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ABSTRACT OF THE DISSERTATION
The Morphology, Spatial Distribution, and Collapse Mechanisms of VVolcanoes on Venus
by
Rebecca Mary Hahn
Doctor of Philosophy in Earth, Environmental, and Planetary Sciences
Washington University in St. Louis, 2024

Professor Paul K. Byrne, Chair

Radar imagery collected by NASA’s Magellan spacecraft enabled the recognition and
classification of volcanic features and structures across Venus far beyond the scope of earlier
missions. These datasets revealed volcanoes that range in size from <5 km to well over 100 km in
diameter. VVolcanism is clearly a major, widespread process on Venus, and is a principle expression
of the planet’s secular loss of interior heat. For my doctoral work, | utilized ESRI’s ArcMap and
ArcGIS Pro to develop a detailed global catalog of volcanoes across Venus to improve our
understanding of the morphology, spatial, distribution, and evolution of volcanism on the second
planet.

Chapter 2 introduces the creation and implementation of my global catalog of volcanoes and
volcanic fields on Venus. This new global dataset includes ~85,000 edifices, ~99% of which are
<5 km in diameter and are geographically widespread across the entire planet. With this catalog, |
developed an automated approach to delineating volcanic fields—high spatial concentrations of
small volcanoes—and also noted a dearth of volcanoes 20-100 km in diameter, which could be

related to the eruption rate and/or availability of the underlying magma supply.



Chapter 3 focuses on a unique subset of 162 volcanoes on Venus that appear to have
undergone gravitational deformation. These deformed edifices are distributed globally, are situated
at a range of elevations, are spatially proximal to a variety of tectonic structures, and are associated
with various crustal thickness values, which together suggest that there are numerous drivers of
volcano deformation on Venus. Furthermore, | note examples of flank terraces on Tepev Mons, a

structural indicator of volcano sagging that has not yet been documented on Venus.

Lastly, Chapter 4 employs kernel density estimation as a tool at nine topographic rises, and
nine volcanic fields across Venus to delineate regions where future volcano formation could occur,
based on the locations of edifices <20 km in diameter from our global catalog developed in Chapter
2. These resulting volcano-formation probability maps reveal that the intensity of volcanism
producing volcanoes <20 km in diameter in the Beta-Atla-Themis (BAT) region, an area well-
known for its enhanced volcanism (Airey et al., 2017), is lower than at topographic rises across
the rest of the planet. These maps can also be used to identify specific regions across Venus that
future missions such as EnVision and VERITAS can image using their higher-resolution radars
and thus search for newly formed volcanoes between the time of those missions and when the
Venus surface was originally mapped by Magellan. Based on my analysis, | conclude that these
missions should target specific regions of high-volcano-spatial density in and around Atla, Imdr,

Themis, and Dione Regiones.

Xi



Chapter 1:
Introduction

Global-scale interior processes such as magmatism contribute to a planet’s loss of global
heat, and are linked to its thermal evolution and geological history (Solomon and Head, 1982;
Ivanov and Head, 2013). Volcanism on Venus is ubiquitous, with flows from extrusive volcanism
covering ~80% of the surface (Ivanov and Head, 2013), and at least 85,000 volcanic constructs
spread across the entire planet (Hahn and Byrne, 2023). In this doctoral work, | utilize my global
catalog of volcanoes and volcanic fields on Venus (Hahn and Byrne, 2023) to assess the
morphology and spatial distribution of volcanoes and deformed volcanoes across Venus, and to
predict the location of future volcanoes at topographic rises across the planet. The goal of the work
done for this chapter was to improve our understanding of how and where volcanoes form and
deform across Venus, adding to the existing knowledge we have of volcanic behavior on other
terrestrial bodies.

In chapter two, | used ESRI ArcMap 10.7.1 and ArcGIS Pro 2.7 software to we develop an
extensive dataset of volcanoes on Venus using with the Magellan SAR FMAP (full-resolution
radar map) left- and right-look global mosaics (Pettengill, 1991). With this global dataset, |
analyzed the geometry of volcanoes >5 km in diameter by calculating their mean basal diameter,
area, and aspect ratio, and was able to calculate the height of edifices >50 km in diameter.
Furthermore, for a subset of volcanoes >50 km in diameter covered by stereo-derived digital
elevation models (DEMs) (Herrick, 2020), | was also able to estimate volcano volume. The spatial

distribution of volcanoes and orientation of volcanic fields was assessed through kernel density



analysis (Silverman, 1998) and directional distribution analysis, respectively. The distribution and
orientation of volcanoes can provide details on the size and shape of the underlying magma bodies,
as well the magma production rate (Connor, 1990). The purpose of this chapter was to place
constraints on models of Venus’ evolution by analyzing the morphological and spatial patterns of
volcanoes identified in my global catalog.

Chapter three is focused on a subset of 162 volcanoes from that global catalog (Hahn &
Byrne, 2023) that have undergone gravitational deformation. I classified these deformed edifices
into four main categories based on associated deformational structures: landsliding, sector
collapse, spreading, and sagging. To better evaluate the mechanisms influencing volcano collapse
on Venus, | conducted proximity analysis to identify any nearby tectonic (e.g., rifts) or volcano-
tectonic (e.g., coronae) structures that on the basis of superposition relations may have influenced
deformed volcano evolution. Furthermore, | compared typical examples of Venusian deformed
volcanoes from those four main categories to similarly deformed volcanoes on Earth and Mars to
gain insight into collapse mechanisms on Venus. In this part of my doctoral research, | sought to
use structural and spatial analysis of deformed volcanoes, along with detailed comparative studies,
to quantify the types and possible drivers of volcano gravitational collapse on Venus.

In Chapter four, 1 employ kernel density analysis (Silverman 1988) as a method for
predicting the possible locations of future volcano formation across nine Venusian topographic
rises and nine volcanic fields, based on the distribution of past edifices at those sites (Connor &
Connor, 2009; Germa et al., 2013). Topographic rises are thought to be situated atop upwelling
mantle, and thus represent some of the most promising locations for ongoing or future eruptive
activity. After generating volcano-formation probability maps for each rise and field, 1 augmented

my geospatial analysis with geological information related to the locations of recent volcanism



from thermal and radar emissivity studies, edifice alignments, and areas with high spatial densities
of volcanoes. VVolcano formation probability maps developed in this study can be used to identify
regions that are statistically likely to host new edifice formation across Venus and can be verified
by future missions such as NASA’s VERITAS (Smrekar et al., 2022), and ESA’s EnVision (Ghail
etal., 2018).

Chapters two (Hahn & Byrne, 2023), and three (Hahn & Byrne, 2024) are both published
in the Journal of Geophysical Research: Planets. Chapter four will also be submitted to the Journal
of Geophysical Research: Planets in spring 2024. I, Rebecca Hahn, conceived and implemented
the research presented in this dissertation. For chapters two, three, and four, | was responsible for
data compilation and development, data analysis, research, writing the original draft, editing, and
figure creation. My co-author and advisor, Paul Byrne, provided guidance, detailed feedback, and

edits for all three papers that comprise this dissertation.
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Chapter 2:
A Morphological and Spatial Analysis of
Volcanoes on Venus

Associated Publication: Hahn, R. M., & Byrne, P. K. (2023). A Morphological and Spatial
Analysis of Volcanoes on Venus. Journal of Geophysical Research: Planets, 128(4),
e2023JE007753. https://doi.org/10.1029/2023JE007753

Abstract

Venus is home to many thousands of volcanic landforms that range in size from much less
than 5 km to well over 100 km in diameter. Volcanism is clearly a major, widespread process on
Venus, and is a principal expression of the planet's secular loss of interior heat. Without sufficient
in situ data to clearly determine its internal structure, we can use the morphological and spatial
properties of volcanoes across the planet to help place constraints on our understanding of the
volcanic characteristics and history of Venus. With the Magellan synthetic-aperture radar full-
resolution radar map left- and right-look global mosaics at 75 m-per-pixel resolution, we
developed a global catalog of volcanoes on Venus that contains ~85,000 edifices, ~99% of which
are <5 km in diameter. We find that VVenus hosts far more volcanoes than previously mapped, and
that although they are distributed across virtually the entire planet, size—frequency distribution
analysis reveals a relative lack of edifices in the 20-100 km diameter range, which could be related
to magma availability and eruption rate. Through spatial density analysis of volcanoes alongside
assessments of geophysical data sets and proximal tectonic and volcanic structures, we report on
the morphological and spatial patterns of volcanism on Venus to help gain new insights into the

planet's geological evolution.



2.1 Introduction

NASA's Magellan spacecraft imaged virtually the entire Venusian surface using synthetic-
aperture radar (SAR) as well as nadir-directed altimetry (Airey et al., 2017; G. H. Pettengill et al.,
1991; E. Stofan, 2004). The radar image data collected during this mission enabled the recognition
and classification of volcanic features and structures across Venus far beyond the scope of earlier
missions (e.g., Basilevsky & Head, 1998; Crumpler & Aubele, 2000; Head et al., 1992). The
Magellan data revealed a planetary surface covered in volcanic edifices of a range of sizes, as well
as a number of volcanic landform types seemingly unique to Venus such as coronae (ring- to oval-
shaped features with concentric ridges), arachnoids (concentric features with radial fractures along

their periphery), and novae (sets of focused, radial fractures) (Crumpler & Aubele, 2000; Head et

Figure 2.1 Examples of varying-sized edifices on Venus. (a) A large edifice (>100 km in
diameter), Sapas Mons, which is ~400 km in diameter. (b) A so-called intermediate-sized edifice
(5-100 km in diameter) that is ~75 km in diameter. (c) An example of an intermediate-sized
edifices that has undergone some type of gravitational deformation. (d) Examples of small edifices
(those <5 km in diameter). All images are left-look Magellan radar mosaics shown in an
equirectangular projection.



al., 1992; lvanov & Head, 2013). The radar image data also revealed a surprising dearth of impact
craters (Arvidson et al., 1992; Bjonnes et al., 2012; Phillips et al., 1992; Schaber et al., 1992),
likely indicating extensive volcanic resurfacing that was either catastrophic, episodic, or steady-
state in nature (e.g., Basilevsky & Head, 1998; Bjonnes et al., 2012; Ivanov & Head, 2013, 2015;

O’Rourke et al., 2014; Romeo, 2013; Turcotte et al., 1999).

2.1.1 Volcanism on Venus

The surface of Venus host volcanoes that range in size from <5 km in diameter to (in
numerous cases) substantially greater than 100 km in diameter. Those edifices classified as “large
volcanoes” (i.e., those >100 km in diameter) are generally situated on topographic rises and are
surrounded by extensive radial lava flows (Airey et al., 2017; Crumpler & Aubele, 2000; Ivanov
& Head, 2013; Mouginis-Mark, 2016; E. Stofan, 2004) (Figure 2.1a). Such volcanoes are
approximately 2—-3 km in height and often display concentric or circular central features (Head et
al., 1992; E. R. Stofan, Smrekar, et al., 2001). Edifices we define as “intermediate size” (i.e., 5—
100 km in diameter) are smaller in height and typically include symmetrical shields with radial
lava flows on the flanks and surrounding plains, as well as flat-topped domes (Figure 2.1b)
(Crumpler & Aubele, 2000; Head et al., 1992).

Volcanoes we term “small” are those <5 km in diameter; they are abundant across the
Venusian plains (Aubele & Slyuta, 1990; Ivanov & Head, 2004) and have been documented as
having three broad morphologies: shield-, cone-, and dome-like (Guest etal., 1992; Head
et al., 1992) (Figure 2.1d). Small shields are typically categorized by visible summit collapse pits
and shallow slopes. Conversely, small cones typically lack a central pit and have steeper slopes
than shield-like edifices. Lastly, small domes are characterized by their flat-to-slightly-convex tops

and steep flanks (Guest et al., 1992).
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A widespread phenomenon on the Venusian surface is the volcanic field, also referred to
as a “shield field,” which is an area with relatively high spatial concentrations of small volcanoes.
These volcanoes are topographically low, shield-like to dome-like edifices that are <20 km in
diameter (Aubele & Slyuta, 1990; Crumpler & Aubele, 2000; Guest et al., 1992; Head et al., 1992;
Ivanov & Head, 2013; Thomson & Lang, 2016). Studies of these volcano clusters led to the view
that these fields originate from small-scale eruptions via several distinct crustal melt sources (Head

etal., 1992; Ivanov & Head, 2004; Thomson & Lang, 2016).

2.1.2 Rationale

The goal of this study is to prepare and analyze a new, global catalog of volcanoes on
Venus as a basis for understanding how volcanoes form and develop across the second planet.
Among the ways ours expands on previous volcano catalogs (e.g., Crumpler & Aubele, 2000)
includes our mapping of features smaller than 20 km in diameter and automating our approach to
identifying volcanic fields.

With this new catalog, we seek to address the following broad questions: (a) What is the
morphology and distribution of the various sizes of volcanoes on Venus?; (b) How are those
volcanoes <20 km in diameter grouped into volcanic fields (the size threshold defined by, e.g.,
Aubele & Slyuta, 1990), and what implications do these groupings have for the underlying source
magma bodies?; and (c) Where are volcanoes and volcanic fields located with respect to global
geological and geophysical characteristics of Venus? Understanding the morphological and spatial
patterns of volcanism on Venus can help us place constraints on models of the planet's geological

evolution.
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2.2 Methods

2.2.1 Mapping

Some previous studies documented a variety of volcanic structures across Venus (e.g.,
Aubele, 1996; Aubele et al., 1992; Crumpler & Aubele, 2000; Head et al., 1992), others focused
on a specific feature such as coronae (e.g., E. R. Stofan et al., 1992; E. R. Stofan, Smrekar, et al.,
2001), and yet others studies proposed global geological interpretations, including units specific
to volcanic features such as “shield plains” and “shield clusters” (Ivanov & Head, 2011, 2013). To
build upon these earlier works, we used ESRI ArcMap 10.7.1 and ArcGIS Pro 2.7 software to
develop a new, global catalog of Venusian volcanic edifices with the Magellan SAR FMAP (full-
resolution radar map) left- and right-look global mosaics at 75 m-per-pixel resolution (75 m/px)
(G. Pettengill, 1991). We divided the planet into 5° x 5° bins, and thoroughly examined each bin
at a view scale of 1:400,000. For the equatorial region between 40°N and 40°S, mapping was
completed in an equirectangular projection. To preserve volcano geometry, data sets were
projected as north- or south polar stereographic when mapping edifices at latitudes above 40°N
and below 40°S, respectively. We recorded the coordinates of 33,359 well-defined volcanic
edifices across Venus by mapping features into polygon or point vector shapefiles (e.g., Figure
2.2).

We mapped an edifice <5 km in diameter as being “well defined” on the basis of it being
a landform that is quasi-circular and approximately conical in plan view, with one side more radar-
bright than the opposite side (consistent with being illuminated from a single radar-look direction)
(Figure 2); this approach is consistent with how volcanoes were identified in earlier studies (e.g.,

Head et al., 1992; Ivanov & Head, 2011, 2013; E. Stofan, 2004).
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Figure 2.2 The mapping methodology we utilized in developing our global database of volcanoes
across Venus. (a) Magellan radar image data centered at 126°W, 8°N prior to mapping. (b) That
same region after features have been mapped. The radar look direction is from the left for each
image, which are shown in equirectangular projections.

Prior research used Venera 15 and 16 radar images to identify small volcanoes (defined as
2-20 km in diameter) in the northern 25% of the planet, and found a decrease in the number of
edifices <1 km in diameter (Aubele & Slyuta, 1990). This decrease may be a function of the
relatively course resolution of the Venera 15 and 16 radar and Magellan SAR data or could
represent a lower volcano diameter threshold because of some intrinsic geological processes
(Crumpler et al., 1997). To avoid errors associated with delineating the boundaries of these small
volcanoes, we define the lower limit of resolution for the identification of the basal outline of

volcanoes as 5 km. This threshold is based on the resolution of the Magellan SAR FMAPs, which
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were resampled to a nominal 75 m/px resolution from an original resolution of ~120 m/px (Ford
et al., 1993). With these FMAP data, a volcano 1 km in diameter is ~7 pixels in diameter—much
too low to reliably capture the outline of the edifice. We therefore chose to denote edifices <5 km
in diameter only as point features and recorded their latitude and longitude coordinates.
Additionally, this lower limit of 5 km in diameter serves as the division between small and
intermediate-sized volcanoes within our catalog.

For the purposes of our mapping, well-defined, intermediate-sized volcanoes (5-100 km
in diameter) may functionally be larger scale versions of volcanoes <5 km in diameter (Crumpler
et al., 1997) and may exhibit radial lava flows around a central vent (e.g., the “anemone-type” of
Head et al., 1992). Lastly, well-defined volcanoes >100 km in diameter are those with extensive
radial lava flows and/or positive relief. For all edifices >5 km in diameter, a polygon outlining the

edifice was drawn and the coordinates, area, and perimeter of each polygon recorded.

2.2.2 Morphological Analysis

Morphological analysis of volcanoes relies heavily on the accuracy in delineating the basal
outline of each edifice (Grosse et al., 2009, 2012, 2014). During the mapping phase of this analysis
(described above in Section 2.1), the Magellan SAR FMAPs were used along with topographic
profiles obtained from the Magellan altimetry to identify the base of each volcano. We defined the
base as that region surrounding locally positive topography that is marked by a concave break in
slope (following the approach, e.g., of Favalli et al., 2009; Grosse et al., 2009, 2012, 2014; Kervyn
et al., 2007). This break in slope is ideally the contact between the volcano's flank and the
surrounding plains (Plescia, 2004). Yet many large volcanoes on Venus are associated with flow
materials that extend a considerable distance from their source vents (be they on the flanks or at

the summit), and so we typically excluded the full extent of the flow field and instead focused on
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the volume of the main edifice (cf. Stofan, Guest, & Copp, 2001). Given the low spatial resolution
of the Magellan topography, however, as well as the low slope gradient of edifices on Venus in
general (Crumpler et al., 1997), it was not always possible to identify a change in slope that could
be taken as the base of a given volcano. Instead, in some cases the basal outline was drawn solely
using the FMAP radar imagery as a guide, which leads to an inevitable degree of uncertainty in
our final morphometric measurements. This issue was especially common for intermediate-sized
volcanoes (i.e., those 5-100 km in diameter) that were <20 km in diameter, which in many cases

are much too small to be captured by the Magellan altimetry.
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Figure 2.3 E-W topographic profiles of three volcanoes on Venus that fall within both the Herrick
(2020) DEMs (orange lines) and the Magellan altimetry (blue lines). The Herrick DEMs can
resolve more fine-scale information than the Magellan altimetry. For example, the Herrick DEMs
show that Anala Mons (a) has a steeper eastern flank than indicated by the Magellan altimetry.
Volcano profiles also illustrate that edifices on Venus may have complex summit morphologies.
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Morphological properties including area, diameter, and aspect ratio (long axes vs. short
axes) were determined for all 847 edifices >5 km in diameter in our catalog. Edifice diameter was
calculated by averaging the long and short axes of the base (i.e., the outlines) of each volcano
(Favalli et al., 2009). The precision of morphological analyses is also a function of the resolution
of the data set. We followed a version of Shannon's sampling theorem (Shannon, 1949), and only
considered height measurements for edifices that are at least twice the width of the spatial
resolution of the data set (cf. Knicely & Herrick, 2021). For the Magellan altimetry data set, which
has a footprint of ~20 x 10 km, we only included volcanoes >50 km in diameter, approximately
2.5 times the width of the spatial resolution (e.g., Knicely & Herrick, 2021). For example, Gula
Mons (Figure 2.3b) has an elongated summit with a NE-trending rift that is deeper than shown by
the Magellan altimetry. Another example is Nyx Mons (Figure 2.3c), which contains a central
summit bulge and elevated ridges. The vertical exaggeration for profiles (Figure 2.3a) and (Figure
2.3¢) is 200, and for profile (Figure 2.3b) is 100.

For the 132 edifices >50 km in diameter that fall within the Magellan global altimetry data
set, an approximation of the edifice height was determined with the “Zonal Statistics” tool in
ArcGIS Pro. The Magellan global altimetry data were set as the raster layer, and the layer
containing the volcano polygons from our global data set was set as the boundary defining the
region from which to calculate cell statistics. The resulting data included the minimum (base
elevation) and maximum (summit elevation) cell values enclosed by the polygons for each
volcano, with which we could then determine an approximation of maximum height for all edifices
>50 km in diameter within our global catalog. Our height values here are derived from a horizontal
reference plane representing the lowest elevation of each volcano, following established practice

(Grosse & Kervyn, 2018; Grosse et al., 2012, 2014) and are therefore height estimate maxima.

13



For a subset of volcanoes >50 km in diameter, more precise morphological measurements
were made with stereo-derived digital elevation models (DEMs), which cover ~20% of Venus
(Herrick, 2020). These stereo-derived DEMs have a footprint of ~1-2 km and a vertical error of
50-100 m, allowing for the examination of smaller volcanoes that are typically inaccessible with
the Magellan altimetry (e.g., Gleason et al., 2010; Herrick et al., 2012; Knicely & Herrick, 2021),
as well as more detailed analysis of larger volcanoes (e.g., McGovern et al., 2014) (Figure 2.3).
With the improved vertical precision and accuracy of the Herrick (2020) DEMs (hereafter referred
to as “stereo-derived DEMs”), we acquired volume and height measurements for 21 volcanoes
>50 km in diameter that fall within that newer data set. Based on previous volumetric analysis
methods, we employed the direct-integration approach for calculating volcano volume.

Direct-Integration Method for Volume Estimation:
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Figure 2.4 A schematic profile of a shield volcano on VVenus showing the volcano volume (V) and
height (Z) derived from the IDW (inverse distance weighting)-derived basal surface (pink line), as
well as the maximum height (Zmax) and volume (Vmax) derived from the horizontal reference plane
(yellow line) corresponding to the lowest elevation around the base of each volcano. Figure
adapted from Grosse et al. (2012) and Grosse and Kervyn (2018).

We used a direct-integration approach to determine the volume (V) of each volcano by
integrating the sum of the difference between the stereo-derived DEMs and a basal surface raster
(Grosse & Kervyn, 2018; Grosse et al., 2009, 2012, 2014; Ricci et al., 2015). Essentially, for each

cell, the square of the cell size (0.6 km x 0.6 km for the stereo-derived DEMSs) was multiplied by
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the edifice height (i.e., the difference between the stereo-derived DEM edifice height values and
the basal surface raster).

Basal surface rasters have been generated using a variety of different methods including
fitting a polynomial surface through the outline of the volcano (Grosse et al., 2009) and generating
atriangular irregular network (TIN) with the basal outline (Favalli et al., 2009; Grosse et al., 2012).
Here, we generated the basal surface raster using inverse distance weighting (IDW) interpolation
(e.g., Grosse & Kervyn, 2018; Grosse et al., 2014) in the ArcGIS Pro environment. IDW generates
cell values using a linearly weighted combination of a set of sample points (Watson & Philip,
1985), which we created by extracting stereo-derived DEM elevation values in one-km intervals
around the digitized outline of each volcano. The stereo-derived DEMSs were then clipped to the
extent of the digitized outlines for each volcano. In ArcGIS Pro, we subtracted the clipped DEMs
from the IDW basal surface rasters with the “Raster Calculator” function to create DEMs that
represent the actual height (Z) in each cell. These resulting height DEMs were then multiplied by
the square of the cell size of the stereo-derived DEMs to calculate the volume of each individual
cell the volcano occupies, and then these individual cell volumes were summed to determine the
total volume (V) of each volcano.

In addition to using an IDW-generated basal surface, we calculated maxima for volcano
height (Zmax) and volume (Vmax) from a horizontal reference plane containing the lowest-elevation
value around the base of each edifice (Figure 2.4). The actual height and volume of these
volcanoes are likely somewhere in between the Z and Zmax and V and Vmax values, respectively
(Grosse et al., 2014). Although the direct-integration method can provide approximate height and
volume estimates, it does not take into account effects arising from volcano sagging (e.g., as has

taken place at Mars' Elysium Mons: Byrne et al., 2009, 2013), irregular terrain (e.g., scoria cones
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on the flanks of Mt. Etna: Favalli et al., 2009), or overlapping edifices (e.g., in the Michoacan—
Guanajuato volcanic field, Mexico: Favalli & Fornaciai, 2017) (Grosse et al., 2012, 2014).
Uncertainties in our height calculation were estimated by multiplying the height of each
edifice by the average vertical error of the stereo-derived DEMs, that is, 75 m. Volume uncertainty
was estimated by finding the volume error associated with each cell and propagating that error
across the entire edifice (cf. Ricci et al., 2015). Cell volume error was found by multiplying the
square of the cell size of the stereo-derived DEMs by the vertical error (0.62 x 0.075 km = 0.027
km?®). The cell volume error (2.7 x 1072 km®) was then multiplied by the raster containing the

height of the edifice to yield the total volume error associated with the edifice.

2.2.3 Spatial Clustering

The Venera 15 and 16 radar data, as well as Magellan SAR data, revealed quasi-
equidimensional clusters of shield volcanoes approximately <20 km in diameter scattered across
the Venusian surface. The diameter threshold is somewhat arbitrary and is based on observations
made by Aubele and Slyuta (1990), who used the Verena 15 and 16 radar imagery to map edifices
<20 km in diameter and found a notable decrease in the number of edifices >20 km in diameter.
These volcanic fields, often referred to as “shield fields” by Venus researchers, typically contain
~100 volcanoes and range in spatial density from four to 10 edifices per 1,000 km? (Aubele &
Slyuta, 1990; Crumpler & Aubele, 2000; Ivanov & Head, 2004; Kreslavsky & Head, 1999). Fields
of volcanoes are not unique to Venus and in fact have been extensively documented on Earth (Le
Corvec et al., 2013; Tadini et al., 2014), on Mars (Bleacher et al., 2009; Greeley et al., 2006;
Richardson et al., 2013), and on the Moon (Spudis, 2015). Examples of volcanic fields on Earth
include the Abu monogenetic volcano group in Japan (Kiyosugi et al., 2010), the Camargo

volcanic field in Mexico (Aranda-Gémez et al., 2010), the Snake River Plain in ldaho, USA
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(Morgan & Mclintosh, 2005), as well as the expansive seamount population on Earth's seafloor
(Aubele & Slyuta, 1990; Crumpler & Aubele, 2000; Guest et al., 1992). On Earth, a volcanic field
is described as a group of small, monogenetic, and dominantly basaltic volcanoes (Cafion-Tapia,
2016). These fields may contain tens to hundreds of small edifices (each with a volume less than
1 km3) and have been identified in subduction zones, rift systems, hot spots, and intraplate settings
(Connor & Conway, 2000).

Previous work on Venusian volcanic fields focused on providing descriptive characteristics
for fields (Aubele & Slyuta, 1990; Aubele et al., 1992; Crumpler et al., 1997; Guest et al., 1992;
Head et al., 1992) as well as stratigraphic relationships relative to mapped units (Addington, 2001;
Aubele, 1995, 1996; Guest & Stofan, 1999; Ivanov & Head, 2004). Here, we have developed an
automated approach to grouping volcanoes <20 km in diameter from our global catalog of
volcanoes into volcanic fields to better assess the size, shape, and distribution of such volcano
clusters across Venus.

In total, our catalog contains 84,811 volcanoes <20 km in diameter—84,172 < 5 km in
diameter, and an additional 639 volcanoes 5-20 km in diameter. For volcanoes 5-20 km in
diameter in our catalog, which are classified as intermediate-sized volcanoes and have a digitized
polygon delineating their outline, the coordinates of the outlining polygon's centroid were used to
define the latitude and longitude points for each edifice.

