial pattern exists for the

engths or azimuths of the lineations on Io. 

We used a nonparametric circular-linear correlation to correlate

he azimuths and lengths of linear features since azimuth is an

ngular measure and length is linear. To do this, each azimuth

alue was converted to a ranked circular variable, β i , by: 

i = 

2 π( r i ) 
n 
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Fig. 2. Global lineations. (a) Structural lineations (green) and patera-edge (red) lineations on Io. (b) Lineations in the north pole mosaic. (c) Lineations in the south pole 

mosaic. Blue shaded regions indicate areas of lower resolution ( > 21 km/pixel). (For interpretation of the references to colour in this figure legend, the reader is referred to 

the web version of this article.) 
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where n is the total number of pairs of azimuths and lengths and

r i is the corresponding circular rank (smallest to largest) of the

azimuth measurements following the approach of Tu (2015) and

others ( Johnson and Wehrly, 1977; Tasdan and Cetin, 2013 ). We

then calculated T c and T s , which are terms used in calculating

both correlation coefficients and scaled correlation coefficients as

defined by Batschelet et al. (1973) : 

T c = 

n ∑ 

i =1 

x i cos ( βi ) 

T s = 

n ∑ 

i =1 

x i sin ( βi ) 

where x i is the rank of the length measurements. Finally, we

calculated the correlation coefficient, R, given by: 

R = 

24 

(
T c 

2 + T s 
2 
)

n 

2 ( n + 1 ) 
≈ χ2 as n → ∞ 

using the values we obtained for T c and T s above. To scale to

traditional R-values between −1 and 1, transformations were
erformed for when n is even and odd, respectively, given by: 

 n = 

1 

1 + 5 co t 2 
(

π
n 

)
+ 4 co t 2 

(
π
n 

)

nd 

 n = 

2 si n 

4 
(

π
n 

)
(
1 + cos 

(
π
n 

))3 

We used values obtained for a n to calculate a scaled correlation

oefficient, given by: 

 n = a n 
(
T c 

2 + T s 
2 
)
. 

Lastly, the relationship between straight patera margins and

ountain locations was tested to determine possible genetic

onnections. We used three different tests—the Equality Function,

n independence test, and a random labeling test. The Equality

unction measures how similar events are at different distances.

alues greater than 1 indicate that features that are closer together

end to be of a similar type—that is, the closest features all tend

o be mountains or all patera edges ( Gelfand et al., 2010; Diggle,

013 ). The independence test looks at whether the locations of
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Fig. 3. (a) Approximate orientations of all structural lineations on Io identified in this study. Blue shaded regions indicate areas of lower resolution. (b) Structural lineation 

lengths and azimuths in each equal area sector. Longitude is measured in °W. (For interpretation of the references to colour in this figure legend, the reader is referred to 

the web version of this article.) 
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t  
he individual points are independent of one another statistically,

ssuming a null hypothesis that the locations of the features are

patially independent of each other ( Gelfand et al., 2010; Diggle,

013 ). Finally, a random labeling test compares the locations

f features of the same type with random reassigned locations

 Gelfand et al., 2010; Diggle, 2013 ). Predicted bounds were again

enerated for our tests using 100 randomized scenarios. 

The spatial statistics and feature identifications conducted in

his study build on geologic mapping and measurements made

n the Io ArcGIS Project by Williams et al. (2012) , a lineation

tudy by Radebaugh et al. (2011) , mountain spatial measure-

ents by Schenk et al. (2001) , a comprehensive patera study by

adebaugh et al. (2001) , and spatial analyses of mountains and

olcanic features conducted by Kirchoff and McKinnon (2009),

irchoff et al. (2011) , and Hamilton et al. (2013) . Additionally,

e updated and reclassified some features on a database of

aterae and mountains created by Barth and Radebaugh (2010) .

reas of low resolution may affect the confidence level of some

f statistical results; those are identified. Nevertheless, Io has

ufficient image coverage such that our results are still statisti-

ally significant when comparing features identified on images

f varying resolution. If there were higher resolution images of

ow-resolution areas, it is expected that the results would remain

argely the same, but that uncertainty would decrease. 
t  

t  
.3. Results 

.3.1. Structural lineations 

We identified 353 structural (non-patera) lineations on Io. Their

engths (total: μ (mean) = 129 km ± 110 km) and azimuths (total:

= 164 ° ± 132 °) are shown in 16 sectors of equal area in Fig 3 .

ost structural lineations occur between 60 ° S and 30 ° N, and

hose between 15 ° S and 0 ° are shorter than at other latitudes

 μ = 93 km ± 45 km; Fig. 3 b). There does not seem to be a sta-

istically significant latitudinal pattern of azimuths of structural

ineations ( Fig. 3 b). The highest frequency of structural lineations

ongitudinally occurs between 180 °W and 240 °W. Lengths and

zimuths do not appear to show longitudinal patterns, except for

 cluster of lineations with azimuths oriented at roughly 130 ° (SE)

etween 300 °W and 330 °W. 

The patterns visible in Fig. 3 a reveal that structural lineations

xhibit clustering by location, and we have confirmed this statis-

ically through the G and K functions ( Fig. 4 ). In both cases, the

bserved values of the G and K functions far exceed the predicted

ounds of complete spatial randomness (CSR), as shown by the

ray bands. This indicates strong clustering of identified linear

tructures. 

We used conditional marked moments for lengths of struc-

ural lineations to estimate the geographical extent of lineation

rends ( Fig. 4 c). Lineations having a neighbor within 500 km tend

o be shorter ( μ = 100 km) than the global average ( μ = 129 km
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Fig. 4. Comparison of G (a) and K (b) functions for structural lineation nearest neighbors. r is the radius of the circle outlining cutoff distance in km. The predicted bounds 

for random spacing for both functions are represented by gray shading, with the average predicted values for each function represented in the middle of those bounds by the 

red dashed line. Observed values for structural lineations measured and calculated in this study are shown by the dark gray line. Both functions indicate strong clustering 

of structural lineations. (c) Conditional marked moments of structural lineations show the conditional mean, with global average and bounds indicated by the dashed blue 

line and the gray band, respectively. The red line indicates the values measured and calculated for the structural lineations in this study. (d) The conditional variance, with 

global average and its bounds indicated by the dashed blue line and the gray band, respectively. The red line indicates the values measured and calculated for the structural 

lineations in this study. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 5. Orientations of all observed structural lineations on Io. The lengths of the 

bars are determined by numbers of lineations within the bins. Internal bar bins are 

every 15 °, external bins are every degree. 
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± 110 km). Those having a neighbor within 20 0 0 km are still

shorter than the average, but not as short as those with a very

close neighbor. Lineations with a neighbor more than 30 0 0 km

away tend to be longer than the global average. The maximum dis-

tance between any features on Io is half of the moon’s circumfer-

ence, or 5722 km. Conclusions drawn about lineations at distances

of 30 0 0 km to 5722 km apart may not be as useful statistically,

given that the low resolution areas will be encountered at some

point measuring away from all lineations. Nevertheless, the close

neighbor results remain valid. The variations between lineation

lengths have a similar pattern ( Fig. 4 d). Lineations with closer

neighbors tend to have a smaller variance, and are therefore more

similar in length, than lineations with neighbors farther away. 

