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ABSTRACT

Spacecraft missions to other planets in the inner solar system have led to the identification of
evidence for explosive or pyroclastic volcanism in the past. The timing and distribution of
explosive activity in the inner solar system has implications for interior magmatic processes,
crustal evolution and interior composition, and atmospheric evolution. Investigating
occurrences of pyroclastic activity is therefore necessary to develop a comprehensive
understanding of a planetary interior and evolution. In this dissertation, we present studies of
past explosive activity on the topographic rises of Mars and Venus. Our objectives include
characterizing the spatial extent of pyroclastic deposits (on Mars), investigating the
emplacement dynamics of pyroclastic deposits (on Venus), and determining the physical
properties and structure of pyroclastic deposits (on Venus). We address these objectives
primarily using radar remote sensing and theoretical modeling. An introduction to terrestrial
and planetary volcanism, and the significance of explosive volcanism is presented in Chapter
1. We also introduce planetary radar instruments and observations in this chapter. In Chapter
2, we discuss late-stage explosive activity in the caldera of Arsia Mons, one of the largest
shield volcanoes on Mars. We show how orbital sounding radar observations, together with
Bayesian inversion techniques, can be used to map the subsurface and determine the
distribution of buried pyroclastic units. In Chapters 3 and 4, we focus on potentially recent
explosive activity on the shields and coronae of Venus. Several radar bright deposits in the
highlands of Venus have been interpreted as pyroclastic flow deposits. We present a multipronged approach to investigate the emplacement and physical structure of these deposits. In
Chapter 3, we develop a numerical model for pyroclastic flow transport and deposition on
Venus. By comparing the results from the model with orbital observations, we narrow down
possible pyroclastic eruption conditions. In Chapter 4, we analyze the scattered and emitted
radiation at microwave wavelengths from these deposits to place constraints on the physical
properties and shallow-stratigraphy. Lastly, we summarize our findings and discuss avenues
for further research in Chapter 5.
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CHAPTER 1. BACKGROUND AND MOTIVATION

1.1 VOLCANISM ON EARTH
Volcanism — the process of generation and ascent of molten rock in the interior towards the
surface, eventually resulting in formation of new crust and expulsion of gases — is a ubiquitous
process in the inner solar system that has shaped the evolution of interiors, surfaces, and
atmospheres of silicate bodies. Volcanic eruptions across the inner solar system have resulted
in a diverse set of landforms caused by variations in composition and the style of activity. The
differences in rates, style, and duration of volcanic activity between Mercury, Venus, Earth,
Mars, and the Moon are indicators of differences in heat loss mechanisms, and interior
composition and structure between these bodies (Byrne, 2019).
Earth is the only inner solar system planet that we know has current volcanic activity (Deligne
& Sigurdsson, 2015; Müller et al., 2008). Volcanism predominantly occurs at crustal plate
boundaries today, creating new crust at mid-ocean ridges and recycling old crust at island arcs.
At mid-ocean ridges, where the magma is sourced directly by partial melting of the upwelled
mantle, the eruption products are dominantly mafic or basaltic in composition. In thicker
continental settings, the initial melt undergoes several processes, such as melting and
assimilation of the crustal material, mixing of magma, and fractional crystallization. Both
fractional crystallization (formation and settling out of crystals from the melt) and melting of
crustal material leads to more evolved, intermediate to felsic magma compositions. Evolved
magmas have increased viscosity and volatile solubility. The ascent of volatile-rich magma is
commonly accompanied by volatile exsolution, bubble nucleation and growth, and magma
fragmentation, resulting in explosive or pyroclastic eruptions where fragmented magma and
volcanic gases are erupted with high energy. On the other hand, eruption of volatile-poor
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magma or low-viscosity magma (in which bubbles that form do not stay coupled to the melt)
leads to effusive activity characterized by coherent outpouring of lava 1.
In addition to plate motion driven volcanism, we also see mantle plume induced intraplate
hotspot volcanism which forms seamounts (e.g., Hawaiian islands), and segments of midocean ridges (e.g., Iceland) (Morgan, 1971). The apparent lack of Earth-style plate recycling
on other planets like Mars and Venus means that arc volcanism is absent on these bodies and
most volcanic activity is analogous to plume-induced hotspot volcanism that produce large,
broad topographic / volcanic rises 2. Evidence for effusive volcanism — in the form of shieldbuilding and lava flow forming activity — are common on these topographic rises. In contrast,
there have been very few indicators of conclusively identified explosive activity, a majority of
which are localized (Brož et al., 2021; Campbell et al., 2017; Campbell & Rogers, 1994).
Explosive volcanism provides distinct insights into a planet’s bulk composition and interior
volatile inventory. Outgassing that accompanies large magnitude explosive eruptions is
instrumental in forming and maintaining secondary atmospheres on rocky planets. Therefore,
rigorous questioning of any evidence for past explosive eruptions on Mars and Venus is
necessary to gain a comprehensive view of magmatic processes, crustal formation, and
atmospheric evolution on these planets.
In the following sections, we briefly discuss volcanism on Mars and Venus, introduce our
regions of interest, and set up motivating questions that are further explored in Chapters 2, 3,
and 4. The last section of this chapter is devoted to an overview of planetary radar instruments
and observations that have facilitated our studies.

1

This is only a first-order description of effusive and explosive eruptions; the controls of

explosivity of magma are more complex in reality (see Cassidy et al., 2018).
2

More recent studies have advocated for plume-induced subduction on Venus (e.g., Davaille

et al., 2017). The magma dynamics and eruption styles associated with plume-induced
subduction on Venus are currently not well-understood.
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1.2 VOLCANISM ON OTHER PLANETS
1.2.1 MARS
Mars’s geologic history is divided into three epochs — the Noachian (~4.1‒3.7 Ga), the
Hesperian (~3.7‒3 Ga), and the Amazonian (3 Ga ‒ current). Volcanism was a persistent
process on Mars across all three epochs until ~0.05‒1 Myr ago (Moitra et al., 2021). Pervasive
volcanic activity occurred throughout the Noachian, transitioning into more intermittent
activity in Hesperian, and finally culminating in activity centered on two large volcanic rises,
Tharsis and Elysium, into the Amazonian (Carr & Head III, 2010). Fittingly, the geology of
Mars is often discussed in the context of the southern highlands (comprising reworked material
formed from some of the earliest volcanic activity in the Noachian), the northern lowlands
(extensively resurfacing by Hesperian and Amazonian volcanism), and the younger Tharsis
and Elysium rises. These volcanic rises were built over a period of > 3 Gyr and comprise some
of the youngest volcanic deposits on Mars (Carr & Head III, 2010; Neukum et al., 2004). For
the rest of this chapter, we will focus on relatively young volcanism in the Tharsis rise.
The latter part of volcanic activity in Tharsis, likely beginning in the Hesperian, was
concentrated on the construction of Olympus Mons, and a trio of shield volcanoes to the east,
collectively called the Tharsis Montes. The Tharsis Montes include Ascraeus Mons, Pavonis
Mons, and Arsia Mons, aligned from north to south, along a NE-SW running rift. The Tharsis
Montes are characterized by gently sloping main shields, large subsidence summit calderas,
and fan-shaped deposits associated with periods of glacial activity (Crumpler & Aubele, 1978;
Fastook et al., 2008). Crumpler & Aubele (1978) suggested that the final stage of activity at
each of the Tharsis Montes corresponds to a different stage of Tharsis shield-building, with
Arsia Mons being the most developed of the three Montes. This is corroborated by small intracaldera fissures, shields, and lava flows at Arsia Mons dating between 200‒300 Ma and 90‒
100 Ma (Richardson et al., 2017) which are absent on the other Tharsis Montes.
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Various studies have hinted at the possibility of explosive volcanism in the Arsia Mons caldera
pre-dating the intra-caldera lava flows (Mouginis-Mark, 2002; Richardson et al., 2017). The
terminal eruption history of Arsia Mons is not well-understand, especially given the possible
change in style of activity around ~150 Myr from explosive to effusive. We address this
problem by investigating the volcanic stratigraphy within the caldera and characterizing the
extent of intra-caldera explosive activity. We primarily use orbital radar observations from
SHAllow RADar (SHARAD, Croci et al. (2011); Seu et al. (2007)) alongside Bayesian
techniques towards this objective (see Chapter 2).

1.2.2 VENUS
Venus, despite its similarity in size and bulk composition to Earth, lacks Earth-style plate
tectonics which impacts the overall distribution of volcanism and tectonism. While the tectonic
regime of Venus prior to 500‒1000 Myr is still debated, the planet is currently not in a mobile
lid regime (Smrekar & Phillips, 1991). The crater size distribution observed by Magellan is
indistinguishable from a random distribution (Phillips et al., 1992; Schaber et al., 1992). It was
suggested that Venus underwent episodic plate tectonics punctuated by catastrophic amounts
of volcanism and subsequent geologic inactivity, the last such episode happening 500‒700 Ma
(Schaber et al., 1992; Strom et al., 1994). Later studies have argued against such catastrophic
resurfacing, by showing that the random crater size distribution can be explained equally well
by equilibrium volcanic resurfacing (Bjonnes et al., 2012; O’Rourke et al., 2014). There has
also been growing number of studies recently in support of Venus being volcanically active in
current geologic timescales (Byrne & Krishnamoorthy, 2022; Gülcher et al., 2020; Smrekar et
al., 2010).
One of many different ways to reconcile these different views on the geodynamics of Venus is
by studying trends in volcanic rate and styles across space and time. Specifically, investigations
of explosive / pyroclastic volcanism are needed for understanding the joint evolution of the
interior, surface, and atmosphere. First, explosive volcanism is necessary for transporting
volcanic gases tens of kilometers up into the atmosphere up to the thick SO2 cloud layer. The
variations in SO2 detected by the Pioneer Venus Orbiter (PVO) mission (Esposito, 1984), and
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the recent putative detection of phosphine in the clouds of Venus (Greaves et al., 2020) have
been attributed to explosive eruptions (Glaze, 1999; Truong & Lunine, 2021). These
observations and studies emphasize a need for further investigations into explosive eruptions
on Venus and associated short-term and long-term impacts on the atmosphere. Second, if
explosive activity on Venus is primarily H2O-driven, like on Earth, sites of pyroclastic activity
point to localized, hydrated melt sources. Whilst the crust and upper mantle of Venus are
thought to be dry, the lower mantle is expected to be more hydrated based on Ar isotope studies
on Venus (Kaula & Phillips, 1981) and our knowledge of Earth’s deep mantle (Palot et al.,
2016). In fact, more recent modeling studies suggest that the ratio of interior to atmospheric
water on Venus is likely to exceed the ratio on Earth (Hamano et al., 2013). Sites of pyroclastic
eruptions, where hydrated melt from the lower mantle has been brought up and exposed on the
surface, provide a means to explore interior volatiles on Venus.
Possible surface expressions of explosive volcanism have been identified at several locations
on Venus from Magellan synthetic aperture radar (SAR) images (Saunders et al., 1990). Moore
et al. (1992) first suggested the presence of pyroclastic deposits near an unnamed volcano
between Artemis Chasma and Imdr Regio. Another likely pyroclastic deposit in the form of a
radar dark streak, was identified near Tepev Mons, a large volcanic structure in Bell Regio
(Campbell & Rogers, 1994). The most commonly identified from of possible pyroclastic
deposits are large, radar-bright, diffuse deposits without clearly defined flow margins, that are
present on a handful of volcanic rises. These deposits are commonly found on the flanks of
large shields and adjacent to the annulus of large volcano-tectonic structures called coronae
(which are quasi-circular features characterized by tremendous amounts of volcanism, see
Stofan et al. (1992)). These deposits are interpreted as pyroclastic flow deposits formed by
gravitational collapse of eruption columns. However, there have not been any prior
investigations into the dynamics of pyroclastic flows and pyroclastic deposit formation on
Venus. We present a numerical model for pyroclastic flows on Venus, founded on mass flow
models used in Earth science, in Chapter 3. We simulate pyroclastic flow transport and
deposition, and tie results from numerical models to remote observations of the surface, to gain
insights into the eruption magnitude and volcanic rates needed to from long-runout pyroclastic
flow deposits on Venus. In a separate study, we analyze different types of radar observations
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of the proposed pyroclastic deposits and compare with radar scattering and emission models
(see Chapter 4). This allows us to place limits on some of the physical properties and internal
structure of the deposits, which in turn provides clues into their emplacement conditions.

1.3 RADAR ON PLANETARY SPACECRAFT MISSIONS
Studies of planetary volcanism, or any field of planetary geology for that matter, are riddled
with challenges caused by the inaccessibility of planetary surfaces. Planetary geologists have
relied on techniques like orbital and in-situ remote sensing from various spacecraft missions,
ground-based remote sensing, geochemical studies of astromaterials, theoretical modeling, and
analog field studies on Earth. One of the many remote sensing methods that has gained more
popularity in the last ~50 years is microwave or radar remote sensing. Radar remote sensing
involves active transmission of electromagnetic (EM) waves at wavelengths between ~1 mm
and ~10 m and subsequent reception of scattered EM waves from a planet’s surface. The use
of an active source and the ability to penetrate through thick atmosphere and clouds make radar
a valuable technique for learning more about a planet’s surface and shallow subsurface. Early
utilization of planetary radar techniques for geology involved the use of ground-based radio
telescopes to image the surface of solar system objects (Campbell et al., 1989b; Goldstein,
1964; Pettengill & Thompson, 1968). While this technique is still widely used (Campbell &
Campbell, 2022; Morgan et al., 2021), advancements in technology have enabled the
miniaturization of radar electronics, enabling the incorporation of radar payloads onto different
spacecraft missions, directed towards studies of Earth as well as other planets (Jordan, 1980;
Raney et al., 1991; Way et al., 1993).
Some of the earliest planetary radar experiments involved missions to Venus including PVO
and Magellan (Pettengill et al., 1980; Saunders et al., 1990). Both missions had on board a
SAR for mapping the planet’s surface (Johnson, 1991; Saunders, 1992; Saunders et al., 1990).
SAR instruments are side-looking radars that transmit a known form of signal towards a
planet’s surface and measure the scattered signal. Knowledge of the spacecraft orbit, the
relative motion between the antenna and the target, and the time delay of the received signal
are then used to form a backscatter image of the surface. In addition to an active SAR
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experiment, these missions also performed radiometry and altimetry experiments. In the
radiometry mode, the radars recorded the radiation emitted from the planet and received by the
antenna while the transmitter was turned off (Pettengill et al., 1992). In altimetry mode,
Magellan used a nadir pointing antenna to send and receive radar pulses; the return time delay
was used to determine the distance between spacecraft and the planet’s surface and map the
topography (Ford & Pettengill, 1992). Herrick et al. (2012) utilized the stereo-imaging
capabilities of the SAR instrument to obtain topography information at a higher resolution than
Magellan altimetry. Other studies of Venus have used polarimetry metrics determined from
the ground-based Arecibo Observatory data to investigate the surface and shallow subsurface
properties (Carter et al., 2004, 2006, 2011). Such different types of radar observations, like
SAR backscatter, radiometry, altimetry, and polarimetry, make up the foundation for the
majority of past and ongoing studies of Venus’s surface.
Radar instruments that have been flown to Mars so far include ground-penetrating radar (GPR)
instruments such as SHARAD and Mars Advanced Radar for Subsurface and Ionosphere
Sounding (MARSIS) on orbiters (Croci et al., 2011; Picardi et al., 2005; Seu et al., 2007) as
well as Radar Imager for Mars' subsurFAce eXperiment (RIMFAX) on the Mars2020 rover
(Hamran et al., 2020). GPR instruments typically use longer wavelength EM signals capable
of penetrating through geologic media, to map the subsurface. Initial examples of GPRs to
investigate geology included sounding of ice sheets (Bailey et al., 1964) and permafrost terrain
(Annan & Davis, 1976). Both MARSIS and SHARAD have greatly improved our
understanding of Mars’s polar caps (Phillips et al., 2008) and buried water-ice deposits (Holt
et al., 2008). SHARAD’s higher frequency and larger bandwidth have also proved be useful
for studies of volcanic or sedimentary units (Bharti et al., 2022; Carter et al., 2009a; Ganesh et
al., 2020; Morgan et al., 2013; Simon et al., 2014).
The ensuing chapters in this dissertation, primarily Chapters 2 and 4, make use of data from
the radar instruments discussed above to address relevant science objectives. Chapter 2
elaborates ways in which SHARAD sounding data can be used to investigate buried deposits.
Chapters 3 and 4 rely on Magellan datasets to explore the origin and characteristics of volcanic
deposits on Venus’s surface.
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CHAPTER 2. SHALLOW

RADAR

MAPPING

OF

POSSIBLE PYROCLASTIC DEPOSITS IN ARSIA
MONS CALDERA ON MARS
The contents of this chapter were published as Ganesh et al. (2020).