Density-based clustering algorithms have been widely used by the planetary community to
examine craters on the Moon (Robbins et al., 2014), Mars (Laura et al., 2017) and in the Pluto—
Charon system (Robbins et al., 2017). DBSCAN, or “density-based spatial clustering of
applications with noise,” is an algorithm that identifies arbitrarily shaped clusters and noise

(outliers) within a data set (Ester et al., 1996) and requires a user-defined search distance to
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perform cluster analysis. Recently, a more data-driven approach called HDBSCAN has been
developed, which builds on the DBSCAN algorithm by converting it into a hierarchical (hence the
“H”) clustering algorithm and removes the need for a user-defined search distance (Campello et
al., 2013, 2015; Mclnnes et al., 2017). Previous workers visually identified fields of small
volcanoes using Magellan FBIDR (full-resolution basic image data record) and C1-MIDR (for
“compressed, once-mosaicked image data records”) (Crumpler & Aubele, 2000) or large-format
Magellan FMAP prints and digital tiles (Addington, 2001). In this study, we utilized the freely
available “hdbscan” Python package (Mclnnes et al., 2017) to identify clusters of shield volcanoes
as an automated approach to mapping volcanic fields.

The HDBSCAN algorithm requires as inputs the latitude and longitude of each volcano
and a minimum number of neighbors (“minpts”). For the minpts parameter, that is, the minimum
number of volcanoes required to form a volcanic field, we used a value of 25 on the basis of earlier
studies (e.g., Addington, 2001; Crumpler & Aubele, 2000). The Magellan volcanic and magmatic
feature catalog developed by Crumpler and Aubele (2000) includes the latitude, longitude,
approximate diameter, and description of 646 volcanic fields or shield fields. Although the total
number of volcanoes within each volcanic field was not documented in that study, the descriptions
therein did include a semiquantitative description of the field (e.g., “high-number density” or “low-
number density”’). We randomly selected 10 volcanic fields that were described as “low-number
density” and counted the number of volcanoes within each field, finding that on average they
contained 40 edifices. We also examined the descriptions of the 179 volcanic fields from seven
quadrangles documented by Addington (2001) and established that the smallest volcanic field
documented in that study contains seven volcanoes. For our analysis, we averaged the smallest

volcanic fields documented in each study (40 from Crumpler and Aubele, 2000 and seven from
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Addington, 2001) to arrive at a representative number of 25 volcanoes per volcanic field. With this
minpts parameter, our analysis using the HDBSCAN algorithm results in a total of 566 volcanic

fields on Venus.

2.2.2 Spatial Statistics

The distribution and orientation of volcanoes may provide insight into the size and shape
of the underlying magma sources, the mechanisms of magma production, and the states of stress
in the crust (e.g., Cafion-Tapia & Mendoza-Borunda, 2014; Connor, 1990; Kear, 1964; Le Corvec
et al., 2013; Nakamura, 1977). One method for analyzing the distribution of edifices on a global
level is by employing kernel density functions. Kernel density functions are nonparametric density
estimation tools (Silverman, 1998) that have been widely used by the planetary community to
examine crater spatial density (e.g., Kinczyk et al., 2020; Robbins et al., 2018; Wang et al., 2015),
as well as volcano spatial density on Mars (e.g., Connor et al., 2018; Richardson, 2016), and Venus
(e.g., Canon-Tapia & Mendoza-Borunda, 2014). Additionally, the kernel density function can be
used to characterize past patterns of volcanism and infer the possible geological origins for these
patterns (Germa et al., 2013).

The kernel density function consists of two parts: the probability density function (PDF)
and the bandwidth or smoothing parameter (Cafion-Tapia & Mendoza-Borunda, 2014). The PDF
spreads probability away from the event (i.e., the volcano) based on the bandwidth, and the shape
of the kernel density function (Kiyosugi et al., 2010). The bandwidth value greatly impacts the
smoothness of the resulting density plot. A small bandwidth value, or smoothing parameter, will
concentrate the probability close to the locations of the mapped volcanoes, whereas a larger value
will distribute the probability more widely. For this analysis, we employed two optimized

bandwidth algorithms: the “sum of the asymptotic mean square error” (SAMSE) algorithm (Duong
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& Hazelton, 2003) and the “smoothed cross validation” (SCV) (Hall et al., 1992) algorithm.
Optimized bandwidth algorithms mitigate the subjectivity of the user having to arbitrarily select a
bandwidth value, and instead provide an unbiased estimate of bandwidth elements based on
distances between neighboring events (again, in this case, volcanoes). Additionally, the SAMSE
and SCV algorithms produce an elliptical kernel (described by the matrix parameter H) instead of
the more common circular kernel (e.g., Cafidn-Tapia, 2013; Weller et al., 2006). Elliptical kernels
are more sensitive to tectonic/structural controls on volcano distribution and alignment (Connor et
al., 2018; Kiyosugi et al., 2010). Here, we employed a two-dimensional, direction-varying
elliptical kernel bandwidth to calculate the spatial variation in density, A(s), which is given (Wand

& Jones, 1993, 1994) by:

)= 22— Y e[ 2]
s) = exp |—=
2m+\/|H| 2

where,
b=Hd,

The elliptical kernel bandwidth, described here by the matrix parameter, H, isa 2 x 2

1
element matrix, |H| is the determinant of H, and H 2 is the inverse of the square root of H. The

total number of edifices is given by N. The variable d is a 1 x 2 distance matrix (i.e., the x and y

1
distance from a point s to an event), b is the cross product of d and H™z, and bT is the transform
of b. Therefore, the spatial intensity at a given point is calculated by applying the Gaussian kernel
function using the distance to each volcano, smoothing the intensity as specified by the bandwidth

(in this case, the SAMSE- and SCV-derived bandwidth values), and then summing each volcano’s
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contribution to the intensity estimation (Germa et al., 2013). The resulting maps of volcano spatial
density reveal areas with both higher and lower concentrations of volcanoes. Regions with higher
concentrations of volcanoes (high-volcano-spatial-density regions) can then be extracted for
further analysis (see section 2.4.2). Both the SAMSE and SCV algorithms are available for free in
the R statistical software library as part of the ‘ks’ package (Duong et al., 2007).

Several sources of uncertainty exist in spatial density estimates. These uncertainties can
stem from parameters such as the bandwidth estimate and the volcano locations (Connor and
Connor, 2009; Connor et al., 2018). Here, we sought to minimize uncertainty arising from
bandwidth selection by employing two different bandwidth optimization algorithms that use a
data-driven approach to identifying the ideal bandwidth value. The relatively low resolution of the
Magellan SAR data has led to a degree of uncertainty in mapping smaller edifices (i.e., those <5
km in diameter), and in delineating the basal outline of volcanoes <20 km in diameter (See section
2.1). Volcanoes documented within our catalog were checked by multiple researchers in an attempt
to reduce errors and subjectivity in identification.

Other methods of spatial analysis such as vent-alignment analysis (Wadge and Cross, 1988;
Connor, 1990; Bleacher et al., 2009; Richardson et al., 2021) and directional-distribution analysis
(e.g., Bishop, 2007; Haag et al., 2019) have been applied in the search for preferred orientations
of clusters of shield volcanoes on Earth (Cebria et al., 2011; Roberts et al., 2011) and on other
planets (Richardson et al., 2013; Thomson and Lang, 2016). In this study, we utilized the
“Directional Distribution (Standard Deviational Ellipse)” tool in ArcGIS Pro 2.7 to identify the
orientation of the volcanoes within each volcanic field. This tool works by calculating the standard
distance between a set of points (i.e., each volcano within the field) in both the x and y directions.

The resulting measurements are the axes of an ellipse that encompasses the distribution of features
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of interest, and reveals the overall orientation of (in this case) the volcanoes in a given volcanic
field. The orientation of the resulting ellipse and the degree of eccentricity were both analyzed for

all 566 volcanic fields.
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Figure 2.5 Our completed global survey of volcanic edifices and volcanic fields on Venus. This
survey includes 32,512 volcanic edifices <5 km in diameter (aqua triangles), 51,660 edifices <5
km in diameter for which only geographic coordinates were recorded because of locally poor radar
image quality (teal triangles), 729 edifices 5-100 km in diameter (pink triangles), 118 edifices
>100 km in diameter (orange triangles), and 182 edifices (of all diameters) that show evidence for
gravitational deformation (purple circles). Additionally, we include 566 volcanic fields containing
high spatial concentrations of edifices <20 km in diameter (yellow outlines). The outlines of major
Venusian physiographic features are shown in grey for geographic context. The map is in Robinson
projection, centered at 0°E
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2.3 Results

2.3.1 Shield Volcano Catalog

Table 2.1

Total Number of Features in the Global Catalog of Volcanoes and Volcanic Fields
Category Count Appendix A.1

Volcanoes <5 km in diameter 32,512 01_small_lessthanSkm.shp/

01 small_lessthan5km.csv

Volcanoes <5 km in diameter 51 660 02_small_lessthans5km_lowres.shp/
(low visibility) ' 02_small_lessthan5km_lowres.csv
Volcanoes 5-100 km in dimeter 729 03_intermediate_5to100km.shp/
03_intermediate_5to100km.csv/
04_intermediate_greaterthan50km.shp/
04_intermediate_greaterthan50km.csv/
06_greaterthan50km_Herrick.shp/
06_greaterthan50km_Herrick.shp
Volcanoes >100 km in diameter 118 05_large_greaterthan100km.shp/
05_large_greaterthan100km.csv/
06_greaterthan50km_Herrick.shp/
06_greaterthan50km_Herrick.shp

Deformed Volcanoes 182 07_deformed.shp
07_deformed.csv
Volcanic Fields 566 08_volcanic_fields.shp/

08 _volcanic_fields.csv

Our global catalog comprises 32,512 well-defined volcanic edifices <5 km in diameter,
729 edifices that are 5-100 km in diameter, 118 edifices >100 km in diameter, and 182 edifices
(of all diameters) that show evidence for gravitational deformation, for example, flank collapse,
scalloped margins, sagging, and spreading (Figure 2.1c) (Hahn & Byrne, 2020) (Table 2.1).
Volcanoes are often gravitationally unstable landforms, and frequently undergo gravity-driven
deformation that can alter the shape of the edifice. Further analysis of these and comparisons to
those on Earth may aid in characterizing volcano growth and subsequent collapse on Venus.

We also included an additional 51,660 edifices <5 km in diameter that we considered “low

visibility,” as these landforms were more difficult to robustly identify (e.g., they have poorly
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resolved summit craters or bases) because of variable quality of the SAR data and difficulties in
parsing variations in radar backscatter as discrete volcanoes (Table 2.1). These edifices differ from
the “well-defined volcanic edifices” in that they lack either a defined smooth circular base or a

radar-bright central pit with available Magellan data. In total, then, our global catalog includes
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Figure 2.6 Venus volcano cumulative size—frequency distributions for volcanoes >5 km in
diameter. Mixture-model analysis identified two subpopulations of volcano diameters that both
follow and exponential distribution: (a) volcanoes >63 km in diameter and (b) volcanoes <63 km
in diameter. Individual volcano diameters are shown as blue circles, lines of best fit are shown in
pink with associated R? values, and 95% confidence interval bounds are shown as dashed yellow
lines.

~85,000 total edifices, almost 50 times more than any previous catalog (Crumpler and Aubele,

2000) (Figure 2.5). Although our catalog certainly does not document every edifice on Venus, we
have mapped smaller edifices (<5 km in diameter) on a larger scale than any previous workers,
allowing for the most detailed analysis yet of the most common volcanic feature on the surface of
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Venus. The goal of this catalog is to provide a dataset that can be used to better understand how
discrete volcanic activity is manifest across the surface of Venus.

Previous authors found that both exponential and power-law distributions offer acceptable
fits for volcano diameter—frequency distributions on Venus (Aubele and Slyuta, 1990; Guest et al.,
1992; Romeo and Turcotte, 2009). Based on the distribution of volcano diameter values for all
edifices >5 km in diameter (of which 85% are <50 km in diameter), and the poor fit of a single
power law or exponential distribution to our dataset, we opted to employ a statistical approach
termed “mixture modeling” to establish if there are multiple, discrete populations of volcanoes (as
defined by diameters) within our dataset.

Mixture modeling is a flexible modeling approach that treats data as coming from several
classes, components, or clusters (Everitt and Hand, 1981; McLachlan and Basford, 1988;
Titterington et al., 1990; Wallace and Dowe, 2000). This approach is useful for identifying
differences in datasets that cannot be accurately described by a single distribution (Peel and
McLachlan, 2000). For this analysis, we employed the MATLAB package ‘SNOB’ (Edwards and
Dowe, 1998; Wallace, 1998, 2005; Wallace and Dowe, 2000; Schmidt and Makalic, 2012). SNOB
is a MATLAB implementation of finite-mixture models that uses a minimum-message-length
criterion to estimate the structure of the mixture model and outputs the number of components, the
relative amount of each component, and the distribution parameters for each component (Wallace
and Dowe, 2000). Mean diameter (km) values of volcanoes >5 km in diameter (n = 847) were the
input dataset, and both exponential and power law distributions were tested. The SNOB analysis
that best fit the dataset resulted in two distinct exponential distributions within our data, defined

by a break in diameter at 63 km. The first distribution contains 126 volcanoes that are >63 km in
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diameter (Figure 2.6a), and the second contains 721 volcanoes that are <63 km in diameter

(Figure 2.6b).

2.3.2 Volcanic Field Catalog

Our global catalog of volcanic fields includes 566 fields (Figure 2.5). Of the 84,811 shield
volcanoes <20 km in diameter (84,172 edifices <5 km in diameter and an additional 639 edifices
5-20 km in diameter), the HDBSCAN algorithm identified 55,132 shields that were part of a
“cluster” or volcanic field, and the remaining 29,679 shields were classified as “noise” or outliers
that did not belong to a volcanic field based on our minpts input criterion. The average number of
volcanoes per field is 97, with a median value of 65, a maximum value of 807, and a minimum
value of 25 (because of the minpts value of 25). The average volcanic field diameter, calculated
by averaging each field’s long- and short-axes lengths, is 360 km, with the smallest and largest
fields measuring 83 km and 2,032 km in diameter, respectively. The median diameter is 298 km,
with 83% of volcanic fields <500 km in diameter.

To assess the accuracy of the automated delineation of volcanic fields by the HDBSCAN
algorithm, we compared the locations of our volcanic fields with those documented in the
Magellan volcanic and magmatic feature catalog of Crumpler and Aubele (2000). Of the 643
volcanic fields (referred to as “shield fields” in their study) those authors identified, 432 (67%)
coincide with one of our 566 volcanic fields and an additional 35 (5%) volcanic fields are within
20 km of one of our fields. The remaining fields noted by Crumpler and Aubele (2000) that do not
overlap with one of our volcanic fields can be accounted for because those in our database are a
priori required to contain at least 25 volcanoes (per the minpts value in HDBSCAN algorithm),

and not every field documented by Crumpler and Aubele (2000) contains at least 25 volcanoes.
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2.3.3 Morphological Analysis

Table 2.2
Average Measurements of Morphological Properties for All Volcanoes >5 km in Diameter
Edifice . ;
] Aspect Diameter Area Height
D'ginnf)ter Count Ratio® (km) (km?) (km)?
5-100 729 0.90 14+95 225 + 484 0.36°
+0.41
>100 118 0.88 300 + 158 101,000 + 2.05¢
111,000 +1.08

aAspect ratios were calculated using volcano basal width versus basal length.

bHeight calculations were acquired with Magellan altimetry.

For volcanoes 5-100 in diameter, height estimates were found only for those volcanoes >50
km in diameter, given Magellan altimetry resolution constraints.

dHeight excludes one volcano that was not covered by Magellan altimetry.

Table 2.3

Average Measurements of Morphological Properties for Volcanoes >50 km in Diameter
Within the Herrick. (2020) Stereo-Derived DEMs

DEi:rlr::aCtzr Count Aspect | Diameter | Area Height Max | volume V(I;/Ilj)r;e
Ratio® km km? km)> | Height | (xma)
4000 | 058+ 0.76 £ | 4172+ | 1317.3
— +
>0-100 2 088 | 715x82 900 0.04 0.06 31.3 +99
105,000 2.07 = 2.8 £ 59,000 163,000
>100 19 0.88 | 368178 * 0.16 021 + 4.400 +
118,000 ' ' - 12,200

8Aspect ratios were calculated using volcano basal width versus basal length.
bHeight calculations were acquired using the Herrick (2020) stereo-derived DEMs and IDW
basal surface interpolation.

®Max height calculations were acquired with the Herrick (2020) stereo-derived DEMSs and by
finding the lowest elevation value around the base of each edifice.

dvolume calculations were acquired with the Herrick (2020) DEMs and the Direct Integration
approach; volume calculations are based off the IDW-generated basal surface, and maximum
volume calculations used a horizontal reference plane equal to the lowest basal elevation
around the edifice (see Section 2.2.2).

27




Average values for volcano morphological properties including area, diameter, and aspect
ratio were determined for all 847 edifices >5 km in diameter in our catalog. The minimum and
maximum basal axes values were also used to derive the aspect ratio of each edifice. Approximate
measures of height were also found for all volcanoes >50 km in diameter (Table 2.2) that are
covered by the Magellan altimetry. In Table 2.2, diameter, area, and height are given plus or minus
one standard deviation. Additionally, maximum and mean volume and height approximations were
determined for 21 volcanoes >50 km in diameter that are covered by the stereo-derived DEMs
(Table 2.3). For Table 2.3, diameter and area are given plus or minus one standard deviation, and
height and volume are given plus or minus DEM uncertainty values (see section 2.2.1 for our

approach for estimating volume uncertainties).

2.3.4 Spatial Statistical Analysis

Kernel density analysis was conducted in the R environment with functions from the ‘ks’
package (Duong et al., 2007). The latitude and longitude of the centroid of each volcano in our
global catalog were used as the input points. The dataset was divided into two groups, volcanoes
>63 km in diameter (n = 126) and volcanoes <63 km in diameter (n = 84,893) based on the results
from the mixture model analysis (see section 3.1). Here, we include the 84,172 volcanoes <5 km
in diameter from our global catalog in addition to the 721 volcanoes 5-63 km in diameter that were
identified by the mixture model. Kernel density analysis using both SAMSE and SCV algorithms
were performed for each of the two size groups, resulting in four volcano spatial density maps
(Figure 2.7). Note that, of the 182 deformed volcanoes within our catalog, we omitted 160 from
this analysis. Many deformed volcanoes have deformational structures such as landslides or debris

aprons that extend beyond the boundary of the edifice. These edifices were excluded because their
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diameter technically includes these runout structures, which so alter the size—frequency

distribution of the dataset and the subsequent mixture model.

For the 126 edifices >63 km in diameter, the SAMSE and SCV bandwidth selector
algorithms each yield a 2 x 2 element matrix:

32.68 —1.33

SAMSE VH = [—1.33 12.20

and

13643 —1.98
SCVVH = [—1.98 15.001°

For the 84,893 edifices <63 km in diameter, the SAMSE and SCV bandwidth selector algorithms

yield:
_[5.13 0.04
SAMSE VH = [0.04 2.06
and
1489 0.12
SCVVH = 0.12 2.201

The lower-right and upper-left diagonal elements in each matrix represent the smoothing
(in km) in the N-S and E-W directions, respectively, with the positive off-diagonal elements
representing the clockwise rotation of the kernel, and negative elements representing the counter-
clockwise rotation (Connor and Connor, 2009). For edifices >63 km in diameter, both the SAMSE
and SCV algorithms resulted in an elongated ellipse that trends to the N-NW (negative off-
diagonal elements). The size and shape of the kernels for both algorithms are similar, with a
smoothing distance of 24—30 km (12-15 x 2) in the N-S direction and 66—74 km (33-37 x 2) in

the E-W direction.
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Figure 2.7 Spatial density estimates for (a, ¢) volcanoes >63 km and (b, d) volcanoes <63 km in
diameter (b & d) utilizing the SCV (pink) and SAMSE (blue) bandwidth optimization algorithms.
Contours are shown at 25th, 50th, 75th, and 99th percentiles. The outlines of major Venusian
physiographic features are shown in grey for geographic context. All maps are in Robinson
projection, centered at 0°E.

Spatial density estimates for both algorithms show a high spatial concentration of
volcanoes >63 km in diameter within the Beta—Atla-Themis (BAT) region, an approximately
triangular area bounding three large rift zones connecting the Beta, Atla, and Themis regiones
(e.g., Crumpler et al., 1997; Airey et al., 2017). The highest and lowest volcano spatial density
regions are shown in the darkest pink and darkest blue and lightest pink and lightest blue regions,
respectively in Figures 2.7a and 2.7c. Contours shown in Figure 2.7 correspond to the probability
of future volcanoes forming in each quartile. For example, on map 2.7a, locations with the 3.3e-
05 contour (i.e., the 50" quartile) will have spatial density >3.3 x 105 km%; given a volcanic event,

30



there is a 50% chance it will occur in this quartile. The high-volcano-spatial-density zone, or the
25" percentile contour, for the SCV and SAMSE maps (Figure 2.7a and 2.7c) overlap
substantially, with both regions spanning over 11,000 km and centered at around 5°N, 100°W. The
main difference between the two algorithms is that the SCV tends to encompass slightly broader
regions for each percentile contour than the SAMSE algorithm, a difference most evident in the
99th-percentile contour—where the SCV contour extends past the SAMSE 99" percentile contour
by as much as 3,000 km in some places.

Similarly, the kernel density maps produced by each algorithm for volcanoes <63 km in
diameter are nearly identical. Both the SCV (Figure 2.7b) and SAMSE (Figure 2.7d) algorithms
returned an elliptical kernel that is very slightly oriented N-NE, and that has a smoothing distance
of ~10 km in the E-W direction and ~4 km in the N-S direction. High-volcano-spatial-density
regions (e.g., the darkest pink region in Figure 2.7b and darkest blue region in 2.7d) are
concentrated broadly in the equatorial regions, with few volcanoes extending toward the north
pole. High-volcano-spatial density regions in the western hemisphere are again within the BAT
region, and are commonly bound by, or overlap with, rift zones, coronae, and large (>100 km in
diameter) volcanoes. The high-volcano-spatial density regions in the eastern hemisphere are also
proximal to, and overlap with, major volcanotectonic landforms, although there are fewer instances
of such features in this hemisphere. Once again, although these two algorithms produce very
similar kernel density maps, there are some differences between the two: in several places, the
SCV method tends to cluster the data more (e.g., the 25th percentile contour centered at 26.1°S,
128.7°W than the SAMSE algorithm, which produces a smoother map with slightly less clustering.

Differences in the orientations and sizes of the kernel bandwidths for volcanoes >63 km in
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diameter and volcanoes <63 km in diameter may indicate differences in the tectonic controls on
magma ascent and/or source melt production (Cappello et al., 2012; Richardson et al., 2013).

Directional Distribution Analysis:

Analysis of the Directional Distribution elliptical polygon outputs reveals that there is no
global preferred orientation of volcanic fields. Nonetheless, we found that 42% of these fields are
oriented E-W, with only 13% aligned N-S. The percentage of fields angled to the NW-SE is 24%

and the remaining 21% of fields are aligned and NE-SW (Figure 2.8).

NS o EW
NE-SW (7 @) NW-SE
Figure 2.8 Our global database of volcanic fields (n = 566), colored to correspond to the
orientation of the volcanoes within each volcanic field based on the results from the Directional
Distribution analysis. The outlines of major Venusian physiographic features are shown in grey

for geographic context. The map is in Robinson projection, centered at 0°E.

That there is no single dominant orientation of volcanic fields suggests that individual field
orientation is largely controlled by tectonic stresses that are local, rather than stresses acting on a
global or regional scale. To test this hypothesis, we appraised each volcanic field individually and

documented any proximal landforms that are resolvably tectonic (e.g., rift zones, grove belts,
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tesserae) or volcanic (e.g., shield plains, volcanic plains, coronae) in nature, and then compared
the orientations of these components relative to the major axis of the ellipse bounding each
volcanic field. We also noted any nearby craters that could have plausibly influenced the evolution
of the volcanic field.

Of the 566 such fields, the boundaries of 86% (n = 489) encompass some type of tectonic
structure. Of those 489 fields, we find that 26% of fields are exclusively associated with shortening
structures, 35% with extensional tectonics, and 39% linked to both types of structure. Of the
volcanic fields that have long axes parallel to adjacent tectonic structures, 38% are associated with
shortening structures, 26% are associated with extensional structures, 20% are linked to both, and
16% do not contain a tectonic component that is aligned parallel to the long axis of the volcanic
field. Those volcanic fields with long axes perpendicular to proximal tectonic landforms are
associated with shortening, extensional, or both types of structure 41%, 29%, or 17% of the time,
respectively; in 13% of instances, the volcanic field does not contain any tectonic component
aligned perpendicular to the long axis of the volcanic field. Analysis of the orientation of the
tectonic component indicates that extensional and shortening tectonic structures are almost equally
likely to be oriented perpendicular or parallel to the long axis of a given volcanic field.

Overall, we found that “groove belts”—the term used in the Venus literature for localized,
narrow extensional systems—are heavily associated with the map unit labeled “shield plains”
(shortened to “psh”) by Ivanov and Head (2011) in their global map: 60% of the volcanic fields
contain groove belts and, of those fields, virtually all (~98%) also host shield plains. The shield
plains unit was described by Ivanov and Head (2011) as having abundant, small, shield-like
volcanic landforms. These edifices and the surrounding plains are morphologically smooth, and

the unit is generally only mildly deformed by tectonic structures (Ivanov and Head, 2011).
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We also find that 14% of volcanic fields are not associated with any tectonic components.
Unsurprisingly, many of the volcanic fields within our catalog are collocated with instances of the
shield plains units. Volcanic fields with no tectonic structures within their boundaries are typically
dominated by the shield plains unit, which may have obscured previously visible tectonic
structures; alternatively, there may simply have been no tectonic structures in that region in the

first place when the cluster of volcanoes constituting the volcanic field were formed.

2.4 Discussion

2.4.1 Morphological

Volcanoes >100 km in Diameter:

We examined 118 volcanoes >100 km in diameter from our global catalog (see Appendix
A.1). Predictably, we find a strong positive correlation between volcano diameter and area (Figure
2.9a), with four of the largest diameter volcanoes falling off the trend line by having slightly larger
areas than is proportional for the population as a whole. These four large volcanoes are associated
with Beta, Laufey, and Bell regiones, which are interpreted to be volcanic rises (Brian et al., 2004)
that are the surface manifestations of mantle upwellings (Stofan et al., 1995). The large surface
areas of these four volcanoes could be a reflection of the size and shape of that upwelling. We also
note a weak positive correlation between volcano area and height (Figure 2.9b). These findings
indicate that large volcanoes on Venus follow approximately linear growth patterns, with mean
basal diameter increasing with height, and that these volcanoes also have a wider distribution in
range of heights than is the case for edifices 5-100 km in diameter. We find no meaningful
correlation between volcano diameter and aspect ratio (Figure 2.9c). This last finding is as

expected, since large volcanoes on Venus have a wide range of morphologies and may not always
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have a circular base (such as, for instance, volcanoes situated on a rift zone, which may be

elongated along the axis of the rift trend: Crumpler et al., 1997).
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Figure 2.9 Plots detailing morphological properties for all volcanoes >100 km in diameter. There
is () a strong positive relationship between volcano planform area and diameter, but (b) a weak
positive relationship between volcano diameter and height. (c) There is no correlation between
aspect ratio and diameter. Best-fit lines for plots (a)—(c) are shown in red with coefficient of
determination (R?) also shown in red below the line.
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Volcanoes 5-100 km in Diameter:

A total of 729 volcanoes 5-100 km in diameter are documented in our catalog (see
Appendix A.1). The average diameter of these edifices is 14 km, of which 88% are <20 km in
diameter; there is thus a relative lack of edifices in the 20-100 km diameter range on Venus. The
Crumpler and Aubele (2000) volcano catalog shows a similar lack of edifices in the 30—100 km in
diameter range, with 70% of “intermediate size” edifices measuring <30 km in diameter. Together,
these findings suggest that volcano formation mechanisms on Venus preferentially form smaller
(<20-30 km in diameter) or larger (>100 km in diameter) edifices. This relative lack of volcanoes
in the 20100 km range may be related to the availability and/eruption rate of the underlying
magma source(s) that are more suited to building either a single large edifice or many small
edifices.