Azimuth values between 75–100 ° (E) and 165–180 ° (S) for

structural lineations are significantly less common ( Fig. 5 ). The

consistency of these orientations and their roughly perpendicular

relationship suggest that a global stress field may play a role in

the formation of many structural features on Io. The 90 ° offset

between dominant orientations may suggest one overall stress

regime (with petal concentrations perpendicular to the directions

of σ 1 and σ 2 ) or two different stress regimes occurring at different

times from one another (with petals both indicating the direction

of σ 1 for each stress regime). Variation in the azimuths of the

structures may also be controlled by local subsurface structures,

crustal anisotropies, or volcanic activity. 

Lengths and azimuths of the structural lineations do not appear

to be related. We obtained a p-value for our null hypothesis of

no relationship of 0.764, suggesting the null hypothesis is valid

and there is no relationship between the lengths and azimuths

of structural lineations. Thus, it is unlikely that a single major

stress orientation is responsible for creating the largest structural

features globally on Io. Instead, orientations and lengths of tectonic

features as a whole may be controlled both by large-scale stress

regimes and by local subsurface structure or crustal anisotropies. 

3.3.2. Patera-Edge lineations 

We measured 306 patera-edge lineations and analyzed them

in the same way that we did structural lineations. 193 paterae,

or 41% of the total paterae identified, have at least one straight

margin, and paterae with straight margins occur most frequently

at lower latitudes. Higher numbers of paterae are also found at
ow latitudes ( Radebaugh et al., 2001 ), however, which was not

orrected for in this study. Longitudinally, straight patera margins

ccur most commonly between 180 ° W and 90 ° W and between

00 ° W and 0 °
Globally, paterae with straight edges cluster ( Fig. 6 ) as revealed

y comparison with the G and K functions ( Fig. 7 a, b). Patera-edge

ineations have shorter average lengths ( μ = 43 km, σ = 27 km)

han structural lineations overall; nevertheless, like the structural

ineations, they are slightly shorter ( μ = 38 km, σ = 23 km) than

he average at lower latitudes ( Fig. 6 ). Additionally, patera edge

engths are also shorter than the global average where they have

 neighboring patera with a straight edge within 20 0 0 km. For

xample, the mean length for a random patera edge lineation with
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Fig. 6. Approximate orientations and lengths of patera-edge lineations on Io. Blue shaded regions indicate areas of lower resolution ( > 21 km/pixel). 

Fig. 7. Comparison of G (a) and K (b) functions for patera-edge lineation nearest neighbors. The predicted bounds of both functions are represented by gray shading, with 

the average predicted values for each function represented in the middle of those bounds by the red dashed line. Observed values for straight patera edges are shown by 

the black line. Both functions indicate strong clustering of patera-edge lineations. Again, in (a) and (b), r represents a given cutoff distance between features. (c) shows the 

conditional mean of edge lengths, with global average and its bounds indicated by the dashed blue line and the gray band, respectively. The red line represents the measured 

lengths as a function of separation distance for the patera-edge lineations. (d) shows the conditional variance of length, with global average and its bounds indicated by the 

dashed blue line and the gray band, respectively. The red line indicates the lengths of the patera edge lineations measured in this study. (For interpretation of the references 

to colour in this figure legend, the reader is referred to the web version of this article.) 
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N

±  
 neighbor 100 km away is ∼40 km, and for a lineation with a

eighbor 10 0 0 km away is ∼42 km, just slightly smaller than the

lobal average. The variance, however, is not statistically different

rom what we would expect if there were no relationship between

he locations of lineations and length ( Fig. 7 d). 

In contrast to structural lineations, patera edge lineation az-

muths have no significant, global preferred orientations ( Fig. 8 ).

his indicates that collapse within paterae along straight margins

ay not be caused by a global tectonic regime, but rather is gov-

rned by localized stresses or the orientations of local subsurface

tructures. 

There also seems to be little relationship between the global

ocation of a patera edge lineation and its azimuth. However,

sing the same nonparametric circular-linear correlation between

ength and azimuth, we obtained a p-value of 0.052. We therefore

annot reject the null hypothesis of no relationship between the

engths and orientations of straight patera edges; with the small

a  
ut inconclusive p-value, further investigation into the possibility

f a relationship may be necessary. 

Generally, paterae with straight margins have higher aspect

atios (length: width) because straight margins prevent paterae

rom being very circular. However, although patera edge lineations

ay be considered indicators of tectonic features, such as faults

r fractures, we do not consider paterae themselves to be useful

train indicators. We do not have sufficient context for paterae

nd any nearby tectonic features, so it would be inappropriate to

ssign tectonic processes or crustal stresses to an area based off of

ong and short patera axes. 

.3.3. Mountain spatial statistics 

Mountain widths and areas are smaller at low (15 °S to 15 °
) latitudes (width: μ = 89 km ± 39 km; area: μ = 13,100 km 

2 

10,895 km 

2 ) and poleward of 60 ° S (width: μ = 67 km ± 39 km;

rea: μ = 7557 km 

2 ± 6200 km 

2 ) than average (109 km ± 60 km;
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Fig. 8. Orientations of patera edge lineations. The lengths of the bars are deter- 

mined by numbers of lineations within the bins. Internal bar bins are every 15 °, 
external bins are every degree. 
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and 20,810 km 

2 ± 21,500 km 

2 ; respectively). There seem to be

no statistical patterns in mountain lengths, widths, or areas by

longitude. Moreover, no statistically meaningful patterns are ap-

parent in relating the distances between mountains and their

lengths, widths, or areas. In summary, mountains are relatively

isolated, varied in size and shape and have no significant geo-

graphic patterns in those variations save for broad concentrations

of mountains around 90 ° and 270 ° ( Schenk et al., 2001; Kirchoff

et al., 2011 ). Long axes of mountains, which should be related to

orientations of maximum and minimum stress, do not possess

any distinguishable global patterns; rather, axes of similar orien-

tations cluster locally. This may mean that even if a global stress

regime causes or influences orientation of mountain formation,

the response to global stresses varies according to local subsurface

features. These statistics are limited by low image resolution for

some areas, which have prevented us from decisively constraining

the dimensions of the remaining ∼53 mountains identified by

Schenk et al. (2001) and Jaeger et al. (2003) . 

