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Chapter 3

MOUNTAIN DEGRADATION MECHANISMS ON IO REVEALED
BY GEOLOGIC MAPPING OF THE COCYCTUS MONTES REGION
FROM JUNOCAM IMAGERY

C. H. Seeger!, K. de Kleer!, D. A. Williams?, J. E. Perry’, A. G. Davies*, and D. M.
Nelson?

“There’s something ever egotistical in mountain-tops and towers, and all other grand and
lofty things, look here,—three peaks as proud as Lucifer... This round gold is but the image
of the rounder globe, which, like a magician’s glass, to each and every man in turn but
mirrors back his own mysterious self.”

Moby Dick, Chapter 99: The Doubloon

Abstract

Periodic high-resolution documentation of Io is essential to understanding its surface
evolution, from volcanic eruptions to tectonic motion to large scale mass wasting. Juno
flybys of Io in 2023 and 2024 obtained imagery of the surface with the JunoCam imager at
spatial resolutions comparable with those from the Galileo spacecraft (1996-2001). Areas
of Io’s north polar region were imaged for the first time, revealing high mountains in low
phase angle observations. We are unable to identify detailed changes on mountain features
due to the limited overlap and complementary nature of the high-resolution coverage
between the Galileo and Juno datasets. However, the improved lighting conditions in the

JunoCam imagery allow us to refine our understanding of previously mapped features,
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including an extension of the rifting relationships previously proposed at Shamshu
Patera. Cocytus Montes, a trio of mountains newly identified in the north polar region,
exhibit several different geologic units grading from sharp features to eroded hummocks
along their slopes. We present a geologic map of this region, and examine the interplay
between the mountain units and the underlying layered plains which connect them on a raised
plateau. Unique blocky deposits strewn across the plateau between these units have sparse
analogs elsewhere on o, and prompt questions about the erosional mechanisms acting on lo
that may have emplaced them. We propose several formation mechanisms and conclude that

some may be possible, but regolith creep-modified cliff collapse may be the most likely.

Plain Language Summary

Jupiter’s innermost large moon Io is the most volcanically active body in the solar system,
with a surface that is continually modified by eruptions (lava flows and gaseous plumes) and
tectonics (fault motion and erosion via events like landslides). The Juno spacecraft made
close approaches to Io in 2023 and 2024, obtaining images of the surface at high resolution
and low sun angle--conditions which produce the long shadows necessary to see lo's
topography. Though the new images do not overlap with the high-resolution images obtained
20 years prior by the Galileo spacecraft, they do capture parts of the north pole region in
detail for the first time. We closely examined the northern region to create a geologic map,
highlighting the different volcanic, mountain, and plains units visible here. We present
several possible formation mechanisms for a newly defined geologic unit (a blocky deposit
made of kilometer-scale chunks of crustal material), favoring a cliff-collapse mechanism
above the others. We also identify several localities where sharper, less eroded mountain
types gradually transition into slumped and eroded mountain types, capturing intermediate
stages of erosion not typically visible on lo, with implications for the overall pace and process

of erosion on a very active surface.
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1. Introduction

Io is a world of constant, widespread volcanic activity (e.g., Davies, 2007). 1o’s volcanism
is driven by an eccentric orbit forced by resonance with Europa and Ganymede (Peale et al.,
1979). The resulting tidal stresses melt the interior enough to produce frequent and often
voluminous volcanic eruptions, resurfacing the moon at a rate of ~ 0.1-1 cm year! (Carr et
al., 1998; Geissler et al., 2004; Johnson et al., 1979). Basaltic to possibly ultramafic lavas,
interlayered with sulfur-rich deposits and sulfur dioxide frost, are compressed continuously
driving deep crustal subsidence stresses from crustal recycling (e.g., McEwen et al., 2004;
McKinnon et al., 2001; Schenk & Bulmer 1998). These subsidence stresses may be relieved
by intense faulting in all directions in the subsurface, uplifting large blocks of crust up to 16
kilometers high into towering mountains (Schenk et al., 2001). Io’s crust is estimated to be
13-30 kilometers thick in order to support such large structures (Jaeger et al, 2003; Kirchoff
& McKinnon, 2009; Schenk et al., 2001). Ionian mountains, while tectonic, differ from
terrestrial mountains in that they are not long mountain ranges formed by plate movements,
but rather form in tall, isolated massifs, usually elongate in nature, formed by subsidence

stresses (Williams et al., 2011).

Io’s extrusive volcanism (see summary in Davies, 2007 and Lopes et al., 2023) manifests as
the emplacement of lava flows, both within paterae (caldera-like structures that are
ubiquitous on Io) and on the extra-paterae plains, and as lava lakes in at least a few of the
paterae. Gases exsolving from magma as it ascends, and released as a result of thermal
interaction between lava flows and frozen sulfurous compounds on the surface, drive plume
activity. The thermal emission from Io’s volcanoes is so great that it is easily detectable from
spacecraft and from telescopes on Earth (e.g., Davies et al., 2001; 2010; 2024; de Kleer et
al., 2019; de Pater, et al., 2017; Lopes et al., 2001; McEwen et al., 1998; Perry et al., 2024;
Veeder et al., 1994). The mechanisms for [o’s volcanic eruptions are not entirely understood,
but hypothesized models include magma, originating in the asthenosphere or from a magma
ocean, feeding localized shallow magma chambers (Davies et al., 2006) and other crustal
intrusions (Spencer et al., 2020). The magma then may exploit the tectonically fractured

subsurface to rise along fault conduits (Jaeger et al., 2003; Keszthelyi et al., 2004).
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Alternatively, hot spot-type magma ascension through crustal weaknesses in a heat-pipe
regime (e.g., Kirchoff & McKinnon, 2009; McKinnon et al., 2001; O’Reilly & Davies, 1981)
may feed volcanic eruptions. Analysis of Galileo and Juno data flyby show lo does not have
a global magma ocean (Park et al., 2024), suggesting that a preponderance of magma

originates in the asthenosphere.

Volcanic and tectonic forces work in tandem to both construct and destroy the iconic surface
features distributed across lo’s surface. Mountains, plateaus, and patera-bounding scarps all
exhibit some form of degradation, likely triggered by a combination of gravity, volatile
cycling, and volcanically-induced seismicity. These processes have previously been explored
using imagery from the Voyager and Galileo spacecrafts, with Galileo providing high
resolution (10s to 100s of meters/pixel) coverage of select regions (Keszthelyi et al., 2001;
Turtle et al., 2004). Moore et al. (2001) detail the possible erosion mechanisms acting on
scarps categorized in high-resolution Galileo imagery as belonging to four distinct classes:
unmodified, alcoved, terraced, and containing basal debris cones. Scarp formation and
modification or retreat could be attributed to liquid SO, sapping, plastic deformation and
glacial flow of interstitial volatiles, sublimation-degradation, or disaggregation from
chemical decomposition of solid S;O (McCauley et al., 1979; Moore et al., 2001). However,
the simplest and perhaps most universal mechanism is dry mass-wasting in the form of block
release and brittle slope failure (Moore et al., 2001). Brittle failure on a much larger scale—
10s of kilometers across—also likely modified the 10.5 km tall Euboea Montes, where large
plates can be seen breaking with downslope movement in addition to more hummocky debris

lobes (Schenk & Bulmer, 1998).