For edifices 5-100 km in diameter, we find a strong positive correlation between volcano
area and diameter (Figure 2.10a), with the exception of about 10 edifices with large diameters and
areas that diverge above the trend line. Based on the shape of the intermediate volcano diameter—
area distribution, we were also able to fit an exponential distribution to these data. Doing so
resulted in a lower R? value than the corresponding value for the polynomial distribution (shown
in Figure 2.10a), but this fit was able to account for volcanoes with very large areas and diameters.

For volcanoes 50-100 km in diameter (n = 14) (see Appendix A.1), there appears to be no
meaningful correlation between volcano area and height (Figure 2.10b). This result is likely due
in part to the low spatial resolution of the Magellan topographic data, which do not allow for

reliable height value measurements.
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Figure 2.10 Plots detailing morphological properties for all volcanoes 5-100 km in diameter.
Height measurements were only calculated for volcanoes >50 km in diameter because of
limitations of Magellan altimetry. We note (a) a strong positive relationship between volcano
planform area and diameter and (b) a weak positive correlation between volcano diameter and
height. (c) Over 50% of volcanoes in this size range have aspect ratios greater than 0.9. Best-fit
lines for plots (a)—(c) are shown in pink, with R? values also shown in pink below the lines.

Lastly, we find that volcanoes 5-100 km in diameter have aspect ratios ranging from 0.5
to 1.0, with 52% greater than 0.9 (Figure 2.10c). Edifices with aspect ratios below 0.6 are all <20

km in diameter, suggesting that there may be some diameter threshold needed to form a relatively
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circular volcano base. Alternatively, smaller volcanoes are more likely to reflect the irregular
geometry of their driving magmatic plumbing system than larger edifices.

Edifices >50 km in Diameter Within Stereo DEMs:

For edifices >50 km in diameter covered by the stereo-derived DEMs, we employed the
Direct Integration method to calculate volcano volume (see section 2.4) (see Appendix A.1).
VVolume estimates generated using this approach rely heavily on the selection of the basal reference
plane. Here, we used IDW interpolation to derive the basal reference plane for subsequent height
and volume calculations. We also employed a horizontal reference plane equal to the lowest
elevation around the base of each edifice to calculate height and volume maxima values. We
determined the total volume of 19 large edifices (>100 km in diameter) with coverage in the stereo-
derived DEMs to be ~1.1 x 10° km?, which, when extrapolated to the entire population of large
volcanoes on Venus, is ~5.5 x 10° km®. This aggregate value is smaller than previously estimated
values calculated under the assumption that all volcanoes on Venus are conical in shape (e.g.,
Ivanov and Head. 2013). Yet large edifices on Venus have diverse morphologies that range from
a relatively simple symmetrical outline with flows emanating from a summit region (e.g., Tuulikki
Mons) to volcanoes that have features such as summit calderas, radial rifts, and fractures (e.g.,
Gula and Sapas Montes) (Head et al., 1992b; Crumpler et al., 1997) (Figure 2.3). Our volcano
volume estimate is likely more accurate than those derived by equating a volcano to a simple cone
due to improved volumetric analysis using
the Direct Integration method and given the higher topographic resolution of the stereo-derived
DEMs over Magellan altimeter data. Total volumes of large volcanoes on Venus, and the timing
of volcano formation, can be used to estimate the magmatic flux at large volcanic centers

(McGovern and Solomon, 1997). Subsequently, previous estimates of magma flux integrated over
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all volcanoes on VVenus may be overestimated, even with the far greater of much smaller volcanoes
in this catalog than reported before, which has implications for calculations of resurfacing rates

and the interpretation of Venus’ volcanic character and geological evolution.
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Figure 2.11 Plots showing morphological properties for volcanoes >50 km in diameter that
fall within the boundaries of the stereo-derived DEMs. (a) Volcano volume and height are
roughly correlated, but two volcanoes that skew the distribution. (b) Volcano volume and
diameter are positively correlated. Volume uncertainty bars are shown for both volume
calculations in both plots. R? values for volcano volume (V) and max volcano volume (Vmax)
are shown in the upper left of each plot.

The volume of volcanoes >50 km within the stereo DEMs generally increases with height
(Figure 2.11a), with the exception of one volcano, Tepev Mons, which stands ~5 km high but is
only ~220 km in diameter and ~64,000 km?® in volume. Most large volcanoes (>100 km in
diameter) on Venus are ~ 2-3 km tall (Head et al., 1992; Crumpler et al., 1997), with our

calculations yielding an average summit elevation of ~2.1 km within the region covered by the
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stereo-derived DEMs. Unsurprisingly, we note that volcano volume and diameter are highly
correlated and are best fit by an exponential distribution (Figure 2.11b). This finding indicates
that, of the largest volcanoes on Venus, many are closer to the lower bound of 100 km in diameter.
For example, within the stereo-derived DEM coverage, we note 17 volcanoes 100-500 km in
diameter but only two exceeding 500 km in diameter. Generally, uncertainty in estimates of
volcano volume based on the methods we use here increases with volcano diameter and height due
to an increase in the total number of pixels occupied by the edifice. The lack of an obvious, positive
correlation between volcano diameter and height could be the result of a relatively small population

of volcanoes >50 km in diameter within the stereo-derived DEMs (n = 21).
2.4.2 Spatial Analysis

Large Volcanoes:

Large volcanoes (>100 km in diameter) (see Appendix A.1) are primarily located in the
equatorial regions and have an average basal elevation of 1.67 km (relative to the mean planetary
radius value of 6,051 km); there are virtually no large volcanoes at the south pole and few near the
north pole. We find that 42% (n = 49) of the large volcanoes in our catalog are within the BAT
region. Previous workers also noted the relative abundance of large volcanoes in this region, which
is not surprising given the prevailing view of major and recent volcanism here, thought to be driven
by mantle upwelling on the basis of observations of the topographic highs, large gravity anomalies,
and large geoid-to-topography ratios in this region (Stofan et al., 1995; Smrekar et al., 1997; Stofan
and Smrekar, 2005; Yang et al., 2016). The BAT region is also dominated by rift zones and
extensional structures (Head et al., 1992; Ivanov and Head, 2015; Airey et al., 2017). We note that
of the large volcanoes in the BAT region, 84% (n = 41) are within 500 km of a rift zone and, of

those, 61% (n = 27) are situated on or directly within a rift zone—suggesting that the magma
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erupted from these volcanoes is at least in part originally from deep-source mantle upwellings
(e.g., Senske et al., 1992).

Numerous models have been developed to quantitatively estimate the global crustal
thickness on Venus with topography and gravity data collected by the Magellan mission (e.g.,
Anderson and Smrekar., 2006; James et al., 2013; Jiménez-Diaz et al., 2015; Yang et al., 2016).
The global crustal thickness model developed by James et al. (2013) established the mean crustal
thickness on Venus to be ~15 km. With this model, we found the average crustal thickness
associated with large volcanoes in the BAT region to range 11.0-24.1 km, with an average
thickness of 16.5 km. These values are slightly greater than the corresponding values for large
volcanoes outside of the BAT region, which range from 11.0-21.1 km, with an average thickness
of 15.9 km. We utilized a non-parametric two-sample Kolmogorov—-Smirnov (KS) test to evaluate
the difference between the cumulative distribution functions (CDFs) of the distributions of average
crustal thickness values for large volcanoes within and outside of the BAT region. The test rejected
the null hypothesis that the average crustal thickness values for large volcanoes within and outside
of the BAT region are from the same continuous distribution at the 0.05% significance level. This
finding supports the interpretation that there is a statistically significant difference in crustal
thickness associated with large volcanoes within and outside of the BAT region.

If so, then relatively higher crustal thickness values for volcanoes within the BAT region
may be because many volcanoes in this region are associated with volcanic rises, themselves
characterized by relatively high crustal thickness values (James et al., 2013; Jimenez-Diaz et al.,

2015) (Figure 2.12). An analysis of large volcano diameter versus crustal thickness within the
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BAT region reveals a weak positive correlation, whereas no meaningful correlation is found for

large volcanoes outside that region.

5 N 60

Crustal Thickness (km)

BAT BAT Region Boundaries
@ Large volcanoes within the BAT region

Large volcanoes outside the BAT region
Figure 2.12 A map of global crustal thickness values on Venus (James et al., 2013). The Beta,

Atla, and Themis (BAT) regiones are denoted by the letters B, A, and T, starting from the left and
moving clockwise. Large volcanoes (>100 km in diameter) from our global catalog that fall within
the BAT region are shown in pink; those large volcanoes outside of the BAT region are in yellow.
The map is in Robinson projection centered at 0°E.

On Mars, the Tharsis Montes and nearby Olympus Mons are associated with the greatest
crustal thickness values found anywhere on that planet (Solomon and Head, 1982; Zuber et al.,
2000; Neumann et al., 2004; Andrews-Hanna et al., 2008). The three Tharsis Montes volcanoes
span in diameter from 300 to 400 km; Olympus Mons, situated at the northwestern margin of the
Tharsis Rise, is ~550 km diameter across (Plescia, 2004). On Venus, high crustal thickness values
are associated with volcanic rises that range from ~200 to as much as 900 km in diameter—
indicating that volcanoes on Venus can be situated over crust that is as thick as that under
volcanoes two or more times greater in diameter on Mars. Venusian volcanoes are also much
shorter than Martian volcanoes, presumably in part due to the lower gravity on Mars, but perhaps

also because of differences in lithospheric thickness (McGovern et al., 2013) and/or magma
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reservoir vertical migration. Vertical migration of neutral buoyancy zones (NBZs) on Venus may
be inhibited, causing magma reservoirs to remain in the crust longer, which in turn results in more
vertical than horizontal extrusion and shorter volcanoes than on Mars or Earth (Head and Wilson
1986; 1992). Gravity signatures of volcanic rises on Venus indicate deep levels of isostatic
compensation, consistent with hotspots that are underlain by mantle upwellings (Grimm and
Philips 1992; Stofan et al., 1995; Anderson and Smrekar, 2006).

Intermediate-Size Volcanoes:

Intermediate-size volcanoes (i.e., those 5-100 km in diameter) (see Appendix A.1l) are
slightly more spatially concentrated in the eastern than the western hemisphere of Venus, with
most occurring at relatively low latitudes. Again, we note a higher spatial concentration of
volcanoes within the BAT region than elsewhere on Venus, hosting ~57% of intermediate-size
volcanoes. We note that intermediate-size edifices surround but typically do not overlap tesserae
terrain or rift zones. As a whole, intermediate-sized edifices are much less abundant below the
mean planetary radius (6,051 km) and have an average basal elevation of 743 m, in line with
observations by previous authors (e.g., Head et al., 1992).

Deformed Volcanoes:

Volcanoes identified as having undergone gravitational deformation (see Appendix A.1)
are typically of the intermediate size (5-100 km in diameter), with collapse features (e.g., scarps
on the volcano summit and proximal debris avalanches with hummocky terrain: Bulmer et al.,
1996; Lopez, 2011) noticeably absent from volcanoes >100 km in diameter (McGovern and
Solomon, 1997; Lopez, 2011). We do note, however, that some volcanoes >100 km in diameter
on Venus do exhibit evidence of sagging (Byrne et al., 2013), such as Tepev Mons. We find that

deformed edifices are geographically widespread, although as for the largest category of
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volcanoes, relatively few occur at the NW or SW polar regions and are more are situated within
the BAT region than not. Few deformed edifices are located in the lowlands, with but a handful (n
= 10) occurring near Guinevere Planitia.

Many deformed edifices are associated with coronae: 38% (n = 70) occur within 200 km
of, and and additional 17% (n = 31) overlap, such landforms. Coronae are widely accepted to have
formed via mantle upwellings at the base of the lithosphere, causing an initial upwelling and
subsequent flattening and gravitational relaxation and resulting in the characteristic annular
structure (Pronin and Stofan. 1990; Stofan and Head, 1990; Stofan et al., 1992; Gulcher et al.,
2020). This spatial association with deformed edifices may point to some genetic link between
coronae formation and the evolution and gravity-driven failure of the flanks of intermediate-sized
volcanoes.

Small VVolcanoes:

Overall, our results indicate the Venus hosts far more volcanoes <5 km (see Appendix
A.1) in diameter than previously recognized. We note a distinct decrease in the spatial density of
edifices <5 km in diameter in the lowlands at high southern latitudes, particularly in the
southwestern quadrant near Nsomeka and Nuptadi planitiae. Most edifices <5 km in diameter are
situated in topographically low-lying regions with an average basal elevation of 625 m (relative to
the mean planetary radius value of 6,051 km) and are associated with an average crustal thickness
of 13.9 km (James et al., 2013).

Volcanic Fields:

Spatial analysis of the crustal thickness values for our database of volcanic fields (see

Appendix A.1) reveals a strong negative correlation, with volcanic fields typically located in areas

of relatively thinner crust. The average crustal thickness across the footprint of a volcanic field is
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~14.3 km, 0.7 km below the average crustal thickness for Venus (James et al., 2013). Volcanic
fields are thought to form from distinct, small-scale eruptions fed from shallow magma reservoirs
(Ernst and Desnoyers, 2004; Ivanov and Head, 2004). Terran analogs to Venusian volcanic fields
include the expansive seamount populations on the seafloors of Earth (Aubele and Slyuta, 1990;
Guest et al., 1992; Crumpler and Aubele, 2000), some of which are associated with thinner oceanic
crust (e.g., mid-ocean ridge seamounts) (Wessel, 2007) This tectonic setting differs from other
terrestrial shield fields on Earth that are situated over thicker continental crust (e.g., Auckland
Volcanic Field, NZ (Lindsay et al., 2011)) and may indicate that volcanic field formation on VVenus
is similar to that on Earth’s seafloor at divergent plate boundaries. If formational processes are
indeed similar, then it is unsurprising that volcanic fields on Venus are located over regions of
relatively thinner crust as they may mark regions of the lithosphere that has been locally thinned
(Ernst and Desnoyers, 2004).

Directional Distribution Interpretation:

Unsurprisingly, there is no dominant global orientation of volcanic fields across Venus.
However, we find that within latitude intervals of 30°, volcanic fields are most commonly oriented
E-W (53%) and least commonly aligned N-S (14%). The eccentricity of the directional
distribution ellipse lessens slightly closer to the poles. Those fields that are elongated (or at least
not equant) could reflect the effects of resurfacing and embayment by surrounding plains. lvanov
and Head (2011) described the regional plains unit (shortened to “rp”) as plains of volcanic
materials. This unit is present within 84% of the volcanic fields in our catalog, so embayment is

likely a common occurrence and may play an important role in shaping the outlines of volcanic
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fields. We also note that the mean eccentricity of the entire population of volcanic fields is 0.75,

with those fields containing the regional plains unit virtually the same with an eccentricity of 0.76.

¢ AN
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Figure 2.13 Example relationships between tectonic structures and volcanoes within volcanic

fields. (a) Volcanic field formation was likely not influenced by tectonic structures if the volcanoes
within the field are stratigraphically older and show evidence of tectonic structures superposing
volcanoes (orange arrows). (b) In contrast, volcanic fields with volcanoes that postdate and appear
on top of or on the margins of tectonic structures (pink arrows) may have been influenced by those
pre-existing tectonic structures. These examples only show portions of volcanic fields. The radar
look direction is from the left for each image, and each is shown in an equirectangular projection
with (a) centered at 0.59°S, 132.85°W and (b) centered at 29.66°S, 125.92°W.

Further examination of the dominant tectonic structures at each of the 566 volcanic fields
in our catalog reveals that, in some cases, structures postdate volcanoes within the volcanic field

and thus likely had no influence on the orientations of the groupings of edifices therein (Figure
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2.13a), whereas in other cases tectonic structures may have influenced the overall orientation of
the clustered volcanoes within the volcanic field (Figure 2.13b). Although this analysis revealed
no meaningful patterns on a global scale, the orientation of the volcanoes within each volcanic
field may provide insight into the geometry of the locally dominant magma plumbing system
during the time of eruption. Indeed, further, detailed mapping of the orientation of volcanoes
within volcanic fields that both pre- and postdate tectonic structures may give useful insight into
the dominant stress fields at varying times, spatial scales, and locations in Venus’ history.

Kernel Density Interpretation: Volcanoes >63 km in Diameter:

0°E O°E
-975.8 198.1

Bouguer Anomaly(mGals)

‘.. 2 . s 'a" o '-,/

0°E —
sHE 40 Large Volconc'>es (OX ) C.oronoe
Crustal Thickness (km) BAT Region BAT [ Rift Zones

¢~ 25" percentile contour for volcanoes £63 km in diameter

25" percentile contour for volcanoes >63 km in diameter
Figure 2.14 SAMSE algorithm-generated 25th-percentile regions for volcanoes <63 km in
diameter (pink outlines) and SAMSE algorithm-generated 25th-percentile regions for volcanoes
>63 km in diameter (yellow outline) superimposed over (a) the Venusian geoid (Sjogren, 1997),
(b) the Bouguer gravity anomaly (Sjogren, 1997), and (c) global crustal thickness (James et al.,
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2013). (d) These clusters are shown in relation to large volcanoes from our global catalog (purple
circles with dark blue outlines), as well as rift zones (pale green) and coronae (light blue circle)
from the global geologic map of Venus of lvanov and Head (2011). The Beta, Atla, and Themis
(BAT) regiones are denoted by the letters B, A, and T, starting from the left and moving clockwise.
All maps are shown in Robinson projection centered at 0°E.

Both the SAMSE and SCV algorithms produce similar spatial density estimates for
volcanoes >63 km in diameter. Here, we extract the boundary of the SAMSE high-volcano-spatial-
density region, or the 25" percentile contour (yellow outline in Figure 2.14), for further analysis.
This contour represents the area where the spatial density of volcanoes >63 km in diameter is
greatest at > 4.5 x 107 per 100 km? (Figure 2.7c). We note that this region nearly perfectly aligns
with the boundaries of the BAT region, where numerous volcanic rises are interpreted to form via
deep mantle upwellings (Stofan et al., 1995; Smrekar et al., 1997; Stofan and Smreakar, 2005;
Anderson and Smrekar, 2006). To further explore the geology and geophysics associated with the
high-volcano-spatial-density region, we compared the area with Magellan-derived geoid (Figure
2.14a) and Bouguer gravity anomaly maps (Sjogren, 1997) (Figure 2.14b), a crustal thickness
map itself based on Magellan gravity measurements (James et al., 2013) (Figure 2.14c), and map
vector datasets outlining rift zones, coronae (lvanov and Head, 2013), and large (>100 km in
diameter) volcanoes (Figure 2.14d). Here, we assumed that gravity datasets either reflect recent
volcanism in the BAT region based on VIRTIS (Visual and Infrared Thermal Imaging
Spectrometer) on the European Space Agency's Venus Express spacecraft) emissivity data (e.g.,
Smrekar et al., 2010; Shalygin et al., 2015; Stofan et al., 2016), or that the long-wavelength gravity
signatures on Venus are stable over long periods of time (e.g., Benesové and Cizkova, 2012).

A comparison of the boundaries of this high-volcano-spatial-density region with Magellan-
derived Bouguer anomaly maps developed by Sjogren (1997) shows that the average Bouguer
anomaly associated with this region is around —200 mGals (Figure 2.14b). Bouguer gravity
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anomalies are those that remain when the gravitational signature of topography is removed and, as
such, reveal spatial variations in subsurface density (Stofan et al., 2016). A high negative Bouguer
anomaly within this region could be associated with the presence of a low-density material at depth
such as a mantle upwelling (Stofan et al., 2016).

Magellan geoid anomaly data (Sjogren, 1997) show positive values in this region of 57 m;
the crustal thickness here is ~16.3 km (James et al., 2013) (Figure 2.14a). On Earth, large positive
geoid anomalies are associated with hotspots and subduction zones (Crough and Jurdy, 1980;
Richards and Hager; 1988) and, on Venus, large positive geoid anomalies are associated with large
volcanic shields (Bindschadler et al., 1992). Additionally, we note an abundance of rift zones and
triple junctions in this region, which are also commonly linked to the presence of a mantle
upwelling at depth (Ernst and Desnoyers, 2004) (Figure 2.14d). Large volcanoes within this high-
volcano-spatial-density region are thus perhaps fed from shallow magma reservoirs that originate
from deep-seated mantle melt sources. Although we note that this 25" percentile region for large
volcanoes is within the BAT regions, there are large volcanoes outside of this region. Edifices
outside of the BAT region may be the products of thermally relaxed, older upwellings (Ernst and
Desnoyers, 2004), or may simply be the result of shallow melt source capable of producing locally
large quantities of magma (Stofan et al., 1992).

Kernel Density Interpretation: Volcanoes <63 km in Diameter:

Again, the SAMSE and SCV algorithms produced nearly identical spatial density maps for
volcanoes <63 km in diameter, and here we extract the ~14 high-volcano-spatial-density regions
generated by the SAMSE algorithm for further discussion. The high-volcano-spatial-density
regions (25" percentile contour) for volcanoes <63 km are widespread both within and beyond the

BAT region, and range in diameter from ~1,000 km to 6,000 km. The Bouguer gravity anomaly
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(Sjogren, 1997) associated with these high-volcano-spatial-density-regions is approximately —62
mGals, much smaller than the value associated with the high-volcano spatial-density-region for
volcanoes >63 km in diameter. This small negative Bouguer anomaly value still corresponds to a
subsurface negative density anomaly (Stofan et al., 2016), which suggests that there is some degree
of lateral density variations within the lithosphere beneath these smaller volcanoes (Figure 2.14b).
Particularly, we note that the high-volcano-spatial-density regions for edifices <63 km in diameter
within the BAT region have a larger negative anomaly (~—101 m Gals) than those outside the BAT
(~—18 mGals), which, again, is likely related to the numerous mantle upwellings proposed in the
BAT region (Stofan et al., 1995; Smrekar et al., 1997; Stofan and Smreakar, 2005; Anderson and
Smrekar, 2006). Similarly, the geoid anomaly (Sjogren, 1997) is slightly higher within the BAT
region at ~39 m (Figure 2.14a) and the average crustal thickness (James et al., 2013) is 14.8 km
(Figure 2.14c). Outside the BAT region, the geoid is ~21 m, and the crust is slightly thinner
averaging 13.3 km. A higher geoid anomaly and thicker crust within the BAT region is also likely
linked to the volcanic rises within the region.

On Earth, the formation of small volcano clusters instead of a single, large, polygenetic
volcano is thought to be heavily dependent on rates of magma emplacement (Connor et al., 1992;
Crumpler et al., 1994). Large volcanoes suggest the presence of a shallow magma reservoir, with
a moderate rate of emplacement that is, for example, approximately equivalent to the rate of
intrusion and eruption at the Hawaiian hotspot averaged over the past 70 Myr (Shaw, 1985;
Crumpler et al., 1997). Rates below this value can result fields of small volcanoes (e.g., the
Springerville volcanic field: Connor et al., 1992; Crumpler at al., 1994). Volcanic conduits might
not be readily preserved if the magma supply rate is too low, such that small magma batches could

ascend through varying paths to the surface to create numerous smaller volcanoes, instead of
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ascending through a single path repeatedly and producing a larger volcano (Fedotov, 1981). Of the
~14 high-volcano-spatial-density regions, half encompass or are within 50 km of at least one large
volcano (>100 km in diameter) from our global catalog, with small shields manifesting near the
summits and along the flanks, similar to shield volcanoes on Earth such as Mauna Kea and Mount
Etna.

Similarly, ~80% (11/14) of the high-volcano-spatial-density regions contain at least one
corona, with some regions encompassing as many as 17 (Figure 2.14d). Coronae are typically
associated with volcanism, and the proximity of high volcano spatial concentrations to coronae
and large volcanoes suggests that the coronae and large volcanoes had access to a localized,
shallow magma reservoir (Head, et al., 2015), and that these spatial clusters may have formed as
a result of a waning magma supply to the larger edifices/coronae present in the area that led to the
formation of smaller volcanoes surrounding a larger edifice (Crumpler et al., 1997).

A similar process of a declining magma supply and limited main-flank development has
resulted in distributed volcanism and parasitic cones on Hawaiian shield volcanoes (Bleacher and
Greely, 2008), and is attributed to the formation of volcanic fields surrounding large volcanoes
such as Pavonis Mons on Mars (Hughes et al., 2005). Alternatively, clusters of small edifices may
form from a unique source that is unrelated to the proximal large volcano. In contrast to Hughes
et al. (2005), Bleacher et al. (2009) proposed that Martian volcanic fields south of Pavonis Mons
formed independently from processes related to the construction of Pavonis’ main flanks. The
fields appears to be spatially linked to buried, Noachian-aged tectonic structures and could have
formed from the ascent of independent shallow magma chambers (Bleacher et al., 2009). The
genetic relationship between large volcanoes (>100 km in diameter) and clusters of small

volcanoes on Venus is difficult to distinguish, but structural mapping with the Magellan SAR data
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within the high-volcano-spatial-density regions for volcanoes <63 km in diameter, together with
vent alignment analysis, could reveal links or patterns between small volcanoes and tectonic
structures.

Additionally, data derived from future planned missions could provide further insight into
this relationship. For example, the Venus Subsurface Radar Sounder (SRS) onboard ESA’s
EnVision spacecraft will be used to search for stratigraphic relations between different geological
units to allow for the identification of buried structures and strata (Bruzzone et al., 2020) that could
be directly linked to the manifestation of volcanoes on the surface. Similarly, the Venus Emissivity
Mapper (VEM) onboard NASA’s Venus Emissivity, Radio science, InSAR, Topography, and
Spectroscopy (VERITAS) spacecraft will provide low-resolution but spatially extensive
information on the composition of surface materials (Smrekar et al., 2022), which could offer with
a general idea of surface composition associated with large volcanoes and volcanic fields.

As on Venus, volcanic fields on Mars are not always spatially proximal to larger edifices,
such as for the case of volcanic fields located in the Tempe—Mareotis and Syria Planum regions
(Richardson et al., 2021). On Venus, high-volcano-spatial-density clusters that are not physically
close to either large volcanoes (those >100 km in dimeter) or coronae could simply be the products
of comparatively low magma supply rates. Small edifices (those <5 km in diameter, which
represent ~99% of the volcanoes in our catalog) likely formed from a relatively low but steady
supply of magma from a melt anomaly for a brief period of geological time, magma that probably
did not reside in a shallow reservoir for extended periods (Crumpler et al., 1997; Ivanov & Head,
2004). Alternatively, since ~80% (11/14) of the high-volcano-spatial-density clusters contain a rift
zone or ridge belt, small volcanoes in these regions could be the products of dike emplacement

associated with the local extensional stresses. Again, detailed structural mapping and vent
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alignment analysis would be required to accurately assess any causal relations between edifices
within these high-volcano-spatial-density regions with surrounding tectonic structures.