3.3.4. Patera spatial statistics 

Our updated patera catalog supports the findings of Radebaugh

et al. (2001), Kirchoff et al. (2011) , and Hamilton et al. (2013) that

the majority of paterae are found at low latitudes (with 57% of

paterae between 30 °S and 30 °N, which contains half the surface

area of Io). Although they occur more frequently, paterae in this

latitudinal band are smaller ( μ = 2932 km 

2 ± 4015 km 

2 ) than the

global average (4595 km 

2 ± 6902 km 

2 ). 

There does not seem to be a longitudinal pattern of patera

sizes (perimeters or areas); however, between 260 °W and 0 ° more

paterae occur that have 50% or 100% floor coverage by dark lava

(thought to be young; Fig. 9 ). This marks regions with more active

volcanism possibly associated with tidal dissipation ( Ross et al.,

1990; Segatz et al., 1988; Tackley et al., 2001 ) or with subsurface

structures allowing magma to migrate to the surface more easily.

In their patera database, Barth and Radebaugh (2010) classified

paterae based upon amount of floor coverage—in bins of 0, 50,

and 100% floor coverage by lava. We mapped and tested these for

spatial patterns. Paterae with significant floor coverage ( ≥ 50%) do
ot seem to have the same distribution as hotspots across Io, yet

his remains mostly unexplored. Further comparison of hotspot

istribution and patera floor coverage may lead to increased under-

tanding of the nature of volcanism both globally and locally, and

onstrain the location and movement of magma below the surface.

Patera separation distances were also evaluated with the G

unction, and they plot within the region predicted for random

pacing. It is possible that paterae cluster on different scales.

aterae with a close neighbor have smaller perimeters than the

lobal average ( μ = 227 km, σ = 154 km), but larger variances than

e would expect. For example, paterae with a neighbor 10 0 0 km

way have a mean perimeter of about 200 km and a standard

eviation of about 140 km. Paterae with a neighbor 100 km away

ave a mean perimeter of about 215 km but a standard deviation

f 173 km. 

We used pairwise Wilcoxon tests ( Lowry, 2015 ) to detect pat-

erns between patera size and amount of floor coverage. Paterae

hat exhibit 100% floor coverage are smaller in size ( μ = 2847

m 

2 , σ = 4604 km 

2 ), while paterae with floors that are either 50%

 μ = 4604 km 

2 , σ = 6393 km 

2 ) or 0% covered ( μ = 5521 km 

2 , σ
 8566 km 

2 ) have larger areas. Whether this is a result of smaller

aterae being easier to fill with lava or an indication that regions

ith smaller paterae are more active is not clear at this point but

erit further investigation. 

.3.5. Patera edge lineations and mountains 

We tested the relationships between the locations of straight

atera margins and mountains to identify the influence of different

tress fields in mountain formation and patera collapse, and to

etermine if a genetic relationship exists between mountains and

aterae with straight, and possibly tectonically created, margins.

his was done with three different tests—the Equality Function,

n independence test, and a random labeling test. Fig. 10 a shows

he results of the Equality Function analysis. A value of 1 suggests

here is no relationship between the location and type of feature.

he values of the Equality Function for our data are greater than

, so statistically, features closer to each other tend to be of

imilar types. In other words, mountains are generally closer to

ach other than to straight patera margins. The same is true for

traight patera edges, but this result is biased by the fact that

any paterae have more than one straight edge to their margins,

hich were each measured as separate lineations. Therefore, the

umber of straight patera margins in one location may not reflect

he number of paterae with straight margins occurring there, but

ather the total number of straight patera edges in that location.

he independence test looked at whether statistical processes

etermining the locations of mountains and straight patera edges

ere similar ( Fig. 10 b). All mountain locations and all patera

dge locations were paired with each other and inserted into

heir respective parameters in the independence function. Because

hese plot within the bounds predicted for random relations, we

an conclude that the null hypothesis of independence in what

etermines the locations of mountains and straight patera margins

s valid. That is, mountains and patera edges have been shown

o form statistically independent of one another. The random

abeling test yielded a similar result to that from the Equality

unction ( Fig. 10 c), indicating no statistical relationships between

he locations of paterae and mountains. 

It appears that locations of mountains and patera edge lin-

ations are significantly different than they would be from random

ssignments individually and that features close to each other tend

o be of the same type. Therefore, paterae with straight edges are

ften closer to other paterae with straight edges, rather than to

ountains. This may be due to the nature of having many more

aterae than mountains on Io’s surface. It seems that mountains

nd paterae may be genetically related in some cases, but we
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Fig. 9. Global map showing the percent fill of patera floors, smoothed according to location. The symbols x, ∗ , and � represent the locations of paterae with 0, 50, and 100% 

floor coverage, respectively. The x-axis is measured in degrees west longitude and the y-axis extends to 90 °N and S latitude. (For interpretation of the references to colour 

in this figure legend, the reader is referred to the web version of this article.) 

Fig. 10. Relationships between mountains and patera edge lineations as revealed by (a) equality function, (b) independence test, and (c) random labeling test. Predicted 

average values are shown as the red dashed line and predicted bounds for random associations are represented by gray bands. Black lines indicate results from this study. r 

is the normalized radius of a circle away from each data point. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version 

of this article.) 

c  

t  

b  

c

4

 

s  

d

4

 

w  

s  

T  

o  

p  

i  

g  

a  

h  
annot conclude that mountains and paterae that appear struc-

urally controlled are always found in close association. There may

e processes independent of mountain formation and evolution

ausing paterae to collapse along straight, sharp margins. 