2.1 INTRODUCTION
The Tharsis plateau on Mars is dominated by the linearly aligned trio of volcanoes—Ascraeus
Mons, Pavonis Mons and Arsia Mons (Figure 2.1(A))—suggested to have formed from a single
magma source (Bleacher et al., 2007) that originated near Arsia Mons and migrated northward.
Though all three volcanoes display typical shield morphology with gently sloping flanks and
subsidence calderas at the summit, there are subtle distinctions between the shields. Crumpler
& Aubele (1978) considered the variations in morphology to be a consequence of each volcano
having ceased to evolve at different stages in the following sequence: (1) construction of the
main shield (2) formation of parasitic eruption centers in the northeast and southwest, (3)
subsidence at the summit of the volcanoes and (4) post-subsidence volcanism within the
caldera. Arsia Mons, having progressed till stage (4), and recently active (Richardson et al.,
2017), is the most developed among the Tharsis Montes. The summit calderas of the Tharsis
volcanoes have been compared to terrestrial shield calderas such as the Fernandina caldera at
Galapagos due to similar through-going rifts and fissure-fed eruptions (Crumpler et al., 1996;
Crumpler & Aubele, 1978; Wood, 1984). However, the large diameter of the Arsia Mons
caldera relative to the host shield, and the single circular depression, make it morphologically
unique.
Mantling ash deposits associated with pit craters have been identified within 10 km of the
caldera wall (Figure 2.1(B)) of Arsia Mons (Mouginis-Mark, 2002). This 45 to 50 m thick

24

layer of ash hints at explosive activity close to the summit in the past. Likely mechanisms of
emplacement include (1) magma fragmentation followed by volatile release which could
explain the presence of pits or (2) interaction of dikes with a subsurface layer rich in volatiles
(Mouginis-Mark, 2002). While explosive eruptions on Earth are usually silicic in composition,
basaltic Plinian eruptions are not unheard of (Houghton et al., 1999). On Mars, the low ambient
pressure has been hypothesized to intensify explosive volcanism even in basaltic compositions
with volatile contents as low as 0.03 wt.% (Wilson & Head, 1994), especially at high altitudes
like the summit of Arsia Mons.
Models of volcanic recurrence rate developed based on the stratigraphy of visible surface flows
constrain the intra-caldera activity to between 200–300 Ma and 90–100 Ma with model vent
creation rates peaking at 150 Ma (Richardson et al., 2017). It should, however, be noted that
the possibility of buried vents, or a change in the style of volcanism from explosive to effusive
eruptions introduces uncertainties in the modeled increase in recurrence rate between 200 and
150 Ma. The SHAllow RADar (SHARAD) instrument on board the Mars Reconnaissance
Orbiter (MRO) has the capability to detect bases of lava flows and buried volcanic units
provided there is sufficient dielectric contrast between the units in the subsurface (Carter et al.,
2009a; Morgan et al., 2013; Simon et al., 2014). In cases where the SHARAD wave penetrates
through dense bedrock and discerns dielectric interfaces, we can estimate the dielectric
properties (relative permittivity and loss tangent) of the medium which reflect the bulk physical
and chemical composition of the medium. In the work presented here, we use SHARAD data
to investigate the volcanic stratigraphy and older volcanic units within the caldera of Arsia
Mons. Section 2.2 provides background information on the geologic setting of the Arsia Mons
caldera. In section 2.3, we report on SHARAD measurements over the caldera and investigate
the subsurface structure up to depths of several tens of meters to further our understanding of
past eruption episodes. In section 2.4, we present a one-dimensional (1D) signal propagation
model inversion using Bayesian methods to explain the observations, and in section 2.5, we
discuss the results.
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2.2 REGIONAL SETTING
(A)

(B)

(C)
Secondary
shield volcano

Fissure

Figure 2.1. Geologic context of Arsia Mons caldera. (A) Mars Orbiter Laser Altimeter
(MOLA) hillshade image of the Tharsis province showing Olympus Mons and the three
Tharsis Montes. White rectangle marks the outline of the summit of Arsia Mons shown in
Figure 2.1(B). (B) Summit of Arsia Mons with ~115 km diameter circular depression. Note
the abundance of boundary fractures and grabens to the south and west of the caldera. The
northeast rim has been breached by lava flows. Solid white rectangles indicate locations of
Mars Orbiter Camera (MOC) images where mantling ash deposits were identified (MouginisMark, 2002). Hollow black rectangle shows the location of the HiRISE image in Figure 2.1(C).
(C) HiRISE image showing small secondary shields and fissures on the caldera floor.
The caldera of Arsia Mons (8⁰ S, 120⁰ W), having a diameter of ~115 km and a depth of 0.6
km from the rim to the floor (Crumpler et al., 1996; Plescia, 2004), is the largest circular
summit caldera related to an edifice on Mars (Figure 2.1(B)). Both Ascraeus Mons and
Olympus Mons have summit calderas with multiple overlapping depressions and benches
associated with ponded lava from previous levels of subsidence indicating repeated collapse
events (Mouginis-Mark & Rowland, 2001; Wood, 1984). The large circular depression at the
summit of Arsia Mons does not show prominent benches or remnants of older collapse calderas
indicating formation by a single eruption episode. The caldera walls exhibit well-developed

26

arcuate faults and grabens to the south and west (Figure 2.1(B)).These fractures are not visible
in the northeast section where the floor meets the flanks and lava flows appear to have spilled
across the rim (Carr, 1973, 1974; Crumpler et al., 1996; Crumpler & Aubele, 1978).
The caldera floor hosts a NE-SW trending line of small shield volcanoes (e.g. Figure 2.1(C))
and associated lava flows (Richardson et al., 2017) dated to be 130 Myr old (Neukum et al.,
2004; Werner, 2009). These secondary shields represent post-caldera fissure volcanism caused
by a dike reaching the surface (Carr et al., 1977; Crumpler & Aubele, 1978; Mouginis-Mark
& Christensen, 2005; Mouginis-Mark & Rowland, 2001). This linear arrangement of fissures
is slightly offset to the east from the center of the caldera implying preferential concentration
of strain to the west, followed by formation of ring faults, and growth of caldera margins away
from the center of volcanism (McGovern & Solomon, 1993). The prolonged fissure-fed
volcanism after caldera collapse has been interpreted to imply quiet subsidence caused by
sustained growth and drainage of a large magma chamber in contrast to caldera collapses
caused by explosive eruptions, an identified process for the large terrestrial volcanoes.
A fan shaped deposit (FSD) on the northwestern flank of Arsia Mons has been interpreted as
the remnant of a cold-based glacier that existed in the late Amazonian (Head & Weiss, 2014).
A large graben at an elevation of ~6 km in the western flank sourced glacial deposits that are
< 115 Myr old and overlie the FSD (Shean et al., 2007). Though this low latitude glaciation in
the Amazonian is contemporaneous with the end of intra-caldera eruptions (100 – 200 Ma),
global circulation models and climate simulations constrain the spatial extent of ice
accumulation to the windward, medium elevation slopes of the Tharsis Montes, well below the
elevation of the caldera floor (~16.3 km) (Fastook et al., 2008; Forget et al., 2006). Therefore,
we focus our modeling and analysis on dry eruption products.

2.3 SHARAD MAPPING
SHARAD is a sounding radar on the MRO spacecraft operating from an average altitude of
300 km. 85 μs pulses spanning a frequency range of 15 MHz to 25 MHz are transmitted using
a 10 m long dipole antenna (Croci et al., 2011; Seu et al., 2007). The instrument radiates 10 W
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of power which allows for a signal-to-noise ratio (SNR) of ~50 dB. While a significant fraction
of the SHARAD signal incident on the surface is reflected, a portion of the signal gets
transmitted into the subsurface. This transmitted signal undergoes backscattering at boundary
between media having dielectric differences. The backscattered part of the signal reaching the
radar antenna is recorded by the receiver as a time-series of complex voltages.
The range resolution of SHARAD, as determined by the 20 MHz center frequency and 10 MHz
bandwidth of the instrument, is ideally 15 m in free space and ~24 m upon windowing to
suppress sidelobes (Seu et al., 2007). The radar signal velocity and wavelength are both
reduced by a factor of 1/√𝜀𝜀 ′ in other media where 𝜀𝜀’ is the real part of the medium’s relative
permittivity (ratio of the permittivity of the medium to that of free space) also referred to as
the dielectric constant. Range resolution of 9 to 4 m can be achieved in a geologic medium
having real relative permittivity values ranging from 3 to 11. The operational wavelength of
SHARAD allows for detection of layers caused by dielectric dissimilarities at average depths
of 50 m below the surface in lossy media (Heggy et al., 2006); layers at much greater depths
have been noted in SHARAD data over low loss media (Putzig et al., 2009). The radar returns
form the surface and the subsurface are processed into ‘radargrams’ which are subsurface
profiles that show power values as a function of round-trip time along the Y-direction and
along track ground distance in the X-direction. It is important to note that surface relief
variations at SHARAD wavelength scales oriented at right angles to the radar tracks can give
rise to surface clutter in the radargrams and hence require careful analysis (Choudhary et al.,
2016; Holt et al., 2006).
Previous workers studying volcanic deposits using SHARAD have mapped radar reflections
from the bottom of young Amazonian lava flows up to depths of ~70 meters in Tharsis (Carter
et al., 2009a; Simon et al., 2014). In the Elysium province, multiple radar-reflecting horizons
were identified within 110 meters of the surface in volcanic rocks (Morgan et al., 2013). Simon
et al. (2014) attributed the disparity in detecting subsurface layering between the Tharsis and
Elysium regions to the probable interbedding of groundwater-deposited sediments and lava
flows in Elysium and the lack thereof in Tharsis. Bharti et al., (JGRP in review) similarly found
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evidence for lava flows over sedimentary deposits near Mangala Fossa, west of Tharsis
Plateau.

Figure 2.2. THEMIS day-IR base map with the locations of the subsurface interfaces shown
in different colors. Yellow – dipping interfaces close to the surface; Black – flat interfaces
close to the surface; Pink – Deeper interfaces, mostly occurring as a 2nd interface beneath the
near surface interfaces. Blue – bright interfaces that occur adjacent to the south caldera wall.
Olive green – subsurface reflectors with low signal-to-noise ratio (SNR) which were mapped
but not used in the Bayesian analysis. Red triangles mark the locations of volcanic vents and
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fissures in the caldera. White lines represent the tracks from which the radargrams shown in
Figure 2.3 were obtained.
The floor of Arsia Mons caldera is smooth at scales of SHARAD wavelength of ~15 m, making
it favorable for detecting dielectric discontinuities in the near-subsurface without significant
clutter in the data. We surveyed radargrams from 29 nighttime tracks (orbital tracks over the
hemisphere facing away from the sun) and 11 daytime tracks (orbital tracks over the
illuminated hemisphere) crossing the caldera of Arsia Mons. The track numbers are listed on
Appendix A. Late time-delay echoes were apparent in the radargrams obtained over the
western and southwestern regions of the caldera (Figure 2.2). Clutter simulations of the tracks
were examined to discriminate the late time delay echoes arising due to neighboring
topographical features from true subsurface reflections. Only those echoes not found in the
clutter simulations were interpreted as echoes caused by dielectric boundaries in the subsurface
(Figure 2.3).

2.3.1 MAPPED INTERFACES
The reflectors in the subsurface denote sharp changes in dielectric properties between
lithological units in the subsurface. The dielectric contrast may be caused by a difference in
composition and/or density of the volcanic material emplaced by periodic eruptions within the
caldera. Based on the spatial distribution of the reflectors (Figure 2.2), we broadly classify
them into two categories (example radargrams and clutter simulations for each category are
shown in Figure 2.3). West: Many of the subsurface interfaces are found in the western part of
the caldera. These reflectors show a normalized return power varying between -3.9 and -4.6
dB relative to the surface power. The interfaces are near-horizontal and in some places stacked,
giving rise to a layered structure in the subsurface (Figure 2.3A). While stratified non-ice radar
reflectors have been identified previously in the Elysium province (Morgan et al., 2013) and
near Mangala Fossa (Bharti et al., JGRP in review), stratified subsurface structure has not been
identified in Tharsis until now. South: The interfaces near the southern caldera wall are close
to the secondary shields and fissures. The average return power from these reflectors relative
to the surface return is -3 dB. This is higher by 1 to 1.5 dB in comparison to the western
reflectors (Figure 2.3B). In contrast, the central and northern portions of the caldera, where the
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shields and surface flows are concentrated, do not have any detected radar responses associated
with subsurface interfaces (Figure 2.2). In trend with the declining number of subsurface
interfaces from the west to the east, the eastern part of the caldera is devoid of subsurface
echoes. Except for subsurface reflectors in three out of the 29 night-time tracks, the mapped
reflectors do not lie close to the vents (marked by red triangles in Figure 2.2).

(A)

(B)

(C)

(D)

Figure 2.3. The top panels show SHARAD radargrams and the bottom panels show
corresponding clutter simulations (Choudhary et al., 2016; Holt et al., 2006) from track 13952
(west caldera reflectors, A and C) and 26413 (south caldera reflector, B and D) — an example
each for the two categories of reflectors (west and south) seen in the subsurface of the caldera.
Peach colored arrows in the radargrams point to the reflectors mapped as subsurface interfaces;
peach colored arrows in the clutter simulations show the location of the reflectors where the
lack of surface clutter is evident. North is towards left for all images.
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2.4 MODELING RADAR SIGNAL PROPAGATION
2.4.1 APPROACH AND ASSUMPTIONS
The depth of the interfaces can be estimated if the signal delay time 𝑡𝑡 and the real component
of the relative permittivity 𝜀𝜀′ of the subsurface are known. The velocity of electromagnetic
(EM) waves in a medium with real relative permittivity 𝜀𝜀′ can be related to the velocity of EM

waves in free space 𝑐𝑐 as 𝑐𝑐/√𝜀𝜀′. This gives the depth of a subsurface reflector 𝑑𝑑 from the

surface.