The 14 regions of high-volcano-spatial-density for edifices <63 km in dimeter reflect the
localized differences in magma supply and ascent in each area. Some such clusters of volcanoes
are likely linked to mantle upwellings, whereas others could be the surface manifestation of a
waning melt anomaly. The assessment of spatial and temporal relations between features such as
large volcanoes, coronae, and rift zones, in conjunction with geophysical datasets, could shed light
on possible interpretations of the spatial density maps (Figure 2.7). Our use of our catalog here is
to draw regional- and global-scale findings and inferences, rather than to account for the details of

particular volcanoes or groupings of edifices, which offer fruitful avenues for future study.

2.5 Conclusions

Venus hosts a range of volcanic landforms that offer insight into how Earth-sized rocky
bodies evolve and lose heat without Earth-like plate tectonics. Here, we present the most
comprehensive global dataset of volcanoes and volcanic fields on Venus yet compiled, which can
be used to evaluate the morphology and spatial relationships of volcanoes and other volcanic (e.g.,
corona) or tectonic (e.g., rift zones) structures on the second planet. Stereo-derived DEMs (Herrick
2020) provide improved topographic resolution over Magellan altimetry and facilitate the
calculation of more accurate height and volume measurements for more volcanoes on Venus than
were previously possible. Volcanoes covered by the stereo-derived DEMSs generally have
relatively low relief, with intermediate-sized edifices (5-100 km in diameter) and large edifices

(>100 km in diameter) being ~0.23 km and~2.4 km tall, respectively.
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Size—frequency distributions of edifices >5 km in diameter reveal that there are two distinct
exponential size—frequency distributions of volcanoes on Venus: those greater than, and those less
than, 63 km in diameter. Size—frequency distributions also indicate a relative lack of edifices in
the 20-100 km diameter range. These finding suggest that there is some control on magma
availability, production rate, and/or emplacement that makes it less likely that volcanoes 20-100
km in diameter form on Venus. We employed kernel density analysis to better establish the spatial
distribution of volcanoes on Venus. We find that high-volcano-spatial-density regions for
volcanoes >63 km mainly correspond to the BAT region and are likely surface expressions of
mantle upwellings. Kernel density map results for volcanoes <63 km in diameter are more varied,
as smaller volcanoes manifest nearly globally on Venus. We find it likely that high-volcano-
spatial-density regions for volcanoes <63 km in diameter may both be genetically tied to proximal
large volcanoes (>100 km in diameter) or coronae or have formed independently via magma

emplacement from buried tectonic structures or dike emplacement.
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Abstract

Gravitational instabilities can develop at volcanoes of any size and in any geological
setting, and can lead to various types of volcano deformation, ranging from small-scale landslides
on the flanks of the edifice to large, deep-seated sector collapses. As volcanoes grow, they impose
an increasing load on the underlying basement, which can result in styles of gravitational
deformation wherein the edifice sags or spreads outward under its own weight. In this study, we
utilize our previously developed global catalog of volcanoes on Venus to analyze a subset of
edifices that appears to have undergone gravitational deformation. We identify 162 volcanoes that
display morphological evidence for gravitational deformation, and classify them into four main
categories based on associated deformational structures: landsliding, sector collapse, spreading,
and sagging. Volcanoes that have undergone landsliding on their flanks or a sector collapse are the
most common and geographically widespread deformational styles on Venus, and account for
~64% of our dataset. Edifices exhibiting structures linked to volcano spreading and sagging are
relatively rare; nonetheless, we note for the first time on Venus the presence of flank terraces on a
shield volcano, structures linked to sagging. We find that deformed volcanoes are distributed

globally, are found at a range of elevations, are spatially proximal to a variety of tectonic structures,
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and are associated with various crustal thickness values, which together suggest that there are

numerous drivers of volcano deformation on Venus.

3.1 Introduction

Volcanoes are generally unstable landforms, and frequently undergo gravity-driven
deformation that can alter their shape. This phenomenon is common for both subaerial (e.g., Mount
St. Helen, USA and Stromboli, Italy) and submarine (e.g., Monowai, NZ and Kick ‘em Jenny,
Grenada) volcanoes on Earth, as well as on Mars (e.g., Tharsis Tholus and Olympus Mons).
Gravitationally deformed volcanoes have further been identified on Venus, with numerous edifices
exhibiting evidence for landsliding on their flanks and large-scale debris aprons (Guest et al., 1992;
Bulmer and Wilson, 1999; Ivanov and Head, 1999), and some volcanoes even exhibit structures
linked to lithospheric flexure (Smrekar, 1994; Rogers and Zuber, 1998; McGovern and Solomon,
1998), similar to their counterparts on Earth (e.g., Hawaii and Mount Etna), and Mars (e.g.,
Olympus Mons).

Many factors contribute to the instability of a volcano, and some edifices are more prone
to collapse than others depending on the individual volcano structure and environment (McGuire,
2003). Processes related to magmatic activity (e.g., Mount St. Helen) such as dike emplacement
(Delaney et al., 1999; Tibaldi, 2001), volcanic activity (Capra et al., 2002), and viscous magma
intrusion (Richards and Villeneuve, 2001) can mechanically or thermally weaken and deform
rocks, resulting in a destabilization of faults within the edifice (Voight and Elsworth, 1997). The
stability of an edifice can also be directly linked to basement fault movement, with flank
destabilization controlled by the geometries and kinematics of basement faults (Francis and Self

1987; Carracedo 1994; Tibaldi 1995). Volcanoes built upon weak basements or layers (e.g., clays)
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are also more susceptible to gravitational collapse, because those weak basal materials enable the
outward spread of the edifice particularly if they serve to decouple the edifice from its underlying

basement (Borgia et al., 2000; Acocella and Neri, 2009; Byrne et al., 2009; Holohan et al., 2023).

3.1.1 Rationale

In compiling a new global catalog of shield volcanoes containing ~85,000 edifices across
Venus (Hahn and Byrne, 2023a), we noted several dozen volcanoes that appear on the basis of
their morphology to have undergone gravitational deformation. Structural and spatial analysis of
these volcanoes, along with detailed comparative studies, can help quantify the types and possible

drivers of volcano gravitational collapse on Venus.

3.2 Examples of Gravitationally Deformed Volcanoes

In this study, we examine in detail four main types of gravity-driven volcano deformation:
landsliding, sector collapse, spreading, and sagging. Although these categories do not encompass
every known style of volcano deformation, they include a sufficiently diverse set of deformation

morphologies for useful comparison with gravitationally deformed volcanoes on Earth and Mars.

3.2.1 Landsliding

Small-scale landslides (up to a few hundred cubic kilometers in volume) are a common
occurrence on the flanks of both subaerial (Chigira 2002; Madonia et al., 2019) and submarine
volcanoes (Quartau et al., 2010; Casalbore et al., 2015, 2020) on Earth. For example, very small-
scale (<1 km3) landslides occurred on the flanks of Casita VVolcano in Nicaragua in 1988 as a result
of instabilities from heavy rainfall (Cecchi et al, 2005). Similar landsliding events have been

identified on Monowai, a submarine volcano in the Kermadec Arc in the southwest Pacific Ocean,
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Figure 3.1 Example structural sketches showing morphological structures associated with four
major types of gravity-driven volcano deformation: (a) landsliding (Gifford Guyot, Earth); sector
collapse (White Island, Earth); spreading (La Réunion, Earth); and (d) sagging (Olympus Mons,
Mars). The sketches in panels (c) and (d) are from Byrne et al. (2013); panel (d) is modified from
Byrne et al. (2009) and McGovern and Morgan (2009).

with bathymetric datasets over consecutive years (Wright et al., 2008). Notably, the morphology
of submarine volcanoes, or seamounts, ranges from a conical shape with a distinct peak, to multiple
irregular branches that resemble a star shape, to guyots or flat-topped seamounts (Schmidt and
Schmincke, 2002) (Figure 3.1a). Seamounts with irregular morphologies are thought to form from
progressive, small-scale slope failures (Chaytor et al., 2007), or from the formation of flank rift
zones that alter seamount shape from small and circular to large and stellate (Fiske and Jackson,
1972; Bulmer and Wilson, 1999; Mitchell, 2001). Similarly, small-scale landslides on the flanks

of intermediate-sized (5-100 km in diameter) volcanoes are widespread on Venus. These
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volcanoes were referred to as “scalloped margin domes” or “stellate domes™ in previous studies
(Guest et al., 1992; Bulmer and Guest, 1996; Bulmer and Wilson, 1999; Ivanov and Head, 1999),

to describe their overall shape.

3.2.2 Sector Collapse

A large-scale (up to thousands of km®), gravity-driven, deep-seated, lateral collapse of a
volcano is referred to as a sector collapse (Acocella and Tibaldi, 2005; Casalbore et al., 2020;
Romero et al., 2021). The destabilizing mechanism behind a sector collapse can be magmatic or
tectonic, such as dike emplacement (Delaney et al., 1999), volcanic activity (Capra et al., 2002),
basal failure (Acocella and Tibaldi, 2005), or earthquakes (Acocella and Neri, 2009). Sector
collapses are common on Earth (e.g., Mount Saint Helen, USA; Bezymianny, Russia; Mount
Unzen, Japan), and evidence for this type of gravitational deformation has also been reported for
Venus (Bulmer and Guest, 1996; Bulmer and Wilson, 1999). Structures associated with sector
collapses on Earth include a characteristic horseshoe-shaped collapse scar, or amphitheater
(Francis and Self, 1987; Coombs et al., 2007; Romero et al., 2021), steep-sided scarps (Coombs et
al., 2007; Martinez-Moreno et al., 2018), and debris avalanches (Capra et al., 2002; Bernard et al.,
2008) (Figure 3.1b). Similar morphological structures have been documented on Venus, with
several earlier studies identifying deformed volcanoes with debris aprons (Guest et al., 1992;
Bulmer and Wilson, 1999; Lopez, 2011) and/or large arcuate backscarps (Bulmer and Guest,

1996).

3.2.3 Spreading

As volcanoes grow and become larger, they exert an increasing load onto their substrata.

If the substrata contains low-strength materials (e.g., clays, evaporates), the volcano may slowly
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spread outward along a basal detachment or décollement (Borgia et al., 2000; Marquez et al., 2008;
Byrne et al., 2013). Through analogue modeling experiments, Byrne et al. (2013) found that end-
member spreading occurs when a decoupled volcano collapses outward across a rigid (e.qg., thick)
basement. On Earth for example, volcanoes such as Concepcion and Maderas in Nicaragua are
built upon weak Quaternary clay-rich sediments from Lake Nicaragua, effectively decoupling
them mechanically from their underlying basements and facilitating their outward spread. Both
volcanoes exhibit structures associated with spreading (Van Wyk de Vries and Borgia, 1996;
Borgia, 2000) such as volcano-concentric folds and thrusts near the base of the edifice and radial
normal faults or “leaf graben” on the edifice flanks (Borgia 2000; Byrne et al., 2013; Van Wyk de
Vries and Davies, 2015) (Figure 3.1c). Evidence of volcano spreading has also been documented
on Tharsis Tholus, a volcano in the eastern Tharsis region of Mars that has normal faults cross-
cutting the entire edifice (Borgia 2000; Platz et al., 2011). Structures associated with spreading
have not been widely recognized on Venus, possibly because of the low resolution of Magellan
synthetic-aperture radar (SAR) data, with only a handful of volcanoes boasting normal faults that

cross their flanks.

3.2.4 Sagging

Volcano spreading results in the outward displacement of the edifice, whereas volcano
sagging leads to inward displacement. That is, sagging occurs when a volcano’s weight down-
flexes the underlying lithosphere, leading to horizontal constriction of the central edifice and
extension of the lower flanks and base (Byrne et al., 2013, Van Wyk de Vries and Davies, 2015).
Unlike the decoupled edifice and rigid basement associated with volcano spreading, Byrne et al.
(2013) found that end-member sagging architecture occurs when a volcano and its less rigid (e.g.,

thin) basement are coupled and deform as a single mechanical unit. VVolcano sagging and spreading
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are two end-members of a continuum of volcano gravitational deformation that is dependent on
the extent to which an edifice is mechanically coupled or decoupled to/from its basement, as well
as the flexural properties (effectively the rigidity) of that underlying basement (Byrne et al., 2013;
Holohan et al., 2023).

Morphological structures associated with volcano sagging include an edifice-encircling
flexural trough and bulge, with graben focused along the flexural bulge, and imbricate flank
terraces on the edifice itself (Byrne et al., 2009, 2012, 2013; Kervyn et al., 2010) (Figure 3.1d).
Flank terraces have been documented on Martian volcanoes (Carr et al., 1977; Morris 1982;
Thomas et al., 1990; Byrne et al., 2009, 2012), and are topographically subtle structures with a
convex cross-sectional profile and a map pattern that resembles fish scales (Byrne et al., 2009).
Evidence for volcano sagging has been documented on Earth at Hawaii, with terracing present on
the NW flanks and a flexural bulge and trough surrounding the island (Byrne et al., 2013; Holohan
et al., 2023). Likewise, structures associated with volcano sagging occur on Martian volcanoes,
with flank terraces present on almost a dozen volcanoes, including Elysium and Olympus Montes
(Byrne et al., 2013). Indications of volcano sagging on Venus are rare, but not entirely absent.
Flexural bulges and troughs are seemingly uncommon, with only a few large (>100 km in
diameter) edifices exhibiting evidence of volcanic flows ponding in moats, and circumferential
graben attributed to basement downflexing (McGovern and Solomon, 1997; Rogers and Zuber,

1998).
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Table 3.1.

Morphological Structures Associated with Different Types of Gravitational Deformation

Defc;;rrr)l:tlon Landsliding® f Colliggé?rk Spreading™ P Sagging™odt
Stellate/star- Horseshoe- Folds and e Flexural
shaped shaped thrusts at or troughs and
planforms collapse scars beyond bulges

] edifice base
Associated Steep Steep e Peripheral
structures backscarps backscarps Normal faults graben on
and leaf flexural bulge
Debris aprons Debris graben cross-
avalanches cutting flanks | ¢  Flank terraces

aSchmidt and Schmincke (2002). °Fiske and Jackson (1972). °Bulmer and Wilson (1999). ‘Guest
et al. (1992). ®Bulmer and Guest (1996). flvanov and Head (1999). ¢Coombs et al. (2007).
"Romero et al. (2021) ‘Martinez-Moreno et al. (2018). iCapra et al. (2002). ¥Bernard et al. (2008).
'Lopez (2011). ™Borgia (2000). "Byrne et al. (2013). °Van Wyk de Vries and Davies, (2015).
PVVan Wyk de Vries and Borgia, (1996). Byrne et al. (2009). 'Holohan et al. (2023). sKervyn et
al. (2010). 'Byrne et al. (2012).

3.3 Methods
3.3.1 Structural Mapping

We carried out geospatial analysis and structural mapping of deformed volcanoes with the
Magellan SAR FMAP (full-resolution radar map) left- and right-look global mosaics, which have
a nominal 75 meters-per-pixel (75 m/px) resolution (Ford et al., 1993), in the ESRI ArcGIS Pro
2.7 environment. We employed our recently published global catalog of volcanoes on Venus
(Hahn and Byrne, 2023a), which we developed using ArcMap 10.7.1, and ArcGIS Pro 2.7 by
dividing the planet into 5° x 5° bins, and thoroughly examining each bin at a view scale of
1:400,000. The resulting database contains shapefiles denoting the point locations of 83,977
volcanoes <5 km in diameter, and polygons outlining 847 volcanoes >5 km in diameter.

Furthermore, during the development of our global catalog, we also noted 182 volcanoes >5 km
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in diameter that appear to have undergone gravitational deformation based on the presence of the
morphological features described in section 3.2.

To build upon this dataset, and to ensure consistency with earlier such works, we also

consulted existing databases that note deformed volcanoes on Venus. These datasets include the
Magellan Volcano Catalog (Crumpler and Aubele, 2000) and a catalog published by Bulmer
(1994); both databases describe instances of “modified domes” on Venus. We also analyzed
edifices from the Magellan VVolcano Catalog (Crumpler and Aubele, 2000) that were described by
Lopez (2011) as having steep scarps and evidence of flank failure, but that do not have an obvious,
associated debris apron. The deformed or modified edifices described in these earlier studies are
of intermediate size—that is, none is larger than 100 km in diameter.
In this study, we expand our analysis to large volcanoes (>100 km in diameter) by analyzing the
dataset of large volcanoes on Venus we previously compiled (Hahn and Byrne, 2023a) and
identifying morphological indicators of deformation (Table 3.1). For the equatorial region
between 40°N and 40°S, mapping was completed in an equirectangular projection. To preserve
volcano geometry, datasets were projected as north- or south polar stereographic when mapping
deformed volcanoes at latitudes above 40°N and below 40°S, respectively.

After consulting existing deformed volcano datasets (e.g., Bulmer, 1994; Crumpler and
Aubele, 2000), analyzing volcanoes >100 km in diameter from our global catalog (Hahn & Byrne
2023a), and double-checking the original 182 deformed volcanoes identified in our global catalog,
we refined our dataset down to 162 deformed volcanoes >5 km in diameter. A polygon shapefile
outlining the full extent of the volcano and associated deformational structures (debris aprons,
faults, etc.) was drawn for each deformed edifice. These volcanoes were then visually examined

at a view scale that ranged from 1:2,000,000 for edifices >100 km in diameter, down to 1:300,000
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for edifices 5-100 km in diameter, and classified as having undergone a landslide, sector collapse,
sagging or spreading, based on the associated deformational structures listed in Table 3.1. We
compiled a fifth subset of edifices that are deformed in multiple styles or are otherwise difficult to
classify with available data, and so were listed as “indeterminate”. Lastly, we termed edifices that
have undergone numerous sector collapses or landsliding events such that approximately less than

half of their original shape remains as “remnant” volcanoes.

Table 3.2
Summary Statistics for Deformed Volcano Morphology

Deformation type (ncfligtz) Iig:;fr(];sf Mear(lk?:]a;zneter Mean area (km?)“
Landsliding 51 31.5 32+13 1,055 + 954
Sector Collapse 37 23 25+ 13 672 + 660
Landsliding/Sector 16 10 36 + 20 1,448 + 1,742
Collapse?
Spreading 4 2.5 122 £ 211° 40,932 + 81,416
Sagging 4 2.5 325 + 309° 157,465 + 245,800
Remnant® 17 10.5 24 + 11 556 + 562
Indeterminate® 33 20 33+ 32 1,781 + 4,492

%We typically classify edifices that have structures associated with more than one deformation
as “indeterminate”, but here we report specific instances where deformed edifices have
structures we attribute to both landsliding and sector collapse.

bWe classify “remnant” volcanoes as those that have undergone multiple landsliding or sector
collapse events and, as such, less than 50% of the original edifice remains.

‘Indeterminate volcanoes are deformed in multiple styles or are otherwise difficult to classify
with available Magellan SAR data.

dMean area and diameter are given together with one standard deviation.

*The standard deviation associated with the mean diameter for sagging and spreading volcanoes
is large, and is likely not statistically significant as the population size for each dataset is only
four volcanoes.

Mean deformed volcano diameter was calculated by averaging the long and short axes of
each edifice, excluding any collapse related structures such as a debris apron (which would not
have constituted part of the original edifice). Deformed volcano mean diameter and area are

reported with one standard deviation in Table 3.2.

76



3.3.2 Spatial Analysis

The spatial distribution of volcanoes can offer valuable insight into the geometry of
underlying magma bodies, stress orientations within the crust, and magma generation mechanisms
(e.g., Cafion-Tapia & Mendoza-Borunda, 2014; Connor, 1990; Kear, 1964; Le Corvec et al., 2013;
Nakamura, 1977). In this study, we used the distribution of deformed volcanoes on Venus to better
understand possible collapse mechanisms, and to gain insight into why particular volcanoes might
deform.

Motion on nearby tectonic structures (or even impact events) could plausibly generate
sufficient seismic energy to trigger a volcano deformation event. To assess this possibility, we
noted the spatial relationship between each of the deformed volcanoes in our catalog and any
proximal tectonic (e.g., rifts and ridge belts) and volcano-tectonic (e.g., coronae) structures. This
analysis was completed within ArcGIS Pro 3.0 by creating three circular buffers of gradually
increasing diameter (50, 100, and 200 km) around each deformed edifice. The goal in selecting
these distances was to ensure the identification of structures in direct proximity to the deformed
edifices, yet also taking into account regional structures that may play a role in volcano collapse.
The buffered regions around each deformed volcano were then thoroughly examined and the
presence of any tectonic structures, impact craters, or other deformed volcanoes were documented
in the attribute table (see Appendix A.2 for more details on the deformed volcano datasets). To aid
in the identification of rifts and ridge belts, we utilized the shape files denoting the boundaries of
these features developed by Ivanov and Head (2011) as part of their global geological map of
Venus. Furthermore, we used the coronae shapefiles also included in the Ivanov and Head (2011)
geological map. The geodesic distance in kilometers between each deformed volcano in our dataset

and the nearest coronae was calculated and added to the attribute table for those edifices.
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Table 3.3
Comparison of Deformed Volcanoes with Geophysical Datasets

Deformation type Number of Mean crustal thickness (km)? | Mean elevation (km)®
volcanoes

Landsliding 51 161 1.0+0.3
Sector collapse 37 15+2 1.3+£0.3
Landsliding/sector 16 16+ 1 08+0.4
collapse

Spreading 4 22+1 1.7+0.2
Sagging 4 16 £2 19+04
Remnant 17 14 + 2 0.7+0.2
Indeterminate 33 14+1 0.8+0.2

Crustal thickness values are extracted from a map produced by James et al., (2013) with + one
standard deviation.

YMean elevation based on Magellan altimetry data. All values are km above the mean Venus
planetary radius (6,051 km) plus the average altimetry error (Ford, 1992).

In addition to analyzing the relationship between deformed volcanoes and possibly relevant
structures locally, we also assessed deformed volcanoes in terms of the associated geophysical
properties of the underlying lithosphere in an effort to characterize gravitational deformation at a
global scale. This component of our analysis was completed in ArcGIS Pro 3.0 by extracting each
deformed volcano polygon boundary from both the Magellan altimetry map (Ford, 1992) and a
crustal thickness map based on Magellan gravity measurements (James et al., 2013). The resulting
values were then averaged for each style of deformation, and are given in Table 3.3. The James et
al. (2013) crustal thickness map is derived using gravity data compiled from the Magellan and

Pioneer Venus missions (Konopliv et al., 1999), and has a nominal global resolution of ~270 km.

3.4 Results
3.4.1 Deformed Volcano Morphological Analysis

We report summary statistics of deformed volcano morphology on Venus in Table 3.2.

Our total number of deformed volcanoes of all styles is 162. Of those, 96 (59.3%) are classified
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into one of our four deformation styles described in detail in section 3.2. A further 16 (9.9%) show
features of both landsliding and sector collapse. Edifices we determined to be “remnant”
constructions total 17 (10.5% of the total set), and 33 (20.4%) were indeterminate (i.e., showed
insufficiently preserved morphologies to be readily classified into one or more deformation styles).

Within our dataset, we note 51 volcanoes that have undergone one or more landsliding
events, and 37 that exhibit signs of a sector collapse. Less material is excavated from an edifice
when it undergoes a landslide versus a sector collapse (Chigira 2002; Madonia et al., 2019;
Casalbore et al., 2020; Romero et al., 2021), and this difference in material loss is reflected by the
average diameter of landsliding and sector-collapse volcanoes in our dataset. VVolcanoes that have
undergone landsliding events have a larger diameter (32 km) than those that had a sector collapse
(25 km), presumably because more material was removed from the edifice during the deep-seated
collapse of an entire flank (Table 3.2). Furthermore, the 17 volcanoes classified as “remnant” have
an average diameter of ~24 km, which suggests that these edifices have experienced numerous
collapse events that have left only a small portion of the original edifice intact.

We also analyzed a subset of deformed volcanoes that have structures associated with both
landsliding and sector collapses (Table 3.2). Interestingly, these volcanoes have an average
diameter of ~36 km, which is greater than the mean diameters for volcanoes that are classified
solely as showing evidence for a landslide or sector collapse. An increase in volcano diameter
following numerous collapse events could indicate that these edifices were volcanically active and
continued to grow after at least one instance of collapse. Alternatively, these volcanoes may have
initially been larger than volcanoes exclusively exhibiting a flank landslide or sector collapse, and

remained larger even after multiple collapse events.
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Volcanoes that have experienced spreading or sagging are rare on Venus, with only four
volcanoes identified in each category. We note that, at ~325 km, sagging volcanoes have the
greatest mean diameter of all deformed edifices, which is three to ten times greater than the mean
diameter of deformed volcanoes in any other category (Table 3.2). This finding suggests that only

the very largest Venusian volcanoes are sufficiently massive to downflex the underlying

lithosphere.
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Figure 3.2 Global survey of deformed volcanoes on Venus grouped by deformation type. The
outlines of major Venusian physiographic features are shown in grey for geographic context and
are labeled. The map is in Robinson projection, centered at 0°E.

3.4.2 Deformed Volcano Spatial Analysis

We find that deformed volcanoes are nearly geographically widespread across Venus, with
very few extending into the south pole, and almost none surrounding Ishtar Terra in the north polar

region (Figure 3.2). Deformed volcanoes are also more spatially concentrated within the Beta—

80



Atla-Themis (BAT) region, an approximately triangular area bounding three large rift zones
connecting the Beta, Atla, and Themis regiones (Airey et al., 2017; Crumpler et al., 1997). The
BAT region is characterized by enhanced volcanism and is dominated by rift zones, coronae, and
extensional structures (Airey et al., 2017; Head et al., 1992; Ivanov & Head, 2015), and volcanoes
of all diameters are present in this region (Hahn & Byrne, 2023a)—so it is unsurprising that there
should also be an increased number of deformed volcano in this area. In fact, we find that of the
847 volcanoes >5 km from our global catalog (excluding deformed volcanoes) (Hahn and Byrne
2023a), 254 (~30%) are concentrated within the BAT region, and of the 162 deformed volcanoes
described here, we note that 65 (~40%) are also concentrated in the BAT region. This finding
suggests that volcanoes within the BAT region are more likely to undergo some style of
gravitational collapse, perhaps due to the increased volcanism and tectonics within the region.
Volcanoes that appear to have flanks marked by landslides are typically found within the
mid-latitudes, are situated on crust with an average thickness of 16 km, and a mean elevation
(relative to the planetary mean) of 1 km (Table 3.3 & Figure 3.3). We find that 33% (17/51) of
landsliding volcanoes are clustered (within 50 km) with other landsliding volcanoes in groups of
two to three. This finding suggests that volcanoes within each of these clusters could have some
common control (e.g., composition or response to local tectonics) that results in slope instabilities
and landsliding. For example, on Earth, numerous serpentinite seamounts on the Mariana forearc

exhibit basal thrust faults linked to volcano spreading (Oakley et al., 2007). In that case, the similar
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Figure 3.3 Maps of deformed volcanoes classified by deformation type superimposed over (a) a
map of global crustal thickness (James et al., 2013), and (b) a map of Magellan altimetry (Ford,
1992). Both maps are in Robinson projection, centered at 0°E.

compositions and emplacement conditions of volcanoes resulted in the same deformational style,
which suggests that an analogous process could apply to Venus facilitated by some low-strength
layer, e.g., ash deposits. Furthermore, we find that, of these landsliding volcano clusters on Venus,
three are situated within a corona and one cluster is just outside of another corona, suggesting that
processes linked to corona evolution might also play a role in driving landsliding on the flanks of

intermediate-sized volcanoes (of diameter 32 + 13 km: see Table 3.2).
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Volcanoes that have experienced a sector collapse are also commonly found in the mid-
latitudes, with several extending into the north polar regions. Sector-collapse volcanoes are
associated with slightly lower crustal thickness values (~15 km) and generally have slightly higher
elevations (1.3 km) than volcanoes with flank landslides (Table 3.3 & Figure 3.3). The similarities
in elevation and crustal thickness between these two styles of gravitational deformation indicates
that there may be common controls that result in landslides and sector collapses on volcanoes on
Venus. Additionally, we note 16 edifices that show structures associated with both types of
deformation that have similar diameters (Table 3.2), associated crustal thicknesses, and elevation
(Table 3.3) as those classified as landsliding or sector-collapse volcanoes. It may be, then, that
there is a continuum of increasing deformation that initiates with landsliding on the flanks of a
given volcano, which then may promote the development of larger-scale sector collapses, such
that a range of morphologies between both main deformation styles results. A similar phenomenon
was described at Casita volcano in Nicaragua, where numerous small-scale landslides preceded a
larger sector collapse (van Wyk de Vries et al., 2000).