. Structural mapping 

To better understand mountain-patera interaction, we con-

tructed structural maps of smaller regions to determine processes

riving the formation of these two features. 
.1. Methods 

High-resolution (20 0–30 0 m/pixel) images from Galileo SSI

ere used to identify and interpret structures and to construct

tructural maps for 4 regions: Hi’ iaka Montes, Shamshu Mons,

ohil Mons, and Zal Montes. These locations were selected based

n the resolution of the images, the tectonic complexity, and the

otential for insight into crustal deformation patterns and stress

nput. This work uses similar conventions to, and builds upon,

eomorphic mapping by Bunte et al., (2008), Bunte et al. (2010) ,

nd Williams et al. (20 02; 20 04) . The base images of the maps

ave been projected orthographically to eliminate distortions us-
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ing both ArcGIS and the USGS Map Projection on the Web (POW)

( Hare et al., 2013 ). We then identified important tectonic or to-

pographic features in these images and classified them as reverse

faults, normal faults, grabens, strike-slip faults, mass wasting or

landslide scarps, and erosional scarps. Our interpretations of the

types of structural features were based on shadow observations,

sense of displacement of features, scarp shape and morphology,

and terrestrial tectonic analogs. Cross sections were generated

for three of the four areas with as little vertical exaggeration

as possible while preserving sufficient topographic detail. The

cross sections consider the lithospheric thickness, or rather, the

thickness of the uppermost brittle layer of Io, to be about 30 km

based on previous studies ( Keszthelyi and McEwen, 1997; Jaeger

et al., 2003; Leone et al., 2011; Jozwiak, 2014 ). 

4.2. Results 

4.2.1. Structure of Hi’iaka Montes 

The Hi’ iaka Montes are located at 3.5 °S, 79.5 °W with two

large mountains located atop what appears to be a larger crustal

block ( Fig. 11 ). The block ( ∼135 km x 340 km; width and length

of inferred crustal block) contains North Hi’ iaka (11 km high;

Schenk et al., 2001 ) and South Hi’ iaka (4.3 km high; Schenk et al.,

20 01; Turtle et al., 20 01 ) Montes, the two l -shaped mountains in

the center of the image, and West Hi’ iaka Mons, the small peak

isolated in the basin just west of South Hi’ iaka Mons ( Fig. 11 a).

Hi’ iaka Patera (60 km x 95 km; short and long axes, respectively)

resides in the basin just east of North Hi’ iaka Mons and Mekala

Patera (55 km x 20 km) next to its southwest corner ( Bunte et al.,

2010 ). North Hi’ iaka Mons is distinguished by parallel ridges

running N-S along the top of the plateau and additional tall ridges

running NW-SE on its northern margin ( Fig. 11 a). Younger volcanic

layers cover many of the important structures or crustal block

boundaries in the surrounding region ( Fig. 11 b), a result of Io’s

constant and rapid resurfacing ( Johnson et al., 1979; McEwen

et al., 1989 ). Therefore, it is not entirely clear how the Hi’ iaka

crustal blocks are interacting with other regions of the crust

around them or the precise locations of some faults. Therefore, we

draw conclusions from those structures and related features that

are currently visible. 

We propose that high-angle reverse faults bound the west-

ern and eastern sides of this crustal block ( Fig. 11 ). These are

morphologically similar to blocks bounded by high-angle reverse

faults that cut the deep basement of Wyoming’s Laramide folds

and mountain ranges ( Dickinson and Snyder, 1978 ) in that the

blocks are largely deformed on their edges and possess both

compressive uplifts and basins with steep, straight reverse faults.

The sub-parallel features on the top of the Hi’ iaka plateaus are

tens of meters deep and tens of meters across ( Bunte et al., 2010 ).

It is possible that these features are small-wavelength folds with

orientations reflecting the orientation of σ 1 , although the rigid

properties of the upper crust may prohibit formation of such

small-scale folds. Moore et al. (2001) suggested that these features

were created due to downslope motion of weak layers probably

made of plume deposits (2001). However, we propose that these

features are grabens formed from extension above the neutral

surface of the fold and have been labelled as such in Fig. 11 . This

interpretation is based on terrestrial observations of broad uplifts

associated with high-angle reverse faults, such as those in the Owl

Creek uplift of central Wyoming (see Fig. 15 ). Crustal shortening

may have resulted in uplift of the Hi’ iaka Montes and extension

across the top surfaces, with the formation of keystone grabens on

North Hi’ iaka Mons (Wise, 1973). 

After the initial episode of horizontal shortening, additional

shortening of the crust in this area oblique to the bounding reverse

faults has produced a dextral strike-slip fault running between the
wo mountains, breaking apart the larger crustal block ( Fig. 11 ).

his is based on interpretations made by Jaeger et al. (2003) and

unte et al. (2010) and by further identification of features asso-

iated with a strike-slip system in this study. We propose that the

orthern arm of North Hi’ iaka Mons has accommodated oblique

trike-slip motion on restraining bends ( Fig. 11 a) by construction

f the NW-trending ridges that make up the highest elevations

n the area, up to 11 km ( Schenk et al., 2001 ). The transpressional

eatures in this area are similar to the transpressional ridges

unning through Damascus and Palmyra, Syria formed along a

estraining bend in the strike-slip Dead Sea Fault ( Mann, 2007 ).

he way transpression is accommodated mostly by vertical dis-

lacement is also analogous to structures adjacent to the San

ndreas Fault zone (another strike-slip fault) near San Bernardino,

alifornia ( Spotila et al., 1998 ). Deformation on the north side of

orth Hi’ iaka Mons also looks as though it may have bent the

ocalized extensional features on the top of the plateau ( Fig. 11 a).

f this interpretation is correct, it suggests that the grabens

ormed either just before or simultaneously with strike-slip

ovement. 

On the southern edge of South Hi’ iaka Mons, a very different

esponse to fault movement seems to have occurred. Instead of

ranspressional features building up tall peaks, normal faults and

xtensional collapse have shaped the southern edge. A large valley

eparates the northern, apparently more cohesive part of the

ountain from the more friable, collapsing side on its southern

nd. Extensional faults and gravitational failures parallel to the

outhern arm of South Hi’ iaka Mons indicate the main processes

n this area are rifting and collapse ( Fig. 11 a). The apparent dif-

erence between the northern edge of North Hi’ iaka Mons and

he southern side of South Hi’ iaka Mons may be due to crustal

nisotropy or differential rate of movement along the faults in

he area. Perhaps South Hi’ iaka Mons has not met the same

ype of resistance in the crust as the north mountain, a result of

ither composition or structures buried by voluminous volcanic

ayers. 

In addition to producing transpressional features, we conclude

hat the dominant stress regime also opened transtensional basins

n the eastern side of North Hi’ iaka Mons and the western

ide of South Hi’ iaka Mons. An active patera (Hi’ iaka Patera)

ormed in the northeastern basin, possibly facilitated by the rifting

nd thinning of the crust that occurred as a result of strike-slip

ovement on the bounding faults ( Fig. 11 ). 