𝑑𝑑 =

𝑡𝑡 ∗ 𝑐𝑐

(1)

2 ∗ √𝜀𝜀′

Precise determination of both the depth of the interfaces and the dielectric properties of the
intervening medium using equation (1) is not possible for our study region. Thickness of a
geologic unit can be determined if there are vertical faces such as trough walls that expose the
subsurface stratigraphy, but the caldera floor lacks such relief features. There are no visible
surface expressions of lava flows (or other volcanic units) that match the lateral extent of the
interfaces from which the lava flow thickness can be estimated. Because of this limitation, we
use a Bayesian framework in conjunction with equations for one-dimensional (1D) plane wave
propagation to simultaneously constrain the thickness and the dielectric properties. This
method allows us to assess a suite of solutions for these quantities that could explain the
observed interfaces.
EM waves propagating through a medium undergo attenuation due to the medium’s dielectric
nature and the presence of inhomogeneities. At the interface between two stacked media with
different relative permittivity values, a portion of the signal gets backscattered while the rest
is transmitted through. The three processes – attenuation, backscattering, and transmission –
are dependent on the incidence geometry of the signal and dielectric properties of medium.
For locations where a SHARAD signal penetrates the subsurface and returns to the spacecraft,
the incoming wave approximates a plane wave perpendicular to the surface, and the angle of
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incidence 𝜃𝜃𝑖𝑖 can be approximated to 0°. Inclined surfaces and high frequency variations in

relief can cause an increase in the local incidence angles, smaller than a range bin in time delay
or the Fresnel zone horizontally. The caldera of Arsia Mons exhibits low apparent thermal
inertia values consistent with an extensive dust mantle (Putzig et al., 2005; Ruff & Christensen,
2002) that presents a smooth target to the radar wave. Additionally, the caldera floor is flat and
shows very little variation in elevation ranging between 16.2 and 16.4 km as measured from
Mars Orbiter Laser Altimeter (MOLA) data (Zuber et al., 1992) over 115 km. Hence, we
neglect the effect of local incidence angle and assume 0° incidence for the model.
It should be noted that lithological boundaries are usually not smooth reflectors producing
strictly specular reflection. In cases where the subsurface interface is rough, the diffuse
backscatter signal will be spread over multiple pixels in the Y-direction in the radargram with
the power at each pixel being lesser than the overall power recorded from a specular interface.
This would result in underestimation of the contrast between the dielectric permittivity of the
two media giving rise to the subsurface reflector. However, given the lack of significant surface
roughness associated with dust mantled lava flows within the caldera as seen in HiRISE
images, and similar -3dB widths for the subsurface reflectors relative to the -3dB widths of
surface reflection, we regard all the subsurface reflectors as smooth interfaces with negligible
roughness resulting in little to no diffuse scattering for modeling purposes.

2.4.2 1D RADAR SIGNAL PROPAGATION
We approximate the SHARAD signal as a plane wave as the altitude of the spacecraft orbit
places the subsurface in the far field. For a plane wave of frequency 𝑓𝑓 and wavelength 𝜆𝜆 starting

out with power 𝑃𝑃0 , the amount of power remaining after the wave has traveled a distance 𝑥𝑥

through a medium having real relative permittivity 𝜀𝜀′ is given by the relation (Stratton, 1941),
𝑃𝑃(𝑥𝑥) = 𝑃𝑃0 𝑒𝑒 −𝛼𝛼𝛼𝛼

(2)

Here 𝛼𝛼 is the microwave loss factor or attenuation coefficient given by (Ulaby et al., 1981),
𝛼𝛼 =

2𝜋𝜋𝜋𝜋 𝜀𝜀′
� ��1 + 𝑡𝑡𝑡𝑡𝑡𝑡2 𝛿𝛿 − 1�
𝑐𝑐
2

(3)
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The real part of the relative permittivity is considered the main parameter that determines how
the signal interacts with a medium. Based on empirical modeling of the physical properties of
terrestrial rocks and lunar basaltic rocks and rock powders, the real relative permittivity 𝜀𝜀′ for
geologic materials is related to the bulk density 𝜌𝜌 using (Carrier et al., 1991; Ulaby et al.,
1988),

(4)

𝜀𝜀′ = 1.96𝜌𝜌

The attenuation of the signal in a medium is quantified by the loss tangent 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 which is the
ratio of the imaginary part of the relative permittivity to the real part (𝜀𝜀′′⁄𝜀𝜀′) (Ulaby et al.,
1981).

When the plane wave encounters a boundary between two media having different bulk

densities (e.g. air and volcanic materials), the wave undergoes both backscattering and
transmission. For normal incidence, the Fresnel reflection coefficient, given by ᴦ =
(√𝜀𝜀′1 − √𝜀𝜀′2 )2

(�𝜀𝜀 ′ 1 + √𝜀𝜀′2 )2

, and the Fresnel transmission coefficient, 𝜏𝜏 =

4√𝜀𝜀′1 √𝜀𝜀′2
,
(�𝜀𝜀 ′ 1 + √𝜀𝜀′2 )2

can be used to describe

the backscattered and the transmitted waves respectively (Stratton, 1941).
The power of the backscattered wave 𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟 is given using,
𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟 = ᴦ𝑃𝑃0 =

(�𝜀𝜀′1 − �𝜀𝜀′2 )2

(�𝜀𝜀 ′1 + �𝜀𝜀′2 )2

𝑃𝑃0

Similarly, the power of the transmitted wave 𝑃𝑃𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 is given as,
𝑃𝑃𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 𝜏𝜏𝑃𝑃0 =

4�𝜀𝜀′1 �𝜀𝜀′2

(�𝜀𝜀 ′1 + �𝜀𝜀′2 )2

𝑃𝑃0

(5)

(6)

Note that the sum of the reflected and the transmitted power equals the total incident power
(𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟 + 𝑃𝑃𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 𝑃𝑃0 ). Here, we assume a two-layered subsurface structure having different

dielectric properties, denoted by subscripts 1 and 2 (Figure 2.4). For an incident signal of power
𝑃𝑃0 , the reflection from the surface can be characterized by a return signal of power 𝑃𝑃𝑠𝑠
𝑃𝑃𝑠𝑠 = ᴦ𝑠𝑠 𝑃𝑃0

(7)
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The power reflected from the interface between layers 1 and 2 at depth 𝑑𝑑 in the subsurface

would have to retrace a path back through layer 1 before reaching the receiver. For a total

distance of 𝑥𝑥 traveled by the wave where 𝑥𝑥 = 2𝑑𝑑, the subsurface power 𝑃𝑃𝑠𝑠𝑠𝑠 measured by the

receiver is given by

𝑃𝑃𝑠𝑠𝑠𝑠 = (1 − ᴦ𝑠𝑠 )2 exp(−2𝛼𝛼𝛼𝛼) ᴦ𝑠𝑠𝑠𝑠 𝑃𝑃0

(8)

Dividing equation (8) by equation (7) gives the subsurface power normalized to the surface
echo,
𝑃𝑃𝑠𝑠𝑠𝑠
ᴦ𝑠𝑠𝑠𝑠
= (1 − ᴦ𝑠𝑠 )2 exp(−2𝛼𝛼𝛼𝛼)
𝑃𝑃𝑠𝑠
ᴦ𝑠𝑠

(9)

𝑃𝑃0
𝑃𝑃𝑠𝑠

𝑑𝑑

𝑃𝑃𝑠𝑠𝑠𝑠
𝜀𝜀 ′1

𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡1
𝜀𝜀 ′ 2

𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡2

Figure 2.4. Schematic representation of 1D radar signal propagation in a 2-layer subsurface
structure.
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This expression can be reduced to the equation of a straight line of slope −2𝛼𝛼 and intercept 𝑏𝑏
𝑃𝑃𝑠𝑠𝑠𝑠
𝑙𝑙𝑙𝑙 � � = −2𝛼𝛼𝛼𝛼 + 𝑏𝑏
𝑃𝑃𝑠𝑠

(10)

By rearranging equation (3) and substituting the value for slope obtained from the model
parameters, the loss tangent 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡1 of layer 1 can be estimated.
𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡1 = ��2 ∗ �

(−2𝛼𝛼)𝜆𝜆
4𝜋𝜋�𝜀𝜀′1

2

2

� + 1� − 1�

1�
2

(11)

This approach of using the signal attenuation to measure the loss tangent was introduced by
Watters et al. (2007).
The permittivity 𝜀𝜀′2 of layer 2 can be determined by using the value of the model-derived

intercept in the expression obtained by combining equations (5), (6), (9) and (10).
�𝜀𝜀′2 =

1 − 𝐾𝐾
�𝜀𝜀′1
1 + 𝐾𝐾

(12)

where
𝐾𝐾 = ± �exp(𝑏𝑏)

1 − 𝜀𝜀′1
4 �𝜀𝜀′1

2.4.3 MARKOV CHAIN MONTE CARLO SAMPLING
Bayesian techniques combined with genetic algorithms have been shown to be effective in
inverting radar signal propagation equations for determining electromagnetic properties
(Zhang et al., 2008). Here, we use a Bayesian approach involving Markov Chain Monte Carlo
(MCMC) technique to infer the dielectric properties that are most likely give rise to the
observed dataset along with associated uncertainties. The first step in this approach involves
predicting the (posterior) probability distribution 𝑃𝑃 for a set of parameters 𝜃𝜃 that gives rise to

the observed dataset 𝐷𝐷 based on prior knowledge of the probability distribution of the
parameters and a model 𝑀𝑀 that predicts the observed dataset.
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(13)

𝑃𝑃(𝜃𝜃|𝑀𝑀, 𝐷𝐷) = 𝑃𝑃(𝜃𝜃) 𝑃𝑃(𝐷𝐷|𝑀𝑀, 𝜃𝜃)

Here, 𝑃𝑃(𝜃𝜃|𝑀𝑀, 𝐷𝐷) is the posterior probability of the parameters whose values are to be

determined, 𝑃𝑃(𝜃𝜃) is the prior probability of the parameters assigned based on geological
constraints, and 𝑃𝑃(𝐷𝐷|𝑀𝑀, 𝜃𝜃) is the data likelihood.
(A
)

West

South

(B
)

Figure 2.5. Results from the MCMC model. (A) Plots of power loss as a function of depth for
a 2nd layer reflector in track 22378 (left) and a bright southern reflector in track 26413 (right).
The filled turquoise circles are SHARAD data points corresponding to each pixel in a reflector;
the gray lines are 100 randomly chosen samples (not best fit parameters) from 50,000 MCMC
model iterations plotted as linear fits to the data points. (B) Corner plots showing the 1D and
2D projections of the posterior probability distribution of the parameters. The 1D probability
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distributions are plotted in the diagonal panels; the vertical dashed lines, and the slope and
intercept values shown above correspond to the 16th, 50th and 84th percentiles in the
distribution. The solid lines (in both 1D and 2D projections) show the values of slope and
intercept around which the 50 walkers were initialized in a Gaussian distribution. The bottom
left panel shows the set of values every MCMC run converged to within the sample space;
contours encompassing the densest regions, and a projection of the 2D probability function are
overlaid on the plot of convergence values. Note that the southern reflector (right) has a smaller
spread for the slope parameter (as seen from the closely spaced linear fits) which reduces the
uncertainties in loss tangent quoted at 16th and 84th percentile to <10-3.
In the next step, MCMC technique is used to sample the probability distribution calculated in
equation (13) for identifying a suite of solutions that are compatible with the observed data.
MCMC sampling allows us to estimate the solution to an inverse problem in the form of
posterior probability distribution of the parameters of interest (real relative permittivity and
dielectric loss tangent in our case). The MCMC approach, at its core, addresses the problem of
sampling efficiently from a complicated distribution. The output of the algorithm is a collection
of samples from the posterior distribution. In contrast to deterministic best-fit methods that
lead to one or a collection of values for 𝜃𝜃 that best explains the data 𝐷𝐷, MCMC sampling gives
a probability distribution 𝑃𝑃(𝜃𝜃|𝑀𝑀, 𝐷𝐷) over 𝜃𝜃.

In our approach, we assume a two-layer substrate in which each subsurface reflector represents
the lower boundary of a homogenous unit that extends uninterrupted all the way up to the
surface; the lower unit is treated as a half-space bounded on top by the reflector. The power
values associated with all the pixels making up a subsurface reflector are normalized using the
power of the surface pixel directly above. These normalized power values, corresponding to
the left-hand side of equation (10), make up the observed dataset 𝐷𝐷. 𝑃𝑃(𝐷𝐷|𝑀𝑀, 𝜃𝜃) is the Gaussian

likelihood function computed for the dataset 𝐷𝐷. We formulate a prior likelihood 𝑃𝑃(𝜃𝜃) by
assuming a uniform distribution of values ranging from 1 to 50 for real relative permittivity of

the lower unit and 0.001 to 0.3 for loss tangent of the upper unit based on previous studies of

dielectric properties of geologic materials (Carrier et al., 1991; Heggy et al., 2001; Nunes &
Phillips, 2006; Ulaby et al., 1981). The joint posterior probability distribution 𝑃𝑃(𝜃𝜃|𝑀𝑀, 𝐷𝐷) is
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then computed for both these quantities using equation (13). We sample this posterior
distribution using the Python package emcee (Foreman-Mackey et al., 2012) to find a suite of
real relative permittivity and loss tangent values that have the highest likelihood of giving rise
to the observed dataset.
First, we use the thickness of the surface lava flows used by Richardson et al. (2017) to estimate
a range of real relative permittivity values for the uppermost unit using equation (1). We then
iterate through this range of values as input for repeated runs of MCMC sampling to find the
permittivity of the upper unit for which the Markov chain converges to the target distributions
of the lower unit’s permittivity and the upper unit’s loss tangent in the sampling domain. This
enables recording the permittivity of the uppermost unit. The permittivity of the lower unit and
the loss tangent of the upper unit are then estimated for each reflector from the MCMC sampled
suite of parameters using equations (11) and (12). While estimating the dielectric properties of
the second and third layer of interfaces, we set the permittivity of the upper unit equal to the
model-derived lower unit permittivity of the reflector located immediately above. It should be
noted that the variable 𝐾𝐾 in equation (12) can take either positive or negative values depending
on whether the lower unit is denser than the upper unit or vice-versa. The implications of this

ambiguity are taken into consideration and discussed further in section 2.6. All our model runs
use 50 walkers that run for 50,000 Monte Carlo iterations. We use the mean acceptance fraction
(the number of steps out of the 50,000 steps taken by the walkers which were accepted) as a
measure of convergence and only report values from models with a mean acceptance rate of at

least 0.70. Figure 2.5(A) plots 100 randomly chosen linear fits (out of 50,000 steps); the
parameters of the fit represent the values the walkers converged to within the sampling space.
Figure 2.5(B) shows the 1D and 2D probability distribution of the parameters in the form of a
corner plot.
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2.5 RESULTS
2.5.1 REFLECTORS – WEST
The reflectors in the west are not located close to the rift fed vent system or to the surface flows
emanating from them. These reflectors are most likely associated with substrates underlying
thin, unresolvable surface lava flows. 70% of the interfaces in the west show stratification.
Thicknesses ranging from 30 to 70 m for the first layer, with corresponding real relative
permittivity values of 𝜀𝜀’ = 4.3 ± 0.6, give rise to the highest likelihood for the real relative
permittivity of the lower unit and loss tangent of the upper unit. The second layer of reflectors

have depths ranging from 60 to 80 m for positive values of 𝐾𝐾 and 100 to 120 m for negative 𝐾𝐾

values. The corresponding bulk permittivity values are 𝜀𝜀’ = 6.6 ± 0.2 and 𝜀𝜀’ = 3.4 ± 0.5

respectively. For the third layer (lowermost half-space), using positive 𝐾𝐾 values gives a bulk

permittivity of 𝜀𝜀’ = 8.2 ± 0.4, whereas using negative 𝐾𝐾 values results in unrealistically
low permittivity. These model-derived real relative permittivity estimates are within the range

of values calculated for basalts (Carrier et al., 1991; Ulaby et al., 1988). The mean normalized

power for the western reflectors range between -3.9 and -4.6 dB. The loss tangent values are
𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 0.019 ± 0.003 for the first layer and a higher value of 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 0.035 ± 0.005 for
the second layer.