Unlike landsliding volcanoes that are occasionally found in clusters, we find no instances
of two or more sector collapse volcanoes within 50 km of one another. However, we note three
occurrences where sector collapse volcanoes are spatially proximal (within 50 km) to an
indeterminate or remnant edifice. Around 35% (13/37) of sector collapse volcanoes overlap with
or are on the border of an extensive rift system, suggesting that some of these deep-seated failures
could be linked to seismicity along large, rift-associated normal faults; indeed, several collapsed
edifices have debris aprons that superpose fractures, consistent with their having collapsed after
motion on the rift faults. Another possibility is that magmatic activity, facilitated by the favorable

stress states in these extensional systems (Cas and Wright, 1987; Watanabe et al., 1999), resulted
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in structural failure of the edifice. Intrusions of new magma via in dyke emplacement can fill any
open conduits within a volcano, changing the pore pressure in the edifice and leading to sector
collapse (Elsworth and Voight; 1996).

Edifices exhibiting signs of sagging and spreading are the least common styles of
deformation on Venus. All four sagging volcanoes are located in the mid-latitudes in the eastern
hemisphere, and do not appear to be associated with the BAT region. The four spreading volcanoes
are also mostly found in the eastern hemisphere, with one extending into the western hemisphere.
We note that spreading volcanoes are associated with the highest crustal thickness values and both
sagging and spreading volcanoes are situated at higher elevations compared to all other
deformational categories (Table 3.3). Further, volcanoes we classify as sagging are, on average,
200 km larger in diameter than spreading volcanoes (Table 3.2), but are situated on crust that is
~6 km thinner than that associated with volcanoes that have spread.

Proximity with Tectonic Structures:

We find that deformed volcanoes are frequently associated with extensional structures,
with 78% of deformed edifices within 50 km of rifts, fractures, linaments, or graben. Specifically,
we note that 92% (47/51) of landsliding volcanoes, 65% (24/37) of sector collapse volcanoes, 75%
(3/4) of spreading volcanoes, and half (2/4) of sagging volcanos are within a 50-km radius of an
extensional structure. This finding is unsurprising, as on Earth volcano instability is commonly
linked to regional tectonics, and particularly extensional systems (e.g., Ollagiie Volcano in
Chile/Bolivia, Kilauea in the Hawaiian Islands, and Mount Etna in Italy) (Tibaldi et al., 2006;
McGuire, 2003).

In contrast, we find that deformed volcanoes are less frequently associated with shortening

structures, with only 55% of deformed volcanoes within 50 km of landforms such as wrinkle ridges
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or ridge belts, both of which are generally regarded as surface manifestations of crustal shortening
(Solomon et al., 1992; Guest and Stofan 1998). Overall, we note that 41% (21/51) of landsliding
volcanoes, 62% (23/37) of sector collapse volcanoes, and half (2/4) of both sagging and spreading
volcanoes are within 50 km of a shortening structure.

Of the 51 volcanoes with landslides on their flanks, 22% (11/51) are situated within a
corona, and a further 12% (6/51) are within a 50 km radius of a corona. Similarly, 24% (9/37) of
sector collapse volcanoes, and half (2/4) of spreading volcanoes are also encompassed by or are
within a 50 km radius of a corona—again, on the basis of spatial proximity, suggestive of a possible
causal link between volcano deformation and coronae on Venus. Coronae are associated with
voluminous magmatism, and are generally accepted to have formed from mantle upwellings at the
base of the lithosphere, resulting in an initial upwelling, followed by flattening and gravitational
relaxation (Gulcher et al., 2020; Stofan and Head, 1990; Stofan et al., 1992). Processes related to
coronae gravitational relaxation or collapse due to magma withdrawal could lead to instabilities
associated with volcanoes located within the coronae itself and explain the numerous instances of
deformed volcanoes associated with coronae. For a detailed description of deformed volcano

proximity to nearby tectonic structures, see Appendix A.2.

3.5 Comparative Analysis

To better assess the mechanisms responsible for gravitational deformation on Venus, we
conducted a comparative analysis of typical examples of deformed volcanoes from each of our
four main categories for Venus (landsliding, sector collapse, spreading, and sagging) with

volcanoes on Earth or Mars that appear to have undergone a similar deformational process.
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3.5.1 Landsliding Case Studies

Of the 51 volcanoes across Venus that show landslides on their flanks, all are either flat-
topped or dome-shaped, with a stellate or star-shaped planform. Numerous studies have identified
steep-sided, flat-topped domes—Ilandforms we regard as and so refer to as volcanoes—across
Venus (e.g., Pavri et al., 1992; Bulmer and Wilson, 1999; Ivanov and Head, 1999; Stofan et al.,
2000). Moreover, many researchers have noted that Terran seamounts may represent useful analog
for these volcanoes (e.g., Head and Wilson, 1986; Aubele and Slyuta, 1990; Guest et al., 1992;
Smith 1996; Bridges, 1995; 1997a). Eruptive conditions on Earth’s seafloor and on Venus (at least
the lowlands) are both defined by high surface pressures and rapid cooling of lavas (Aubele and
Slyuta, 1990; Grosfils, 2000), which together contribute to volcano shape (Smith, 1996). Here, we
compare and contrast the morphology and landslide structures associated with a cluster of edifices
on both Venus and the seafloor, and also compare a single edifice on Venus and the seafloor.
Specifically, we compare a group of steep-sided, flat-topped volcanoes on Venus, with the Taney
seamount chain (a group of seamounts off the coast of San Francisco, CA), and separately,
compare an unnamed, flat-topped volcano on Venus with a seamount in the Hawaiian seamount
chain.

We downloaded digital elevation models (DEMSs) of submarine volcanoes with the Global
Multi-Resolution Topography (GMRT) v4.1.1 synthesis tool (Ryan et al., 2009). The GMRT
consists of a compilation of multibeam sonar data collected by institutions across the world and is
continuously updated. DEMs of the Taney seamount chain, and the seamount in the Hawaiian
seamount chain, are derived from ship-based, multibeam swath bathymetry data with a nominal
resolution of 100 m/px, which is comparable to the Magellan FMAP SAR data resolution of 75

m/px.

86



€™ landside () jaticpped F INe o ggrborﬁ /fractures
Figure 3.4 Comparative structural analysis between Taney seamount chain (a & b) and Venusian
steep-sided, flat-topped volcanoes (¢ & d), and between a seamount in the Hawaiian—Emperor
seamount chain (e & f) and a flat-topped volcano on Venus (g & h). Magellan SAR data are shown
in an equirectangular projection, and radar illumination is from the left (c & g). Seamounts are
shown as hillshade maps generated from bathymetric DEMs with elevation-colored DEMs draped
on top. DEMs show depth below sea level, with warm colors indicating shallow depths and cool
colors indicating greater depths (a & e). Panels (b), (d), (f), and (h) show deformational structures
associated with volcano landsliding and are slightly transparent, grey-scaled versions of panels (a),
(c), (e), and (g), respectively.
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Morphological Descriptions of Flank Landslide Case Study 1: Taney Seamount Chain:

Situated on the Pacific plate, the Taney seamount chain comprises five northwest-to-
southeast trending, near-ridge submarine volcanoes off the coast of California situated at depths
of 2.5-3.5 km (Clague et al., 2000a; Coumans et al., 2015). These seamounts, designated T-A to
T-E (after Clague et al., 2000a) (Figure 3.4a) from northeast to southeast, formed adjacent to the
subducted Farallon plate (Coumans et al., 2015). For this study, we examined in detail the
morphology of seamounts T-A, T-B, and T-C, which all exhibit structures linked to landsliding on
their flanks (see Table 3.1 for more details). Seamount T-A has an estimated volume of 187 km?,
a height of 2 km, and a diameter of ~15 km at its base (Clague et al., 2000a). Three successive
caldera collapses have severely modified the southeast flank of T-A such that the majority of the
summit platform is gone (Clague et al., 2000a; McClain and Lundsten 2014; Coumans et al., 2015)
(Figure 3.4b). The flat-topped, 1.2 km tall, T-B seamount is located ~9 km to the southeast of T-
A. Seamount T-B has a basal diameter of ~11 km, and a summit diameter of ~5.5 km, with several
nested summit calderas (Clague et al., 2000a), and multiple small-scale landslides on the southern
flank of the edifice. Lastly, T-C seamount is located ~25 km to the southeast of T-A, and has a
height of ~1.3 km. The T-C seamount has an estimated volume of 116 km?, a basal diameter of 12
km, and a summit platform diameter of 5.5 km (Clague et al., 2000a). Two nested calderas are
centered in the summit platform of T-C, and a third is situated on the southeast summit rim (Clague
et al., 2000a) (Figure 3.4b).

On Venus, just north of Zemire Corona and centered at 33.6°N, 48.2°W, sits a cluster of
four steep-sided, flat-topped, coalesced volcanoes. This cluster consists of two older volcanoes,
each ~45 km in diameter, superposed by two edifices that have clearly undergone gravitational

collapse. Here, we focus on the two younger volcanoes, which we term VD-1 and VD-2,
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respectively (Figure 3.4c). The larger of the two edifices, VD-1, has a mean diameter of 51 km
with a ~2 km-diameter summit pit, and an estimated height of 0.9 km. The north margin of the
edifice has collapsed, resulting in a ~35 km-long scarp with hummocky debris remnants ~7 km
north of the edifice. VD-1 has a relatively smooth upper surface (Stofan et al., 2000) with several
fractures oriented north to south and pit craters on the south portion of the edifice (Figure 3.4d).
Approximately 20 km to the southeast of VD-1 is VD-2, the smaller of the two edifices we focus
on here. This volcano is ~1.1 km in height, has a mean basal diameter of ~38 km, and a ~25 km-
diameter flat-topped surface. VD-2 has partially collapsed margins, and the southeast edge is
crossed by a pit crater chain (Figure 3.4d).

Morphological Description of Landsliding Case Study 2: Hawaiian Seamount:

The Hawaiian—Emperor island/seamount chain is a prime example of intraplate seamounts
that form from local melt anomalies or “hotspots” (Buchs et al., 2015). Along the northwest portion
of the Hawaiian ridge, just northwest of Neva Shoal, is an unnamed seamount ~45 km in diameter
at its base, and with a height of ~5 km. This unnamed seamount, hereafter referred to as HS-1
(Figure 3.4e), has a flat-topped summit region that measures ~16 km in diameter that is ~46 m
below sea level, and has a stellate planform from numerous landslides along its flanks (Figure
3.4f).

On Venus, an unnamed, flat-topped volcano is located within the BAT region, centered at
11.4°S, 153.3°W. This edifice, hereafter referred to as VD-3 (Figure 3.49), has a basal diameter
of ~36.5 km, a flat-topped summit diameter of ~16 km, and an estimated height of ~2 km. VD-3
has a stellate planform as a result of numerous landslides along its summit margins (Figure 3.4h).
Extensional structures aligned northeast to southwest are arranged around VVD-3, but do not appear

to crosscut the edifice. Another younger set of extensional structures aligned east to west appears
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to cut through portions of VD-3’s stellate margins, but not through the summit of the edifice itself
(Figure 3.5).
Comparison Between Flat-Topped Venusian Volcanoes and Seamounts:

The majority of seamounts in Earth’s oceans are volcanic in origin and composed of basalt,
with slight differences in the chemical and isotopic composition depending on the geological
setting and magma source (e.g., Wessell, 2007). The composition of Venusian steep-sided, flat-
topped volcanoes remains unknown, although one view holds that the edifices are made up of
evolved lavas with a high viscosity, resulting in the flat-topped morphology similar to rhyolitic
and dacitic domes on Earth (Guest et al., 1992; Pavri et al., 1992; Head et al., 1992). Another
possibility is that the volcanoes are basaltic in composition and their flat-topped morphology is a
result of an extrusion of a high-viscosity basaltic foam (Head et al., 1992; Pavri et al., 1992).
Through thermal modeling, Stofan et al. (2000) found that, under Venusian ambient temperatures,
a rhyolitic lava would quickly form a thick crust and break into large bocks, and thus flat-topped,
steep-sided volcanoes on Venus are more consistent with a basaltic composition. More recently,
Quick et al. (2016) used both a constant-volume and a time-variable model to investigate steep-
sided, flat-topped volcano emplacement on Venus and found that, in both models, viscosities imply
that compositions are most consistent with basaltic andesites on Earth. Here, based on those
previous studies, we assume that Venusian, steep-sided, flat-topped volcanoes and seamounts on
Earth are essentially basaltic (i.e., relatively low in silica) in nature.

Seamounts and steep-sided, flat-topped volcanoes on Venus share numerous
morphological similarities. Both are generally round in shape, are flat-topped, and have flanks with
average slopes of ~20° to 30° (Bulmer and Wilson, 1999; Smith, 1998; Bridges, 1996). On Earth,

seamounts with a flat-topped morphology have been identified around the Hawaiian Islands

90



(Bridges, 1997b; Bulmer and Wilson, 1999), in the Gulf of Alaska (Chaytor et al., 2007), and along
southern (Scheirer et al., 1996) and northern (Scheirer and Macdonald, 1995) portions of the East
Pacific Rise. Numerous processes have been proposed to explain the presence of flat summit
plateaus on submarine volcanoes. Wave-base truncation and subsidence are likely responsible for
many flat-topped seamounts (Staudigel and Kopers, 2015), particularly those at depths <200 m
(e.g., HS-1) (Casalbore, 2018).

Yet some seamounts never reach sea level and would not be influenced by wave motion
(Simkin, 1973; Wessel, 2007), and are therefore relevant to volcanoes on Venus. Instead, the flat-
topped morphology of such deeper volcanoes could be a result of eruptions along circular ring
faults (Simkin, 1973; Fornari et al., 1988; Batiza, 1989) or from cone sheets (Mitchell, 2001).
Researchers studying flat-topped seamounts in the Taney seamount chain (e.g., T-A and T-C)
(Clague et al., 2000a) found that the flat-topped plateaus are likely generated by the continuous
eruption of and lava ponding within large, early-stage calderas (Figure 3.4b). Evidence for this
hypothesis is provided by seamount T-B (Figure 3.4a & 3.4b), which features a summit caldera
that is almost entirely filled with erupted lavas. Clague et al. (2000) suggested that only a few more
cubic kilometers of lava would have completely erased any evidence of the existence of a summit
caldera, leading to a smooth, flat-topped morphology.

Similarly, Stofan et al. (2000) pointed to the fracture patterns and pits on the surface of
many steep-sided, flat-topped Venusian volcanoes as evidence for endogenous growth, where the
crust continuously annealed as the edifice grew by inflation. Pits on the surface of Venusian
volcanoes, such as on VD-1 and VD-2, suggest the presence of a fluid interior or lava lake beneath
a rapidly cooling carapace (Stofan et al, 2000). Furthermore, VD-1 and VD-2 superpose two other

edifices (Figure 3.4d), indicative of subsequent eruptive events. The flat-topped volcano VD-3
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may have also formed via continuous lava emplacement, but there are no pits or fractures visible
on its surface in the Magellan SAR data.

Localized landslides are well documented for seamounts on Earth and steep-sided, flat-
topped volcanoes on Venus (e.g., Bulmer and Wilson, 1999). These shallow, small-scale landslides
produce a stellate planform, steep backscarps, and, in some cases, debris aprons (e.g., Table 3.1).
Internal slope failure on Venus is most commonly attributed to oversteepening of flanks during
edifice growth (Guest, et al., 1992; Bulmer and Guest, 1996; Crumpler et al., 1997; Bulmer, 2012),
where intrusion and/or extrusion of magma can cause overloading at the surface of the volcano
and result in failure (McGuire, 1996). The high ambient temperature on Venus (~464 °C) could
lead to the development of weakly solidified carapaces on the fronts of lava flows. Subsequent
oversteepening of these weak carapaces during dome growth, or from tectonic or other seismic
activity, could result in slope failure (Guest et al., 1992; Bulmer, 2012). Furthermore, the flat tops
of many of these volcanoes have angular fracture patterns, perhaps due to episodic growth (Stofan
et al., 2000)—and those fractures would have been predisposed to failure along joints and other
discontinuities (Bulmer, 2012).

As we note above, conditions on Earth’s seafloor are characterized by high pressure and
rapid cooling of lavas (Smith, 1996). The transition from a circular to a stellate seamount is thought
to be controlled by the formation of flank rift zones. These rift zones are elongated protuberances
that extend out from the center of volcanic edifices and are interpreted to form via an injection
from a shallow reservoir after magma rises into the central conduit (Fiske and Jackson, 1972; Vogt
and Smoot 1984; Barone and Ryan 1988). As the seamount grows in height, it is more susceptible
to lateral collapse along the boundaries of these rift zones (Mitchell, 2001). Mitchell (2001)

estimated that the transition to a stellate seamount form is gradual and occurs when volcanoes
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reach ~3 km in height, which approximately corresponds to the height at which the magma
chamber buoyantly migrates from the basement into the edifice itself (Walker, 1989). Once a
chamber is established in the edifice proper, magma can more efficiently move into lateral rift
zones rather than erupting out of the central vent (Vogt and Smoot, 1984; Mitchell, 2001).

The Taney seamounts T-A-C are all <2 km in height, suggesting that the scalloped
margins observed on T-B and T-C are not from failure along flank rift zones but are instead
because of flank oversteepening, possibly linked to the lava ponding and continuous eruptions that
give the seamounts their flat-topped morphology. In contrast, the Hawaiian seamount HS-1 is
entirely surrounded by scalloped margins (Figure 3.4f) and is nearly 5 km in height, and so could
plausibly have undergone failure along its internal rift zones, as many of the seamounts within the
Hawaiian seamount chain have, such as Kilauea (Ryan et al., 1981). Vogt and Smoot (1984)
proposed that a seamount is initially round and becomes ever more stellate with increasing volume
until the flank rifts extend up to 100 km (e.g., Hawaii). The longest flank rift associated with HS-
1is ~10 km in length; under this scenario, HS-1 is still in a transitional stage of growth, and could
eventually develop longer and more pronounced flank rifts as the edifice grows in volume.

Based on our observations, Venusian volcanoes VD-1-3 could have formed flat-topped
surfaces from episodic magma emplacement, in a manner similar to Taney seamounts T-A-C,
whereas the flat-topped summit at HS-1 is likely because of wave erosion given its proximity to
the sea surface. The high mean atmospheric pressure (~92 bars) at the surface of Venus reduces
volatile exsolution and inhibits the formation of neutral buoyancy zones and shallow magma
reservoirs, particularly in the lowlands where the atmospheric pressure is the highest (Head and
Wilson, 1992). Venusian domes VD-1 and VD-2 are located at relative elevations of -500 m and

—400 m, respectively. Based on models presented by Head and Wilson (1992) the low elevations
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of these edifices suggest that neutral buoyancy zones did not form within the actual volcanoes, and
so magma ascended without pausing at a shallow level. Without a shallow magma reservoir, the
formation of flank rift zones was likely inhibited. We therefore interpret the shallow landslides on
the flanks of VD-1 and VVD-2 as being the result of oversteepening during episodic growth, similar
to the Taney seamounts.

Venusian volcano VD-3 is situated at an elevation (+1.3 km relative to Venus “sea level”),
where models developed by Head and Wilson (1992) suggest that the decrease in atmospheric
pressure allows for volatile exsolution and the formation of lower-density vesicular rock at the
surface. As this low-density material accumulates, buoyantly rising magma will begin to stall and
a shallow magma reservoir could form. For a magma of a given volatile content, the depth to the
neutral buoyancy zone increases with elevation, and failure of the reservoir as a result of
overpressurization will gradually favor lateral dike injection over surface eruption with increasing
neutral buoyancy depth (Parfitt et al., 1993; Grosfils and Head 1995). The reduced pressure
conditions at VD-3 could have led to the development of a shallow magma reservoir, which in turn
might have resulted in the formation of lateral dikes—in a manner not unlike the formation of
flank rift zones on seamounts on Earth. However, other volcanic constructs on Venus interpreted
to form from dike emplacement such as novae, which are landforms with radially fractured centers
that form a starburst pattern (Head et al., 1992; Krassilnikov and Head, 2003), do not resemble
VD-3. Novae have mean diameters of ~325 km (Galgana et al., 2013), which is an order of
magnitude greater than VD-3 and are not associated with a flat-topped morphology. Given the
dissimilarities in size and morphology between VD-3 and novae, we posit that the landslides on

the flanks of VD-3 are likely not linked to dike emplacement, but possibly a response to tectonics.
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Figure 3.5 Detailed structural mapping of the region surrounding the unnamed Venusian volcano
VD-3. Yellow and pink lines show fracture networks oriented approximately E-W and NE-SW,
respectively. The blue box corresponds to the zoomed-in region shown in the bottom-left corner
of the figure. Green arrows in the inset box point to instances where the fractures superpose the
landslide scarps. Magellan SAR data, shown in an equirectangular projection and with radar
illumination from the left.

Indeed, landslides on the edifices we consider in this study could form in response to local
tectonic activity. For example, there is a large extensional system that extends ~125 km south of
VD-1 and VD-2. These extensional structures are oriented north—northwest and could have
triggered the collapsed margins located along the north—northeast edges of both VD-1 and VVD-2.
Similarly, VD-3 is located on the south edge of an extensional system ~600 km in length and ~200
km across that strikes northeast to southwest (Figure 3.5). The flat-topped summit of VD-3 is not

crosscut by any faults, but some of the landform’s landslide scarps are crossed by these faults—
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indicating that the extensional system predates VD-3 but that portions of the flanks collapsed
during or after fault slip (e.g., green arrows in Figure 3.5). We therefore posit that landslides on

the flanks VVD-3 could be directly driven by movement along these adjacent tectonic structures.

3.5.2 Sector Collapse Case Study: Vostrukha Mons on Venus and Socompa on
Earth

debris avalanche ,/collapse scar f landslide headwall

Figure 3.6 Comparative morphological analysis between Vostrukha Mons on Venus (a & b) and
Socompa Volcano in Argentina/Chile (¢ & d). Socompa imagery is from Google Earth (¢ & d).
Panels (b) and (d) show deformation structures associated with sector collapse and are transparent,
grey-scaled versions of panels (a) and (c), respectively. Magellan SAR data, shown in an
equirectangular projection and with radar illumination from the left; the Google Earth imagery is
in WGS84 geographic projection.
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We document a total of 37 Venus volcanoes that show evidence for having undergone a
sector collapse. Included in this subset is Vostrukha Mons, a ~180 km-diameter volcano situated
to the northeast of Phoebe Regio, and centered at 6.2°S, 60.6°W. Here, we focus on a ~15 km-
diameter edifice positioned at the summit of Vostrukha Mons that has had a sector collapse (Figure
3.6a). The southeast flank of the volcano has fallen apart leaving a ~four km-wide, horseshoe-
shaped collapse scar and a hummocky debris apron that extends up to 19 km away from the edifice
(Figure 3.6b).

Our Terran analogue to the collapsed volcano on Vostrukha Mons is Socompa, a 6 km-tall
composite Andean volcano that lies on the southwest margin of the Atacama basin, within the
borders of Argentina and Chile (Wadge et al., 1993; van Wyk de Vries et al., 2001) (Figure 3.6c).
Socompa hosts one of Earth’s largest sector collapses and is extremely well preserved, due to the
arid climate of the Atacama Desert (Wadge et al., 1993; van Wyk de Vries et al., 2001; Camiz et
al., 2013). Approximately 7.5 ka the northwest flank of Socompa collapsed, leaving a 12 km-wide
amphitheater and an associated debris avalanche that flowed a maximum distance of 40 km across
a flat plain to the northwest of the edifice (Francis et al., 1985; Wadge et al., 1993, van Wyk de
Vries et al., 2001) (Figure 3.6d).

Comparison Between Vostrukha Mons on Venus and Socompa on Earth:

Both Vostrukha Mons and Socompa exhibit morphological structures indicative of sector
collapse, including a horseshoe-shaped collapse scar and an associated debris avalanche (Figure
3.6b & 3.6d). The collapse mechanism at Socompa was initially attributed to magmatic activity
resulting in a Mount St. Helens-style lateral blast (Ramirez, 1988). More recently, the sector
collapse has been attributed to gravitational spreading over a failing substrate comprising gravels,

conglomerates, and ignimbrites (Wadge et al., 1993; van Wyk de Vries et al., 2001; Wooler et al.,
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2004). A similar style of precursory slow spreading that may eventually trigger a flank collapse

was also identified at Mombacho volcano in Nicaragua (van Wyk de Vries and Francis, 1997).
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Figure 3.7 Detailed structural mapping of the region surrounding Vostrukha Mons, Venus. The
yellow shaded region shows the extent of Dolya Tessera, and blue lines indicate a network of
normal faults oriented approximately NE-SW, respectively. The green box corresponds to the
zoomed-in region shown in the bottom-left corner of the main figure. Pink arrows point to general
area where the fractures appear to bend around the deformed edifice. Magellan SAR data, shown
in an equirectangular projection, and with radar illumination from the left.

On Venus, Vostrukha Mons is bounded to the west by Dolya Tessera, an ~ 1,100 km region
characterized by tesserae terrain which is comprised of numerous sets of intersecting tectonic
features (Bindschadler and Head, 1991; Ghent and Hansen, 1999). A mostly linear network of
normal faults surrounds Vostrukha Mons to the east, north, and south, and has an overall northeast-

to-southwest orientation (Figure 3.7). These faults extend several hundred kilometers beyond the
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edifice and appear to be deflected around the base of the edifice (pink arrows in Figure 3.7). A
similar “wristwatch-like” pattern was identified by Lopez et al. (2008) at a volcano from the
Magellan Volcano Catalog (Crumpler and Aubele 2000), centered at 21.6°N, 40.2°W, on Earth at
Mount Fantale in Ethiopia (van Wyk de Vries and Matela, 1998), and on Mars at Alba Patera
(McGovern et al., 2001). In extensional systems, these fracture patterns emerge as a result of
combined volcanic loading and lithospheric flexure (McGovern et al., 2001; Lopez et al., 2008),
suggesting that the weight of VVostrukha Mons may have downflexed the lithosphere in a manner
similar to volcano sagging (see section 3.5.4).