In the northeastern basin, late and minor shortening appar-

ntly occurred, as indicated by long arcuate scarps that we relate

o reverse faults adjacent to the eastern side of North Hi’ iaka

ons ( Fig. 11 a). These thrusts must have formed after or during

trike-slip motion because they are overprinted on the basin-filling

eposits. 

West Hi’ iaka Mons, a small peak in the southwestern basin,

ay have separated from southern Hi’ iaka Mons in a similar

ashion to the break off and isolation of Madagascar from the

orthward-moving Indian plate. An alternate origin is that of an

rosional remnant, and at this point the origin of West Hi’ iaka

ons remains unclear. 

It is unclear whether there is a significant relationship between

outh Hi’ iaka Mons and Shamshu Mons, which lies ∼70 km

outheast of the southeastern corner of South Hi’ iaka Mons. The

outhern arm of South Hi’ iaka Mons is parallel to the long axis

f Shamshu, but the features on each mountain do not seem to

ndicate that they are in tectonic “communication.” The plain be-

ween the two may contain a buried major reverse fault separating

he Hi’ iaka block and the Shamshu block and keeping the two

ountains from interacting directly with one another. If so, it is

nlikely that the Hi’ iaka Montes complex is directly causing the

plift of Shamshu Mons. 
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Fig. 11. Hi’iaka Montes region of Io (3.5 °S, 79.5 °W). (a) Reprojected Galileo image ( ∼250 m/pixel) of the Hi’iaka Montes complex with structural interpretations (previous 

page). Image was obtained during the I25 flyby on November 26, 1999. Illumination from the left (west). The red arrows indicate proposed orientations of principal horizontal 

stresses, σ1. (b) Cross section (above) from A to A’ (a) across North Hi’iaka Mons and Hi’iaka Patera. Fresher eruptions on the patera floor are black and older flows are gray. 

The dashed gray line represents the behavior of crustal layers in the subsurface. Mountain bounding faults are interpreted to have oblique slip with strike-slip and reverse 

movement as a result of global contraction due to subsidence. The vertical axis is unscaled but vertical exaggeration is about 2x. (For interpretation of the references to 

colour in this figure legend, the reader is referred to the web version of this article.) 
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In summary, the tectonic history of the Hi’ iaka region appears

o be to be governed by largely buried, pre-existing faults in the

eeper crust that were reactivated obliquely by continued short-

ning of the crust. It seems most likely that North and South Hi’

aka Mons are part of a large, coherent crustal block that has been

plifted and modified, with maximum stresses at oblique angles
o faults previously formed and then buried by volcanic deposits.

oading by volcanic deposits on a global scale and subsequent

orizontal shortening of the crust was a hypothesis presented

y Schenk and Bulmer (1998) in their discussion of the Euboea

ontes area. The idea of strike-slip modification in the Hi’ iaka

rea was discussed by Bunte et al. (2010) in their geomorphic
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Fig. 12. Shamshu Mons and Patera (9.0 °S, 68.0 °W). (a) Reprojected mosaic of Galileo images ( ∼345 m/pixel) of the Shamshu region and structural interpretations (previous 

page). Image was obtained during the I27 flyby on February 22, 20 0 0. The red arrows indicate proposed orientations of principal horizontal stresses, σ1 (left). (b) Cross 

section from B to B’(right) as indicated on (a). The dashed gray line represents the behavior of crustal layers in the subsurface. The vertical axis is unscaled but vertical 

exaggeration is about 2x. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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east as reverse faults. Shamshu Patera has incised the side of 
mapping. We build upon both of these concepts by combining

them—shortening of the crust with maximum stress oblique to

pre-existing basement faults has produced strike-slip motion and

its associated features in this area. 

4.2.2. Structure of Shamshu Mons and Patera 

Shamshu Mons ( ∼3 km high) and Patera (76 km x 61 km; long

and short axes, respectively) lie just southeast of the Hi’ iaka

region at 9.0 °S, 68.0 °W. Two other mountains, northeast and

southeast of Shamshu Mons and both unnamed, are separated

from Shamshu Mons by Shamshu Patera. A smaller patera (14 km x

11 km) sits just southwest of the large valley on the northwestern

slope of Shamshu Mons ( Fig. 12 a). 

We have interpreted the arcuate features on the northwest and

southeast sides of Shamshu Mons as reverse faults, based on their

curvilinear natures and the contractional morphology of Shamshu

Mons ( Fig. 12 a). Shamshu Mons is steeper on the northwest side,

probably due to the asymmetrical nature of the underlying fold

and associated thrust faults, or from differential movement along

its faults ( Fig. 12 b). The southeast flank is also marked by gravi-

tational slumps whose headwalls approximately parallel the crest

of the massif. The NE-trending valley that runs through Shamshu

Mons parallel to its long axis is likely a graben formed from

localized extension above the neutral surface at the axis of the
symmetric fold. Additionally, the floor of the graben in Shamshu

ons is smooth and at the same elevation as the surrounding

lains, suggesting that it may have been resurfaced recently; dark

ow lobes extend from the rim of the small patera to the north

nd fill the graben ( Fig. 12 ). A fault terminates a plateau south-

ast of Shamshu Mons and separates it from the smooth plains

ontaining Shamshu Patera. Its arcuate shape suggests that it is a

everse fault, which occurred late because it cut lava flows on the

lain and then was partially buried by more volcanism ( Fig. 12 a). 

Shamshu Patera appears to be bounded by randomly oriented

ollapses. The collapses do not show conclusive evidence that they

re tectonic in nature, given that they are not very straight, nor

o they continue beyond the margins of the patera. The arcuate

eatures lying adjacent to the mountain in the southeast corner

f the image ( Fig. 12 a) may be remnants of the patera’s edges at

ne point in its history. They could have become less defined by

apping or erosion, collapse and mass wasting, or by infill of the

atera when it may have been more active and before activity

hifted to the east. Plains materials between these margins and

hamshu Patera have a slightly different texture, smoother and

ore akin to layered lava flows, than the surrounding plains,

hich is consistent with the history of infill of the patera. 