Previous studies have cataloged changes visible on Io’s dynamic surface captured in the 17
years between the Voyager (1979) and Galileo (1995-2003) explorations of lo, and even over
the course of each mission (Geissler et al., 1999, 2004; Keszthelyi et al., 2001; McEwen &
Soderblom, 1983; McEwen et al., 1998; Turtle et al., 2004). In the intervening years, Earth-
based telescopes and the New Horizons spacecraft (which performed an Io flyby in 2007)
have provided additional evidence of active volcanism and, therefore, inferred surface

modification (e.g., de Kleer et al., 2019a; de Pater et al., 2017; Rathburn et al., 2014). Now,
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20 years after the Galileo mission concluded, the Juno spacecraft has obtained new high
resolution images of Io with JunoCam, a “push-broom” visual-light imager, on two close
flybys: PJ57 on December 30, 2023 and PJ58 on February 3, 2024. These images have a best
resolution of 1.8 km/pixel (Ravine et al., 2024) and capture the north polar region of Io in
unprecedented detail—including several mountains that were previously unidentifiable. The
coverage of this new dataset is largely complementary to the highest resolution regions
captured by Galileo, though there is some overlap in the PJ58 Jupitershine images; for
example, the closely studied Hi’iaka Montes region appears along the limb in the Jupitershine

image.

In this study, we use the higher resolution and favorable solar incidence angle (long shadows
near the terminator are essential in distinguishing Io’s topography) in the JunoCam dataset
to provide a new perspective on previously mapped units, sharpening our understanding of
mountains and paterae. We present several updates to the global database of surface features
identifiable with this new perspective, and use the new imagery to expand on the sequence
of rift events previously proposed for the Shamshu region. Finally, we present a regional
geologic map of the northern mountains. These edifices, while morphologically consistent
with their lower-latitude counterparts, exhibit a range of degradational styles and capture
surface evolution in progress. We explore five possible formation mechanisms for a unique
blocky deposit associate with these mountains, allowing us to expand on the possible

erosional mechanisms modifying lo’s surface features.

2 Methods
2.1 Global Relationships

All mapping and feature/imagery analysis was based on previous mapping efforts; namely,
the USGS Geologic Map of Io based on mosaiced global imagery from the Galileo and
Voyager spacecraft flybys (Williams et al., 2011). This map contains shapefiles denoting the
geologic units mappable at the global 1 km/pixel resolution, including paterae, mountains,
and plains (subdivided into several morphotypes). Using ESRI ArcGIS Pro™ software, a

new mosaicked basemap of lo using imagery from the PJ57 and PJ58 JunoCam flybys was
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projected into the same simple cylindrical coordinate plane for direct comparison between
the new and old data. Variable lighting conditions between the new JunoCam images taken
at different times of day from Galileo and Voyager images, along with differences in
resolution of the coverage, give us new perspective on the surface features—namely,
mountains and paterae—that have been previously mapped. A low incidence angle is often
required to distinguish topographic relief in Io’s mountains (e.g., Schenk et al., 2001; Turtle
et al., 2001; Jaeger et al., 2003).

A systematic, side-by-side comparison was performed for all identifiable mountains visible
in JunoCam imagery between the new and prior basemap. The focus of this mapping
comparison was to identify surface features that may have changed (e.g., mass wasting
deposits, changes in shape to paterae, newly uplifted scarps, etc.), or to note features that
remained the same throughout the 20-year time gap in the imagery. Because the JunoCam
PJ57 imagery has a maximum resolution of 1.84 km/pixel, detectable changes were limited
to large-scale changes to overall feature shape; textural evolution of individual slopes, while
likely over this time interval, is beyond the limitation of this dataset. However, the new
perspectives on several previously-mapped surface features with updated resolution and
lighting conditions allowed us to suggest several updates to the database of previously
mapped features, where a mapped patera now clearly stands up in positive relief, or the shape

of a mountain is better defined (Figure 1).

Figure 1. Near-terminator illumination conditions provide new perspective on a feature
adjacent to Loki Patera that was originally mapped as a patera in (a) the USGS Geologic
Map of Io (Williams et al., 2011) using (b) high sun angle imagery from Galileo and
Voyager, but is evident as a topographic high and should be reclassified as a mountain
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based on (c¢) JunoCam PJ57 coverage of this same area. Images are centered at 6° N, 36°
E; northisup .

2.1 Northern Regional Map

The JunoCam imagery provides new images of the previously unresolved north pole region
of lo, from 55° latitude northward. Previous features were inferred from Galileo and Voyager
coverage, but new polar mountains and paterac can now be mapped for the first time
(Williams et al., 2024). Using ArcGIS Pro™ and a basemap with an orthographic projection
centered at 60N 330W to minimize distortion, we created a regional map at 1:500,000 scale
of the new mountainous region of interest for this study, using geologic units and symbology
consistent with those presented in Williams et al. (2011) as well as previous local geologic
mapping efforts of a comparable scale (Bunte et al., 2008, 2010; Leone et al., 2009; Williams
et al., 2002, 2004, 2005, 2007). Units are defined and classified based on morphology,
albedo, and color, and depositional, erosional, and evolutionary sequence is inferred based

on superposition and cross-cutting relationships between units.

One of the most distinguishing features in the northern region is the large scattered blocks of
rock distributed across the layered plains between the northwestern and northeastern
mountains. Using the orthographic projection centered among these mountains, ArcPro was
used to measure the size of the blocks (as best as they can be distinguished from shadow, at
just a few pixels wide) and distance from the top of the nearest peak (as best as could be
distinguished, as the mountain summit falls along the terminator). The USGS’s Integrated
Software for Imagers and Spectrometers (ISIS; Rodriguez, 2024) qview program was used
with the EDR dataset to measure block height (as well as scarp heights) using processed
individual .cub frames derived from a JunoCam processing pipeline (Perry et al., 2024,
following Perry et al., 2022). The Red filter observation was favored due to its higher signal-
to-noise than the Green and Blue bands. Measurements were made using the red filter
individual framelet (JNCE 2023364 57C00022 V01 RED 0013) to calculate the size of
each shadow thrown from the blocks. These measurements were combined with solar
incidence angle to calculate block height using Equation 1, with a 1 pixel error on line length

measurements.
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Shadow Geometry Equation (1)
Height = Shadow Length * tan (180 — Sun Azimuth in degrees)

3 Results

3.1 Insights from Junocam Imagery

3.1.1 Search for Temporal Changes in Io’s Surface

Direct side-by-side comparisons of the same geographical regions covered by Voyager,
Galileo, and new JunoCam imagery taken under different solar incidence angle conditions
illuminate changes and consistencies in [o’s topography over the approximately 45-year time
interval spanned by these datasets. lo is a dynamic body with frequent volcanic eruptions
and evidence of erosional processes such as mass wasting and scarp retreat via sapping (e.g.,
Moore et al., 2001). Therefore, identifying surface changes such as large-scale mountain
shape alteration due to mass wasting would place constraints on the erosion rates degrading
Io’s tall topography. In all surveyed mountains (due to JunoCam imagery covering ~50% of
the global Galileo/Voyager coverage), there were no discernable changes in shape and no
identifiable debris fans or changes in scarp sharpness from the twenty-year-old dataset to
today’s. Even mountains proximal to active, erupting paterae remained unchanged in
appearance at the JunoCam pixel scale of 1.8 km. We also do not see any evidence of
tectonic motion indicative of reactivation (extension) along compression fault lines. That is
not to say surface modification did not occur—it is extremely likely that many steep
mountain slopes have new landslides, textural changes, and debris fans—but any such

evidence would require data with a higher spatial resolution.