The sector collapse on the edifice atop Vostrukha Mons could be directly linked to these
regional scale rift zones, as rift zones can not only influence the lateral collapse direction, but can
also trigger edifice failure in the first place (Tibaldi et al., 2008). Field studies and modeling of
deformed volcanoes on Earth (e.g., Stromboli, Italy and Ollagie, Bolivia/Chile) show that lateral
collapse typically develops at an angle perpendicular to regional structures such as rift zones
(Siebert, 1984; Francis and Wells, 1988; Tibaldi, 1995; Tibaldi et al., 2008). Indeed, the lateral
collapse on the dome atop Vostrukha Mons is oriented northwest to southeast, making it
perpendicular to the regional rift zones that are aligned northeast to southwest (Figure 3.7).
Gravitational collapse could have been enabled by the volcanic substrates (e.g., volcanic plains
materials, ash deposits) dipping towards the rift, as is the case for the Stromboli and Ollague

volcanoes (Tibaldi et al., 2008, 2009).

3.5.3 Spreading Case Study: Unnamed volcano on Venus and Tharsis Tholus

on Mars
Volcano spreading occurs as a volcano grows; that growth exerts an increasing load on the

substrata and, if that supporting basement is sufficiently rigid, results in the outward spread of the

edifice, typically along a weaker substrate (Borgia et al., 2000; Marquez et al., 2008). We note
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only four examples of volcano spreading on Venus and, of those examples, three are volcanoes
<20 km in diameter. Here, we compare a small, unnamed volcano on Venus that exhibits structures

related to spreading with the Martian volcano Tharsis Tholus, situated within the Tharsis Rise.

e
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Figure 3.8 Comparative structural analysis between an unnamed volcano on Venus (a & b) and
Tharsis Tholus on Mars (¢ & d). The unnamed Venusian edifice is shown with Magellan SAR data
in an equirectangular projection and with radar illumination from the left (a); Tharsis Tholus is
shown with THEMIS Day-Infrared imagery (c). Panels (b) and (d) show deformation structures
associated with volcano spreading and are transparent, grey-scaled versions of panels (a) and (c),
respectively.
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On Venus, within the southeast quadrant of Artemis Corona and approximately centered
at 38.4°S, 135.7°E, is an unnamed volcano that has a basal diameter of ~12 km (Figure 3.8a). The
summit and portions of the SW flank appear to be dissected by normal faults and “leaf gaben,”
structures attributed to volcano spreading (Byrne et al., 2013, Borgia et al., 2000; van Wyk de
Vries and Borgia, 1996). Additionally, this volcano is bounded to the northeast and southwest by
an extensive network of normal faults that are oriented north to northwest (Figure 3.8b).

Our counterpart to the unnamed spreading volcano on Venus is Tharsis Tholus, located in
the east Tharsis region of Mars (Figure 3.8c). The volcano stands ~8 km tall, and has a basal
diameter of ~158 x 131 km, with a summit caldera complex about 48 km in diameter (Plescia,
2004; Platz et al., 2011). The flanks of Tharsis Tholus are broken into blocks by normal faults
(Crumpler et al., 1996), and have subsequently been embayed by lava flows (Plescia, 2003)
(Figure 3.8d).

Comparison of a Spreading Unnamed Volcano on Venus and Tharsis Tholus on Mars:

The flanks of both Tharsis Tholus on Mars and this unnamed Venusian edifice are cross-
cut by normal faults and “leaf graben” that indicate the flanks of both volcanoes have been
extended (Figure 3.8b & 3.8d). A spreading volcano exhibits extensional structures on its flanks,
such as edifice-radial normal faults and leaf graben, as well as shortening structures around its
base such as edifice-concentric folds and thrust faults (Holohan et al., 2023). Although both
edifices show evidence of extension on their flanks, neither obviously has shortening structures
around their bases. In the case of Tharsis Tholus, this apparent dearth of a basal thrust system could
be explained by the embayment of younger lava flows that cover the volcano’s lower slopes and

thus conceal a flexural rise, trough, or any attendant extensional structures surrounding the edifice
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(Borgia et al., 2000). However, the unnamed edifice on Venus is completely bound by rifts, with
no evidence of any shortening structures, concentric to the volcano or otherwise.

Volcano spreading is the result of gravity acting on an edifice decoupled from a rigid
basement, with movement enabled by a low-strength layer beneath the edifice (van Wyk de Vries
and Matela, 1998). For example, Mars’ Tharsis Tholus is hypothesized to be underlain by a low-
strength layer consisting of ice- or water-rich material (Plescia 2003), evaporates (Andrews-
Hanna, 2009), or phyllosilicates (McGovern et al., 2015); that such materials might be present
beneath Tharsis Tholus is evidenced by geological observations (Borgia et al., 2000; Plescia, 2003;
Holohan et al., 2023) and supported by analogue modeling (Platz et al., 2011). On Earth,
Nicaraguan volcanoes like Concepcidn and Maderas are underlain by weak, clay-rich sediments
that help enable horizontal spreading (Borgia et al., 2000). On Venus, there is little indication of
sedimentation given the lack of an eroding agent (e.g., water) and the seemingly limited aeolian
redistribution of impact generated dust (Arvidson et al., 1992). Thus, it may be that volcanoes on
Venus are mechanically attached, and therefore coupled, to their underlying basement. Such a
welded basal boundary condition is further evidenced by the absence of flank failures and
Hawaiian-style rift zones on large volcanoes (> 100 km in diameter) across Venus (McGovern and
Solomon 1998).

However, the unnamed volcano in our study, which is only ~12 km in diameter (compared
to the ~158 x 131 km diameter Tharsis Tholus), may appear to be basally welded but could be
detatched from the lithosphere, and underlain by a low-strength layer (e.g., ash deposits, layered
volcanic materials) that is acting as a slip surface and allowing for the outward spread of the
edifice. Researchers analyzing the morphology of volcanic flow features, as well as radar-bright

deposits across the surface of Venus, have identified numerous areas (e.g., Eistla and Dione
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Regiones) where pyroclastic materials are associated with volcanoes, coronae, or rift zones
(Keddie and Head, 1995; Ghail and Wilson, 2015; Campbell et al., 2017). Based on radar
properties, these pyroclastic materials could comprise coarse debris (e.g., small rock fragments)
and/or ash deposits, which would have created a thin veneer over the existing features at a depth
of tens of centimeters up to a few meters (Campbell et al., 2017). This lower-strength pyroclastic
layer might act as a basal detachment surface for volcanoes built on top to spread outward. Such a
scenario is similar to the spreading process that occurred at Mombacho volcano in Nicaragua,
which is built upon ignimbrites and marine flysch (Borgia et al., 2000). Although there is no
evidence of pyroclastic flows linked to the unnamed volcano analyzed in this study, it is possible
that the edifice could be built atop pyroclastic deposits that were buried by subsequent lava flows,
particularly since this volcano is located within Artemis Corona, which is associated with
considerable extrusive volcanism (Bannister and Hansen, 2010).

Alternatively, this unnamed volcano may actually be basally welded to the crust but
underlain by a less competent material (e.g., ash deposits or other layered volcanic materials) that
caused the edifice to spread outward, much like the process of “substratum spreading” described
by van Wyk de Vries and Matela (1998). Substratum spreading occurs when a basal, ductile layer
is coupled with the edifice and that ductile material is capable of dragging the volcano outward
because viscous forces in the layer exceed the failure strength of the overlying edifice (van Wyk
de Vries and Matela 1998; Lopez et al., 2008; McGovern et al., 2015). Here, ductile refers to
nonrecoverable strain accommodated by microfracturing; this deformation takes place at far too
low a temperature to permit crystal plastic processes.

On Venus, substratum spreading could plausibly occur if an edifice were basally welded

to a, say, volcanic plains material that is more competent than one of the numerous volcanic layers
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underneath (e.g., as a function of differing proportions of ashfall or variations in composition)
(Treiman, 2007). For the unnamed volcano in this study, it appears to be situated directly atop
volcanic flows that may be underlain by various deposits from the nearby Ceres, Bona, and
Miralaidji coronae, as well as numerous layers of volcanic plains materials (Bannister and Hansen,
2010). Should those now-buried layers be mechanically weaker than the overlying lava flows
because of composition, cohesion, or even from chemical weathering when the unit was exposed
to the atmosphere (Gilmore et al., 2023), it is possible that the edifice underwent some degree of
substratum spreading resulting in the formation of structures characteristic of volcano spreading,

such as edifice radial normal faults and leaf graben.

3.5.4 Sagging Case Study: Tepev Mons on Venus and Ascraeus Mons on Mars

Unlike numerous examples on Mars and Earth, very few volcanoes on Venus seem to
exhibit structures associated with volcano sagging. Nyx and Tepev Montes are two large Venusian
edifices located in the southwestern region of Bell Regio and centered at ~ 30°N, 46°E. Nyx Mons
is ~800 km in diameter and 5 km in height, and Tepev Mons is smaller at ~300 km in diameter,
but standing 6 km tall with two large calderas at the summit region (Figure 3.9a). Both volcanoes
exhibit peripheral circumferential graben (Rogers and Zuber, 1998; McGovern and Solomon,
1998) and pit crater chains (Campbell and Rogers, 1994; Rogers and Zuber, 1998). Tepev Mons
also displays flank terraces on the slopes of the eastern caldera, an observation to our knowledge
not reported before, as well as a circumferential, flexural moat along the northwest and northeast
quadrant of the edifice (Solomon and Head, 1990; McGovern and Solomon, 1992; Campbell and
Rogers, 1994). Here, we specifically focus on the morphology of Tepev Mons (Figure 3.9b) and

its similarities with the Martian volcano Ascraeus Mons.
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Figure 3.9 Comparative structural analysis between Tepev Mons on Venus (a & b) and Ascraeus
Mons on Mars (¢ & d). Tepev Mons is again shown with Magellan SAR data in an equirectangular
projection and with radar illumination from the left (a), and Ascraeus Mons is shown with
THEMIS Day-Infrared imagery (c). Panels (b) and (d) show deformation structures associated
with volcano sagging and are transparent, grey-scaled versions of panels (a) and (c), respectively.
Structures associated with Ascraeus Mons are from those mapped by Byrne et al. (2012).

The Tharsis rise is home to several giant Martian volcanoes including the tallest, Ascraeus
Mons, which has a summit 18.2 km above the surrounding plains. Ascraeus has a basal diameter
of ~ 375 km by 870 km, and has a volume of 1.1 x 108 km?® (Plescia, 2004) (Figure 3.9¢). The
Ascraeus summit hosts a prominent caldera complex (Zimbleman and Edgett, 1992). These
calderas are generally steep-sided, overlapping structures that have terraced walls and flat floors
(Crumpler et al., 1996). The flanks of Ascraeus Mons host pit crater chains oriented concentric to

the summit (Wyrick et al., 2004), and flank terraces on the mid flanks at all azimuths (Byrne et al.,
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2012). On the edge of the west and northwest flanks of Ascraeus Mons and into the northwest
plains are arcuate grabens oriented concentric to the volcano (Byrne et al., 2012) (Figure 3.9d).

Comparison of Tepev Mons on Venus and Ascraeus Mons on Mars:

Both Tepev and Ascraeus Montes exhibit several morphological structures characteristic
of volcano sagging, including flank terraces and concentric graben surrounding the edifice (Figure
3.9b & 3.9d). Flank terraces are well-documented as a structural indicator of volcano sagging
(McGovern and Solomon, 1993; Byrne et al., 2009; Byrne et al., 2012; Holohan et al., 2023) and
have been recognized on Earth (e.g., Galapagos and Hawaii) and on Mars (e.g., Elysium, Olympus,
and Ascraeus Montes), but have not yet been described on Venus. In our structural analysis of
Tepev Mons, we note these subtle fish scale like structures on the north, east, and south flanks of
the larger eastern caldera (Figure 3.9b). These structures, although fewer in number (n =12)
(possibly due to the low resolution of the Magellan SAR data), are comparable in planform shape
and location on the upper portion of the edifice to flank terraces documented on Ascraeus.

Both volcanoes also show evidence of extension surrounding their bases. A set of narrow graben
is situated 50-100 km north from the center of Tepev Mons, and additional, edifice-concentric
graben may be obscured by radar-bright lobate materials originating from Otafuku Tholi situated
to the southeast of Tepev Mons (Campbell and Campbell, 2002) (Figure 3.9a). These
deformational structures have been used to infer the thickness of the lithosphere at the time of
edifice formation. McGovern and Solomon (1993) used a flexural model and the position and
extent of the flexural moat to the north of Tepev Mons to calculate an elastic thickness of 10-20
km. This estimate is comparable to values derived by Anderson and Smrekar (2006) for all of Bell

Regio (the broader location of Tepev Mons), which ranges from 10 to 40 km.
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Like Tepev Mons, Ascraeus Mons also exhibits circumferential graben attributed to
lithospheric flexure (Comer et al., 1985) (Figure 3.9b & 3.9d). On the basis of their size and
distribution, Comer et al. (1985) used the graben to calculate an elastic lithosphere of thickness
~22 km beneath Ascraeus. With gravity—topography admittance spectra from the Mars Global
Surveyor spacecraft, McGovern et al. (2004) estimated the best-fit elastic thickness values at
Ascraeus Mons to range from 32 to 46 km. Likewise, analysis of a combination of gravity and
topography data from the Mars Express Orbiter and Mars Reconnaissance Orbiter missions
returned estimates of the elastic thickness at Ascraeus Mons of ~20-60 km, with best fits of <40
km (Beuthe et al., 2012).

Although specific deformational structures (e.g., flank terraces, edifice-concentric graben)
can indicate volcano sagging, we validated this interpretation by use of a dimensionless, semi-
quantitative parameter, ITsag, Which was proposed by Byrne et al. (2013) to provide an estimate for
whether a volcano’s basement would conceptually flex in response to the volcanic load. The ITsag
parameter relates the geometry and gravitational load of the edifice (modeled as a cone) to the
effective flexural rigidity of the basement (Byrne et al., 2013), and is defined as

_ (411 xpx gxR*x H*)(1—v?)
sag — (E x B3) '

The equation considers volcano height (H), volcano radius (R), the thickness of the brittle
lithosphere (B), the density of that lithosphere (p), surface gravitational acceleration (g), and
Young’s Modulus (E) and Poisson’s ratio (v) values appropriate to the likely composition of the
upper lithosphere (Byrne et al., 2013). Resulting I1sqg Values for Tepev and Ascraeus Montes are
given in Table 3.4.

Analogue models developed by Byrne et al., (2013) revealed two sagging architectures, an

end-member sagging regime and a hybrid sagging-spreading regime. Here, we focus on the end-
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member sagging regime, which occurs when the cone and its basement are coupled and deform
together as one unit. In this model, when 2.4 > IIsag > 0.017, the cone subsided within a trough
surrounded by a bulge, normal faults and fissures formed around the periphery of the cone, and

horizontal constriction of the cone resulted in flank terraces along the mid-to lower flanks (Byrne

etal., 2013).
Table 3.4
Parameters used to calculate Ilsag for Tepev and Ascraeus Montes
Parameter Symbol | Unit Tepev Mons (Venus) | Ascraeus Mons (Mars)
Cone height?® H m 5 x 10° 14.9 x 10°
Cone radius®® R m 1.1 x 10° 3 x10°
Brittle lithosphere min: 1.0 x 10* min: 2.0 x 10*
thickness® ¢& B m
max: 4.0 x 10* max: 10.5 x 10*
Density?® P kg.m™ 3.0 x 10° 2.6 x 10°
Grawtatlpnal g m.s 8.87 3.71
acceleration
Young’s Modulus™® E Pa 1 x 10 1 x 10
Poisson’s ratio”® v - 3.3x10* 2.5x 107
Saqaing parameter? 1 i min: 0.005 min: 0.006
gaing p sag max: 0.295 max: 0.928

Beuthe et al. (2012). °Belleguic et al. (2005). “McGovern and Solomon (1993). %Plescia (2004).
®Rogers and Zuber (1998). 'Solomon and Head (1990). 9The sagging parameter relates the
geometry and gravitational load of the edifice (modeled as a cone) to the effective flexural
rigidity of the basement (Byrne et al., 2013).

The modeled end-member sagging architecture closely aligns with deformational
structures on Tepev and Ascraeus Montes, consistent with the interpretation that both edifices lack
an effective basal decoupling (Byrne et al., 2013). On Venus, this lack of decoupling may be
attributed to the basal welded boundary conditions at many volcanoes (McGovern and Solomon,
1998), allowing the edifice and basement to deform as one mechanical unit. For Tepev Mons, I1sag
~ (0.005-0.295 (Table 3.4), with I1sag increasing as brittle lithospheric thickness (B) decreases. If

we assume B values ranging from 10 km to 26 km (c.f., McGovern and Solomon, 1993), I1sag
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values fall exactly within the modeled range for end-member sagging (2.4 > Ilsag > 0.017), and
this process could account for the edifice-concentric graben and flank terraces associated with
Tepev Mons (Byrne et al., 2013). Volcano sagging at Ascraeus Mons has been well studied through
detailed structural mapping and analogue modeling (e.g., Byrne et al., 2009; 2012; 2013). We
calculate Ilsag =~ 0.006-0.928 at Ascraeus Mons, which also agrees with expected sagging if we
assume a B value of 2075 km.

Estimates for the thickness of the brittle lithosphere beneath Ascraeus Mons are generally
greater than for Tepev Mons (Table 3.4), and Ascraeus has a volume of 1.1 x 10° km?® (Plescia,
2004), two orders of magnitude larger than the volume of Tepev, 6.4 x 10* km?3 (Hahn and Byrne,
2023a). If Tepev Mons has indeed downflexed its basement, then it appears that comparatively
small volcanoes on Venus are capable of downflexing their supporting basement. This finding is
likely linked to the relatively thin upper brittle lithosphere on Venus (Ghail 2015; James et al.,
2013), which is probably capable of downflexing more readily than the thick brittle lithosphere on
Mars (Belleguic et al., 2005)—allowing comparatively smaller-sized volcanoes on Venus to sag
despite the higher surface gravity on Venus (8.9 m/s?) compared to Mars (3.8 m/s?).

The formation of the large volcanoes and extensive igneous activity in the Tharsis region
is commonly linked to mantle plumes (Carr, 1974; Kiefer and Hager, 1989; Mege and Masson,
1996; McKenzie et al., 2002; Roberts and Zhong, 2004, 2006; Belleguic et al., 2005; Plesa et al.,
2018). Whether the plume is currently active (Plesa et al., 2018) or not (Roberts and Zhong 2004,
2006), at some point the weight of Ascraeus Mons exceeded the yield strength of the supporting
basement, which began to bend. Similar to the proposed lithospheric flexure hypothesis for Tepev
and Nyx Montes (Smrekar, 1994), the Tharsis region (and thus Ascraeus Mons) may no longer be

dynamically supported by a plume at depth (Spohn et al., 2001). Alternatively, Ascraeus Mons
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may have simply begun sagging as a viscoelastic response to the increasing size of the edifice
(Byrne et al., 2012), perhaps coupled with an ice-saturated and thus weakened Martian crust, with

some bending resulting from pressure- and thermal melting (Murray et al., 2010).

3.6 Conclusions

With Magellan SAR imagery, we have identified 162 volcanoes that have undergone
gravitational deformation and classified them into four main categories: landsliding, sector
collapse, spreading, and sagging. VVolcanoes exhibiting signs of landslides or sector collapse are
most common across Venus, comprising cumulatively 54.5% of our dataset, whereas volcanoes
showing evidence for spreading or sagging comprise only ~5% of our dataset. The remaining
volcanoes in our dataset (40.5%) are classified as indeterminate, which includes remnant edifices,
volcanoes that exhibit structures associated with more than one main deformational category, or
deformed volcanoes that are too difficult to unequivocally classify with Magellan SAR data.
Deformed volcanoes are distributed globally, are found spatially proximal to a variety of tectonic
structures, and are associated with various crustal thicknesses and at a range of elevations,
suggesting that there are numerous drivers of deformation on Venus. Through comparative
analysis of deformed volcanoes on Earth and Mars, we can gain further insight into the
mechanisms of volcano gravitational deformation on Venus.

Through detailed analysis of several seamounts on Earth and steep-sided, flat-topped
volcanoes on Venus (which we here term VD-1-3), we propose that volcanoes on Venus could
deform in a manner similar to the Taney Seamounts (T-A-C) on Earth. The low heights and
relative elevations of the Venusian volcanoes suggests that flank rift zones were unable to form.
Instead, we contend that VD-1-3 probably deformed in response to over steepening during

episodic growth or as a result of activity associated with nearby extensional structures.
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Analysis of Vostrukha Mons on Venus and Socompa volcano on Earth reveals similar
structures associated with sector collapse. Although deformational structures are morphologically
comparable at each edifice, the collapse mechanisms are probably different: volcano spreading
likely triggered the collapse at Socompa, whereas tectonic stresses external to the volcano drove
the collapse at Vostrukha Mons. We hypothesize that a regional-scale rift zone located adjacent to
Vostrukha Mons triggered the flank collapse via fault slip and dike emplacement, possibly
augmented by the effect of dipping substrata associated with the rift zone itself.

Although spreading volcanoes are common on Earth and have even been documented on
Mars, this type of deformation is relatively rare on Venus—Dbut not entirely absent. VVolcanoes on
Venus have been hypothesized to be basally welded to their underlying basement (McGovern and
Solomon, 1998; McGovern et al., 2015), yet they could be welded to a thin but mechanically strong
layer that itself is underpinned by a less competent material, a combination that results in a sort of
“substratum spreading” (van Wyk de Vries and Matela, 1998; Lopez et al., 2008; McGovern et al.,
2015) that leads to the outward spread of the edifice. Alternatively, some volcanoes on Venus may
not be directly coupled to their basement but could be built atop weaker pyroclastic and/or ash
deposits that act as a slip surface that enables spreading. It is further possible that both scenarios
apply to volcanoes on Venus.

We note only four instances of volcanoes sagging on Venus. It is conceivable that there are
additional volcanoes that exhibit sagging structures, but the relatively low resolution and poor
signal-to-noise ratio of the Magellan SAR data prevents the identification of these structures,
which are most easily identified with high-resolution topographic data (Byrne et al., 2009). In any

case, despite substantial differences in their sizes, Tepev Mons on Venus, and Ascraeus Mons on
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Mars share similar morphological structures associated with volcano sagging, and are likely both
downflexing their underlying lithosphere.

Higher-resolution radar imagery and topographic data from future missions, such as
NASA’s VERITAS mission (Smrekar et al., 2022) and ESA’s EnVision mission (Ghail et al.,
2018), will improve our ability to identify structures associated with volcano deformation across
Venus, particularly subtle features such as flank terraces. Furthermore, we note many similarities
in the morphology of different styles of volcano deformation at volcanoes on Venus compared
with volcanoes and seamounts on Earth and edifices on Mars. Such higher-resolution data of
deformed volcanoes on Venus will help us better understand the mechanisms contributing to
different styles of deformation on the planet, and how they resemble or differ from styles of

volcano deformation on Earth and Mars.
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Chapter 4
Kernel Density Analysis for Predicting the
Locations of Future Volcano Formation on
Venus

Abstract

The surface of Venus appears to be geologically young and until recently it was unknown
whether or not the planet was geologically active. Following the recent discovery of ongoing
volcanic activity on Venus, efforts have been made to locate other regions across the planet that
might also be geologically active. In this study, we use kernel density analysis as a method for
predicting the possible locations of future volcano formation across nine Venusian topographic
rises, and nine volcanic fields based on the distribution of past volcanoes. Additionally, we
enhance the resulting volcano-formation probability maps with geological information related to
the locations of recent volcanism from thermal and radar emissivity studies, edifice alignments,
and areas with high spatial density of volcanoes. We note that Atla, Imdr, Dione, and Themis
Regiones have high emissivity values consistent with recent volcanism, and six of the nine
topographic rises have high-volcano-spatial-density regions where there are approximately ten
volcanoes per square kilometer. Furthermore, we note that all 18 study regions have at least one
dominant orientation of volcanoes and 17 study regions have high-volcano-spatial-density regions
co-located with dominant vent alignments. These regions may indicate areas of magma generation

and/or preferred magma pathways to the surface. Volcano formation probability maps developed
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in this study can be used to identify regions that are statistically likely to host new edifice formation

across Venus, and can be verified by future missions.

4.1 Introduction

The recent discovery of active volcanism on Venus (Herrick and Hensley, 2023) has fueled
the search for additional evidence for such activity, with a particular emphasis on regions predicted
to correspond to mantle upwellings based on geological and geophysical data (Smrekar, 1994;
Stofan et al., 1995). Kernel density estimation (KDE) is a non-parametric density estimation tool
(Silverman 1986) that has been extensively used on Earth as a method for predicting the probable
location of future volcanic events based on observations of past such events (Connor & Connor,
2009; Germa et al., 2013; Bevilacqua et al., 2015; Bartolini et al., 2015; Galindo et al., 2016;
Mazzarini et al., 2016; Tadini et al., 2017). The output of KDE is an areal density map that
highlights regions with an increased probability of future vent formation given the spatial
distribution of existing volcanic constructs (Conner et al., 2018). Here, a “vent” may refer to a
discrete edifice with positive topography, or a volcanic fissure from which magma erupts. These
volcano spatial density maps, often called vent opening probability maps, volcano formation
probability maps, or susceptibility maps, may also incorporate additional geophysical and
structural information such as gravity anomalies, maps of eruptive fissures, dikes, and faults, etc.
(Conner et al., 2000; Cappello et al., 2012; Bartolini et al., 2013; Galindo et al., 2016) to make
more robust predictions.

On Earth, vent opening probability maps are typically developed to forecast and mitigate
potential hazards such as effusive lava flows or pyroclastic density currents (Connor and Connor,

2009; Bartolini et al., 2013; Bertin et al., 2019). For example, Cappello et al. (2012) utilized KDE
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Figure 4.1: Vent opening probability map for Mount Etna, Italy. Approximate locations of new
vent fissures that formed from 2013 to 2024 are shown as pink circles. Map is adapted from
Cappello et al. (2012). Basemap is ESRI World Topographic Map and Hillshade.

paired with statistical analysis of structural features linked to flank eruptions, such as fissures,
dikes, and faults, from the last 2,000 years to develop a vent opening probability map at Mount
Etna, a basaltic volcano on the lonian coast of Sicily, Italy. The resulting vent opening probability
map identified a N-S aligned region that passes through the central summit craters of Etna as the

highest likelihood area for future vent formation (Cappello et al., 2012) (Figure 4.1). Since 2013,
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the Smithsonian Institution's Global Volcanism Program (GVP) database (Global Volcanism
Program, 2013) has documented the formation of ten new vent fissures at Mount Etna. Of these
newly formed vents, 80% (8/10) are within the highest probability regions for new vent formation
developed for Mount Etna by Cappello et al. (2012), and the remaining 20% (2/10) of vents are
just outside this region, but well within the bounds of prediction for a future event (Figure 4.1).
Indeed, the kernel density and statistical analysis developed by Cappello et al. (2012) accurately
forecasted the locations of new vent eruptions at Mount Etna over the last decade, validating this
approach for delineating the most likely regions to search for future volcanic constructs.

In our study, we use KDE to identify regions on Venus that are most likely to host new
eruptive, cone-building activity on the basis of the locations of existing constructs from our global
catalog of volcanoes on Venus (Hahn and Byrne, 2023). Our database contains the locations of
over 85,000 edifices across the planet, and includes detailed morphological data for volcanoes >5
km in diameter (Hahn and Byrne, 2023). Here, we exclusively consider volcanoes and not fissures
because our global catalog only documents instances of discrete edifices with positive topography,
and does not include the delineation of any possible fissures. Specifically, we focus on volcanoes
<20 km in diameter that are associated with nine topographic rises, and nine volcanic fields from
our global catalog (Hahn and Byrne, 2023).