We interpret the faults bounding the mountain to the north-
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he northeast mountain adjacent to it, suggesting it is younger

han the mountain. The top surface of that mountain is lineated

nd likely fractured due to localized extension from folding and

plift. The mountain in the southeast corner of the image is also

eavily lineated ( Fig. 12 a). It too could be bounded by thrust

aults, or by a normal fault on the side facing Shamshu Mons,

hich faults have lost surface expression due to fracturing, mass

asting, or the previous boundaries of Shamshu Patera ( Fig. 12 a).

ithout full context, we cannot tell the orientations of the long

xes of the other mountains and therefore cannot say whether

hey could have previously been combined with Shamshu Mons

o make one large mountain as suggested by Bunte et al. (2010) ,

r if they were formed independently in separate fault-bounded

locks under similar or multiple stress regimes. From what the

mages reveal, the long axis of the northeastern mountain is

erpendicular to Shamshu Mons and therefore may not have been

ormed by the same stress regime. The extensional fault on the

outheast plateau adjacent to Shamshu Mons and the smooth

lains between Shamshu Mons and the southeastern mountain

ay indicate rifting and subsequent volcanism have occurred

etween them. Unfortunately, subsurface structures are covered by

ultiple layers of volcanic material, obscuring a more complete

nterpretation of the tectonic history of the Shamshu region. 

.2.3. Structure of Tohil Mons 

Tohil Mons (28 °S, 161 °W) is 350 km long and 5.4 km high

 Schenk et al., 2001 ). To the east of its large summit “crater” lies

adegast Patera, with its dark, lava-covered floor, and farther east,

he much larger Tohil Patera. Wabasso Patera also sits just north-

est of Tohil’s northwestern-extending plateau ( Fig. 13 a). Tohil

ons is one of the most geologically complex mountains of Io’s

urface and the region surrounding it is a site of active volcanic,

ectonic, and degradational processes ( Williams et al., 2004 ). 

Tohil Mons likely sits on its own fault-bounded crustal block,

lthough the complete extent of the block is unclear, as the

lains surrounding the mountain complex have been resurfaced

y volcanism ( Williams et al., 2004 ). The mountain seems to be

ounded by reverse faults, with a strike-slip fault running down

ts long axis ( Fig. 13 a). 

Like Hi’ iaka, Tohil Mons was probably built and modified

y shortening and strike-slip motion in a large, crustal block.

aximum horizontal stress was likely oblique to pre-existing NW-

E-trending basement faults and block-bounding faults, which in-

uced strike-slip movement on what was probably a near-vertical

ault. Graben-like features on the elongated plateaus of Tohil may

e like those on the plateaus of the Hi’ iaka Montes, formed

y extension above a neutral surface in a large fold or through

ravitational slip ( Fig. 13 ). This may also be how the extensional

aults and grabens formed on the northeast lobe of Tohil Mons.

he margins of Tohil have been eroded, possibly through SO 2 

apping, far more than those at Hi’ iaka seem to have been. The

ajor faults bounding the Tohil block have likely been buried or

bscured by erosional scarps, landslide material, or volcanic cover. 

We suggest that Radegast Patera formed in a transtensional

asin, opened as a result of dextral motion along the NW-trending

trike-slip fault, similar to the way in which Hi’ iaka Patera formed.

he sense of downward motion along the oblique-slip fault seems

o be both to the northwest and to the southeast of its summit

crater”. Instead of being attributed to a multiple fault system, this

ifference in motion could result from a difference in topographic

evel between the two halves, in which the northeast side is

igher. The northeast portion appears to be experiencing greater

ravitational degradation by landsliding than anywhere else along

he fault, further supporting the idea that this part of the mountain

s higher or steeper or more active than other locations ( Fig. 13 a). 
The central “crater” of Tohil Mons is the result of a large slump,

hose material has both collected in the floor and been consumed

y the formation of Radegast Patera ( Williams et al., 2004 ). Other

andslides extend to the northeast, probably onto the floor of Tohil

atera. On the western side of the depression, large amounts of

lumped material have created large lobes and a ridge-forming

carp extending from the scarp crater wall to the southwest. The

est-trending ridge may be made of more resistant material or

ould simply be the scar from the large landslides ( Fig. 13 a). It

s possible that the ridge is a resistant dike, as it is in line with

adegast Patera and the fissure eruptions actively occurring on

he floor of Tohil Patera when the image was taken, but no other

eatures indicate that Tohil Mons is volcanically built or fed. It

lso seems plausible that the summit “crater” is a result of mass

asting, since it is surrounded by slumped material. 

A large-offset, steep, normal fault appears to have formed

he northwest margin of Tohil, aligned with Wabasso Patera,

ossibly feeding magma to that area ( Fig. 13 a). It is unclear how

xtension is consistent with the other observed structures in the

egion if there is one major stress field, unless this fault marks

n extensional basin within the northern block that is not visible

n this image. Therefore, multiple stress fields may have been

n effect at different times, in which extension was preceded by

hortening and dextral motion within the block. The block may

lso be responding to deeper, pre-existing structures or crustal

ifferences that are not visible at the surface. This could mean

hat extension could be so localized that it is only happening in

ne more-or-less isolated area. 

.2.4. Structure of Zal Montes 

Zal Montes and Patera display even further the diversity of

urface features on Io. Located at 33.7 °N, 81.9 °W, the Zal region

ontains two morphologically distinct mountains, designated

orth and South Zal Mons, with Zal Patera (120 km x 197 km)

ying just east of North Zal Mons ( ∼2 km high) and North of South

al Mons (7.4 km high; Schenk et al., 2001 ). Additionally, Rustam

atera, a small lava-covered depression, occurs just to the west of

outh Zal Mons ( Bunte et al., 2008 ; Fig. 14 ). 

Even visually, the two mountains of the Zal region are very

ifferent from each other ( Fig. 14 ). North Zal Mons is a nearly flat,

mooth plateau, with straight margins that, although scalloped

y erosion, are still quite linear. The plateau is ∼250 km long and

tands about ∼2 km above the surrounding plains ( Schenk et al.,

001 ). South Zal Mons, however, has more broadly arcuate bound-

ries and a lineated, rugged top surface with a narrow ridge crest

owards its southern end, more typical of other Ionian mountains.

n addition to morphological variation, the long axes of these

wo mountains are roughly perpendicular to one another ( Fig. 14 ).

hese contrasting features and orientations argue that major differ-

nces exist between the two locations. It is possible that each part

ormed at a different time under a different stress regime, or that

ifferent orientations of basement faults caused the surface to de-

orm differently during regional contraction. This could be further

omplicated by localized differences in crustal properties or in the

ature of volcanism, which, when combined with tectonic stresses,

ould produce widely different morphologies at the surface. 