The real relative permittivity 𝜀𝜀’ of a medium can be linked to the medium’s bulk density 𝜌𝜌

through equation (4). The computed average bulk densities are 2.1 𝑔𝑔𝑐𝑐𝑐𝑐−3 for the first layer,

2.8 𝑔𝑔𝑐𝑐𝑐𝑐−3 and 1.8 𝑔𝑔𝑐𝑐𝑐𝑐−3 corresponding to the low and high permittivity values for the

second layer, and 3.12 𝑔𝑔𝑐𝑐𝑐𝑐−3 for the lowermost layer. The bulk density values point to two
different subsurface structures which could give rise to the observed backscatter: (1) stacked

lava flows of increasing bulk density if we consider the possibility of high real relative
permittivity for the middle layer and (2) low-density volcanic material sandwiched between

two higher density lava flows if we assume the case of low permittivity value for the middle
layer.
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2.5.2 REFLECTORS – SOUTH
The reflectors in the southern part of the caldera underlie a smooth, low reflectivity section of
the radargram with reduced internal scattering. They are notably brighter reflectors with a
mean power of -3 dB relative to the surface return, suggesting a higher dielectric contrast
between the upper and lower units in comparison to the western reflectors. Depths of 50 to 80
m for the upper layer provides the highest likelihood for the observed data. This results in a
low permittivity upper layer with 𝜀𝜀’ = 2.9 ± 0.1 and a second layer (lowermost half-space)

with permittivity of 𝜀𝜀’ = 7.5 ± 0.3. We only discuss results obtained using positive 𝐾𝐾 values

here since negative 𝐾𝐾 values result in unphysical real relative permittivity for the lower unit.

The corresponding average bulk density values determined using equation (4) are 1.58 𝑔𝑔𝑐𝑐𝑐𝑐−3

for the upper unit and 2.99 𝑔𝑔𝑐𝑐𝑐𝑐−3 for the lower unit. The low bulk density and permittivity of

the upper layer, combined with a thickness greater than 50 m, are consistent with deposits of
volcanic ash, pumice or tuff (Campbell & Ulrichs, 1969; Ulaby et al., 1988), more similar to
Medusae Fossae formation materials (Carter et al., 2009b; Watters et al., 2007) than to lava

flows. The low bulk permittivity value is inconsistent with the visible lava flows on the surface.
However, if the surface unit thickness is insignificant compared to the thickness of the
underlying pyroclastic unit, the permittivity of the topmost lava flows will have a negligible
effect on the estimated bulk permittivity and still allow for the low overall value we calculate.
The upper layer has a loss tangent value of 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 0.04 ± 0.01 indicating higher power
loss compared to most of the western layers.

It is important to note that our estimates yield the bulk dielectric properties of the subsurface
units. Finely interbedded fall deposits or pumiceous material within the bedrock are
unresolvable at SHARAD scales and would decrease the bulk density for the medium. The
values reported here are hence likely to be underestimations of the dielectric properties of dense
bedrock.
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2.6 DISCUSSION
2.6.1 VARIATION IN INTRA-CALDERA VOLCANISM
Both geographic categories of reflectors exhibit ranges of permittivity values for the lower
layers that have been observed in terrestrial and lunar basaltic rocks and pyroclastics (Campbell
& Ulrichs, 1969; Carrier et al., 1991). The variability in the subsurface layer properties
(thickness, dielectric permittivity and loss tangent) at different locations within the caldera
highlights the dissimilarity in volcanic stratigraphy likely caused by spatial and/or temporal
variations in eruption styles in the past. In the western part of the caldera, SHARAD
observations indicate the possibility of two different stratigraphic scenarios indistinguishable
from each other with current instruments.
(1) Stacked lava flows: The lower layers in the western part of the caldera are possibly dense
(~2.8 𝑔𝑔𝑐𝑐𝑐𝑐−3 and ~3.12 𝑔𝑔𝑐𝑐𝑐𝑐−3 ) lava flows buried beneath a lower density (~2. 1 𝑔𝑔𝑐𝑐𝑐𝑐−3 )
medium that could be a vesicular lava flow or a stratified column of thin layers of effusive and

explosive products finer than the resolution of SHARAD (Figure 2.6A). Alternately, the
density differentiation interpreted from the radar analysis could also arise from a single thick
lava flow having a brecciated top and an intact, dense lower part. Since the latter requires the
presence of thick lava flows (> 60 meters) with similarly large, brecciated surfaces, we favor
the interpretation of multiple, stacked flows. The variations in thicknesses and physical
properties between these layers could be associated with changes in effusion rates,
crystallization and cooling rates, or physical composition of the source magma.
(2) Alternating pyroclastics and lava flows: The second possible stratigraphy is the presence

of a low-density (~1.8 𝑔𝑔𝑐𝑐𝑐𝑐−3 ) tephra unit, between 50 and 130 meters in thickness, bounded
by lava flows both above and below (Figure 2.6B). The lava flow on top is more vesicular as

suggested by the overall lower bulk density (~2. 1 𝑔𝑔𝑐𝑐𝑐𝑐−3 ) relative to the bottom flow unit

(~3.12 𝑔𝑔𝑐𝑐𝑐𝑐−3 ). Analogous deposits of basaltic tephra on Earth have much lower thicknesses

ranging from a few centimeters to a few meters (Decker & Christiansen, 1984; McPhie et al.,
1990; Pullar & Nairn, 1972). Emplacement of a 50 – 130 m thick tephra unit near the center
of the caldera would have required numerous explosive eruptions at the summit of Arsia Mons.
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The 50 – 80 m thick upper unit along the south caldera wall has low bulk density
(~1.58 𝑔𝑔𝑐𝑐𝑐𝑐−3 ) characteristic of a pyroclastic deposit (Figure 2.6C). The boundary between

low to moderately welded explosive products and high-density (~2.99 𝑔𝑔𝑐𝑐𝑐𝑐−3 ) effusive lava

flows could give rise to the observed bright reflection in the subsurface. This stratigraphy is

atypical of eruptions sourced from a normally zoned magma chamber (where high-density
basaltic magma underplates volatile-rich magma) where the initial eruption products like ash
and other tephra form the lowermost unit of the erupted sequence of products. The inferred
reverse stratigraphy can result from a reversely zoned magma chamber. However, a more likely
explanation is that these units are the products of different eruption episodes where older
activity was characterized by magma that was either volatile-poor or outgassed substantially
before eruption.
The southern low-density unit has the same thickness to within the errors as the possible lowdensity deposit in the west described as option (2) above. This raises the possibility that the
same unit occurs both places but is topped by a thicker layer of rift-generated flows in the west
(see Fig. 6B and 6C). However, with the present data it is not possible to definitively conclude
that this is the case, or even determine whether the western reflectors contain a low-density
unit or are simply stacked effusive flows as described as option (1).
The range of calculated loss tangent values for all the reflectors within the caldera are
consistent with volcanic material (Campbell & Ulrichs, 1969; Carrier et al., 1991; Ulaby et al.,
1981). The differences between the loss tangents of the different layers could be due to
variations in radar-wave absorbing mineral oxide content. Crustal dielectric losses are
particularly sensitive to iron and titanium abundances (Campbell et al., 1997; Carrier et al.,
1991; Olhoeft & Strangway, 1975) and high-loss layers could be a characteristic of Fe or Ti
rich rocks. Alternatively, volumetric scattering in the subsurface caused by inhomogeneities,
high porosity, or inclusions in the medium could also cause high loss (Grimm et al., 2005).
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(A)

(B)

(C)

Figure 2.6. Schematic representation of the subsurface stratigraphy in the caldera inferred
from SHARAD data. (A) West Scenario 1: Stacked lava flows with vesiculated and less dense
flows overlying very dense lava. (B) West Scenario 2: Less dense lava flow and a thick tephra
deposit overlying denser bedrock. (C) South: Pyroclastic or other low-density material
deposited over dense lava flows in the southern part of the caldera, adjacent to the walls.

2.6.2 LACK OF SHARAD DETECTIONS IN OTHER PARTS OF THE
CALDERA
(A)

(B)

Figure 2.7. Results from thermal inertia analysis. (A) Thermal inertia (TI) map of the caldera
floor overlaid on THEMIS day-IR image; light colors represent high TI units and dark colors
show low TI material. Note that the eastern and northeastern part of the caldera exhibit higher
TI values. (B) The delayed signal return time from subsurface reflectors plotted against TI of
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the surface material directly above the interface. Late return times for interfaces under low TI
material (such as dust) towards the left of the plot indicates deeper signal penetration in these
regions.
The reason for abundance of SHARAD interfaces at some parts of the caldera and complete
absence in other parts is unclear. More observations have been acquired in the west, potentially
creating a sampling bias; however, it is unlikely that the uneven spacing could result in lack of
detections given that there is also some coverage in the east with 4 night-time and 5 day-time
tracks (Figure A1). Here, we examine two possible characteristics of the target that could
explain the detections, or lack thereof, of radar reflections in the subsurface.

2.6.2.1 LOSSY VOLCANIC MATERIAL
The presence of high loss material, which increases signal attenuation and decreases the depth
to which the radar can detect interfaces, could explain the absence of subsurface reflectors. In
the case of Arsia Mons, the lower layers in the west and the low-density layer in the south have
higher loss tangent values (>0.03). This indicates higher loss in the signal power and could
contribute to the lack of detections below these layers. This could explain the absence of
SHARAD reflectors not only in the caldera but in many volcanic sites across the planet.

2.6.2.2 SURFACE DUST MANTLE
Previous studies of radar sounding in volcanic terrains have shown that surface dust mantle
can improve the transmission of the radar signal into the subsurface (Simon et al., 2014). A
dust layer of a few meters thickness (less than the SHARAD wavelength) reduces the gradient
of the dielectric contrast at the atmosphere-rock boundary and the magnitude of surface
reflection, permitting transmission of more power into the subsurface. Additionally, the dust
cover also acts to reduce small scale surface roughness variations, presenting a smoother target
to the radar signal (Campbell et al., 2008; Harmon et al., 2012) which reduces the amount of
diffuse backscattering component, and increases the amount of specular reflection from the
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surface. These mechanisms contribute to an increase in the amount of radar signal penetrating
the surface in dust covered regions relative to locations of exposed bedrock or lava flows with
a rough surface. Everything else being equal, this distinction enables deeper penetration under
dust covered flows.
Context camera (CTX) (Malin et al., 2007) images, having a resolution of ~8 m/pixel, show a
dust covered caldera floor with several bright and dark wind streaks and dust devil tracks. To
determine if lateral variations in surface dust mantle thickness could affect the detection of
subsurface interfaces, we use thermal inertia (TI) as a proxy for surface lithology. Rocky
surfaces and exposed bedrocks show very little fluctuation in temperature within short periods
and hence exhibit high apparent thermal inertia. Dust and unconsolidated material on the other
hand give rise to low apparent thermal inertia. TI maps derived from Thermal Infrared
Mapping Spectrometer (THEMIS) (Christensen et al., 2004) show that the floor has overall
low values for TI (Putzig et al., 2005; Ruff & Christensen, 2002). The caldera floor is
dominated by material having TI less than 650 thermal inertia units (TIU) (Figure 2.7A). The
presence of low TI unit at the summit of Arsia Mons is consistent with previous observations
of low TI material occurring at the highest elevations owing to the trapping of fine sediments
at high altitudes (Putzig et al., 2005). The portion of the caldera covered by lava flows show
lower TI than the areas of the floor closer to the walls (Figure 2.7A). Comparing the location
of the subsurface interfaces with surface TI shows that the return time delay of the signal is
larger in areas where the surface comprises very low TI material (Figure 2.7B). This inverse
relation between TI and depth to interfaces suggests that surface dust cover enhances our ability
to detect deeper interfaces and hence layered interfaces in some locations.

2.6.3 IMPLICATIONS FOR CALDERA EVOLUTION
The spatially non-uniform volcanism within the caldera could be a natural result of the
volcano-tectonic evolution of the Arsia Mons caldera. The upper reflectors in the west are
consistent with lava flows that are likely associated with previous episodes of rift volcanism.
The caldera floor shows post-subsidence volcanic activity along the rift zone providing
evidence that the summit collapse did not suppress the pre-caldera magma egress pathways.
The linear chain of post-caldera vents points to insignificant utilization of the ring fractures as
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zones of weakness for magma to reach the surface. The lack of knowledge about the exact
period of caldera subsidence poses difficulties for determining the age of the subsurface units
and constraining their activity to pre-caldera or post caldera period. Nonetheless, the age of the
surface flows (100 to 150 Ma) provide a lower bound on the age of the subsurface lithologies
detected by SHARAD.
The bright reflectors near the south caldera wall correspond to reflections from a low-density
unit. The lack of visible surface lava flows along the caldera wall reinforces the negligible role
of ring fracture related volcanism after subsidence. Hence the low-density material close to the
walls are likely to be pyroclastic deposits associated with caldera subsidence or intra-caldera
activity. Another possibility is that the low-density unit is made of caldera-fill sediments
accumulated through mass wasting of the inner wall after subsidence. Given the disposition
towards higher degree of magma fragmentation on Mars (Wilson & Head, 1994) and the
availability of large amounts of volatiles (Crown and Greeley, 1993), the buried pyroclastic
units at Arsia Mons are expected to be mafic in composition, contrary to terrestrial ash-flow
calderas that are more felsic. The single circular depression and transverse chain of vents at
Arsia Mons are comparable in morphology to basaltic calderas in composite cones such as
Hakone (Kuno, 1950; Nakamura, 1977) and Ambrym (McCall et al., 1970) on Earth.
Explosive eruptions are not uncommon in terrestrial basaltic calderas, and studies have shown
that reversibility in the eruption styles and products can occur at various spatial and temporal
scales (Aramaki et al., 1986; Houghton et al., 1999; Walker, 1984). The presence of
pyroclastics within the caldera rims indicates partial contribution of explosive eruptions
towards caldera subsidence in addition to silent magma chamber drainage as previously put
forth (Mouginis-Mark, 1981).