A few regions exhibit putative changes at the limit of image resolution. These are presented
in Supplementary Figure 1. Future higher resolution imagery of these regions could confirm

the extent of alteration and place constraints on rates of erosional processes.
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3.1.2 Feature Reclassification

JunoCam imagery provides new perspectives on several previously-mapped and classified
mountains and paterae due to improved resolution and solar incidence angle. We provide a
catalog of locations where the new view on published USGS geologic units (Williams et al.,
2011) calls for a reclassification of features (Table 1; Supplementary Figure 2). Dominantly,
we suggest updates to mountain extent and mapped paterae that are now discernable as
positive relief mountain features. While there are 10 features that were identified for
reclassification based on a global survey, these updates could be significant in future studies
that survey the number and location of tectonic and volcanic features, as well as their shapes

and relationships to each other.

Table 1. Reclassified geologic units based on JunoCam imagery. Object ID corresponds to
published Geologic Units in USGS Geologic ArcGIS map file (Williams et al., 2011).
Longitudes are given in 0-180° format, East positive. Corresponding images are given in
Supplementary Figure 2.

ObjectID Latitude Longitude Name Previous Classification =~ New Classification Rationale
879 8.52 33.31 Patera floor, undivided Mountain Better lighting shows positive relief
Better lighting shows previousl
941 1513 27.85 Bright plains Layered Plains ghting previous’y
unmapped layered plains unit
1415 57.50 106.60  Nile Montes Mountain, lineated Mountain, lineated New perspective on shape

Flows, dark; Flows, Flows reinterpreted as slumping

1365 50.20 110.80 Mountain, lineated

Nile Montes undivided mountain material
Flows reinterpreted as lower layered
1420 59.20 164.00 Flows, undivided Layered Plains plain component of pleateau
mountain

Better lighting highlights scarps,

1345 47.00 162.00 Flows, bright Mountain, undivided .- ;
better defining mountain
1380 53.61 161.93 Patera floor, undivided Mountain, undivided Better lighting shows positive relief
213 46.85 10.36 Flows, unleldgd; Red- Patera floor, dfar-k; New imagery reveals unmapped
brown plains Patera floor, undivided patera
695 -8.0949 114.5406 PillanMons Patera floor, undivided Layered Plains Better lighting shows positive relief

) . Layered plains continue to edge of
Red-brown plains; Bright . ) .
438 -26.271 16.18887 R Layered Plains patera; uplift potentially post-dates
plains lava flow

3.1.3 A More Detailed Look at the Shamshu Region
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Previous studies have examined closely the region surrounding Shamshu Mons (Bunte et al.,
2010). West Shamshu Mons and Shamshu Patera are covered in 340-345 m/pixel detail in
one Galileo SSI observation obtained during the orbit 127 flyby (I27ISSHMSHUO1;
PIA02555), along with small corners of what Bunte et al. (2010) have informally classified
as North and South Shamshu Montes, which are otherwise barely discernable in the low-
resolution Galileo coverage (Figure 2). The JunoCam PJ58 flyby coverage of this same
region in 1.01 km/pixel detail using Jupitershine illumination provides a new, complete view
of these two mountains in unprecedented detail. The overall structure of South Shamshu
Mons is a lineated mountain with mottled material to the west, and an adjacent connected
lobe to the east. This adjacent lobe lacks discernable features in the JunoCam imagery, but
has two scarps illuminated in the Galileo imagery that led to its previous classification as its
own independent undivided mountain. The Shamshu region is located ~370 km east of the
distinctive Hi’iaka Montes region (measured From Hi’iaka Patera to Shamshu Patera), where
two large, L-shaped mountains are interpreted to have been rifted apart by translational and
extensional tectonics (Bunte et al., 2010; Jaeger et al., 2003). Based on the available Galileo

data at the time, Bunte et al. (2010) propose a similar regime for the Shamshu region.

The updated view of North and South Shamshu Montes provided by JunoCam allows us to
develop this model. Both North and South Shamshu Montes are large edifices (over 150 km
across) with multiple morphologies expressed, but distinct parallel ridges at the ends closest
to Shamshu Patera. The similarities between these ridges support the interpretation that these
edifices could have once been joined, formed by an earlier compressive uplift episode, with
the new larger view of the extent of the ridges leading us to suggest a slight modification to
the Bunte et al. (2010) reconstruction (Figure 3). A NE/SW oriented right lateral strike-slip
fault with an accommodating extensional rift where Shamshu Patera opens could easily
restore North and South Shamshu Montes to one morphologically consistent edifice. A
perpendicular extensional rift at the location of Shamshu Patera would provide
accommodation space for lava buildup from successive eruptions, with the darkest, freshest
lava concentrated at the NE end of the patera, adjacent to the eroding scarp of North Shamshu
Mons, where the rift would be opening. Though Shamshu Patera cuts into the flank of North
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Shamshu Mons, the lack of debris on the patera floor in the Galileo imagery suggests that
later-stage volcanic resurfacing could have obscured fallen debris from mountain
degradation (Bunte et al., 2010; Turtle et al., 2001). JunoCam imagery similarly does not
contain any resolvable debris cones or major scarp retreat, indicating this to be a stable
process over the twenty-year gap between datasets—unsurprising for such a short interval in
geologic time. West Shamshu Mons could also have been part of a singular mountain
complex; though it is not morphologically consistent with the parallel ridges of North and
South Shamshu Montes, it does have demonstrate some similarities in orientation to the
eastern lobe of South Shamshu Mons, indicating that they both could have been formed by
similar uplift regimes. However, West Shamshu Mons sits 80 km west of Shamshu Patera,
and there is no resolvable evidence for long-term rifting transporting it westward; older lava
flows associated with this rifting could have degraded beyond recognition at the current
resolution, or West Shamshu Mons formed independently from the North-South Shamshu

complex.
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Figure 2. Image coverage and interpretations of Shamshu region of lo, including Shamshu
Montes and Shamshu Patera. (a) Galileo high resolution image (I27ISSHMSHUO1, 340-
345 m/pixel), with image centered at 11° S, 68° W; (b) global geologic map of the three
mountain units and Shamshu Patera (Williams et al., 2011); (c) Galileo low resolution
coverage (frames 5 and 6 in global USGS map, corresponding to observation/image numbers
CIOISSRFMONO1/ 0401785378 and C10ISIOTOPO02/ 0413659700); (d) JunoCam PJ58
Jupitershine image (JNCE 2024034 58C00024 VO01) capturing the mountains north and
south of Shamshu Patera for the first time in their entirety.
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Figure 3. Reconstruction of possible tectonic history in Shamshu region, modified after
Bunte et al. (2010) Figure 12. (a) North and South Shamshu Montes are initially one related
edifice with aligned linear ridges (dashed white line) while the morphologically similar
layered plains on West and South Shamshu Montes are continuous; (b) Right lateral rifting
initiates, separating North and South Shamshu Mons; (c) initiation of the Shamshu Patera
formation via a rift to accommodate the strike-slip motion of the primary fault while
continued extension further separates the mountains; (d) current configuration, with
Shamshu Patera siting between the three mountain units.
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3.2 Geologic Map of Cocytus Montes