North Zal Mons does not seem to have experienced the same

tyles of crustal deformation as those experienced at South Zal

ons or, for that matter, the other mountains described above.

orth Zal Mons has been fractured on its southern side, but this

s likely due to extension and gravitational slumping in concert

ith larger-scale extensional faults that bound its southern side

 Fig. 14 ). In fact, we have interpreted all of the major boundaries of

orth Zal Mons as normal faults, due to both their straight natures

nd to the fact that we see no evidence of crustal shortening on

he plateau. There may have been later minor reverse faulting
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Fig. 13. Tohil Region (28 °S, 161 °W). (a) Galileo image mosaic ( ∼327 m/pixel) of Tohil Mons, overlain by structural interpretations (previous page). Images were obtained in 

October 2001. Illumination from the upper right (northeast). The red arrows indicate proposed orientations of principal horizontal stresses, σ1 (above). (b) Cross section 

from C to C’ (below) as indicated in (a) across Tohil Mons. No vertical axis is specified but vertical exaggeration is about 5x. (For interpretation of the references to colour in 

this figure legend, the reader is referred to the web version of this article.) 
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south of North Zal Mons as evidenced by faint, arcuate features

in the plain to the south which we interpret to be the surface

expression of thrust faults, but these do not seem to interact

with or cause any deformation to North Zal Mons itself ( Fig. 14 ).

North Zal Mons may be a remnant of older, more resistant crust

separated from surrounding volcanic plains by slip along normal

faults. This seems the most likely possibility given the morphology

and geometry of North Zal Mons and the tectonically formed

lineations on and around it. 

South Zal Mons, however, shows evidence of horizontal short-

ening as it has built up steep, tall sides along fairly arcuate

boundaries. We interpret these as high-angle reverse faults such

as those seen elsewhere on Io. The basin on the west of South

Zal Mons that causes its asymmetrical shape may have formed by
ight-lateral strike slip faulting that has moved the two halves of

he mountain apart to form the intervening basin. As this space

pened, blocks on South Zal Mons’ steep western side slumped

owards the west. The strike-slip motion that has moved the east-

rn half of South Zal Mons to the south may be the cause of the

ather abrupt western face adjacent to the transtensional basin. 

The volcanic activity in the area is structurally controlled.

ustam Patera lies along a block-bounding oblique-slip fault that

ay have opened the transtensional basin it currently resides in

n the western side of South Zal Mons ( Fig. 14 ). Additionally, fresh

ows on the floor of Zal Patera line up with the bounding normal

aults of North Zal Mons. This further shows how fractures and

aults in Io’s crust serve as magma conduits. 
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Fig. 14. Zal Region (33.7 °N, 81.9 °W). Reprojected Galileo images ( ∼260 m/pixel) of the Zal Montes complex, with structural interpretations. Images were obtained November 

26, 1999 and February 22, 20 0 0. Illumination from the left (west). 
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Although Bunte et al. (2008) proposed that the two mountains

f Zal were once joined together and subsequently separated

hrough strike-slip motion and transtensional rifting, we do not

ee geomorphic or tectonic evidence that conclusively supports the

ypothesis that they were once a single structure. There appears

o have been little to no crustal shortening to the north, given

he straight margins of North Zal Mons and the set of sub parallel

rabens on the plateau. However, South Zal Mons is an entirely

ifferent and complex structure that was involved in significant

rustal shortening, accompanied by faulting and tilting or folding

uring uplift. Moreover, on the undistorted, reprojected images

sed in this study, the different blocks that were joined together

y Bunte et al. (2008) no longer appear to fit. Instead, we propose

hat North and South Zal Montes never were one mountain but

ather that they formed independently. They may be separated

y block-bounding faults buried beneath Zal Patera. Nonetheless,

his area is challenging to understand; the visible structures can

e interpreted in multiple ways, and much of the possibly telling

tructural features are buried under smooth volcanic plains. We

resent an alternative hypothesis; yet we recognize that there

re strengths and weaknesses to any model since data for the Zal

egion are limited. 

. Discussion 

We propose that Io’s mountains result from multiple stress in-

uts through global and local-scale processes. Over time, relatively

niform global resurfacing by volcanism could generate compres-

ive stress in the crust sufficient to produce local uplift of large, co-

erent crustal blocks bounded by deep-rooted, high-angle reverse
aults ( Schenk and Bulmer, 1998 ). This would explain the isolated

ature of Io’s mountains and the fact that we did not observe sig-

ificant clustering of mountains, but rather clustering of tectonic

ineations around mountain complexes. Mountain and adjacent

asin formation may be similar to basement-cored, thick-skinned

ontractional features found on Earth, such as the Laramide-style

ountains of the western interior of Utah, Wyoming, Colorado,

nd New Mexico, USA ( Fig. 15 ; Wise, 1963; Palmquist, 1978 ). 

Fig. 15 shows the relationship of basement uplift along steep

everse faults and gravity sliding. Arching from uplift has led to

he formation of keystone grabens in many locations across Io,

uch as those associated with Hi’ iaka Montes, Shamshu Mons, Ne-

ea Planum, or Mongibello Mons. During subsequent extensional

aulting and changes in maximum stress, gravitational collapse

as freed weaker layers on the major fault-bounded edges of the

plifted blocks. 

Although subsidence resulting from global resurfacing is likely

he main player in global crustal stress on Io, it is also possible that

ariable stresses produced by tidal massaging are an additional fac-

or. The significant lack of structural lineations between 75 °−100 °
nd 165 °−180 ° identified on a global scale in this study points to

ontrol by a global tectonic system with fairly consistent stress

rientations. Lateral compression of Io’s crust may be a result of

iurnal tidal stress fields. The fact that the greatest concentrations

f structure orientations are 90 ° apart from each other could indi-

ate one maximum stress direction, σ 1 , and one direction of least

tress, σ 3 . However, the spread of lineation orientations could also

ndicate changing global stress fields with different σ 1 occurring

t different times. Stresses from tidal forces vary diurnally, as well

s on larger timescales as a result of the slightly non-synchronous
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Fig. 15. Generalized block diagram of the formation and evolution of many of Io’s mountains, based on Laramide-style basement-cored uplifts seen in much of the western 

interior of the United States. The red arrows indicate theoretical orientations of principal horizontal stresses, σ1. Modified from Wise (1963) . (For interpretation of the 

references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 16. Generalized block diagram of the basement fault model presented in this study. From global stress inputs such as volcanic loading and tidal forces, stresses oblique 

to pre-existing basement faults create transtensional openings, transpressional folding, and reverse and normal faulting. 
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rotation of Io ( Yoder, 1979; Yoder and Peale, 1981 ). Additionally,

maximum stress orientations vary by location ( Bart et al., 2004 ).