2.7 CONCLUSION
The caldera of Arsia Mons is the only Tharsis caldera where post-caldera lava flows are present
on the caldera floor. We have used SHARAD data to investigate the volcanic stratigraphy and
eruption history within the caldera. The radar data shows subsurface reflections at multiple
locations within the caldera which we have classified into 2 broad groups based on their
geographic distribution and signal return power: (1) layered reflectors in the west and (2) bright
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reflectors in the south. Other portions of the caldera are devoid of subsurface reflectors. While
the reason for the absence of reflectors cannot be completely determined, observations suggest
that the intrinsic dielectric properties associated with the shallow subsurface stratigraphy and
the thickness of the surface dust layer may control signal propagation and detection of radar
interfaces. To determine the dielectric properties (relative permittivity and loss tangent) of the
subsurface, we have inverted the 1D signal propagation model using Bayesian techniques. The
MCMC sampling indicates differences in the properties of subsurface materials at different
stratigraphic and lateral locations within the caldera. The dielectric properties of the reflectors
in the western part of the caldera suggest two possible volcanic stratigraphy: (1) vesiculated
lava flow on top of denser lava flows or (2) thick layer of pyroclastics sandwiched between
thin lava flows. The upper layer in the south has very low permittivity, akin to Medusa Fossae
material, indicating tephra overlying denser lava flows. Since post-subsidence volcanism has
been mostly effusive, the southern reflectors and the possible tephra unit in the west likely
represent caldera-fill sediments or pyroclastic material deposited prior to rift related effusive
activity. The variations in the types of subsurface units imply that the style of volcanism was
not uniform spatially and/or temporally within the caldera. While the terminal stage of
volcanism in Arsia Mons appears to be dominantly effusive as evidenced by surface lava flows,
analysis of SHARAD observations of the caldera reveals possible buried pyroclastic units
emplaced by explosive activity in the past.
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CHAPTER 3. MODELING THE DYNAMICS OF DENSE
PYROCLASTIC FLOWS ON VENUS: INSIGHTS INTO
PYROCLASTIC ERUPTIONS
The contents of this chapter were published as Ganesh et al. (2021).

3.1 INTRODUCTION
The surface of Venus is dominated by volcanic landscapes such as lava channels, lava flows,
flood lavas, shield fields, domes, calderas and so on (Head et al., 1991, 1992). The morphology
of many of these features, with the exception of some steep-sided domes (Fink et al., 1993;
McKenzie et al., 1992), is suggestive of effusive activity involving low-viscosity magmas
(Campbell & Campbell, 1992; Head et al., 1992; Kortz et al., 2003). The prevalence of effusive
activity was also signified by the identification of rocks with alkaline gabbroid and oceanic
basaltic compositions at the landing sites of Venera 13 and 14, respectively (Surkov et al.,
1983, 1984). Explosive activity is predicted to be less common on Venus due to reduction in
volatile exsolution from magmas brought about by the high atmospheric pressure (Head &
Wilson, 1992, 1982; Wilson & Head, 1983). Only a few signs of volatile-rich pyroclastic
activity have been identified in the 12.6 cm wavelength synthetic aperture radar (SAR) data
from the Magellan mission and the ground-based Arecibo Observatory (Campbell & Clark,
2006; Ghail & Wilson, 2015; Grosfils et al., 2000, 2011; Keddie & Head, 1995; McGill, 2000).
These include volcanic and coronal summit deposits characterized by high radar echoes (bright
appearance) in both Magellan and Arecibo SAR datasets. The proposed pyroclastic deposits
have diffuse margins that expose underlying features, and lack definitive flow texture in the
interior (Campbell & Clark, 2006; Grosfils et al., 2011; McGill, 2000). They show high circular
polarization ratio (CPR) values in the Arecibo polarimetry measurements, interpreted to be
caused by extensively distributed centimeter sized clasts within the deposit (Campbell et al.,

49

2017). Many of these units appear to have been emplaced radially outward from summit
calderas or annular boundaries of coronae along very gentle slopes (< 2°). The extent of
continuous bright material from the summit to the deposit terminus ranges from 40–120 km at
different locations. Source vents for these deposits have not been identified, due to either vent
sizes being smaller than the resolution of the SAR dataset (Campbell et al., 2017) or vents
being buried after the eruption (Grosfils et al., 2011). Further investigations into the origin of
these deposits are of interest because of the implications for higher volatile content in Venus’s
interior. The rapidly eroding nature of the deposits, their morphology and position in local
stratigraphy likely represent formation via recent pyroclastic eruptions from volatile-rich
magma reservoirs (Campbell et al., 2017). Hence, studies of these deposits can help in
identifying regions of young volcanism, volatile-rich magmas, and perhaps even evolved rock
compositions on Venus.
A key question regarding the long runout pyroclastic deposits on Venus’s surface is the
mechanism by which they were emplaced. Previous studies have hypothesized that the
observed deposits were emplaced by pyroclastic density currents (PDCs) resulting from a
collapsing eruption column rather than a Plinian style ashfall (Campbell, 1994; Ghail &
Wilson, 2015; Grosfils et al., 2000; Keddie & Head, 1995; Moore et al., 1992a; b). This is due
to two reasons. Firstly, bubble nucleation in the magma begins at shallower depths than on
Earth, resulting in lesser gas expansion preceding magma fragmentation (Garvin et al., 1982;
Head & Wilson, 1986, 1982). Consequently, lower ejection velocity and higher pyroclast
density relative to eruptions on Earth are expected (Head & Wilson, 1986). Secondly, eruption
columns forming at or below the mean planetary radius (MPR ~ 6051.8 km, Ford & Pettengill
(1992)) at low latitudes on Venus are subjected to higher ambient pressure and density
conditions which drive the column towards gravitational collapse (Airey et al., 2015; Glaze,
1999; Wilson & Head, 1983). The sharp decline in ambient pressure with increasing altitude
could allow plumes released at higher altitudes to rise to heights greater than 40 km (Esposito,
1984; Glaze, 1999). Additionally, early studies of magma ascent have shown that volatile
content exceeding 2 wt% H2O or 5 wt% CO2 in the lowlands (corresponding to atmospheric
pressure = 90 bar), and 1 wt% H2O or 3 wt% CO2 in the highlands (atmospheric pressure = 50
bar) is necessary to cause explosive disruption of magma (Head & Wilson, 1982). More recent
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modeling work using volatile mixtures have predicted that volatile content in excess of 3 wt%
H2O + 3 wt% CO2 is needed to cause explosive eruptions at the MPR (Airey et al., 2015).
Given the low eruption velocity at the vent and the narrow range of conditions needed to sustain
plumes on Venus, column collapse resulting in PDCs is likely to be the primary means of
depositing pyroclastic material with long runout distances on the surface (Grosfils et al., 2000;
Head & Wilson, 1982; Sugita & Matsui, 1993; Thornhill, 1993). Fagents and Wilson (1995)
proposed an alternate mechanism for pyroclast dispersal by intermittent Vulcanian activity.
However, their study predicts localized blocky ejecta deposits extending < 1 km from the
source. While this mechanism of pyroclast emplacement is possible on Venus, it does not
address the long runout pyroclastic deposits. Long runout deposits on Venus are not uniquely
volcanic in origin. Malin (1992) found evidence in Magellan data for a fine-grained debris
flow possibly fluidized by Venus’s atmosphere. Also observed in the Magellan imagery are
ejecta flows associated with large impact craters that extend for several crater radii. Schultz
(1992) proposed that the medial part of these flows is emplaced from high-energy, turbulent
impact melt and vapor mixture which condenses to form a distal laminar flow. Other workers
have proposed emplacement mechanisms akin to dense gravity-driven flows like pyroclastic
or debris flows (Asimow & Wood, 1992; Johnson & Baker, 1994). To date, there have not
been any detailed studies of the actual processes and controls involved in emplacing long
runout flow deposits on Venus. In the study presented here, we focus on long runout pyroclastic
deposits on Venus and investigate their formation using pyroclastic flow models adapted to
Venus’s ambient conditions. Bearing in mind that exceptionally high volatile contents are
needed to achieve explosive activity on Venus, we focus our efforts primarily on understanding
the lower limit of explosive eruption conditions (such as minimum column height, minimum
eruption duration, etc.) needed for the emplacement of long runout deposits on Venus’s
surface.
PDC modeling generally involves characterizing a PDC as either a gravity-driven, high particle
concentration flow (Kelfoun & Druitt, 2005; Sheridan et al., 2005), herein referred to as a
pyroclastic flow; or a dilute surge driven by turbulence and density contrast (Bursik & Woods,
1996; Dade & Huppert, 1996), herein referred to as a dilute current. The dense PDC models
also find application in modeling other types of gravity-driven granular flows that show very
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little mixing with the ambient fluid, like subaerial and submarine debris flows, and submarine
slides (Denlinger & Iverson, 2001, 2004; George & Iverson, 2014; Pitman & Long, 2005;
White, 2000). The dilute PDC models are ideal for modeling turbulent, low particle
concentration currents that are controlled by mixing at the flow front (Dade & Huppert, 1995a;
b). Flows of this kind also include turbidity currents that emplace long runout turbidites under
water. The fluidized debris flow deposit identified on Venus has been suggested to be
analogous to such flows (Malin, 1992). On Venus, the theorized eruption of denser pyroclasts
at lower velocities (Head & Wilson, 1986) lends support for transport by pyroclastic flows
(capable of supporting larger, denser particles) rather than dilute currents (more suited to
transporting fines). The high radar backscatter and CPR values of the deposits are thought to
arise from centimeter-sized clasts transported over several tens of kilometers (Campbell et al.,
2017), also indicating possible transport by dense pyroclastic flows. The scope of the modeling
work presented here is hence limited to the simulation of dense pyroclastic flow transport on
Venus. We use a 2D gravity-driven mass flow model with two different initiation mechanisms
to simulate pyroclastic flows fed from (1) a collapsing column and (2) a sustained fountain.
The modeled deposit extents are then systematically compared with the SAR data to constrain
some of the physical properties of the pyroclastic eruptions that could have emplaced the
observed deposits.
In section 3.2, we briefly describe the proposed pyroclastic deposits of interest and the datasets
used for mapping them. The 2D flow model, along with underlying assumptions, limitations,
and assessment techniques is discussed in section 3.3. The model results are discussed and
evaluated against observed deposit extents in section 3.4. We end with a discussion of
pyroclastic flow dynamics on Venus and attempt to place possible pyroclastic volcanism on
Venus within the context of known terrestrial eruptions in section 3.5.

3.2 PROPOSED PYROCLASTIC DEPOSITS ON VENUS
Magellan left-look SAR images (~ 100 m spatial resolution) and stereo-derived topography
maps (~ 1–2 km spatial resolution) created from Magellan left-look SAR images (Herrick et
al., 2012) were used for mapping the proposed pyroclastic deposits. The two regions with
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proposed pyroclastic deposits that fall within the covered extent of both the backscatter and
the stereo-derived topography datasets are (1) Irnini Mons and Anala Mons in Western Eistla
and (2) Pavlova Corona and Didilia Corona in Eastern Eistla (Figure 3.1).

3.2.1 WESTERN EISTLA REGIO

Figure 3.1. Magellan left-look SAR image of (a) Western Eistla Regio showing Irnini Mons
and Anala Mons and (b) Eastern Eistla Regio showing Didilia Corona and Pavlova Corona.
The radar bright, proposed pyroclastic units modeled in this study have been labeled and
marked in thick outlines. Nearby radar-bright units, also proposed to be pyroclastic material
but not investigated in this study, have been labelled.
Irnini Mons (14.3° N, 15.65° E) is a volcano-tectonic construct at an elevation of ~ 1.75 km
above the MPR with coronae-like features at its summit (McGill, 1998b). At the center of Irnini
Mons is the 225 km diameter Sappho Patera, classified as a concentric corona (Stofan et al.,
1992). Two radar-bright deposits, marked I1 and I2 in Figure 3.1, appear to originate along the
fractures bounding Sappho Patera to the north and extend down slopes of ~ 1.5° up to distances
of 70–100 km. Numerous grabens can be seen extending along the length of deposit I1,
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specifically to the south. Lava flows with high backscatter (possibly caused by high surface
roughness) appear to emerge from under unit I1 to the northwest (Campbell et al., 2017). Unit
I2 to the northeast of Sappho Patera appears to cross the concentric ridges and extend down
into the summit depression. Another proposed pyroclastic deposit in the region is unit I3 to the
west of Irnini Mons (Figure 3.1a). I3 is situated in a topographic low and has been suggested
to be an erosional remnant of a much larger I1 deposit (Campbell et al., 2017).
To the southwest of Irnini Mons and with similar coronae-like features is the volcanic center
of Anala Mons (McGill, 1998b) at an elevation of ~ 2.25 km above the MPR. Anala Mons’s
summit is smaller and more complex than the simple circular depression at Irnini Mons. A
diffuse-margined high-radar backscatter deposit, marked A1 in Figure 3.1, can be seen
covering the northern and northwestern flanks of Anala Mons. Similar to I1 and I2, the volcanic
flank on which deposit A1 has been emplaced has a low average slope of ~ 1°.

3.2.2 EASTERN EISTLA REGIO
Units with diffuse margins near the western flank of Pavlova Corona (14.5° N, 40° E) and on
the southwestern flank of Didilia Corona (18° N, 37.3° E) have also been mapped as coarse
textured pyroclastic deposits (units P1, P2, P3, D1 and R1 in Figure 3.1b) (Campbell & Clark,
2006). Both coronae have densely lineated material at the center surrounded by volcanic plains
material within the summit. The proposed pyroclastic deposits extend downwards along slopes
of ~ 1.5° from the coronae rims which are also made of densely lineated material.
While Magellan SAR and altimetry datasets are available for all the units discussed above, the
higher resolution stereo-derived topography only covers deposits I1, I2, I3, A1, P1 and D1.
We model pyroclastic flows at all these locations except I3 which is not a summit deposit and
has no clear flow direction.
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3.3 MODELING DENSE PYROCLASTIC FLOWS
3.3.1 NUMERICAL MODEL
The pyroclastic flow is modeled as a two-component mixture of solids suspended in a
Newtonian fluid as shown in Figure 3.2. A 2D depth-averaged model, which assumes that flow
properties in the horizontal direction are independent of its height, is solved with suitable
source terms to determine the flow thickness and velocity at each point on a 2D topographic
grid as a function of time 𝑡𝑡. The mass (equation (1)) and momentum conservation equations
(equations (2) and (3)) of the model are given below.
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Here, 𝛫𝛫 is a source term used for implementation of different initiation styles (discussed more
in section 3.3.3), ℎ is the flow thickness, 𝑢𝑢 is the depth-averaged velocity in the 𝑥𝑥-direction

and 𝑣𝑣 is the depth-averaged velocity in the 𝑦𝑦-direction, 𝑔𝑔𝑧𝑧 is the acceleration due to gravity

acting perpendicular to the surface, 𝜆𝜆 is the ratio of excess pore fluid pressure to total normal

stress at the base of the flow, 𝜏𝜏𝑏𝑏 is the shear rate dependent basal friction coefficient, 𝑣𝑣𝑓𝑓 is the

volume fraction of fluid in the flow, 𝜇𝜇 is the viscosity of the interstitial fluid, and 𝜌𝜌 is the bulk

density of the flow. The mass and momentum conservation equations can also be written in
vector form as
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𝑈𝑈𝑡𝑡 + 𝐹𝐹(𝑈𝑈)𝑥𝑥 + 𝐺𝐺(𝑈𝑈)𝑦𝑦 = 𝑆𝑆𝑥𝑥 + 𝑆𝑆𝑦𝑦
(4)
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represents the conserved quantities, and
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are the fluxes in 𝑥𝑥 and 𝑦𝑦 directions, respectively. 𝑆𝑆𝑥𝑥 and 𝑆𝑆𝑦𝑦 are the source terms comprising
eruption rate (indicated by the terms on the right-hand side of equation (1)), and gravitational

forcing, basal frictional resistance, and viscous stresses in the 𝑥𝑥 and 𝑦𝑦 directions, respectively
(indicated by the terms in the same order on the right-hand side of equations (2) and (3)). We

use a 1st order Godunov scheme with an HLLC Riemann solver to calculate the flux 𝐹𝐹(𝑈𝑈) in

the 𝑥𝑥 direction and flux 𝐺𝐺(𝑈𝑈) in the 𝑦𝑦 direction across cell interfaces on the 2D grid (Toro,

2009; Toro et al., 2001). The source terms 𝑆𝑆𝑥𝑥 and 𝑆𝑆𝑦𝑦 are solved separately using an explicit
Euler method.
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Figure 3.2. Schematic of the dense pyroclastic flow model along one of the horizontal
directions (x-direction). The pyroclastic flow propagates as a mixture of solids (ash and lithics)
supported in a pressurized fluid phase. Quantities ℎ, 𝑢𝑢 and 𝑣𝑣 are the flow thickness, and depth

averaged velocity in x-direction and velocity in y-direction, respectively. The flow is driven
by gravity 𝑔𝑔 = 8.87 m s−2 on Venus and topographic slope 𝜃𝜃. Resistance to the flow is provided
by interparticle and basal friction, and viscous stresses within the fluid.