JunoCam coverage during PJ57 provided novel views of [o’s northern polar region, including
several mountains imaged at 1.84 km/pixel. The low solar incidence angle—approximately
10 degrees, adjacent to the terminator—highlights the topography in sharp relief. We use
this new imagery to map five broad geologic units, following conventions employed in the
previous suite of regional geologic maps produced from Galileo data (Bunte et al., 2008,
2010; Leone et al., 2009; Williams et al., 2002, 2004, 2005, 2007): mountain materials
(including plateaus), plains materials, volcanic materials (including paterae and lava flows),
bright diffuse deposits, and a newly-defined unit of blocky material. Symbology for units,
structural features, and contacts follows the symbology presented in the USGS global
geologic map of lo, and we refer the reader Williams et al. (2011) for detailed unit
descriptions and interpretations. Here, we highlight the relevant units as summarized in
Table 2, along with their interpreted relationships to each other as derived from the regional

geologic map (Figure 4).

The northern mountains express the same morphologies as their more equatorial
counterparts, with a mix of lineated and mottled units (Williams et al., 2024; Ravine et al.,
2024). The area of focus for this regional geologic map is defined by a three-mountain
system, Cocytus Montes, with three tall (several km) peaks connected by a system of apron-
like layered plains, some of which are uplifted as 1-3 km tall plateaus. The morphology of
lineated mountains adjacent to plateau-like layered plains is similar to mountains like West
Shamshu Mons, Gish Bar Mons, and several others. However, a new geologic unit of blocky
material—composed of kilometer-scale blocks scattered across the layered plains adjacent
to the northwestern mountain—has been identified as a unique deposit type not previously
recognized on lo. We explore possible formation mechanisms for these blocks in Section
4.1. In addition, scarps along plateau margins, and the blocky region in particular, are closely
associated with halo-shaped white diffuse deposits interpreted to be SO sapping at retreating
scarps (Moore et al., 2001).
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Table 2. Geologic units identified in northern regional geologic map.

Material Units

Description

Interpretation

Lineated mountain material (ml)

Mottled mountain material (mm)

Red-brown plains material (prb)

Layered plains material (pl)

Blocky deposit

Diffuse deposit

Dark patera floor material (pfd)

Undivided patera floor material (pfu)

Undivided flows (fu)

Contains the sharpest scarps, deep shadows cast
by prominent ridges, and relatively smooth and
sheer faces. Can contain many blocks of
uplifted, subparallel plate-type material, and
sometimes exhibit lineations on the steep, sheer
faces.

Characterized by domical mounds of material
with few scarps and ill-defined lineations. This unit
does contain isolated grooves or furrows, and
lobes of material extend out upon underlying
plains material.

The interstitial material blanketing the surface
between the topographically distinct tectonic and
volcanic features.

Isolated regions of relatively smooth plains
material that are separated from the underlying
plains (and each other) by distinct bounding
scarps. Several layers are defined (pl1-3), creating
large, apron-like plateaus surrounding and even
connecting the northeast and northwest
mountains.

Isolated ~2-10 kilometer-wide massifs identifiable
by slight albedo/color differences from the
underlying plains and measurable shadows.
Largest population sits atop a plateau, though
several blocks are measured directly adjacent to
plateau-bounding scarps.

White material that occurs in characteristic
circular to irregular patches, most often along
scarp edges, that lightly mantles all underlying
units including red-brown plains, layered plains,
and mottled and lineated mountainsides.

Dark material that is uniformly black in color at
the image resolution, round in shape and filling
topographic depressions, and is aligned at the
edge of the curved patera-bounding scarp
separating this feature from the red-brown plains.

Neither bright nor dark in color or albedo, and is
only separated from the plains by the patera-
bounding scarp. Mapped unit is overlain by
undivided flow.

Intermediate relative albedo and limited texture at
the map resolution. Bounded on the east by
scarps, and continues to the south potentially
beyond the patera walls.

Uplifted crustal blocks exhibiting minimial degradation
or erosion by downslope slumping or mass wasting.
Parallel lineations on the northwestern mountain face
may indicate some slumping, although they are not
quite parallel to the scarp boundary at the lineated
mountain/layered plains contact; similar lineated
textures observed on other mountains generally form
perpendicular to the slope.

Material displaced by gravity in a downslope direction,
by mechanisms such as mass wasting with or without
rotational sliding.

While lo’s surface boasts three colorful plains units on
a global scale (yellow, white, and red-brown; Williams
etal., 2011), the only morphology present in this
mapping area is red-brown, interpreted to be the
product of alteration of surficial frosty sulfur
compounds by radiation exposure (Johnson, 1997;
Geissler et al., 1999).

Silicate crust mantled by sulfur-rich materials exposed
on local topographic highs with boundaries defined by
degradational processes.

Blocks of silicate crust originating from mountains or
layered plains and deposited by erosional mechanisms
across and adjacent to layered plains units.

Volcanic deposits consisting of dust and condensed
sulfur dioxide gas (Carlson et al., 1997).

Warm, recently-emplaced silicate flows or crusted
lava lakes (Lopes et al., 2001; Davies et al., 2001;
Radebaugh et al., 2001, 2004).

Crusted and cooled lava flow or lava lake, older than
dark patera floor material.

Lava flows of indetermninate composition, though
likely mafic flows originating from patera but mantled
by sulfur-rich materials.
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3.2.1 Mountain units: gradational contacts linking mountain morphologies

The mapped mountain units are subdivided into lineated mountains, mottled mountains, and
layered plains, with several tall (3-5 km lower limit, based on shadow measurements)
isolated peaks extending above the surrounding plains, separated by well-defined bounding
scarps. While gradational contacts have been identified between mountain units and layered
plains elsewhere on lo, this mapped region contains gradational contacts between lineated
mountains and mottled mountain material as well. Lineated mountains are interpreted to be
the most pristine mountain type, formed tectonically by faulting, uplift, and the subsequent
collapse of tall edifices (Schenk and Bulmer, 1998; Turtle et al., 2001, 2004). Mottled
mountains are interpreted to be the degraded counterparts of lineated mountains that have
undergone mass-wasting processes (Turtle et al., 2001). Previous coarser scale studies (e.g.
Crown et al., 1992; Williams et al., 2011), characterize the mountains as being one of these
two mountain types. However, we determine two of the three mountains in our study area
to capture an intermediary stage of degradation: the uppermost flanks of the mountain retain
the sharp scarps of lineated mountains, but there are several areas where hummocky material
related to slope failure appears to extend downslope onto the layered plains and bright plains

below.