In equatorial regions, predicted maximum stresses are virtually

equal in both the north-south and east-west directions and these

stresses become increasingly oblique towards the poles. Stresses

also vary with longitude as the tidal bulge stretches toward Jupiter

and then relaxes throughout an Io day while lagging slightly be-

hind the rotation rate of the moon as a whole ( Bart et al., 2004 ).

It is likely that the observed orientations of structural features are

a product of diurnally varying tidal stresses. 

While mountain formation originates from global processes,

our study shows that the regional tectonic and morphologic details

are governed by pre-existing local structures in the crust ( Fig. 16 ).
hroughout geologic time and through consistent global stress by

lobal volcanic resurfacing ( Schenk and Bulmer, 1998 ) and tidal

exing, fractures and faults have built up in the crust and have

ubsequently been buried by successive episodes of volcanism.

hen, as stresses continued to be applied, basement faults were

eactivated, many by stresses oblique to those that originally

ormed the faults. This geometry produced oblique strike-slip mo-

ion and initiated formation of transtensional and transpressional

eatures along these faults. Transtensional basins opened to allow

or thinning of the crust and possible patera formation or magma

igration along structures. Crustal blocks continued to move in

arious directions depending on the orientations of maximum hor-

zontal stress and of basement faults. This explains the seemingly
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andom orientations, locations, shapes, and sizes of mountains

n Io revealed by our statistical study. Geomorphic identification

nd structural mapping showed that some mountains gently arch

hile others are more polygonal and straight. At least a few

re bounded by straight faults with dominantly normal offsets,

thers by broadly arcuate, high-angle reverse faults. Mountains

n Io represent a combined effect of global and regional tectonic

rocesses, and all have been modified by sapping of volatiles and

ass wasting and gravitational collapse of over-steepened slopes.

hese local-scale processes can be seen virtually everywhere a

eature with topographic relief appears on Io. 

Deformation on Io is probably thick-skinned rather than thin-

kinned because of the very nature of its crust. The crust is most

ikely dominated by volcanic and intrusive rocks of mafic and ul-

ramafic compositions ( McEwen et al., 1989; Carr et al., 1998;

eissler et al., 1999; McEwen et al., 1998; McEwen et al., 20 0 0;

adebaugh et al., 2004 ). Io’s high heat flow probably leads to re-

rystallization and metamorphism of these mafic protoliths, even

t shallow depths, creating a strong “crystalline basement” akin to

hat of Earth’s continents, which is then overlain with thin cover-

ngs of volcanic material. Therefore, we conclude that Io’s crust is

roken into large, coherent blocks with deep, high-angle reverse

aults such as those in Laramide-type mountains ( Fig. 15 ; Brewer

t al., 1982; Bland and McKinnon, 2016 ), rather than highly folded

nd wrinkled by short wavelength folds as found in thin-skinned

rogenic belts dominated by thick sequences of layered sedimen-

ary rocks. Recurrent stresses from tidal forces and global volcanic

oading throughout Io’s existence have driven the formation of

hese reverse faults and mountains, while also exploiting and re-

ctivating buried structures in continued deformation of Io’s crust. 

The Laramide Orogeny and its associated thick-skinned tectonic

egime resulted from shallow subduction causing stress to accumu-

ate in the base of the crust ( Brewer et al., 1982 ). Similar stresses

ay be generated on Io, not from subduction of tectonic plates,

ut from deep, internal tidal stresses or from consistent burial and

hortening of the crust by volcanic loading. However these stresses

re generated, all would result in a thick-skinned style of crustal

eformation ( Schenk and Bulmer, 1998; Schenk et al., 2001; Jaeger

t al., 2003; Bland and McKinnon, 2016; McGovern et al., 2016 ). 

. Conclusions 

Io provides insight into tectonic features on other planets and

oons since there are so many unique landforms available for

tudy. Therefore, a greater understanding of Ionian tectonics and

ithospheric properties is key to our knowledge of the workings

f tectonics on other bodies in the solar system. The way volcanic

nd tectonic processes interact on Io can also inform similar

rocesses on other tidally heated bodies both within and beyond

he solar system. 

Io has some of the tallest and steepest mountains in the so-

ar system and they are uniquely shaped as islands amidst smooth,

ontinually resurfaced plains. They appear to be blocks of older,

ighly fractured crust, uplifted and modified by both global and lo-

al tectonic processes. Movement of the crustal blocks in relation

o each other may be governed by the stresses imposed on a brit-

le crust by tidal massaging and volcanic loading. The morphology

f and statistical results describing topographic features suggest

hat the mountains on Io have been formed under multiple stress

egimes. We assume that stress regimes have varied throughout

o’s existence in this highly dynamic setting, leaving the crust bro-

en by faults with many orientations. Such pervasive fracturing

as enabled the formation of paterae and mountains, which bear

nique relationships to each other in distribution and shape. 

One mechanism for mountain formation on Earth is that of

elamination, in which the lowermost parts of the lithosphere sink
nto the asthenosphere. This can happen when mafic (plagioclase-

earing) rocks convert into denser eclogites (where garnet replaces

lagioclase) and the lower lithosphere becomes denser than the

sthenosphere below it ( Bird, 1979; Meissner and Mooney, 1998 ).

urrently, evidence suggests that this is happening beneath the

ibetan Plateau as a result of the collision of India and Asia

 Meissner and Mooney, 1998 ). Since high resurfacing and corre-

ponding mountain uplift rates and frequent mafic to ultramafic

olcanism take place on Io, it is possible that delamination of

he lithosphere and the associated vertical stresses is a contribut-

ng cause of Ionian mountain formation. However, on Io, such

ransitions would require greater pressures, and therefore greater

epths, where temperatures would probably not be hot enough

or crustal melting. Thus, Io’s steep thermal gradient may prevent

omplete delamination. At this point we can conclude that Io’s

ithosphere is sufficiently thick and strong to support mountains,

uch as Boösaule, as high as 17–18 km in elevation ( Schenk et al.,

001 ), given its compositional and buoyancy constraints. 

These statistical and structural studies have increased our un-

erstanding of Io’s paterae and mountains. But ultimately, to find

ut how they formed will require higher-resolution images over a

reater portion of Io’s surface. Even with the benefits of increased

esolution, the high rate of resurfacing from volcanic eruptions

ay continue to keep Io’s tectonic histories shrouded from view. 
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