We use Magellan stereo-SAR digital elevation models (DEMs) (Herrick et al., 2012)
resampled to 200 m/pix spatial resolution to compute the topographic slope in the 𝑥𝑥 and 𝑦𝑦

directions. It should be acknowledged that the post-depositional topography is naturally bound
to be different from the topography on which the pyroclastic deposits were emplaced. In
addition, many coronae formation models invoke topographic uplift followed by relaxation,
indicating possibly steeper paleotopography before emplacement of the deposits (Dombard et
al., 2007; Smrekar & Stofan, 1997; Stofan et al., 1992). Determining the pre-flow topography
would require knowledge of the thickness of the deposit, age of the deposit, and amount of
possible lithospheric relaxation, which cannot be determined with currently available datasets.
Hence, our model is limited by the assumption that the current topography is representative of
the pre-flow topographic trend.
The 𝑥𝑥 and 𝑦𝑦 coordinates of the model grid are tied to the coordinates of the input topography
dataset. Therefore, the accuracy and resolution of the topography data largely determines how
well elevations and slopes are represented in the model. Even though the 1–2 km spatial

resolution of the stereo-derived DEM is better than the 10–20 km resolution of Magellan
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altimetry-derived DEM, the resolution is still not fine enough to capture high frequency
variations in topography. While the general background slope is well-represented, smaller
topographic variations such as narrow channels, small domes, cones, pits, or craters would not
be resolvable. Hence, some of the known pyroclastic flow behaviors such as channelization,
local pooling of deposits in topographic lows, and overriding of deposits on local slopes cannot
be modeled due to data resolution limitations. Additionally, locations where there are data gaps
from the stereo-processing of SAR images have been filled in with values from the coarser
resolution Magellan altimetry data. This results in artificial steps in topography along the
boundary between the two datasets; the effects of this are discussed briefly in section 3.5.1.
The flow motion is opposed by viscous stresses in the interstitial fluid and friction at the base
of the flow. We use a shear-rate dependent variable basal friction model to determine the
frictional resistance as the flow evolves (Jop et al., 2006). The basal friction coefficient is given
by,

𝜏𝜏𝑏𝑏 (𝐼𝐼) = 𝜏𝜏𝑠𝑠 +

(𝜏𝜏2 − 𝜏𝜏𝑠𝑠 )
𝐼𝐼0�
𝐼𝐼 + 1

(8)

where the values for critical friction coefficient 𝜏𝜏𝑠𝑠 = tan(20.9°), the limiting friction coefficient
𝜏𝜏2 = tan(32.76°), and the constant 𝐼𝐼0 = 0.279 were determined via theoretical and experimental

investigations (Jop et al., 2006). The inertial number 𝐼𝐼 is given by,
𝐼𝐼 =

𝛾𝛾̇ 𝑑𝑑

�𝑃𝑃�𝜌𝜌𝑠𝑠
(9)

where 𝛾𝛾̇ is the shear rate computed as 2√𝑢𝑢2 + 𝑣𝑣 2 ⁄ℎ, 𝑑𝑑 is the mean particle diameter, 𝑃𝑃 is the
basal normal stress, and 𝜌𝜌𝑠𝑠 is the density of the solid in the mixture. The calculated coefficient
of friction 𝜏𝜏𝑏𝑏 (𝐼𝐼) varies from 𝜏𝜏𝑠𝑠 at zero velocity to a limiting value of 𝜏𝜏2 at higher velocities.
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The flow is assumed to be composed of 30% solids by volume (𝑣𝑣𝑓𝑓 = 0.7 in the model),

supported by excess interstitial pore fluid pressure. The excess pore fluid pressure is thought

to be important in enabling propagation of pyroclastic flows for several tens of kilometers on
sub-horizontal slopes lower than the typical angle of rest for granular flows (Druitt, 1998;
Druitt et al., 2004, 2007; Roche, 2012). In some cases, pore fluid pressure values equivalent to
the total stress at the bed (completely fluidized flow) can develop (Dufek, 2016). High pore
fluid pressure is accounted for in the model by using initial values of 0.90 > 𝜆𝜆 > 0.99 in order
to simulate highly fluidized flows. Degassing of pyroclastic flows during transport and

subsequent decay of pore fluid pressure is also accounted for in the model by incorporating
pore pressure diffusion (Montserrat et al., 2012; Roche, 2012); this is achieved using equation
(63) in Iverson and Denlinger (2001), assuming a constant diffusivity of 0.01 m2 s−1, which
corresponds to a median grain size of the order of 10-5m.
Any mixing of the erupted gas-clast mixture with the surrounding atmosphere is assumed to
occur in the jet column phase of the eruption before the onset of collapse. The flow, once
initiated, is assumed to not mix with the surrounding atmosphere. This is a reasonable
assumption since slow-moving (< 100 m s-1) granular flows are not considered to be energetic
enough to entrain large amounts of ambient fluid (Druitt, 1998). Ambient atmospheric
entrainment, even if occurring, will likely not lead to significant gas expansion in the flow
owing to the high temperature of the atmosphere (~ 737 K at Venus’s surface) (Head & Wilson,
1986). Hence, we use a constant fluid density 𝜌𝜌𝑓𝑓 = 65 kg m-3 (modeled atmospheric density at

Venus’s MPR, Seiff et al. (1985)) for our simulations, indicative of ambient air entrainment in
the column phase followed by negligible atmospheric mixing and flow expansion during the
propagation phase. Solid density 𝜌𝜌𝑠𝑠 = 2600 kg m-3 is used (consistent with basaltic magma

densities used in Head and Wilson (1986), Airey et al. (2015)) yielding a constant bulk density
of 𝜌𝜌 ~ 825 kg m-3 for the mixture. We use an effective fluid viscosity of 𝜇𝜇 ~ 10-4 Pa s for all

model simulations, in line with the viscosity of supercritical CO2 at ~100 bar pressure and ~

800 K temperature. This is slightly higher than the viscosity values corresponding to air or

other fluidizing gases like nitrogen (~ 10-5 Pa s at standard pressure and 0° C to 600° C
temperatures), typically considered in laboratory and modeling studies of fluidized granular
flows (Druitt et al., 2007; Montserrat et al., 2012; Roche, 2012). It should be noted viscous
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stresses are thought to be less significant for flows with large thicknesses (Denlinger & Iverson,
2001), hence the final flow properties are expected to be less sensitive to the choice of
viscosity.
The total simulation duration varies from deposit to deposit depending on the amount of time
required for the flowing mass to come to a stop. Flow velocity < 0.01 m s−1 was used as the

stopping criterion to determine when the flow comes to rest. Pyroclastic flow deposits are
thought to form either en masse (formation of a deposit as a whole when the entire flow comes
to rest) (Sparks, 1976; Sparks et al., 1973) or by progressive aggradation (incremental,
sustained deposition from the base of a density-stratified current) (Branney & Kokelaar, 1992;
Fisher, 1966). En masse deposition involves a flow with a laminar, deflated, plug-like interior
that slides on a basal fluidized layer. Progressive aggradation would occur from a vertically
stratified current having different particle concentrations and velocities for each layer. Since
we use a depth-averaged scheme which does not capture variations in model variables in the
z-direction, the deposition mechanism modeled here, by default, is en masse deposition. This
is a suitable approach in view of experiments showing that high particle-concentration flows
(27.5%–40% volume of solids, similar to the flows considered here) come to an abrupt halt
resulting in thick deposits (Hallworth & Huppert, 1998).

3.3.2 ASSESSMENT OF MODEL PERFORMANCE
In order to quantitatively assess if the observed deposits could have been emplaced by the types
of pyroclastic flows modeled here, we need an objective approach for comparing the results
from our 2D simulations with variables that can be measured from Magellan data. For
terrestrial mass flow models, the compared variables of interest typically include runout
distance, thickness, and spatial extent of the deposit. Since we do not have precise
measurements of the deposit thickness and the vent location from Magellan observations, we
only compare the simulated area of deposition 𝐴𝐴̂ with the reference area 𝐴𝐴 mapped from

Magellan SAR data using the approach developed in Heiser et al. (2017). The variable 𝐴𝐴

accounts for deposit location and shape in addition to the ‘magnitude’ of deposit area. We
compute a similarity index given by 𝛺𝛺 = 𝛼𝛼 − 𝛽𝛽 − 𝛾𝛾 to evaluate the fit between 𝐴𝐴̂ and 𝐴𝐴 for
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each modeled deposit. Here, 𝛼𝛼 is the overlap between the reference and simulated area (aka

true positive), 𝛽𝛽 represents underestimation (aka false negative) where the model has not
predicted any emplacement at locations where deposits are present in the data and 𝛾𝛾 represents

overestimation (aka false positive) where the model has predicted deposition outside the
bounds of the deposit mapped from data. To compute these quantities, the final 2D thickness
maps for all simulated deposits are converted into binary rasters with a threshold deposit
thickness of ℎ = 20 cm. The binary rasters from the model results were then evaluated on a
pixel-by-pixel basis at 200 m/pix resolution against the boundaries of the mapped deposits to
determine 𝛼𝛼 (the number of ‘true positive’ pixels), 𝛽𝛽 (the number of ‘false negative’ pixels),

and 𝛾𝛾 (the number of ‘false positive’ pixels). The possible range of 𝛺𝛺 values vary from −1 to
1 with 𝛺𝛺 = 1 representing a complete overlap between the simulated and mapped deposit. For

each deposit, we compute 𝛺𝛺 values corresponding to all combinations of parameters listed in
Table 3.1. The combination of parameters that result in the highest 𝛺𝛺 value for each deposit is
considered the best-fit set of model parameters for the deposit.

Figure 3.3. Schematics of the two PDC initiation mechanisms modeled (modified from
Branney and Kokelaar (2002)). (a) Short duration PDC generated by a discrete column
collapse; (b) Prolonged low fountaining resulting in a steady flow.
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3.3.3 INITIAL CONDITIONS
3.3.3.1 VENT LOCATION AND GEOMETRY
The exact location and the geometry of the vents that sourced the proposed pyroclastic deposits
near the volcanic and coronal summits cannot be identified in the available radar datasets, due
to either resolution limitations or post-eruptive burial of the vents (Campbell et al., 2017;
Grosfils et al., 2011). The large extent of the mapped deposits would likely require
emplacement by voluminous flows from several high mass flux eruptions distributed in space
and time. In addition, early test runs of the model suggested that lateral spreading of the
modeled flow is fairly minor; hence, multiple vents were needed to reproduce the observed
deposits. However, the possibility of multiple episodes of explosive activity within the same
volcanic zone on Venus is not very clear. Many ignimbrite deposits on Earth are known to
have formed from multiple fissures or vents associated with a caldera, in the case of both felsic
(Hildreth & Mahood, 1986; Holohan et al., 2008; Jessop et al., 2016; Self et al., 1986; Wilson,
2008) and intermediate to basaltic eruptions (Allen, 2004; Burgisser, 2005; Giordano et al.,
2006; Robin et al., 1994; Rooyakkers et al., 2020). In many of these terrestrial examples, PDCs
are typically fed from elongated ring-fracture vents along the caldera boundary. These source
vents can also migrate over time feeding multiple PDCs (Holohan et al., 2008). Similarly,
multiple eruptions from linear fissures along the summit ring fractures could have occurred on
Venus given that Irnini Mons, Didilia Corona and Pavlova Corona have a summit subsidence
feature. Studies have also shown that linear vents favor column collapse and ignimbrite
generation compared to circular vents (Glaze et al., 2011; Jessop et al., 2016). For the purpose
of this study, we proceed to model PDCs originating from different linear vents located in the
ring fracture systems at the summit. More discussion on the final morphology of flows
generated from circular vents and how they compare to the morphology of the flows from
linear vents assumed here can be found in Appendix B.
Continuous strings of pixels, representing linear vents, at locations of highest elevation in the
annular fractured terrain were fixed as the source cells for the flow. Observations of historic
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basaltic fissure eruptions indicate that active linear vents are generally limited to lengths of no
more than a few kilometers (e.g., Tarawera eruption from a ~ 7 km long fissure (Walker et al.,
1984); activity at Laki from ~ 2-3 km fissures (Thordarson & Self, 1993)). Such kilometerscale linear vents would also facilitate higher mass fluxes that can feed voluminous PDCs.
Vents of such dimensions would be identifiable at the resolution of Magellan SAR dataset. The
absence of source vents for the proposed PDC deposits in the Magellan imagery, therefore,
insinuates post-activity burial of the vents, as commonly observed with many ignimbrites on
Earth (Grosfils et al., 2000, 2011). In this model we use vents of length l = 5 km (the maximum
vent length on Venus used in the models by Glaze et al. (2011)) and width b = 0.2 km (cell
resolution of the DEM used). A vent is defined as the top of the conduit (on the surface), where
the erupted material begins to interact with the atmosphere. The location of the vents for each
deposit is shown in Figures 3.4a to 3.4e. Sensitivity of the modeled flows to the locations of
the vents is discussed in Appendix C. The vents are assumed to be spaced apart from one
another at a constant distance of ~ 5 km. The total number of vents used for each deposit was
determined based on the lateral extent of the deposit. The geometry of the resulting volcanic
columns in this scenario would be complex ‘curtains’ (similar to the eruptions columns
theorized by Hildreth and Mahood (1986)) rather than cylindrical structures. We assume
contemporaneous flow emplacement from all the vents such that the flows can interact and
influence one another’s flow dynamics and properties. An example of single flow emplacement
can be found in Appendices B and C. The underlying topography in our models is assumed to
be constant during this simultaneous flow emplacement stage.