3.2.2 Layered plains: identification of blocky deposits

While some of the lowest-lying plateau-like layered plains units (p11) do not stand tall above
the surrounding plains, the unit that extends between the lineated mountains (pi) is
characterized by tall, sharp bounding scarps, possibly scalloped in places, with some adjacent
large blocks and smaller scale rubble piles. Cliff tops are mapped as closed topographic
highs, while geologic unit boundaries include the furthest extent of rubble extending below
the scarp top. The western portion of this plateau also contains the majority of the scattered
blocks (see Section 3.2.3 Blocky Deposits). Shadow measurements from the eastern portion
indicate a gently sloping (~3% grade) surface, from 2.93 +/- 0.23 km down to 1.57 +/- 0.29
km over a span of 50 km. A subtle furrowed texture including some mapped lineations across
this surface could be a potential expression of downslope creeping processes akin to
terrestrial soil ripples or lunar “elephant hide” texture, though on the kilometer scale rather

than centimeter to decameter scale on Earth or the Moon (Anderson & Anderson, 2010;
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Highland & Bobrowsky, 2008; Lindsay, 1976; Melosh, 2010). While illumination conditions
do not permit equal quality measurements of the western portion of this unit, a minimum
height estimate of 3.32 +/- 0.3 km indicates that this portion slopes eastward to meet the

layered plains of the northeast mountain.

Layered plains have been interpreted to be the result of tectonic activity and/or downslope
slumping and mass wasting, possibly from adjacent mountains, with scarps modified by
slumping or SO» sapping, among other processes (e.g., Moore et al., 2001; Turtle et al.,
2001). In the case of similar morphologies to the mapped mountains, such as West Shamshu
Mons, the analogous plateau portion of the mountain may have formed from large-scale
gravitational sliding of a detached upper layer, composed of lava flows, that was not cohesive
with the full tilted crustal block during uplift (Bunte et al., 2010), as opposed to a large-scale
mass-wasting formation (sensu Schenk and Bulmer, 1998). Our mapped layered plains’
relationship to the blocky deposits adjacent to scarp edges may also indicate a large-scale

rotational cliff failure erosional mechanism, as explored in Section 4.1.

3.2.3 Blocky Deposits: a key to erosional processes

There are 58 blocks identifiable in the study region, and 41 of these are distributed across the
two layered plains unit (pi3) adjacent to the northwest mountain (Figure 4). The remaining
smaller populations of blocks are distributed across layered plains adjacent to the other two
mountains, and several blocks are identified at the lower boundary of the layered plains, at
the base of the scarp. Blocks are considered measurable if they are greater than two pixels
across, there is a distinct color or albedo difference to differentiate them from the surrounding
plains, and they cast a measurable shadow; JunoCam imagery covers these blocks very close
to the terminator, providing the necessary illumination conditions to see these unique
features. It should be noted that there are likely blocks smaller than is resolvable, and the
angularity and distribution of the blocks may be affected by the pixel scale. Block heights
measured from shadow lengths (Equation 1) indicate that these blocks are wider than they
are tall by a ratio of ~6.5:1 on average. That is, they are shaped more like thick slabs than

cubes, with diameters of several kilometers. These block dimensions may have implications
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for formation of this unit, as explored in Section 4. Their distribution across the plateau is

irregular, and there are no correlations between block size and distance from the adjacent

mountain summit (inferred to be along the terminator), though the largest blocks, which are

elongate features somewhat parallel to the adjacent scarp boundaries, are closer to said

respective scarps (Figure 5).
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Figure 5. Size and distance parameters for 41 measured blocks on plateau in mapped area.
Dataset includes the three long, more sinuous blocks mapped on pi3, which correspond to
the three largest data points. Block width and length are geodesic measurements of the
planform long and short axes. (a) Block size vs. runout distance from the nearest
measurable mountain “summit,” measured with block width representing the intermediate
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axis; (b) block size vs. runout distance, measured with calculated volume; (c) distribution
of aspect ratios for all measured blocks using width as intermediate axis; (d) a linear
relationship between block width and block length. Block height measurements have an
error of 1 pixel, corresponding to 0.25 km.

The northern blocky deposit is a new feature type, now identifiable because of the resolution
and low sun angle captured by JunoCam. Similar mountain-adjacent layered plains were
inspected for similar features, and several potential isolated blocks were detected on the
flanks of West Shamshu Mons; these blocks were not previously identified in close regional
studies of the Shamshu region (e.g., Bunte et al., 2010), but we are now able to locate them
by using the northern blocky deposit as a reference (Figure 6a). This example serves as the
closest analog to the blocky deposit, because the two groups of blocks (yellow circle and
black arrows) lie atop their respective plateaus of layered plains (which are interpreted to be
an erosional deposit from the adjacent mottled mountain material), just as the Cocytus
Montes blocks do. There are also several instances of layered plains apparently degrading
into large blocks, both in the northern region and across lo (Figure 6b-g). It is not currently
clear if the layered plains degradation blocks are formed by the same processes as the plateau-
topping blocks, as discussed in Section 4, but they are included for completeness. These
secondary examples all occur at the scarp boundary where layered plains or mottled material

transitions to basal plains.

Interestingly, all of these alternate block locations are devoid of the halos of white diffuse
deposits so common in the northern map region. Some of the plateau-topping blocks sit
within a white diffuse halo zone, while some do not. Some of the scarp-adjacent blocks sit
within white diffuse halos, while some do not (Figure 4). It is possible the release of SO2
gas from scarp walls, if that is indeed the source of the white diffuse deposits, could
contribute to scarp failure in the form of large blocky debris, but these results are

inconclusive.
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Figure 6. Detections of large blocky debris adjacent to mountains on lo and sitting atop
layered plains or red-brown plains. Images captured by Galileo (a-d) and JunoCam PJ57
(e-g). Scale bar in all images is 50 km. Image centers are located at: (a) 11° S, 72° W; (b)
37° N, 84° W; (c) 28° S, 161° W; (d) 31° N, 162° W; (f) 43° N, 37° E; (g) 69° N, 37° E.
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3.2.4 Diffuse deposits: constraints on scarp retreat

Elsewhere on lo, white diffuse deposits are interpreted to be the products of vaporization,
condensation, and reaccumulation of SO» (and contaminants) around flow margins (Kieffer
et al., 2000; Milazzo et al., 2001). The white diffuse deposits association with scarps—
particularly bounding layered plains—and the lack of proximal vents or flows indicates these
deposits might rather be the result of seepage from fractures (McCauley et al., 1979). Their
relationship to the underlying units is not entirely clear in this locality. Diffuse deposits of

the other colors visible on Io (Williams et al., 2011) are not present in the mapped region.

Across lo, diffuse deposits are ephemeral features that easily evolve or become overprinted
(Carlson et al., 1997; Douté et al., 2001; Geissler et al, 1999). While cataloging the changes
to diffuse deposits between the Galileo/Voyager and JunoCam datasets is outside the scope
of this surface feature-focused study, we do note consistencies in the similarly scarp-adjacent
white diffuse deposits in the Euboea Fluctus region (outside the regional map extent),
suggesting that these jets are sustained over the 44 year time interval without producing
measurable scarp retreat (Figure 7). Pixel sizes in this region are 848 m/pixel, and scarp
retreat would need to occur over several pixels to cause a detectable change in the surface
expression of the shape of the scarp. Therefore, we can place a bound on the rate of this
erosional mechanism, where scarp retreat is happening slower than ~200 m/year. While this
is an unreasonably fast rate on geologic timescales, it is nonetheless a useful constraint for

erosional models on a highly active surface provided by the given datasets.
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Figure 7. White diffuse deposits at scarp edge in Euboea Fluctus region does not appear
to have changed in 44 year time interval between (a) Voyager 1 image and (b) JunoCam
PJ58 Jupitershine image (JNCE 2024034 58C00025 VO01). Images centered at 48° S,
14° E.