The KDE technique is only suitable for developing vent opening probability maps
associated with volcanoes that have a single eruptive episode (i.e., monogenetic) (e.g., Germa et
al., 2013; Bartolini et al., 2015; Bebbington, 2015; Mazzarini et al., 2016; Schmidt et al., 2022),
or with vents (e.g., parasitic cones or vent fissures) forming on the flanks of a larger volcano (e.g.,
Mount Fuji, Japan) (Cappello et al., 2012; Zuccarello et al., 2023). Importantly, the KDE method

cannot be used to predict when a polygenetic volcano, typically a large edifice that has experienced
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a history of several eruptive episodes from a single eruptive vent (e.g., Volcan de Colima, Mexico)
(de Silva and Lindsay, 2015), will erupt again.

The application of KDE assumes that the past pattern of volcano formation is controlled
by the same tectonic and/or magmatic mechanisms that govern future cone-building events
(Connor et al., 2018). Here, we also search for preferred orientations of volcanoes at each study
site by conducting volcano-alignment analyses. The spatial arrangement of volcanoes provides
information on the local stress field at the time of eruption, and may even offer insight into the
presence and scale of eruptive fissures and/or lithospheric-scale fracture systems, information that
can in turn be incorporated into subsequent eruptive probability maps (Galindo et al., 2016).

The goal of this study is to develop a series of volcano formation probability maps at
candidate hotspot regions (e.g., Alpha and Beta Regiones (Smrekar, 1994)) and volcanic fields
across Venus to facilitate the identification of areas that are statistically likely to see new edifices
form. These maps can be used to inform plans by future missions to Venus such as NASA’s
VERITAS (Smrekar et al., 2022) and ESA’s EnVision (Ghail et al., 2018) to search for new

volcanic eruptive events on Venus.

4.1.1 Study Sites

Two distinct styles of volcanic center may be present on Venus: those linked to a
productive shallow magma reservoir fed from a deeper seated mantle source (e.g., large volcanoes
and coronae at topographic rises), and those forming from melt sources with supply rates too low
to support the formation of shallow magma reservoirs (e, g., volcanic fields) (Head et al., 1992;
Crumpler et al., 1997). By analyzing edifices associated with both topographic rises and volcanic

fields, we are including all end-member styles of volcanism within our predictive analysis.
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Figure 4.2: Global map detailing the polygon boundaries developed for each of the nine

topographic rises and nine volcanic fields in this analysis. Basemap is Magellan FMAP left- and
right-look global mosaics. The map is in Robinson projection, centered at 0°E.

Topographic Rises

Topographic rises on Venus are characterized by their broad domical shape, and have
diameters on the order of 1,000-2,000 km, extensive volcanism, positive geoid anomalies, and
widespread rifts, which suggest that these regions are underlain by mantle upwellings (Smrekar,
1994; Stofan et al., 1995; Smrekar and Sotin, 2012; Smrekar et al., 2018). For this study, we
selected nine topographic rises linked to mantle upwellings: Atla, Bell, Beta, Dione, Eistla (central
and western), Imdr, Laufey, and Themis Regiones (Basilevsky et al., 1986; Kiefer and Hager,
1991; Senske et al., 1992; Smrekar, 1994; Stofan et al., 1995; Smrekar et al., 1997; Brian et al.,

2004) (Figure 4.2). We specifically focused on regions linked to mantle upwellings because
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extensive volcanism in these areas is common and well documented (Stofan et al., 1995, 1997;
Stofan and Smrekar, 2005; lvanov and Head, 2013). Furthermore, large volcanoes and coronae at
several of these rises (e.g., Imdr, and Themis Regiones) have been proposed to be active
geologically recently based on anomalously high thermal emissivity values derived from the
Visible and Infrared Thermal Imaging Spectrometer (VIRTIS) on ESA’s Venus Express spacecraft

(Smrekar et al., 2010; Stofan et al., 2016).

Table 4.1.
Study Site Properties: Topographic Rises
Number of

Topographic Rise Length (km) Width (km) Area (km?) volcanoes (<20

km in diameter)
Atla®? 3000 2300 5,491,858 594
Bell?¢ 1700 1400 1,843,009 109
Beta®® 2500 1800 3,739,225 437
Central Eistla®f 2000 1700 2,817,559 717
Dione? 2600 1100 2,540,578 909
Imdr? 1450 1200 1,172,791 381
Laufey" 2600 1200 2,678,242 495
Themis" 2700 2500 5,871,944 527
Western Eistla*® 3000 2000 4,436,803 1399

aStofan et al., (1995). °Philips, (1994). cCampbell and Rogers, (1994). “Basilevsky and Head, (2007).
¢Senske et al., (1992). 'Smrekar and Stofan, (1999). 9Keddie and Head, (1995). "Brian et al., (2004).
iStofan et al., (2016). 'Kappel et al., 2016.

We delineated each topographic rise by generating 100 km-contour lines from the
Magellan global altimetry dataset (Ford, 1992) and extracting that contour which fully
encompassed the regional topographic high broadly corresponding to each study site. To ensure
accuracy, we also consulted previous research that described the approximate dimensions of each
of the nine regions (Table 4.1).

Atla Regio:
Atla Regio is located in the western hemisphere of Venus and is approximately centered

on the equator, ranging in size from 1,200 x 1,600 km (Stofan et al, 1995) to 2,500 x 2,500 km
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(Philips, 1994). A broad topographic rise that reaches an elevation of 3 km above the surrounding
plains (Senske et al., 1992), Atla is part of the approximately triangular Beta—Atla—Themis (BAT)
region, an area known for its relatively enhanced volcanism and extensive rifting (Airey et al.,
2017; Crumpler et al., 1997). Numerous large volcanic centers such Maat Mons, where recent
volcanic activity was discovered (Herrick and Hensely, 2023), Ozza Mons, and Ongwuti Mons
(Basilevsky, 1993; Bilali et al., 2023), are found within Atla Regio, along with five major rift zones
including Ganis, Dali, and Parga Chasmata (Senske et al., 1995; Bilali et al., 2023).

Bell Regio:

Bell Regio is an approximately 1,500 km-diameter topographic rise that spans Venus 18°—
42° N to 32°-58° E (Campbell and Rogers, 1994). Unlike many of the other highland regions on
Venus (e.g., Atla and Beta Regiones), Bell Regio is not dissected by large-scale rift zones (Rogers
and Zuber, 1998). However, much like the other topographic rises discussed in this paper, Bell
Regio boasts several large volcanoes such as Nyx and Tepev Montes, as well as the 370 km-
diameter Nefertiti corona (Campbell and Rogers, 1994).

Beta Regio:

Located in the northern mid-Ilatitudes, Beta Regio is a topographic rise that extends 2,000
km x 2,500 km in diameter, and rises >5 km above mean planetary radius (6,051 km) (Stofan et
al., 1989; Basilevsky and Head, 2007). Like Atla, Beta Regio makes up one “vertex” of the BAT
region and is dominated by volcanism and extensive rifting, too (Stofan et al., 1989). Two large
shield volcanoes, Theia and Rhea Montes (Campbell et al., 1984), are situated in the approximate
center of Beta Regio and are bisected by the N-S trending Devana Chasma, a deep, a ~160 km-

wide tectonic rift that extends through the rise (Basilevsky and Head, 2007).
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Dione Regio:

Dione Regio is an oval-shaped area located in the southern hemisphere of Venus and
occupies a region 1,200 km x 2,700 km in extent (Keddie and Head, 1995). Three large edifices,
Ushas, Innini, and Hathor Montes, are aligned N-S in the central portion of Dione, and a fourth,
Nepthys Mons, is located in the western portion of the rise (Keddie and Head, 1995). Recent
evaluation of radar-bright deposits at Hathor and Innini Montes (Campbell et al., 2017), as well as
assessment of VIRTIS-derived emissivity anomalies (Smrekar et al., 2010), suggest that volcanism
at these two volcanoes could be relatively recent.

Central Eistla Regio:

Situated to the southeast of Ishtar Terra, Eistla Regio is an extensive highland region over
8,000 km in diameter, and comprises three discrete topographic rises (Senske et al., 1992). We
focus on the central and western highland regions within Eistla Regio. Central Eistla Regio
measures ~1,200 km in diameter and was classified as a corona-dominated topographic rise by
Stofan et al. (2005). Two volcanoes, Irnini and Anala Montes are located within Central Eistla,
and were interpreted as shield volcanoes by some researchers (e.g., Solomon et al., 1992, McGill,
1994) but were also proposed to be more similar to coronae based on their corona-like summit
features (Stofan et al., 2005).

Western Eistla Regio:

To the west of Central Eistla is Western Eistla Regio, a region measuring ~3,200 km x
2,000 km in area (Senske et al., 1992). Western Eistla is classified as a volcano-dominated
topographic rise (Stofan et al., 1995), and contains two large edifices, Sif and Gula Montes, and

Idem-Kuv, a 250 km diameter corona (Senske et al., 1992). Additionally, a rift system, Guor Linea,
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extends ~850 km from the southeast flank of Gula Mons (Grimm and Philips, 1992; Solomon et
al., 1992).
Imdr Regio:

Imdr Regio is situated in the southwest quadrant of the planet and has a diameter of ~ 1200
km x1400 km and a height of 1.6 km above the surrounding plains (Stofan et al., 1995). Idunn
Mons, Imdr Regio’s only large edifice, measures 200 km in diameter and is thought to be
geologically recently active based on high emissivity anomaly measurements from ESA’s VIRTIS
instrument (Smrekar et al., 2010; D’Innecco et al., 2017, 2021). Like many of the other topographic
rises, Imdr Regio also hosts a rift zone, Olapa Chasma, a NW-SE-trending rift that extends from
the NW edge of Imdr down to the SE portion, where it intersects with Idunn Mons (D'Incecco et
al. 2020).

Laufey Regio:

Positioned within Navka Planitia, Laufey Regio is a 0.5 km-tall topographic rise that is
ovular in shape and has an area of ~2,000 km by 1,000 km. (Brian et al., 2004). Three large
volcanoes, Var, Atanua, and Tuli Montes, and two coronae, Hulda and Madderakka, are situated
within Laufey. Several sets of small fracture belts are located near the summit of VVar Mons, with
a large-scale rift system, Nang-byon Chasma, extending ~400 km north from the center of Var
(Brian et al., 2004).

Themis Regio:

Themis Regio is a broad rise standing 0.5 km tall and measuring approximately 2,300 km
x 1,700 km in span (Stofan et al., 2016). Themis is located at the southern edge of Parga Chasma,
a system of rifts that extends ~8,000 km towards Atla Regio (Senke et al., 1991; Stofan et al.,

1992), and is occupied by thirteen coronae and six volcanoes with diameters >50 km, along with
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numerous smaller shields (Stofan et al., 2016). As is the case at Dione and Imdr Regiones,
anomalously high emissivity values associated with volcanoes such as Mielikki and Chloris
Montes in Themis, as well as gravity data and geologic mapping, suggest that the region is a

currently active mantle upwelling (Stofan et al., 2010, 2016).

Volcanic Fields

Table 4.2.
Study Site Properties: Volcanic Fields

Number of

Volcanic Fields? Length (km) Width (km) Area (km?) volcanoes (<20 km

in diameter)
VF1 1500 1200 1,023,862 82
VF2 1500 1400 1,415,164 374
VF3 1500 900 957,975 233
VF4 1200 800 555,507 267
VF5 2500 1500 2,871,177 1162
VF6 700 500 347,641 116
VF7 1400 1300 1,278,144 1244
VF8 2000 13000 2,071,930 1807
VF9 1400 1000 760,702 513

2Hahn and Byrne (2023).

On Venus, localized concentrations of relatively small (<20 km in diameter) volcanoes are
referred to as “shield fields” (Aubele & Slyuta, 1990; Crumpler & Aubele, 2000; Ivanov & Head,
2004; Kreslavsky & Head, 1999). They are the equivalent to volcanic fields on Earth, and may
contain tens to hundreds of small-volume (<1 km3), generally mafic volcanoes that are assumed to
be the result of individual short-lived eruptive events lasting a month to several years (Connor and
Conway, 2000). Examples of volcanic fields on Earth include the Abu monogenetic volcano group
in Japan and the Snake River Plain in Idaho, USA (Kiyosugi et al., 2010; Morgan & Mclntosh,
2005). For this study, we used a dataset volcanic fields from our global catalog (Hahn & Byrne,
2023), which contains the polygon boundary of 566 volcanic fields across Venus. Fields were

filtered to remove any that intersected the nine topographic rises, and any smaller than 500 km in
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diameter to ensure analysis was completed on volcanic fields comparable in size to the topographic
rises (Tables 4.1 & 4.2). Of the remaining volcanic fields, nine were randomly selected for this

analysis (Figure 4.2).

4.2 Methods

4.2.1 Kernel Density Estimation

In the ESRI ArcGIS Pro 3.0 environment, we used our global catalog of volcanoes on
Venus (Hahn and Byrne, 2023) to extract all volcanoes <20 km in diameter contained by the
boundary for each of the 18 study sites. In this analysis, we focus on relatively small volcanoes
(i.e., those <20 km in diameter) that are likely monogenetic and erupt only a single time for kernel
density analysis.

Two parts make up the kernel density function: the probability density function (PDF) and
the bandwidth or smoothing parameter (Cafidon-Tapia and Mendoza-Borunda, 2014). Based on the
bandwidth and the shape of the kernel (Kiyosugi et al., 2010), the PDF spreads probability away
from the event (i.e., the volcano). The bandwidth value directly impacts the smoothness of the
resulting density plot. A small bandwidth value or smoothing parameter will focus the probability
close to the locations of the mapped volcanoes, whereas a larger value will distribute the
probability more broadly. For this analysis, we employed the “sum of the asymptotic mean square
error” (SAMSE) (Duong and Hazelton, 2003) optimized bandwidth algorithm, which has been
commonly used to develop vent opening probability maps on Earth (Germa et al., 2013; Connor
et al., 2018; Schmidt et al., 2022). Optimized bandwidth algorithms reduce the subjectivity of the
user arbitrarily selecting a bandwidth value, and instead give an unbiased estimate of bandwidth

elements based on distances between neighboring events (again, in this case, volcanoes).
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Furthermore, the SAMSE algorithm generates an elliptical kernel (described by the matrix
parameter H) instead of the more common circular kernel (e.g., Weller et al., 2006; Canon-Tapia,
2013). Elliptical kernels are more sensitive to structural/tectonic controls on volcano distribution
and alignment (Kiyosugi et al., 2010; Connor et al., 2018). We employed a two-dimensional,
direction-varying elliptical kernel bandwidth to calculate the spatial variation in density, A(s), at

each grid point (s). which is given (Wand and Jones 1993, 1994) by:

A(s) ! ﬁ: [ 1#4
§)= —— exp|—=
2 \[|H| & -

where,
b=H7d.
The elliptical kernel bandwidth, described here by the matrix parameter H, is a 2 x 2

1
element matrix, |H| is the determinant of H, and H 2 is the inverse of the square root of H. The

total number of volcanoes is given by N. The variable d is a 1 x 2 distance matrix that describes

the N-S and E-W distance from s to each vent location, b is the cross product of d and I-I"é, and
b7 is the transform of b. Therefore, the spatial intensity at a given point is calculated by applying
the Gaussian kernel function using the distance to each volcano, smoothing the intensity as
specified by the bandwidth (in this case, the SAMSE-derived bandwidth values), and then
summing each volcano’s contribution to the intensity estimation (Germa et al., 2013). The
resulting maps of volcano spatial density reveal areas with both higher and lower concentrations
of volcanoes, which can also be interpreted as regions of highest and lowest probability of new
volcano formation. Regions with the highest concentrations of volcanoes, and also the highest
probability for future cone-building events (i.e., high-volcano-spatial-density regions), can then be

extracted as possible regions of interest.
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Uncertainty in Kernel Density Analysis

Several assumptions underpin, and sources of uncertainty exist, in spatial density estimates.
For this analysis, we must explicitly assume that the tectonic and/or magmatic factors controlling
future volcano formation are the same processes that governed volcano formation in the past.
Furthermore, these processes are operating in a steady-state, so the past pattern of volcanic activity
is representative of future activity (c.f., Connor et al., 2015; 2018).

Uncertainties in KDE can stem from parameters such as the bandwidth estimate and the
volcano locations (Connor and Connor, 2009; Connor et al., 2018). Here, we sought to minimize
uncertainty arising from bandwidth selection by employing a bandwidth optimization algorithm
that uses a data-driven approach to identifying the ideal bandwidth value. The SAMSE algorithm
is particularly sensitive to individual volcano locations and as a result may obscure fine-scale
structure by underfitting the data (Bebbington, 2015; Connor et al., 2018) and producing a
smoother (less clustered) volcano spatial density map. For our purposes, a smoother map is
acceptable, as our objective is to identify the general areas where we expect to see future volcanoes
to form in a field, based on the locations of existing cones, which can then be tested by upcoming
missions to Venus. Furthermore, our global catalog was developed using the Magellan SAR FMAP
(full-resolution radar map) left- and right-look global mosaics, which has a resolution of 75 m-per-
pixel (75 m/px) (Pettengill, 1991). Due to the relatively coarse nature of these datasets, it is difficult
to identify small volcanoes (<1 km in diameter), and as such these smaller edifices are not included
in our global catalog, and are therefore not incorporated into any KDEs. Future missions to VVenus
(e.g., VERITAS) will collect higher resolution SAR data, which may reveal volcanoes smaller

than 1 km in diameter. These edifices may be newly formed volcanoes, or they may have formed
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prior to the Magellan mission, but were too small to reliable resolve with the Magellan SAR
datasets. Due to these resolution constraints, we propose that volcano formation maps developed

in this study are only accurate for predicting the locations of future volcanoes >1 km in diameter.
4.2.2 Volcano Alignment Analysis

Volcano alignment analysis has been widely used to search for preferred orientations of
clusters of shield volcanoes on Earth (Connor et al., 1992; Cebria et al., 2011; Roberts et al., 2011)
and on other planets (Bleacher et al., 2009; Richardson et al., 2013, 2021; Thomson and Lang,
2016). Alignments of edifices can be attributed to the effects of magma source geometry, the
regional tectonic stress field, pre-existing structures in the lithosphere (e.g., faults or fractures), or
changes in the local stress field, and are a useful tool in understanding the relationships between
the location of a given volcano and the geometry of the underlying magma plumbing system (Le
Corvec et al., 2013; Tadini et al., 2014).

Here, we used the two-point azimuth approach (Lutz, 1986; Wadge and Cross, 1988, 1989;
Cebria et al., 2011) to search for and identify any preferred orientations of volcanoes <20 km in
diameter at each of the 18 study sites. This analysis was conducted with MATLAB R2022a. For
each study site, the latitude and longitude of each volcano <20 km in diameter was imported and
the geodesic distance (using the Venus reference ellipsoid) and azimuth from each volcano to
every other volcano was calculated to measure the length and orientation of all lines connecting
each edifice. Duplicate instances of distance and azimuth were removed.

Cebria et al. (2011) found that on Earth, eruptive centers are more closely related to nearby
volcanoes rather than further edifices because lines that connect long distance volcanoes will be
oriented along the major axis direction of the volcanic field itself, whereas proximal vents are more
likely to have related crustal ascent pathways. Through Monte Carlo modeling and skewness
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analysis of the Michoacan-Guanajuato volcanic field in Mexico and the Calatrava volcanic field
in Spain, Cebria et al. (2011) noted that dominant orientations between volcanoes are more easily
revealed when only considering edifices connected at shorter distances (i.e., along the same
fracture). Therefore, to identify alignments between volcanoes proximal to one another, Cebria et
al. (2011) chose to only include two-point azimuths that met a critical value of less than one-third
the mean length of all inter-volcano line segments.

Here, we adopted the method of Cebria et al. (2011) and filtered out any azimuth values
greater than the critical value calculated at each study site (see Appendix A.3 for critical values
calculated for each study site). This part of our study resulted in 18 polar histograms (one for each

site) detailing the orientations of volcanoes <20 km in diameter within each region.

4.3 Results
Table 4.3.
SAMSE Kernel Properties: Topographic Rises
Smoothing Smoothing higljﬂg'zs\%égno
Topographic Rise distance distance Orientation® density region
N=S (km)® E-W (km)* (volcanoes/ km?)P
Atla 2.55 2.36 NNW 2.97
Bell 1.79 1.15 NNE 6.87
Beta 2.51 2.08 NNW 3.50
Central Eistla 1.61 1.40 NNW 13.62
Dione 1.66 1.33 NNW 9.09
Imdr 0.90 1.52 NNW 11.24
Laufey 1.41 2.04 NNW 7.43
Themis 2.32 3.27 NNW 2.42
Western Eistla 151 1.89 NNW 11.19

aThe smoothing distance refers to the length and width (km) of the elliptical kernel for each study site,
and the orientation describes the strike of the major axis of each kernel ellipse.

bThe intensity corresponds to the number of volcanoes per square kilometer in the highest volcano
density region (e.g., the 25" percentile region) for each study site.

141



Table 4.4.
SAMSE Kernel Properties: Volcanic Fields
Smoothing Smoothing hi Izzesr,gs\'/zé;‘no
Volcanic Field distance distance Orientation? dgnsity region
N=S (km)* E-W (km)* (volcanoes/ km?)P
VF1 0.76 1.23 NNW 2.31
VF2 0.77 0.65 NNW 7.34
VF3 0.73 1.08 NNW 412
VF4 0.65 0.85 NNW 7.18
VF5 0.88 1.23 NNW 6.19
VF6 3.79 0.29 NNE 2.07
VF7 0.55 0.68 NNE 18.77
VF8 0.71 0.89 NNW 12.41
VF9 0.42 7.55 NNE 2.42
aThe smoothing distance refers to the length and width (km) of the elliptical kernel for each study site,
and the orientation describes the strike of the major axis of each kernel ellipse.
®The intensity corresponds to the number of volcanoes per square kilometer in the highest volcano
density region (e.g., the 25" percentile region) for each study site.

4.3.1 Volcano Formation Probability Maps

Kernel density analysis was conducted in the R environment with functions from the freely
available ‘ks’ package (Duong et al., 2007). The latitude and longitude of the centroid of each
volcano <20 km in diameter from our global catalog (Hahn and Byrne, 2023) contained within the
bounds of each of the nine hotspot regions, and each of the nine volcanic fields were used as the
input points (Tables 4.1 & 4.2). For each of the 18 regions, the SAMSE bandwidth selector
algorithms yields a 2 x 2 element matrix, which describes the size and orientation of the kernel
(Tables 4.3 & 4.4), resulting in a total of 18 volcano spatial density maps—or, functionally,
probability maps of future eruptive sites (Figures 4.3 & 4.4). Maps in Figures 4.3 and 4.4 display
the 25th, 50th, 75th, and 95th percentile of vent density as contours that correspond to the
probability of future volcanoes forming in each quartile at each topographic rise, and volcanic

field, respectively. For example, at Atla Regio (Figure 4.3a), locations with the 4.0e—03 contour
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(i.e., the 50th quartile) will have spatial density >4.0 x 1073 km™2; given an eruption that leads to

the construction of a volcano, there is a 50% chance it will occur within that contour boundary.

Figure 4.3: Volcano opening probability maps developed using the SAMSE bandwidth
optimization algorithms for each of the nine topographic rises in this analysis, which includes (a)
Atla, (b) Beta, (c) Bell, (d) Central Eistla, (e) Dione, (f) Imdr, (g) Laufey, (h) Themis, and (i)
Western Eistla Regiones. Contours are shown at 25th, 50th, 75th, and 95th percentiles. Orange
outlines in each map represent the contour boundary developed for each region. Basemaps are
Magellan FMAP left- and right-look global mosaics, and all maps are shown in an Equirectangular
projection.
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Figure 4.4: Volcano opening probability maps developed using the SAMSE bandwidth
optimization algorithms for each of the nine volcanic fields in this analysis, which includes (a)
VF1, (b) VF2 (c) VF3, (d) VF4, (e) VF5, (f) VF6, (g) VF7, (h) VF8, and (i) VF9. Contours are
shown at 25th, 50th, 75th, and 95th percentiles. Pink outlines in each map represent the volcanic
field boundary developed by Hahn and Byrne (2023). Basemaps are Magellan FMAP left- and
right-look global mosaics, and all maps are shown in an Equirectangular projection, except for
panels (f) and (i), which are in stereographic projection.

4.3.2 Volcano Alignments

The volcano alignment directions for each study site across Venus were plotted as polar
histograms from 0 to 360 degrees. There is a wide range of alignment directions associated with
topographic rises (Figure 4.5) and volcanic fields (Figure 4.6). To better discern if there is a
dominant edifice orientation within each region, we employed the Omnibus test from CircStat, a

MATLAB Toolbox for Circular Statistics developed by Berens (2009). The Omnibus test makes
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no assumptions about the underlying distribution of each dataset, and simply tests for circular
uniformity (Berens 2009). We employed the Omnibus test and calculated the test statistic, P, for

the azimuths at each of the nine study sites:

b= 2N1—1(N_ 2m) (Z)

where N is the total number of azimuths and m is the minimum number of samples falling in 180°
of the circle (Berens, 2009). For all 18 study sites we calculated P <0 at the 0.05 significance level,
indicating that we can reject the null hypothesis that the dataset is uniformly distributed around
the circle. This finding suggests that there are preferred orientations between volcanoes at each of
the 18 study sites. To identify the dominant vent orientation at each study site, inter-vent azimuths
were divided into 12 bins, and the average and standard deviation were calculated (Figures 4.5 &
4.6) (Cebria et al., 2011; Richardson et al., 2013). Bins that have a value greater than the mean bin
value plus one standard deviation are considered anomalously high and may reflect the dominant
orientation of volcanoes at each study site (shown as darker blue and darker green wedges in
Figures 4.5 and 4.6, respectively.). Mean bin values and standard deviations for each study site

can be found in Appendix A.3.
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Figure 4.5: Polar histograms of intervent alignments for each topographic rise in this analysis.
Alignments are only shown for azimuth values lower than the critical value calculated at each
topographic rise (c.f. Cebria et al., 2011). The dotted orange line represents the mean quantity of
inter-volcano relationships, and the dashed orange line indicates the mean quantity plus one
standard deviation. Dark blue directional wedges have gquantities of inter-volcano relationships
greater than the mean value plus one standard deviation and thus represent a dominant orientation
of volcanoes in each region. Critical values, mean values, and standard deviations for each region
can be found in Appendix A.3.