3.3.3.2 MECHANISMS OF INITIATION
Large, voluminous PDCs can result either from impulsive collapse of large volcanic columns
or through long-lived, low fountaining eruptions (Figure 3.3). We model PDCs generated by
both styles of initiation by modifying the source term in the mass conservation equation
(equation (1)) in our model. The column collapse initiation mechanism is modeled by allowing
the total flow volume to collapse at time t = 0 i.e., the entire mass of the column that goes into
feeding the PDC is introduced into the simulation at time t = 0. The total volume for column
collapse simulations is given by V = n * lb * hcollapse, where lb is the cross-sectional area of the
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vent, hcollapse is the column height at the time of collapse, and n is an integer used to account
for different eruption column widths (n is varied from 1 to 6 in our simulations). Exploring
different column widths allowed us to simulate a range of flow volumes without having to use
exceptionally large column heights. The source term Κ in equation (1) is set to 0 for this
initiation style. For modeling fountain-fed flows, all the vent cells are assumed to feed a steady
current for a fixed fountaining duration (i.e., for time 𝑡𝑡 ≤ 𝑡𝑡𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 ). The total volume of

material to be simulated is distributed evenly across the feeding cells i.e., each cell is assumed

to have the same eruption rate (expressed in m s−1). This is implemented by setting the source
term Κ in equation (1) equal to a constant eruption rate (expressed as the change in thickness
ℎ with time) for the duration of fountaining (see equation (10)). The total volume simulated
for fountaining initiation is given by V = lb * hfountain * tfountain, where lb is the cross-sectional
area of the vent, hfountain is the eruption rate expressed in m s-1, tfountain and is the duration of

fountaining. The source term is reset to 0 after the end of fountaining. This constant influx rate
approach does not capture waxing and waning eruption rates. We use this simplification since
the change in eruption rates over the course of an eruption cannot be determined without either
observations made during the eruption or field measurements of the deposit.
ℎ𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 ,
𝜕𝜕ℎ 𝜕𝜕(ℎ𝑢𝑢) 𝜕𝜕(ℎ𝑣𝑣)
+
+
= 𝛫𝛫 = �
0,
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

𝑡𝑡 ≤ 𝑡𝑡𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
𝑡𝑡 > 𝑡𝑡𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

(10)

For both styles of pyroclastic flow generation, the initial volume of material has dimensions
with the thickness nearly equal to or even greater than the length scales in the xy plane.
Especially in the case of impulsive collapse, the column height to width ratio ranges from 2 to
7 for deposits A1, D1 and P1 and is as high as 10 for the larger deposits, I1 and I2. This results
in high initial velocities and likely turbulent transport when the flow initiates. Such flow
dynamics are not captured effectively by the depth-averaged approach used here, which relies
on very little to no mass or momentum transfer in the 𝑧𝑧 direction in comparison to the flow’s

areal extent. However, soon after initiation, the flow evolves away from large initial flow
depths and velocities (see section 3.5.2 and Figure 3.7e) making this model well suited for
describing the flow during most of its transport duration.
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Impulsive collapse initiation
Deposit

Column width (km)

Collapse height (km)

A1, P1, D1

0.2, 0.4, 0.6, 0.8, 1.0, 1.2

0.4, 0.6, 0.8, 1.0, 1.2, 1.4

I1, I2

0.2, 0.4, 0.6, 0.8, 1.0, 1.2

1.0, 1.2, 1.4, 1.6, 1.8, 2.0

Sustained fountain-fed initiation
Deposit

Fountaining duration (s)

Eruption rate (m s-1)

A1, P1, D1

200, 300, 400, 500

5, 15, 25, 35, 50

I1, I2

400, 500, 600, 700

5, 15, 25, 35, 50

Table 3.1. Values for parameters used in modeling flows from discrete collapse and sustained
fountaining. A similar range of the parameter space was explored for all deposits. The
parameter values for deposits I1 and I2, which are larger in area than P1, D1 and A1, are higher.
Assessing the sensitivity of the model to changes in the initial conditions associated with both
styles of initiation will help narrow down the source conditions likely to give rise to the
observed deposit properties. By stepping through a range of column heights (for impulsive
collapse initiation), fountaining rate and fountaining duration (for sustained fountaining
initiation), and initial pore fluid pressure (for both styles), we approximate source conditions
associated with more or less energetic versions of these two eruption styles. The initial
conditions explored for both styles of initiation are given in Table 3.1. The parameter space
for the fountain-fed flows corresponds to volume and mass eruption rates of ~ 3x107–3x108
m3 s-1 and ~ 1010–1011 kg s-1, respectively (assuming magma density of 2600 kg m-3). The
column heights used in the model are an order of magnitude smaller than the collapse heights
predicted for terrestrial ignimbrites, but are comparable to the height of the transition between
the jet and the buoyancy region of plumes on Venus modeled by Glaze (1999). Using higher
eruption rates and collapse heights than those explored in our models, while likely to result in
slightly higher values of overlap between the simulated area of deposition and the reference
area, would also result in higher flow velocities eventually leading to turbulent flow regimes
which cannot be suitably described by our model. In addition to the values listed in Table 3.1,
the initial pore fluid pressure was also varied; the values used were 𝜆𝜆 = 0.90,0.95,0.98,0.99. A

total of 144 simulations for collapse-fed initiation and 80 simulations for fountaining style
initiation were performed. Each model simulation was evaluated using the approach described
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in section 3.3.2; the input parameters to the model that resulted in the highest similarity index
for each deposit (Table 3.2) were considered to be the most likely set of source conditions
associated with that pyroclastic deposit. The best fit column heights are smaller than the
collapse heights for extensive ash flows on Earth (see Wilson (2008) for example collapse
heights). The modeled fountain-fed deposits with the highest values of similarity index
correspond to large volume (~ 2x108–3x108 m3 s-1) and mass (~ 5x1011–1012 kg s-1) eruption
rates. This is in line with predictions of magma eruption rates exceeding 109 kg s-1 for the PDC
forming phase of explosive eruptions (Self, 2006). For further discussions of trends in the
results that were found to be common to all the modeled deposits, we use deposit P1 as a
representative example.
Impulsive collapse initiation
Deposit Column height Initial ratio of pore Total
(km)

fluid pressure to basal volume

Mean

Similarity

thickness

index Ω

normal stress λ

(km3)

(m)

P1

1.2

0.99

167

20 ± 11.8

0.158

D1

1.4

0.99

173

23.6 ± 12

0.028

A1

1.4

0.95

141

23.3 ± 15.4

0.319

I1

2.0

0.99

331

22.4 ± 13.9

0.096

I2

2.0

0.99

313

20.2 ± 18.5

0.234

Mean

Similarity

thickness

index Ω

Sustained fountain-fed initiation
Deposit Eruption

Fountain Initial ratio of Total

rate (m s−1) duration
(s)

pore

fluid volume

pressure to basal (km3)

(m)

normal stress λ
P1

50

400

0.99

232

55 ± 35

0.232

D1

50

500

0.99

461

65 ± 30.5

0.131

A1

50

400

0.99

282

47.2 ± 26.2

0.258

I1

50

600

0.99

724

61.8 ± 32.5

0.069

I2

50

700

0.99

784

71.2 ± 65

-0.102

Table 3.2. Table showing the combination of input parameters and resulting variables
corresponding to the highest value of similarity index 𝛺𝛺 for each deposit.
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3.4 RESULTS
3.4.1 IMPULSIVE COLUMN COLLAPSE
Final flow extent maps for impulsive collapse-fed flows corresponding to model parameters
that resulted in the highest similarity index between the mapped and the modeled deposits are
shown in Figure 3.4. Figures 3.4a to 3.4e show the mapped outline of the proposed pyroclastic
deposits and Figures 3.4f to 3.4j show the extent of the deposits modeled from a collapse-fed
flow. There is only 51%–65% overlap between the extents of the observed and the modeled
deposits, pointing to the exceptionally large area of the proposed pyroclastic deposits. There is
no significant difference in the percentage overlap between the smaller (P1, D1 and A1) and
the larger (I1 and I2) deposits, or in the percentage overlap between the deposits of Western
Eistla Regio (I1, I2 and A1) and Eastern Eistla Regio (P1 and D1).
Flow velocity, thickness, and runout distance of impulsive collapse-fed flows are primarily
governed by changes to the height of collapse (flow velocity 𝑣𝑣 ∝ �2 𝑔𝑔 ℎ𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 where

ℎ𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 is the collapse height). Taller columns generate faster flows capable of achieving

longer runouts. This is evident in Figure 3.5a, which shows the runout distances for deposit P1
for flows of comparable volumes (85±2 km3) produced by columns collapsing from three
different heights — 0.6, 0.8 and 1.0 km. The runout distances were measured along the transect
A-A’ (shown in Figure 3.4a). Though we have no measurements of the actual deposit
thickness, it is still interesting to look at the modeled thickness, as radar observations suggest
that the deposits maybe less than a few tens of centimeters thick at the margins (Campbell et

al., 2017). Gradual thinning of the deposits away from the source is seen for all cases of
collapse height; however, the thickness at the terminus of the deposit is still >10 m (Figure
3.5a). Proximal to the source (< 10 km from the source), there is no noticeable difference in
the final thickness between the different flows. Differences in final flow thicknesses, resulting
from minor differences in volume, are observable only near the terminus.
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Figure 3.4. Spatial extent of mapped and modeled proposed PDC deposits. (a)-(e) Magellan
SAR images with the proposed pyroclastic deposits P1, D1, A1, I1 and I2 outlined in dark
gray. The yellow line marked A-A’ is the transect along which flow thicknesses are compared
and studied. (f)-(j) Magellan SAR images showing the extent of the deposits (P1, D1, A1, I1,
I2) modeled from column collapse using parameters listed in Table 3.2. (k)-(o) Magellan SAR
images showing the extent of the deposits (P1, D1, A1, I1, I2) modeled from sustained
fountaining using parameters listed in Table 3.2. The percentage area of overlap between the
mapped deposits shown in (a)-(e) and the model results (f)-(o), and the similarity index Ω, are
mentioned at the top of the modeled deposit panels. Inferred flow direction are indicated by
black arrows in panels (a)-(e). The modeled flow travels predominantly along the inferred flow
direction with limited spreading in the upslope direction for all deposits.

3.4.2 SUSTAINED PYROCLASTIC FOUNTAINING
Figures 3.4k to 4o show the final flow extent maps from fountaining simulations corresponding
to model parameters that resulted in the highest similarity index between the mapped and the
modeled deposits. The percentage of simulated deposit area that matches the observed extent
varies from 45%–63%. This range is slightly lower than the range of overlap percentages
obtained for collapse-fed flows. With regard to individual deposits, fountaining initiation
results in higher 𝛺𝛺 values than collapse initiation for the Eastern Eistla Regio deposits, and

lower 𝛺𝛺 values for the Western Eistla Regio deposits. In particular, the fountain simulations
do a poor job of reproducing the deposit extent of the large deposits I1 and I2 at Irnini Mons
(Figures 3.4n and 3.4o).

We investigated the sensitivity of the fountain-fed flows to changes in fountaining height
(expressed as eruption rate in m s−1) and duration. An increase in either of these parameters
leads to more voluminous pyroclastic flows capable of emplacing pyroclastic material over a
more extensive area. We find that the flow runout is more sensitive to changes in mean eruption
rate when compared with the fountaining duration. For the same vent area, an increase or
decrease in the eruption rate would manifest as a change in the fountain height. Higher
fountains impart more kinetic energy to the flow causing the pyroclastic flow to runout farther.
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This is clearly seen in the simulations for deposit P1, where a pyroclastic flow with a volume
of ~ 200 km3 resulting from a 200 s long fountaining episode with a higher mean eruption rate
(50 m s−1) (dotted curve in Figure 3.5b) has ~ 1.25 times the runout compared to a flow of
same volume resulting from a longer eruption (400 s) at half the mean eruption rate (dashed
curve in Figure 3.5b).

Figure 3.5. Thickness distribution along a transect A-A’ extending from the vent to deposit
terminus. (a) Flow thickness of collapse-fed flows is shown as a function of distance along AA’ for different collapse heights ℎ𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 0.6, 0.8, 1.0 km. Collapse of taller columns results
in longer runout. (b) Flow thickness of fountain-fed flows is shown as a function of distance
from the source along A-A’ for different eruption rates and duration. The dashed and dotted
curves represent flows of volume ~ 200 km3. fed by eruptions of different durations. The solid
curve shows the profile along a smaller flow of volume ~ 150 km3. For similar volumes, flows
that are erupted at a higher rate achieve longer runout distances. (c) Flow thickness as a
function of distance along A-A’ for different initial pore pressure conditions λ = 0.9, 0.95, 0.98,
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0.99 for collapse-fed flows. (d) Flow thickness as a function of distance along A-A’ for
different initial pore pressure conditions λ = 0.9, 0.95, 0.98, 0.99 for fountain-fed flows.
Fountaining duration plays a relatively less important role in our models in promoting runout,
when compared to the fountain height. For instance, a smaller, short-duration pyroclastic flow
fed by ~ 150 km3 of material erupted at the same rate as a longer-lived ~ 200 km3 volume flow
has almost similar runout to the longer duration flow (solid and dashed curves in Figure 3.5b).
The simulations show that longer eruption durations primarily lead to spatially uniform
thickening of the deposit. Even though longer eruptions lead to extrusion of more volume
available for the flow, our simulations show a deposit ‘pile-up’ effect at relatively short
distances from the source caused by the rapid deceleration, unless the initial flow velocity is
high. Unlike results from the collapse-fed flow simulations that show gradual thinning of the
deposit away from the source, final deposit thickness obtained from fountain-fed flows appears
to be nearly uniform in many places, except very close to the source and at the margins.

3.4.3 EFFECT OF FLUIDIZATION
Our models indicate that fluidization is a critical factor in determining the final runout distance
of the pyroclastic deposits investigated. High excess pore fluid pressure can promote longer
runouts by effectively reducing interparticle friction (Druitt et al., 2004; Sparks, 1978a;
Wilson, 1984). Especially in gently sloping areas like our study sites, where there is no steep
topography to significantly accelerate the flow, we find that exceptionally high initial pore
fluid pressure is required to overcome the resisting stresses. Final flow thicknesses for flows
starting with different ratios of initial pore fluid pressure to basal normal stress (𝜆𝜆) are shown
in Figures 3.5c (for collapse fed flows) and 5d (for fountain fed flows). There is minimal flow
front propagation even with initial values of 𝜆𝜆 = 0.90. The least fluidized flow (corresponding
to 𝜆𝜆 = 0.90) has a pronounced wedge-shaped thickness profile which flattens out for the case

of more fluidized flows. The differences in the wedge morphology between the collapse-fed

and fountain-fed flow is likely the result of different rates of pore pressure decay caused by
differences in the flow thickness. Initial pore fluid pressure to basal normal stress ratio values
of 𝜆𝜆 > 0.95 are required to achieve significant ‘downslope’ movement on the flanks of
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Venusian shields and coronae that have slopes averaging < 2°. The longer runout distance,
lower final thickness and nearly flat upper surface for flows starting out with 𝜆𝜆 > 0.95 are
consistent with the observations made in fluidized granular flow experiments (Roche et al.,
2008).