4 Discussion

The updated view of Io’s surface, with favorable lighting geometry and resolution provided
by Junocam imagery allows us to make more nuanced interpretations about the erosional
processes acting on lo, informed by our terrestrial understanding of geomorphology and

application to other worlds with higher resolution observations, like the Moon and Mars.

4.1 Contacts and Erosional Relationships from New Mapping Efforts

The new perspectives on lo’s topography and geologic units afforded by the JunoCam
imagery allow us to better constrain the relationships between mountain units, lava flows,
and the surrounding plains. Though there have been many eruptions recorded on Io in the
twenty years since Galileo captured imagery of lo’s surface, there are no dramatic changes
in shape to mountain slopes discernable in the JunoCam coverage. However, future imaging
campaigns with a greater spatial overlap between high resolution datasets would be
instrumental in better constraining the timing and dominant mechanisms of erosion on Io.

The favorable lighting conditions and northern polar region coverage by JunoCam does
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allow us to update previous classifications of some mountains and paterae, improving our

understanding of global relationships between surface features.

Jupitershine imagery of the Shamshu region provides new perspectives on a fascinating
mountain-patera system that contains multiple mountain morphologies and clues to the
tectonic progression that created the modern landscape. The now complete images of North
and South Shamshu Mons in particular invite speculation about the timing of mountain
formation and degradation. South and West Shamshu Montes have morphologically similar
aprons of layered plains material, but if these were once one consistent plateau (like that in
the North polar region), then they had to form before the large-scale rifting that created the
modern configuration. If the layered plains formed from slope failure later, it is possible they
formed at similar geologic times in order to create plains of similar degradation states.
Furthermore, the blocky deposits visible on West Shamshu Mons’ flanks indicate yet another

later episode of degradation.

In the northern region, the mapped contacts between geologic units include certain and
approximate contacts (where shadows or resolution limitations require the geometry of the
contact to be inferred), as well as gradational contacts where the boundary between two units
is transitional. This convention follows Williams et al. (2011), which notes that the contacts
between lineated mountains or mottled mountains can be gradational with layered plains. In
the northern map presented here, gradational contacts occur instead between lineated and
mottled mountains. Globally, lo’s mountains are characterized as either lineated or mottled,
with some implications for level of degradation increasing with the mottled morphotype
(Williams et al., 2011). While other regional studies do subdivide mountains (e.g., Bunte et
al., 2008, 2010; Williams et al., 2004), the northern mountains capture in new detail the
transition between these two phases. For both the northeast and southwest mountains, there
are clear lobes of hummocky debris released downslope from the smooth ridges above,
mapped as mottled mountain material. These hummocky lobes may eventually smooth out
into layered plains material via diffusive processes, but we cannot be certain of this

progression.
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Ultimately, the superposition of the blocky deposit and mottled material atop layered plains,
and the gradational transition between lineated and mottled mountain material, capture
several stages of the depositional and erosional processes acting at different times across [o’s

surface.

4.2 Northern Block Formation

Because the blocky deposit of the northern mapping region is so distinctive, and contains
such numerous blocks atop a >1 kilometer tall sloped plateau, it is worth exploring in more
detail their possible formation mechanisms. Previous work detailing erosional processes on
lo, particularly relating to mass wasting, do not entirely capture the morphology of the
remaining material that is visible in the blocky deposit. For example, Schenk and Bulmer
(1998) and Moore et al. (2001) discuss both large-scale landslides modifying mountainsides
and smaller-scale basal debris cones from scarp retreat, but neither process results in the
formation of kilometer-scale blocks. Here, we present several possible mechanisms to

produce the observed feature morphology.

4.2.1 Erosional Remnant

In the mapped region, as well as elsewhere on lo, layered plains—consistent with their
name—can occur as large slabs layered on top of each other, exposing multiple generations
of material (see units pr1 vs. pr2, Figure 4). Moore et al. (2001) and Schenk and Bulmer
(1998) offer two possibilities for mountain-adjacent plateaus with lobate margins: they could
be landslide deposits, or they could be formed from the uplift and lateral compression of a
weak underlying surface layer. Given the height of the connected northern plateaus (>1km)
and their outward sloping surfaces, the landslide interpretation may be more likely. However
they formed, the margins of the layered plains units are eroding back, possibly via the debris
cone and scalloped headwall processes defined by Moore et al. (2001). The slab-shaped
proportions of the individual mesas of the blocky unit, as well as the elongate shape of the
three largest blocks (with the long axis oriented nearly parallel to the adjacent scarp) could

be consistent with a 0.5-1 km thick layered plains unit that has eroded away, leaving some
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of these blocks behind, in a process akin to the allochthonous sandstone boulders perched
atop a plateau in the tableland of the Stotowe Mountains, Poland (e.g., Migon & Parzéch,
2021). The mountain unit directly adjacent to the blocky deposit is mapped as mottled due
to the presence of hummocky material closest to the proximal lineated mountain, but it also
appears to have a uniform thickness (as estimated by the consistently illuminated bounding
scarp on the east) and areas of smooth surface similar to the layered plains unit below. There
are two blocks on top of this unit—perhaps a remnant of yet another plains layer—but the

majority of the blocky deposit could be sourced from this plains unit.

If these blocks are erosional remnants, two questions must be raised: why were these blocks
left behind, and where did the eroded material go? Differential erosion to leave the blocks
behind as a lag would require some heterogeneity within the layered plains. There is nothing
in their size, shape, distribution, or albedo to inform what those heterogeneities may be,
though compositional differences—including interlayered SO, frost—would be the most
likely source of strength differences. To interrogate material transport on lo, we must
consider the relationship between the blocks and the underlying gently sloping plains. The
existing body of literature pertaining to the process of creep on lo is concerned with viscous
creep or relaxation within Io’s crust (e.g., McKinnon et al., 2001; Ojakangas & Stevenson,
1986). Here, however, we must explore the slow, steady downslope movement of regolith
via creep, modeled after diffusive hillslope processes on Earth. Io’s surface, composed of
lava flows, crustal blocks, and a thin mantling of SO frost, is generally modeled as a solid.
It is likely that the combination of volcanically-induced seismicity, chemical (and physical)
interactions between condensing and sublimating frost, and bombardment from
micrometeorites and volcanic byproducts, could contribute to rock weathering into regolith
material, as it has been shown to do on Earth, Mars, and the Moon (Fassett & Thomson,
2014; Gilbert, 1909; Mantovani et al., 2014; Perron et al., 2003; Rapp, 1960; Xiao et al.
(2013)) . If Io’s plateaus are blanketed by even a thin layer of regolith (centimeters thick),
and their surfaces are sloped >0 degrees, then they offer a mechanism to slowly translate
plateau material downslope over geologic time to be eventually recycled by lava flows on
the red-brown plains. Therefore, creep processes acting on [o’s ~1.5 degree sloped plateau

is a viable mechanism to erode the layered plains material away around the blocky deposit.
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We also consider if regolith material could be transported away by wind. McDonald et al.
(2022) propose a mechanism for aeolian sediment transport driven by sublimation vapor
flows due to lava-SO; frost interactions, but the distance of the plateaus from the nearest lava
flow would make it difficult for material up on the plateau to be affected by sustained winds

under lo’s sparse atmosphere.