146



(Ei) VF1

330°

210°
180°

30°

60°

90°

1200

150°

300°

270°

240°

(]5\\VF2

180°

150°

60°

90°

120°

a30° 300

180°

60°

90°

120°

150°

60°

120°

?0°

180°

40°

90°

120°

150°

60°

210°

180°

120°

150°

90°

210°

150°
180°

Figure 4.6: Polar histograms of intervent alignments for each volcanic field in this analysis.
Alignments are only shown for azimuth values lower than the critical value calculated at each field
(c.f. Cebria et al., 2011). The dotted pink line represents the mean quantity of inter-volcano
relationships, and the dashed pink line indicates the mean quantity plus one standard deviation.
Dark green directional wedges have quantities of inter-volcano relationships greater than the mean
value plus one standard deviation and thus reflect a dominant orientation of volcanoes in each
field. Critical values, mean values, and standard deviations for each region can be found in

Appendix A.3.
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4.4 Discussion

Incorporating relevant information about the regional geology can produce more robust
kernel density estimates and resulting volcano probability maps (Connor et al., 2018). Here, we
further identify specific regions within the 18 study sites that are most likely to see future volcanic
constructional activity based on evidence for active and/or recent volcanism, volcano alignments,
high spatial concentrations of volcanoes, and proximal tectonic structures indicative of a stress

state conducive to eruptions.
4.4.1 Regions with Recent Geologic Activity

Regions hosting putative, geologically recent volcanism have been identified across Venus
using radar and thermal emissivity measurements and stratigraphic relations. Structures at several
topographic rises have been linked with anomalously high thermal emissivity measurements at 1
um (Smrekar et al., 2010; Stofan et al., 2016) from the Venus Express VIRTIS instrument (Helbert
etal., 2008; Mueller et al., 200). Large volcanoes in Imdr (Idunn Mons), Dione (Hathor and Innini
Montes), and Themis Regiones (Mielikki Mons), as well as large coronae in Themis Regio
(Shulamite and Shiwanokia), all have lava flows associated with unusually high thermal emissivity
values. These anomalously high values have been interpreted to indicate relatively fresh basalt
with low degrees of weathering, suggesting geologically recent activity (Mueller et al., 2008;
Smrekar et al., 2010; Stofan et al., 2016). Tectonic structures such as Olapa Chasma in Imdr Regio
and Ganis Chasma in Atla Regio are also hypothesized to be relatively young based on
stratigraphical analysis (Basilevsky, 1993; D’Incecco et al., 2020), thermal anomalies identified
by the Venus Monitoring Camera (VMC), onboard Venus Express, (Shalygin et al., 2012, 2015),
and Magellan radar emissivity anomalies (Brossier et al., 2022). Most compellingly, evidence for

volcanotectonic collapse during the Magellan mission on the flank of Maat Mons in Atla Regio
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strongly suggests that such activity volcanic activity on Venus continues to the present (Herrick
and Hensely, 2023).

On the basis of these observations and interpretations, we propose that Atla, Dione, Imdr,
Themis Regiones, and volcanic field 7, which is just 50 km NE of Dione Regio, should be
prioritized by future missions in the search of ongoing or recent volcanism on Venus. VIRTIS data
are only available for relatively high latitudes in the southern hemisphere (Smrekar et al., 2010),
and it is possible that other areas across Venus also show high thermal emissivity consistent with
an interpretation of contemporary volcanic activity. The Venus Emissivity Mapper (VEM)
onboard VERITAS (Helbert et al., 2019) and the VenSpec instrument suite on EnVision (Helbert
et al., 2019) will allow for the development of global emissivity maps for Venus. These global-
scale emissivity maps alongside regions identified in this study as having a high probability of
future volcanic construct formation, can directly inform the search for new or recent volcanism

across the planet.
4.4.2 Regions with Volcano Alignments

Alignments of volcanoes within volcanic fields or on the flanks of polygenetic volcanoes
suggests eruptions along fissures fed by dikes (MacDonald, 1972; Paulson and Wilson. 2010), and
could inform the location of future edifices. In this study, based on results from the Omnibus Test,
we find that volcanoes at each of the 18 sites have at least one statistically significant orientation
of volcanoes (Figures 4.5 & 4.6).

Le Corvec et al. (2013) analyzed vent alignments at 37 volcanic fields in varying tectonic
settings across Earth and found that fields in extensional environments generally show two or more
preferred vent alignments. Extensive rift systems crosscut Atla, Beta, Themis, Imdr, and Laufey

Regiones (e.g., Devana Chasma in Beta Regio), with smaller-scale extensional structures typically
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Figure 4.7: Maps detailin the dominant volcano alignments at a topographic rise (a) and a
volcanic field (b). Map (a) shows the dominant orientation of volcanoes <20 km in diameter
(orange triangles) at Beta Regio is ~NNE-SSW (yellow lines). Map (b) shows the dominant
orientation of volcanoes <20 km in diameter (orange triangles) at VF7 is ~E-W (purple lines).
Both maps include the volcano opening probability maps developed using the SAMSE bandwidth
optimization algorithms (Figures 4.3b and 4.4q), and insets of their respective polar histograms
(Figures 4.5b and 4.6g). Basemaps are Magellan FMAP left- and right-look global mosaics, and
all maps are shown in an Equirectangular projection

linked with coronae or large volcanoes (e.g., Irnini Mons in central Eistla Regio) present in central
and western Eistla, Bell, and Dione Regiones. In an extensional environment, pre-existing
fractures and mechanical segmentation along rifts can lead to dike propagation in numerous
directions resulting in several volcano orientations (Le Corvec et al., 2013). This process could
have occurred at Atla, Central Eistla, and Themis Regiones, which each have two or more
dominant volcano alignments. Other topographic rises, such as Beta (Figure 4.7a) and Imdr
Regions, exhibit a single dominant alignment of edifices, but still have numerous orientations of

volcanoes throughout the region (Figure 4.5).
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All nine volcanic fields analyzed in this are crosscut by small-scale extensional structures
(e.g., groove belts (Ivanov and Head, 2011)), as well as compressional structures (e.g., wrinkle
ridges) (Hahn and Byrne, 2023). We find that each field is associated with a single dominant
alignment of volcanoes (Figures 4.6 & 4.7b). Le Corvec et al. (2013) found that volcanic fields
associated with a single alignment of edifices are most commonly associated with a strike-slip
tectonic setting. Although possible instances of strike-slip tectonism has been noted in other
regions of Venus (e.g., Riedel fracture patterns on the southern border of Ovda Regio (Romeo et
al., 2005)), there is no evidence of strike-slip style tectonics at any of the nine volcanic fields in
this study. On Venus, volcanic fields are commonly associated with volcanic plains, extensive
sheets of lava linked with flood volcanism (Head et al., 1991; Guest et al., 1992). It is possible that
portions of volcanic fields were resurfaced, effectively erasing evidence of other volcano
alignments, or tectonic structures, and resulting in a single dominant alignment of volcanoes.

More information on the age or timing of fault activity in each region could further narrow
down possible sites where future activity might occur at each study site. For example, vent-opening
probability maps developed for fissure vents on Mount Etna incorporated data from seismic,
tomographic, and geodetic studies to identify faults that are actively and passively involved in the
eruptive process based on their location and orientation within the volcano (Capello et al., 2012).
The EnVision mission will carry a subsurface radar sounder to help establish the stratigraphic
relationships between different geologic units on Venus (Bruzzone et al., 2020). Should these data
resolve near-surface faults and fault geometries, it may be possible to correlate such structures
with mapped volcanoes on the surface to further strengthen the predictive capabilities of the

approach we use here.
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4.4.3 High-volcano-spatial-density-regions

The SAMSE algorithm produced a kernel with an average smoothing distance of ~1.8 km
in the E-W direction and ~1.9 in the N-S direction for the topographic rises (Table 4.3), and
average smoothing distance of ~2.0 km in the E-W direction and ~0.6 in the N-S direction for the
volcanic fields (Table 4.4). These smoothing bandwidths are comparable to SAMSE bandwidths
calculated for the Auckland volcanic field, NZ (0.9 km in the E-W direction and 3.4 km in the N—
S direction (Bebbington, 2015)), but are much smaller when compared with other volcanic fields
on Earth such as the Yucca Mountain Region, USA (28.8 km in the E-W direction and 9.8 km in
the N-S direction (Connor and Connor, 2009)). Variations in the orientation and size of the kernel
bandwidth implies differences in the tectonic control on magma ascent and the productivity of the
melt source (Cappello et al., 2012). A smaller bandwidth value will be derived for volcanic fields
with volcanoes close one another (e.g., sites in this study), whereas a large bandwidth value is
calculated when volcanoes are distributed farther from each other (e.g., the Yucca Mountain
Region) (Germa et al., 2013).

The small kernel bandwidth values calculated for all 18 regions in this analysis suggests
that volcanoes <20 km in diameter are close together or clustered at topographic rises and volcanic
fields on Venus. These clusters of volcanoes are reflected in the resulting probability maps for
each region, with the darkest blue regions in Figure 4.3 and the darkest green regions in Figure
4.4 indicating the highest spatial density region of volcanoes (e.g., the 25" percentile contour).
Clusters or regions of high-volcano-spatial density are common in volcanic fields on Earth, and
may indicate areas of magma generation at depth and/or preferential pathways of magma ascent
(Connor, 1990; Germa et al., 2013). Furthermore, new volcano construction has the highest
probability of occurring in regions affected by the same type of eruption or volcanic activity in the
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past (e.g., Jaquet et al., 2008; Capello et al., 2012), making these high-volcano-spatial-density
regions ideal candidate locations to search for future edifice formation. Here, we isolate the high-
volcano-spatial-density regions by extracting the polygons delineating the 25% kernel density
contour boundary at each of the 18 study sites in ArcGIS Pro.

For the topographic rises, we find a total of 27 high-volcano-spatial-density regions,
ranging in size from ~4,100 km? to ~122,000 km?. Similarly, we extracted 23 high-volcano-spatial-
density regions from the volcanic fields, which are ~4,500 km? to ~178,000 km? in area. Note that
five regions were excluded from this analysis due to their anomalously small sizes. Although each
of these 50 high-volcano-spatial-density regions represents a cluster of volcanoes <20 km in
diameter, the number of volcanoes within these clusters is not uniform across all 18 study sites.
The spatial intensity is calculated by multiplying the spatial density, A(s), by the total number of
volcanoes in each region, N, and describes the number of volcanos per km2 (Tables 4.3 & 4.4).
The high-volcano-spatial-density regions at the three topographic rises that comprise the BAT
region have the lowest spatial intensity, with an average of three volcanoes/kmz2, compared to the
other six rises, which have an average of ten volcanoes/km? (Table 4.3). This finding suggests that
the intensity of volcanism producing volcanoes <20 km in diameter in the BAT region is lower
than at topographic rises across the rest of the planet. The BAT region contains ~49 large (>100
km in diameter) edifices (Hahn and Byrne, 2023), as well as numerous coronae, and volcanoes
<20 km in diameter in the region could form as a result of late-stage waning of the magma supply
feeding the larger volcanoes and coronae in the region, similar to process that forms small shields
on the flanks of large volcanoes such as Mauna Kea and Mount Etna (Crumpler et al., 1997).
Indeed, we note that two high-volcano-spatial-density regions in Atla Regio each overlap with a

large edifice (Sapas and Ozza Montes), and two high-volcano-spatial-density regions, one in both
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Beta and Regio, and one in Themis Regio, each overlap with coronae, suggesting a genetic link
between these structures and small edifices. Alternatively, fewer small volcanoes in the BAT
region compared with other topographic rises could be a result of volcanic resurfacing, where
erupted materials from the numerous large volcanoes and coronae in the region buried those
smaller edifices still large enough to be resolved with Magellan radar imagery. Likewise, we find
that volcanic fields that are spatially proximal to large volcanoes and coronae, have a lower spatial
intensity of volcanoes than fields that are not associated with any larger structures (Table 4.4). For
example, volcanic field 8 has the highest spatial intensity at ~19 volcanoes/km2. This volcanic field
does not contain any large volcanoes or coronae, with the nearest structures ~1,500 km and 500
km away, respectively. Volcanic fields with lower spatial intensities (e.g., VF 4 and VF 5) each
overlap with at least one corona and large edifice, again suggesting that these larger structures in

the region are feeding the smaller edifices.
4.4.4 Regions Associated with Extensional Structures

Monogenetic vent emplacement is mechanically much easier in extensional systems, where
a horizontally extensional stress regime offers intrusions multiple paths to the surface, in contrast
to contractional systems where horizontally compressive stresses constrain magma ascent to
already established conduits (Nakamura 1977), and even then only when critically stressed.
Indeed, on Earth, volcanic field formation is most commonly related to extensional tectonic
regimes (e.g., Snake River volcanic field, USA (Hughes et al., 2002); Jaraguay volcanic field,
Mexico (Calmus et al., 2011); Kula volcanic field, Turkey (Tokcaer et al., 2005)).

We find that 46% (23/50) of the high-volcano-spatial-density regions are crosscut by an
extensional structure (e.g., a rift zone), and an additional 14% (7/50) are within 50 km of such

structures (pink ovals in Figure 4.8). By analogy with Earth, a similar process of volcanic fields
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preferentially forming in extensional settings presumably occurs on Venus—such that high-
volcano-spatial-density regions that coincide with or are proximal to extensional structures are
good candidate locations to search for the formation of new volcanoes either during the VERITAS
and EnVision missions or by comparison with data from those missions and Magellan

observations.
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(Ivanov and Head, 2011)
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Figure 4.8: Global view of volcano opening probability maps showing the 95% contour boundary
for topographic rises (orange polygons), volcanic fields (light blue), and the highest volcano spatial
density regions for each study site (green, blue, pink, and yellow ovals). Blue ovals indicate high
volcano density regions that are co-located with dominant orientations of volcanoes, pink ovals
correspond to high volcano density regions that are co-located with dominant orientations of
volcanoes and are also within/ 50 km within an extensional structure (light green polygons), and
yellow ovals (ROISs) correspond to high volcano density regions that are co-located with dominant
orientations of volcanoes, overlap with or are within 50 km of an extensional structure, and are
also located in areas hypothesized to host recent geologic activity (purple text boxes). Basemap is
Magellan FMAP left- and right-look global mosaics. The map is in Robinson projection, centered
at 0°E.
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4.5 Conclusions

Kernel density analysis of an existing volcanic edifice catalog (Hahn & Byrne, 2023)
revealed that the most probable locations where future volcanoes will form on the basis of past
events at nine, broad topographic rises, and nine volcanic fields on Venus. Kernel density analysis
is a powerful forecasting tool, but is based on the assumption that future activity is controlled by
the same magmatic and tectonic factors that governed past activity (Connor et al., 2018).
Therefore, we bolstered our study by focusing on regions with the highest spatial density of
existing edifices, as these regions likely represent preferential pathways of magma ascent (Connor,
1990; Germa et al., 2013).

We also conducted edifice alignment analysis to identify any preferred orientations of
existing volcanoes that might indicate regional-scale control of eruptive locations by faults, from
which future cones may form (Rooney et al., 2011; Le Corvec et al., 2013). Furthermore, we note
that 60% (30/50) of the high-volcano-spatial-density regions overlap with or are encompassed by
an extensional structure or system (e.g., a rift zone). Additionally, we documented regions that
earlier studies have identified as recently volcanically active based on radar and thermal emissivity
values or stratigraphic relationships (e.g., Smrekar et al., 2010; Stofan et al., 2016; Brossier et al.,
2022). Our final global map shows the broadest 95% contour for kernel density maps developed
for each study region, and also includes specific areas of interest based on vent alignments, volcano
spatial density, proximal extensional structures, and possibility of active volcanism based on
previous studies (e.g., Smrekar et al., 2010; Stofan et al., 2016) (Figure 4.8). We predict the most
fruitful sites for future volcano formation are those within high-volcano-spatial-density regions,

have a statistically significant orientation of volcanoes, are within 50 km of an extensional
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structure, and are associated with geologically young topographic rises (yellow ovals in Figure
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Figure 4.9: Global map of geologic terrains and landforms that are possible regions of interest
defined in EnVision’s Science Operations Reference Scenario (ESA, 2024), overlain by regions
identified in this study as having the highest probability of new volcano formation at nine
topographic rises (blue circles with darker blue outline), and nine volcanic fields (orange circles
with darker orange outline) across Venus. The map is in Mollweid projection, centered at 120°E.
Figure is adapted from the EnVision Assessment Study Report (ESA, 2024) and Ivanov and Head,
(2015).

Our findings can inform future planned exploration of VVenus, such as NASA’s VERITAS
(Smrekar et al., 2022) and ESA’s EnVision (Ghail et al., 2018). Indeed, the EnVision Assessment
Study Report (ESA, 2024) includes a regional/targeted surface map of possible regions of interest
across Venus for which the mission’s Venus Synthetic Aperture Radar (VenSAR) instrument will
acquire data with a spatial resolution of both 30 and 10 meters per pixel. These regions of interest
partially encompass six out of nine of the topographic rises in this study (Bell, Atla, Dione, Central,
and Western Eistla, Themis Regiones), and three out of the nine volcanic fields (VF1, VF2, and

VF7) (Figure 4.9). The results of this study can help inform the selection of the final regions of
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interest to include higher resolution radar imagery of Venus where new volcanoes are statistically
most likely to form. The identification and quantification of new sites of constructional volcanism
across the planet will improve our understanding of the styles, and eruptive rates of volcanoes on

Venus, in turn shedding light on the interior structure of the planet.
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Appendix

A.1 Datasets used in Chapter 2

All datasets and associated ReadME files developed and used in chapter two are publicly

available in two locations:

1. Supplementary data files published with the corresponding paper.
Hahn, R. M., & Byrne, P. K. (2023). A Morphological and Spatial Analysis of Volcanoes
on Venus. Journal of Geophysical Research: Planets, 128(4), e2023JE007753.
https://doi.org/10.1029/2023JE007753

2. Washington University in St. Louis Research Data
Hahn, Rebecca M. and Byrne, Paul K., "A Global Catalog of VVolcanoes and Shield
Fields on Venus." [Dataset Version 2]. Washington University in St. Louis (2023).

https://doi.org/10.7936/8xy0-x885

A 1.1 Brief Description of Datasets used in Chapter 2:

Title of Dataset: A Global Catalog of VVolcanoes and Volcanic Fields on Venus [Version 2]
General Description of Chapter 2 Datasets:
This database includes 8 shapefiles and 8 corresponding csv files. The shapefiles denote the spatial
geometry (point or polygon) of volcanoes and volcanic fields on Venus, and corresponds to the
tabular data in each accompanying csv file.
1. Filename: 01_small_lessthan5km.shp
Short description: Shapefile containing point locations for volcanoes <5 km in diameter

on Venus. Data is in Equirectangular Venus projection.
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Filename: 01_small_lessthan5km.csv

Short description: CSV table containing point locations for volcanoes <5 km in diameter
on Venus.

Filename: 02_small_lessthan5km_lowres.shp

Short description: Shapefile containing point locations for volcanoes <5 km in diameter
on Venus that are considered "low resolution™. Data is in Equirectangular Venus
projection.

Filename: 02_small_lessthan5km_lowres.csv

Short description: CSV table containing point locations for volcanoes <5 km in diameter
on Venus that are considered "low resolution”.

Filename: 03_intermediate_5to100km.shp

Short description: Shapefile containing polygon geometry and associated morphological
data for volcanoes 5-100 km in diameter on Venus. Data is in Equirectangular Venus
projection.

Filename: 03_intermediate_5to100km.csv

Short description: CSV table containing centroid coordinates and morphological data for
volcanoes 5-100 km in diameter on Venus.

Filename: 04_intermediate_greaterthan50km.shp

Short description: Shapefile containing polygon geometry and associated morphological
data for a subset of volcanoes 50-100 km in diameter on Venus that were high enough
resolution for height to be calculated using the Magellan altimetry. Data is in

Equirectangular Venus projection.
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10.

11.

12.

13.

Filename: 04_intermediate_greaterthan50km.csv

Short description: Shapefile containing polygon geometry and associated morphological
data for a subset of volcanoes 50-100 km in diameter on Venus that were high enough
resolution for height to be calculated using the Magellan altimetry. Data is in
Equirectangular Venus projection.

Filename: 05_large_greaterthan100km.shp

Short description: Shapefile containing polygon geometry and associated morphological
data for volcanoes >100 km in diameter on Venus. Data is in Equirectangular Venus
projection.

Filename: 05_large_greaterthan100km.csv

Short description: CSV table containing centroid coordinates and morphological data for
volcanoes >100 km in diameter on Venus.

Filename: 06_greaterthan50km_Herrick.shp

Short description: Shapefile containing polygon geometry and associated morphological
data for a subset of volcanoes >50 km in diameter on Venus that fall within the Herrick et
al. (2012) stereo-derived DEMSs. Data is in Equirectangular Venus projection.

Filename: 06_greaterthan50km_Herrick.csv

Short description: CSV table containing centroid coordinates and morphological data for
volcanoes >50 km in diameter on Venus that fall within the Herrick et al. DEMs.
Filename: 07_deformed.shp

Short description: Shapefile containing polygon geometry and associated morphological
data for volcanoes that have undergone gravitational deformation on Venus. Data is in

Equirectangular Venus projection.
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14. Filename: 07_deformed.csv
Short description: CSV table containing centroid coordinates and morphological data for
volcanoes that have undergone gravitational deformation on Venus.

15. Filename: 08_volcanic_fields.shp
Short description: Shapefile containing polygon geometry and associated morphological
data for volcanic fields on Venus. Data is in Equirectangular Venus projection.

16. Filename: 08 volcanic_fields.csv
Short description: CSV table containing centroid coordinates and morphological data for

volcanic fields on Venus.
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A.2 Datasets used in Chapter 3

All datasets and associated ReadME files developed and used in chapter three are publicly
available in two locations:
1. Supplementary data files published with the corresponding paper.
Hahn, R. M., & Byrne, P. K. (2024). A Global Survey of Gravitationally Deformed
Volcanoes on Venus. Journal of Geophysical Research: Planets, 129(2),
€2023JE008241. http://dx.doi.org/10.1029/2023JE008241
2. Washington University in St. Louis Research Data
Hahn, Rebecca M. and Byrne, Paul K., "A Global Catalog of Deformed Volcanoes on
Venus." [Dataset Version 1]. Washington University in St. Louis (2023).

https://doi.org/10.7936/6rxs-103646

A 2.1 Brief Description of Datasets used in Chapter 3:

Title of Dataset: A Gl2bal Catalog of Deformed Volcanoes on Venus
General Description of Chapter 3 Datasets:

This catalog includes one shapefile and one CSV file. The CSV file is tabular versions of
the shapefile, and contains data on the morphology and spatial relationships between 162
deformed volcanoes on Venus.
Relationship with Chapter 2 Datasets:
In our Global Catalog of Volcanoes and Volcanic Fields on Venus (Hahn & Byrne, 2023), we
document a unique subset of volcanoes that have undergone gravitational deformation
(07_deformed.shp/07_deformed.csv). In this new dataset we have refined our selection of this

subset of deformed volcanoes, and have expanded our morphological analysis. Our initial dataset
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of deformed volcanoes (07_deformed.shp/07_deformed.csv) contained 182 deformed volcanoes
and included the latitude and longitude at the center of each volcano, and the area of the deformed
volcano (which may have included debris aprons or other deformational features that extend away
from the base of the edifice). The updated and refined version of this dataset contains 162 deformed
volcanoes, and includes an additional 11 data fields (e.g., average deformed volcano width, and
length).
1. Filename: Deformed_volcanoes_Venus.shp
Short description: Shapefile containing polygon locations, morphological data, and
spatial relationships for deformed volcanoes on Venus. Data is in Equirectangular Venus
projection.
2. Filename: Deformed_volcanoes_Venus.csv
Short description: CSV table containing location data, morphological data, and spatial

relationships for deformed volcanoes on Venus.
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A.3 Datasets used in Chapter 4

Locations of volcanoes <20 km in diameter used in Chapter 4 are from our Global Catalog of

Volcanoes and Volcanic Fields on Venus (See Appendix A.1 for a detailed description and

repository information on this dataset)

Datasets from our Global Catalog of VVolcanoes and Volcanic Fields on Venus used in Chapter 4:

1. 01_small_lessthan5km.shp/ 01_small_lessthan5km.csv
2. 02_small_lessthan5km_lowres.shp/ 02_small_lessthan5km_lowres.csv
3. 03_intermediate_5to100km.shp/ 03_intermediate_5to100km.csv (filtered to only include

volcanoes 5-20 km in diameter)

A.3.1 Volcano Alignment Analysis Parameters

Volcano alignment analysis was performed following the methods established by Cebria
etal. (2011), where distances and azimuths between volcanoes in a given volcanic field are filtered
by a critical value, dcrit. Cebria et al. (2011) found that eruptive centers are more closely related to
neighboring vents, than those far away, which instead record the overall orientation of the volcanic
field. Therefore, the optimum cutoff length is given by the critical value, dcrit which is greater than

or equal to one-third of the mean azimuth length, p, minus the standard deviation, c.
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Table A.3.1

Values calculated for vent alignment analysis at topographic rises

N Omnibus Test” .
Topographic C“}'Cil P-value at 0.05 | Mean® Stapdgrdd e D.Ommf”mtf
Rise Value significance ) Deviation® | p+ 1o orlenEatlon
(km) e (c) )
Atla 187.16 3.97x10%° | 112500 | 151.14 | 1276.10 | 120-180
Bell 57.34 2.82x 100 69.83 453 7436 | 90-120
Beta 166.00 148x 107 | 762.67 | 12883 | 891.50 0-30
(EZIGSTIt;a' 122.62 291 x1029 |2208.00| 91.05 |2299.10 | 60-150
Dione 100.62 202 x 1007 [ 2147.00 | 131.93 | 2278.90 | 150-180
Imdr 70.10 6.76 x 102 | 54830 | 44.87 | 59320 | 60-90
Laufey 101.20 234x10% | 854.67 | 13858 | 989.25 | 150-180
Themis 199.81 116 x 108 | 1377.00 | 193.77 | 1570.80 ga —386
\é\i’;sl;em 152.18 0 6441.00 | 573.30 | 7014.10 | 120-150

aCritical value is calculated using the formula above, and filtering out all distances and
azimuths greater than that value (Cebria et al., 2011).
®The Omnibus test for circular uniformity (Berens, 2009). The null hypothesis of this test is

that the dataset is uniformly distributed around the unit circle. If p < 0.05, the null hypothesis

is rejected.

“Mean azimuth value of inter-volcano relationships with data divided into 12 bins.

dStandard deviation of inter-volcano relationships with data divided into 12 bins.
*Mean azimuth plus one standard deviation of inter-volcano relationships.

"Bins that have values > pu+ 1o have anomalously high inter-volcano relationships and likely
represent a dominant vent orientation.
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Table A.3.2

Values calculated for vent alignment analysis at volcanic fields

Volcanic Critical Omnibus Test” Mean Stapdgrdd D_omin{;mtf
Field Value? _P-v_a_lue at 0.05 w Deviation ut+ 1c® | orientation
(km) significance level (o) °)
VF1 78.22 1.31 x 10* 41.67 7.05 48.72 90-120
VF2 97.07 3.73x107° 584.00 28.90 612.90 30-60
VE3 72.44 413 x 101! 164.33 27.54 191.87 150-180
VF4 55.89 3.91 x 1013 225.33 22.68 248.01 60-90
VF5 134.56 2.95 x 103 3382.20 300.42 3682.60 | 150-180
VF6 42.21 3.69 x 10 67.50 16.17 83.67 60-90
VF7 92.61 0 4130.20 153.56 4283.70 90-120
VF8 126.04 0 8845.30 265.16 9110.50 | 120-150
VF9 68.38 2.90 x 107 766.67 24.98 791.65 30-60

¥Critical value is calculated using the formula above, and filtering out all distances and
azimuths greater than that value (Cebria et al., 2011).
®The Omnibus test for circular uniformity (Berens, 2009). The null hypothesis of this test is

that the dataset is uniformly distributed around the unit circle. If p < 0.05, the null hypothesis

is rejected.

“Mean azimuth value of inter-volcano relationships with data divided into 12 bins.

dStandard deviation of inter-volcano relationships with data divided into 12 bins.
®Mean azimuth plus one standard deviation of inter-volcano relationships.

"Bins that have values > pu+ 1o have anomalously high inter-volcano relationships and likely
represent a dominant vent orientation.
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