4.2.2 Rockfall

The proximity of the blocky deposit to the lineated mountain material of West Cocytus Mons
introduces the possibility that blocks are the product of rockfall, where large pieces of crust,
triggered by gravity or seismic activity, broke up and tumbled down the more steeply sloping
edifice to scatter across the gently sloping plateau surface. Dry rockfall is widely recognized
as a mechanism for landscape evolution across the solar system, even on slopes below the
angle of repose, from the Moon to Mars to Mercury (Beer et al., 2024; Cardenas et al., 2025;
Conway et al., 2019; Fassett et al., 2017; Kokelaar et al., 2017). To investigate this
possibility, we consider only the 41 blocks adjacent to the lineated mountain. Boulders and
cobbles produced by rockfall on Earth are irregular, angular, and often characterized as
polyhedral in shape, as they have had limited interactions for rounding (such as in fluvial
transport) (e.g., Bonneau et al., 2019; Leine et al., 2014). Higher resolution coverage of this
area would assist in characterizing the shape of Io’s blocks; though they appear to have an
angular shape in plan view, many blocks are only a few pixels in size, and therefore it is
impossible to accurately determine the angularity (Figure 4). Terrestrial rockfall deposits
can contain rocks with equant or cubic to elongate or platy shapes, determined by factors like
rock type, fracture patterns, and weathering (e.g., Bonneau et al., 2019; Blott & Pye, 2008).
The aspect ratio of the blocks—consistently much wider than they are tall—would be more
indicative of sliding than tumbling and bouncing from the source region above (e.g. Lamb et
al., 2015). However, regolith redistribution via creep as outlined in Section 4.1.1 could
partially bury the lower portions of the blocks, causing an apparent decrease in height over
geologic time. In an alternative interpretation, block emplacement was concurrent with the

mass wasting processes that formed the layered plains material, and the large blocks simply
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made their way to the top of the poorly sorted sediment mixture, due to kinetic sieving (e.g.
Marc et al, 2021). If this were the case, we would expect a block size distribution increasing
in frequency as size decreases, with a large population of blocks just at the limit of
resolvability. The spatial and size distribution of the blocks—without such a large population

of small blocks—does not support this single event landslide model.

If these blocks did tumble down from the nearest approximated “summit” onto the plateau
below as in Figure 5, they might demonstrate a common terrestrial relationship: larger blocks
tend to have longer runout distances due to greater momentum and resilience to breakage
(e.g., Corominas et al., 2019). However, the blocky deposit has no significant relationship
between block size and runout distance, and some of the largest blocks have the smallest
runout distance (Figure 5). Moreover, there is no evidence for tracks or bounce and skip
marks discernable at the JunoCam resolution, though these features are only visible for recent
rockfall events on Earth, quickly erased by vegetation, fluvial erosion, and hillslope

Processces.

4.2.3 Outrunner Blocks

Io’s blocks are 2-3 orders of magnitude larger and 2-3 orders of magnitude farther from the
nearest source area as compared to terrestrial rockfall blocks, though lo’s gravity is ~18%
that of Earth’s, negating some of this distance discrepancy. On Earth, large, lithified blocks
associated with submarine landslides can detach from the debris toe and glide along the
seafloor, lubricated by a thin layer of seawater (e.g., De Blasio et al., 2006; Mohrig et al.,
1998). Outrunner blocks have been described across the world, from the Nigerian Sea
(Nissen et al., 1999) to the Faeroe basin (Kuijpers et al., 2001; Nielsen & Kuijpers, 2004)
and the Taranaki basin, New Zealand (Rusconi, 2017). The megaclasts in these deposits can
be up to 400 meters tall, 1.9 km long, and 1.2 km wide—a similar size and shape to the
blocky deposits (Figure 5). Moreover, there are instances in the Faeroe basin of megaclasts
traveling 25 km on a slope less than 1 degree (Nielsen & Kuijpers, 2004), which parallels the
40-120 km runout distances across a slope of a few degrees of the blocky deposit.
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Water is not the only lubricant to move large volumes of rock over shallow slopes.
Wyoming’s Heart Mountain is an enigmatic block of 500-350 million-year-old limestone
sitting on top of much younger ~55 million-year-old clastic sedimentary rock, detached from
the closest rocks of this unit by ~50 km. The geologic history of the Heart Mountain block
is debated, but several interpretations for its formation suggest that it is the product of the
largest terrestrial landslide ever recorded, where it’s massive size and runout distance over a
shallow 2° slope was enabled by lubrication: one hypothesis calls for “hovercraft” floatation
on volcanic gases associated with the active Absaroka volcanic province (Hughes, 1970;
Beutner & Craver, 1996), while another model proposes basal frictional heating could reach
high enough temperatures to calcine the carbonate rock, producing calcium and magnesium
oxide powders that could become fluidized by the byproduct pressurized carbon dioxide gas
in order to reduce friction for the block to slide (Anders et al., 2010). Yet another
interpretation involves an acoustic fluidization process, where a 40-meter-long sound wave
trapped just beneath the fault contributed to particle flow as a non-Newtonian fluid at the

base of the translating slab (Melosh, 1983).

While both of these megaclast examples provide tidy morphological analogs to Io’s blocky
deposit, the lubrication mechanism is far less clear. There is no evidence for volcanism
directly neighboring these features to provide a heating source, and frictional heating of SO>
frost (of unknown thickness) to create a gaseous layer to glide on would be unlikely on such

shallow slopes.

4.2.4 Cliff Collapse

While this study primarily focuses on the population of blocks adjacent to the West Cocytus
Mons, there are six individual blocks mapped adjacent to and below the tall, >1 km high
scarps of the layered plains. The simplest model for their association is that the blocks are
derived from the layered plains, and large segments cleave off of the cliff, hinging down to
the plains below in a cliff collapse process. This scarp erosion mechanism differs from the

Type D (debris cone) or Type T (terraced) slopes defined by Moore et al. (2001), because it



&9

requires fracturing parallel to the scarp and reflects a greater degree of cohesion, as large
blocks remain intact instead of producing smaller scale rockfall debris piles. If all blocks in
the blocky deposit unit share a common origin, these marginal blocks may capture this
erosional process in action. The population of blocks adjacent to West Cocytus Mons could
be the remnant collapse blocks of a now-receded scarp, slowly eroding down into the plains.
This variation on the Section 4.1.1 erosional remnant model does not require heterogeneities
intrinsic in the crustal layers; the blocks reflect original fracturing size, not erosional
resistance. Likewise, the size and aspect ratio of the blocks is consistent with flaking slabs

of cliff material.

4.2.5 Endogenic Formation Mechanisms

For completeness, we also consider whether the blocky deposit could have formed in situ
from endogenic processes. Though Io’s volcanism is concentrated in its paterae, could these

blocks be edifices resulting from another magmatic process?

Rhyolite domes form isolated or clustered edifices on Earth due to the slow extrusion of very
viscous silicic lava. They generally do not have craters, and can grow as large as Lassen
Peak (~3 km tall). There is no evidence for high silica content on lo, as all observed
volcanism is hot and mafic, but could be present in local environments if magma ascent is

stalled in the cold lithosphere and fractional crystallization is permitted to progress.

Rootless cones, such as those dotting the shore of Lake Myvatn, Iceland, are another smaller-
scale, multiple-edifice volcanic construct. These pseudocraters form when lava flows over
saturated ground, resulting in explosive phreatomagmatic eruptions as water vaporizes, so
they are not connected by a magmatic “root” (e.g., Fagents & Thordarson, 2007). Similar
features have been identified on Mars as the result of lava interactions with subsurface water
ice (Fagents et al., 2002; Fagents & Thordarson, 2007). Though no central craters can be
identified at the JunoCam resolution, their presence cannot be ruled out. The distribution of
blocks is also perhaps more consistent with rootless cone clustering on Earth and Mars than

the random distribution of an impact crater field (Bruno et al., 2004). While the
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phreatomagmatic process boasts some similarities to the sublimation of SO» frost at the toe
of Io’s lava flows, the absence of lava flows across the layered plains yield this formation

mechanism unlikely.

4.2.6 A Ranking of Preferred Erosional Mechanisms

All mechanisms presented here are variably feasible, though some are included more for
completeness than serious consideration. The endogenic formation mechanisms can be ruled
out, since the morphologies of the blocks, as well as their distribution (at cliff edges as well
as distributed across layered plains), at least at the current resolution, are inconsistent with

the volcanic edifices we see on Earth.

Outrunner blocks, while a much better morphological match for the blocks, are an unlikely
mechanism, due to the unknown processes necessary to raft the blocks across a shallow slope
on lo. While this fun and complex processes could be a possibility, the simplest mechanism

is often the more likely explanation.

An erosional remnant, while possible due to the viability of regolith generation and creep on
Io, would need to develop over geologic time. Without any known sources for crustal
heterogeneities necessary to produce something like the isolated blocks, we must invoke a
process like rockfall with subsequent regolith generation and surface evolution. The
distribution of blocks across the plains, as measured from the nearest “summit” does not
follow standard terrestrial relationships. Therefore, we consider the combined rockfall and

subsequent partial burial of the blocks to be possible.

Ultimately, our preferred formation mechanism for the blocky deposit is cliff collapse. The
multiple generations of layered plains preserved in the mapped region provide a likely source
of material, and scarp edges deteriorating into large blocks at the margins of these plains
demonstrate how such a process could easily produce blocks of the observed proportions.
Heterogeneities in the block distribution depend more on the weathering processes driving

scarp retreat, which is reasonable.
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5 Conclusions

Juno’s PJ57 and PJ58s flybys of Io produced spectacular imagery that provides a new
perspective on the previously unresolved north polar region of the moon. The low solar
incidence angle captured lo’s dramatic topography in a new light, allowing us to identify 10
previously mapped features that should be reclassified now that their topographical
relationship to the surrounding units is more evident. PJ58 Jupitershine coverage of the
Shamshu Patera region further clarifies mountain-patera relationships, and allows us to
expand on previously proposed tectonic reconstructions of that region to incorporate similar

mountain morphologies separated by rifted plains.

Three polar mountains in particular, connected by several generations of layered plains
material, exhibit a greater degree of morphological complexity than can normally be
identified in Io’s mountains. We present a regional geologic map of this trio that allows us
to investigate the relationships between mountain units and degradation states more closely.
While the mapped geologic units are consistent with the global paradigm defined by
Williams et al. (2010), a new unit is required to describe a unique blocky deposit blanketing
the inter-mountain plateau. While similar blocks do appear elsewhere on lo, their abundance
in the JunoCam imagery, and relationship with the surrounding geologic units, allows us to
interrogate several possible formation mechanisms for these blocks: an erosional remnant,
rockfall debris, outrunner blocks, cliff collapse slabs, or endogenic features like rhyolite
domes or rootless cones. While there are consistencies and inconsistencies with all of these

mechanisms, a combination of cliff collapse slabs with regolith creep is the most plausible.

Ultimately, the JunoCam images of the north polar mountains capture a new perspective on
Io’s surface evolution. Lineated mountains are collapsing into mottled mountain material in
discrete lobes that extend out on to the layered plains. Layered plains themselves are built
with multiple generations overlying each other, forming shallowly sloped plateaus. Blocky
deposits sitting atop and at the collapsing margins of these sloped surfaces require even later

modification and continual erosion. This new imagery captures an important intermediate
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stage in the formation and erosion of tectonic features on a volcanic world; what was once

an unresolvable smear has become a portrait of [o’s dynamic surface erosion in action.
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Supplementary Data for Chapter 3

This section contains three supplementary figures and one supplementary table. Two figures
are presented to provide broader examples of geologic features discussed in the text. This
includes regions where substantial geologic evolution was discovered or was expected but
absent in the new JunoCam imagery (S1). It also includes a visual demonstration of the
changes to geologic units that are described in Table 1 of the paper (S2).

One figure indicates where scarp height measurements were made based on shadow length
(S3).

Table S1 includes measurements made of the individual block units within the blocky deposit
geologic unit. Length and width measurements are geodesic and height measurements are
calculated from shadow length. Longitudes are given in 0-180, East Positive regime.
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Figure S1. Summary of observations in active regions that did or did not experience measurable
change between Galileo and JunoCam datasets. Scale bar in all images is 100 km, north is up, and
projection is cylindrical. No measurable changes were seen in the Zamama volcanic flow field
(18° N, 173° W) between Galileo high resolution (a), low resolution (b), and JunoCam (c).
However, significant changes to another large flow field were observed at 32° N, 168° W, where
dendritic flows fanning northward, visible in Galileo high resolution (d) and low resolution (e),
became mantled in the southern portion by a new red diffuse deposit visible in the JunoCam image
(f). Significant changes were observed in the internal structure of Creidne Patera (white dashed
outline in (g) and (i); 52° S, 17° E) between Galileo low resolution imaging (g) and JunoCam PJ58
Jupitershine imaging (i), and some putative evolution of tectonic slumping, evidenced by the
wrinkled texture on the flanks of Euboea Mons (h), is discernable in the JunoCam Jupitershine
image (i), though at the given resolution it is difficult to be certain.
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47°N,162°W

Euboea Montes
51°S,11°E

Pillan Mons
8°S,114°E

25°S,15°E

Figure S2. Reclassified geologic units based on JunoCam imagery, as outlined in Table 1.
Each row represents a different region, where column a includes previous mapping
(Williams et al., 2011), column b is the Galileo and Voyager basemap that mapping was
based on, and column ¢ is the new perspective given by JunoCam (or, in the last two
examples, by other Galileo views examined as a result of the reclassification exercise). The
scale bar in all images is 100 km and north is up. Image centers and feature names (where
applicable) are given for each row.
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from shadow measurements made following solar azimuth angle across the surface at each
location.
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