3.4.4 BEST FIT MODEL PARAMETERS FROM SIMILARITY INDEX
CALCULATIONS
The 𝛼𝛼 (overlap), 𝛽𝛽 (underestimation), and 𝛾𝛾 (overestimation) values as a function of collapse
height for column collapse initiation are plotted in Figures 3.6a to 3.6e. Similar plots are shown

for the case of fountain initiation in Figures 3.6f to 3.6j. Only results from simulations using
initial 𝜆𝜆 = 0.99, are shown in Figure 3.6. The percentage overlap is considerably smaller for all

other initial values of 𝜆𝜆 (0.90, 0.95, 0.98). Note that maximum overlap between the modeled

and observed deposit is achieved for the upper range of collapse heights and eruption rates

used in our simulations, indicating that most of our model results consistently underestimate
the actual pyroclastic deposit area. The percentage area underestimated remains greater than
the percentage deposit area reproduced for collapse heights < 1.2–1.4 km and for eruption rates
< 50 m s-1 for the smaller deposits P1, D1 and A1 (Figures 3.4a-3.4c and 3.4f-3.4h). None of
our simulations result in a scenario where the deposit area reproduced is greater than the
deposit area underestimated for the large deposits on the flanks of Irnini Mons (Figures 3.4d,
3.4e, 3.4i, and 3.4j). The modeled final deposit volume corresponding to the best fit simulations
are reported in Table 3.2. The modeled volume ranges from 140 km3 to 280 km3 for P1, D1
and A1; for the larger deposits I1 and I2, the models show volumes as large as ~ 780 km3. The
estimated deposit volumes have been discussed within the framework of known terrestrial
ignimbrite volumes in section 3.5.3.
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Figure 3.6. Plots summarizing the comparison between modeled and observed pyroclastic
deposits (P1, D1, A1, I1 and I2) using the approach in Heiser et al. (2017). (a)-(e) Results for
collapse-fed flows are plotted as a function of column heights. Note that panels for the deposits
P1, D1 and A1, respectively have a different x-axis range from panels for deposits I1 and I2,
respectively. (f)-(j) Results for fountain-fed flows are plotted as a function of mean eruption
rate. For deposits P1, D1 and A1, reasonable match between the mapped and the modeled
deposit extent is achieved at higher collapse heights or larger eruption rates. All model results
substantially underestimate the true deposit area for deposits I1 and I2. The highest similarity
indices obtained for each deposit and initiation style corresponding to the model inputs in Table
3.2 are shown in the top left of each panel.

3.5 DISCUSSION
3.5.1 IMPULSIVE

COLLAPSE

VS

SUSTAINED

FOUNTAINING

INITIATION: IMPLICATIONS FOR FLOW THICKNESS AND
DURATION
The two styles of pyroclastic flow initiation explored by our models – collapse and fountaining
– emplace material in different ways resulting in different deposit extents. This is reflected in
the estimated similarity indices 𝛺𝛺 and the percentage overlaps in area between the mapped and

the modeled deposits extents (Figure 3.4 and Table 3.2). Deposits P1 and D1 in Eastern Eistla
Regio show higher 𝛺𝛺 and percentage overlap in area for emplacement by fountain-fed flows;

whereas collapse initiation results in better 𝛺𝛺 and percentage overlap in area for the Western

Eistla Regio deposits (A1, I1 and I2).The differences in these computed metrics (shown in
Table 3.2) are only slightly different for the two geographic groups of deposits and can be

explained by the uncertainties in the initial conditions; this precludes making any inferences
about the more likely style of PDC initiation for each deposit. In general, the low percentage
overlap in area between the mapped and modeled deposit extents for small collapse heights
and fountaining rates (Figure 3.6) show that both types of initiation severely underestimate the
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deposit extent for small volume flows with low initial pore fluid pressure. Highly fluidized,
large volume flows would be necessary to realize the large deposit extent. Our models show
that large collapse heights for column collapse initiation, and large eruption rate (or fountain
height) for fountaining initiation can produce flows capable of achieving large extents and
runout distances (Figure 3.5a and 3.5b) resulting in deposits similar to the proposed pyroclastic
flow deposits investigated here.
While it is not possible to deduce which style of initiation is more likely, the model suggests
there would be quantitative differences in deposit properties, such as deposit thickness and
total volume, that could be used to differentiate between the different initiation styles given
higher resolution observations. As an example, we use the model results corresponding to the
best-fit model parameters for deposit P1 to explore these differences. The DEM for this
location, shown in Figure 3.7a, comprises both high resolution stereo-SAR data and coarser
resolution Magellan altimetry data stitched together. Figures 3.7c and 3.7d show map views of
the final flow thickness for collapse-fed and fountain-fed flows that resulted in the highest
similarity index, respectively. The runout and extent of a smaller volume collapse-fed flow (~
168 km3 volume) is equivalent to the runout and extent of a more voluminous fountain-fed
flow (~ 400 km3 volume). This difference in total volume is accommodated as a change in the
final deposit thickness between the two styles of initiation. The deposit from the fountain-fed
flow, while exhibiting runout distances similar to those of the collapse-fed flow, has a mean
thickness of 55±35 m which is nearly 3 times the mean thickness of the collapse-fed flow
(20±11.8 m). The spatial distribution of the final deposit thickness is also different between
the two styles of initiation. The collapse-fed flows show a thinning trend away from the source
whereas the fountain-fed flows show relatively uniform thickness across most of the deposit
(see Figures 3.5a and 3.5b). Both types of flows come to rest by abrupt arrest in our models,
resulting in flow margin thicknesses much greater than 1–2 meters. Margin thickness greater
than a couple of meters is irreconcilable with the diffuse deposit boundaries observed in the
SAR images. Diffuse boundaries are expected to arise when the upper unit is thin enough at
the margins to allow return echoes from the underlying substrate; it is unlikely that the 12.6
cm wavelength Magellan SAR will be able to “see through” margins > 2 m thick. There are
two possible explanations for this disparity: (1) the boundaries of the deposits have been eroded

75

and reworked into a thin mantle adjacent to the deposit or 2) a fines-rich deposit from a dilute
current, formed either during column collapse or from elutriation of fines from the dense flow,
overlies the modeled PDC deposits.
The flow duration and velocity for the two initiation mechanisms also differ significantly.
Figure 3.7e shows the progression of flow velocity and runout distance as a function of
simulation time, highlighting the differences in the duration of emplacement between the two
initiation styles. The energy stored in 0.4–2 km tall columns (the range of column heights
modeled) is available as kinetic energy for the pyroclastic flow generated via collapse. This
leads to flows that are faster than those generated by low fountaining (maximum fountain
height of 50 m used in the model). We see that the collapse-generated flow starts out with
much higher initial velocity which causes the flow to travel farther than the fountain-fed flow
and halt quickly within the first 400 s of the simulation (black curves in Figure 3.7e). On the
other hand, the fountain-fed flow shows very low initial velocity which is maintained until the
fountaining stops at t = 400 s (black curve with triangle markers in Figure 3.7e). After the
fountain ends, the flow begins to decelerate. This flow keeps moving for about 600 s after the
end of fountaining, coming to rest at nearly the same distance from the source as the collapse
fed flow. The difference in flow dynamics for the two styles of initiation discussed above can
be used as a first-order approach to constrain the properties of parent pyroclastic flows of the
small deposits P1, D1 and A1. If these deposits were formed from a collapsing column, then
the parent flow was likely fast, short-lived (< 6 min) and deposited pyroclastic material ~ 20
m thick. Alternatively, if the pyroclastic flow that emplaced these deposits resulted from low
fountaining, the resulting deposits could be up to ~ 70 m thick in some places. The fountainfed flow would have been comparatively slower and longer-lived. For deposit P1, the modeled
flow lasts > 10 min after the end of a fountaining episode lasting 400 s (see Figure 3.7e); flows
resulting from fountaining eruptions lasting longer would have even longer flow durations.
The large deposits I1 and I2 on the flanks of Irnini Mons are not well reproduced by our
simulations indicating that larger flow velocities (and hence a turbulent flow component)
would have been necessary to emplace deposits with such enormous spatial extents. Higher
eruption column heights and larger eruption rates, which could be possible on Venus under a
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narrow range of volatile contents and atmospheric conditions (Airey et al., 2015; Glaze, 1999;
Glaze et al., 2011), could have been involved in emplacing units I1 and I2. The dynamics of
such high velocity, turbulent flows under Venus’s conditions are currently being investigated
by the authors.

Figure 3.7. Comparison of emplacement dynamics between collapse-fed and fountain-fed
flows. (a) Three-dimensional perspective view of a hillshade map of study site P1 (vertical
exaggeration = 3x). (b) Geological map of Pavlova Corona overlaid on top of Magellan SAR
image. The white rectangle marks the bounds of the hillshade maps shown in (a), (c) and (d);
pink – proposed pyroclastic units, green – densely lineated material. (c) Final 2D flow
thickness maps for impulsive collapse initiation overlaid on the hillshade map. (d) Final 2D
flow thickness maps for sustained fountaining initiation overlaid on the hillshade map. Final
flow thickness for the fountain-fed flow is noticeably higher than the final thickness for the
collapse-fed flow. White arrows in (a), (c) and (d) point to examples of locations where the
high-resolution stereo-SAR DEM has been stitched together with coarser resolution Magellan
altimetry data, resulting in artifacts in the DEM used. Unusually high values of flow thickness
can be seen at these locations for both collapse and fountaining initiations. (e) Plot showing
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the evolution of velocity (in black) and flow runout (in blue) as a function if simulation time.
Note the higher initial velocity as well as quick deceleration for collapse fed flow (black curve
with circle markers) relative to the velocity and deceleration seen for fountain-fed flow (black
curve with triangle markers). The collapse-fed flows reach the final runout distances sooner
(blue curve with circle markers) in comparison to the slow-moving fountain fed flows (blue
curve with triangle markers).

3.5.2 DENSE PYROCLASTIC FLOWS ON SHALLOW SLOPES:
IMPLICATIONS FOR PYROCLASTIC FLOW DYNAMICS ON
VENUS
The proposed pyroclastic deposits on Venus occur near volcanic landscapes with low
topographic slopes consistent with dominantly mafic volcanism. Pyroclastic flows produced
in association with mafic volcanism are less common on Earth (examples include Freundt and
Schmincke, 1995; Robin et al., 1995; Allen, 2004; Giordano et al., 2006). The more common
and relatively well-studied intermediate to silicic pyroclastic flows from large caldera forming
eruptions on Earth are also thought to have traversed long distances over gentle topography.
These flows undergo acceleration immediately following release and eventually attain a
constant velocity phase (Gueugneau et al., 2017; Roche et al., 2008). Any acceleration or
deceleration after this initial stage is induced by changes in the basal topography. To keep the
flow in motion, either slope angles greater than the basal friction angle or pore fluid pressure
large enough to overcome internal and basal friction is required. Studies of “dry” granular
flows have found that large volume flows possess low basal friction angles which increase the
flow mobility and runout (Lucas et al., 2014). In this study, the frictional resistance is reduced
when pore fluid pressure values are large relative to total basal normal stress. This provides a
means to sustain flow velocity for long distances in the absence of steep slopes. The resulting
implications for long runout pyroclastic flows on shallow slopes are discussed below.
1. Our models show that very high values of initial interstitial pore pressure (> 95% of
the total normal stress, see section 3.4.3) are needed to transport the flows across
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distances > 60 km at our study sites. This is consistent with findings that pyroclastic
flows that travel down gentle slopes only do so when a pore-pressure induced fluidized
layer develops (Takahashi & Tsujimoto, 2000). Pore pressures high enough to balance
more than 80% of the flow’s total bed stress have been observed in flume experiments
of granular flows (Major & Iverson, 1999). Supply of a fluidizing gas phase to the flow
can be achieved through volatile exsolution in the conduit, thermal pressurization of
atmospheric gas ingested into the column at the vent, exsolution of residual volatiles
from solid particles in the flow, and atmospheric entrapment at the front during flow
propagation (Sparks, 1978a; Wilson, 1984). Any of these mechanisms with the
exception of atmospheric entrainment at the flow front could generate the excess pore
fluid pressure needed to achieve long flow runouts in our models. For terrestrial flows,
it has been shown that even in the absence of continuous gas influx (released from hot
pyroclasts in the flow), the differential gas-particle motion occurring when gas is
expelled from pore spaces — either when an eruption column collapses and hits the
ground or when the flow deflates — is sufficient to generate high pore fluid pressure
in the mixture (Druitt & Sparks, 1982; Goren et al., 2010; Roche, 2012). If (1) the size
distribution of solid particles comprising the flow was small enough to allow for very
slow dissipation of pore fluid pressure and/or (2) the entrainment of atmosphere
causing the flow to inflate is negligible, high pore fluid pressure can be maintained for
longer times.
2. A consequence of low topographic slopes (< 2°) at all our study sites is that any
significant likelihood of topography-induced acceleration in the flow once past the
initial stage is negligible. The modeled flow travels at velocities equal to or less than
the initial velocity for most of its flow duration (black curves in Figure 3.7e). Unusually
high flow velocities are observed only at locations where the stereo DEM has been
stitched together with altimetry DEM values. While turbulent transport could be
possible in proximal areas when the flow still has high velocity (particularly for the
flows fed by columns collapsing from a few kilometers height), it is unlikely that the
flow will subsequently develop turbulence during later stages of emplacement along
gentle slopes. Deflation of the flow caused by the diffusion of pore pressure also acts
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to keep the flow laminar (Druitt, 1998; Sheridan, 1979). Therefore, low fountains and
small columns modeled in this study are expected to result in deflated, ground-hugging
flows that travel in a laminar fashion.

3.5.3 LARGE VOLUME PDC DEPOSITS ON VENUS: A COMPARISON
WITH TERRESTRIAL IGNIMBRITES
The simulation results presented here suggest that the proposed pyroclastic deposits
investigated on Venus are large volume deposits (310–780 km3 bulk volume for the large
deposits at Irnini Mons and 140–280 km3 bulk volume for the other smaller deposits), with
mean thicknesses ranging from 20–70 m. Erosion and elutriation of fine ash could have
resulted in actual deposit volumes less than the predicted volumes. Since no redeposited
pyroclastic material or co-ignimbrite ash, which could aid in more accurate volume estimates,
have been identified close to the study sites, the modeled deposit volume provides the closest
estimate of the true deposit volume. Eruptions capable of emplacing such voluminous deposits
would fall close to the lower end of terrestrial super-eruptions not observed in historic or recent
times, where the total magma discharge exceeds 450 km3 DRE (Self, 2006; Sparks et al., 2005).
Some of the largest known ashflow deposits of felsic composition on Earth include the
Campanian ignimbrite (~ 500 𝑘𝑘𝑘𝑘3 bulk volume, Fisher et al. (1993)), Bishop tuff (~ 600 km3

bulk volume, Hildreth and Mahood (1986)), Fish Canyon tuff (~ 500 km3 bulk volume, Lipman
et al. (1973)), Peach spring tuff (> 1300 km3 DRE (dense rock equivalent), Ferguson et al.

(2013)), Taupo ignimbrites (~ 500 km3 bulk volume, Wilson (1985)) and Rattlesnake tuff (~
280 km3DRE, Streck and Grunder (1995)). The modeled deposit volumes greatly exceed the
volumes of less common terrestrial mafic ignimbrites such as Halarauður ignimbrite (~ 20 km3
bulk volume, Rooyakkers et al., 2020), the Okmok PDC deposits (~ 29 km3 DRE, Burgisser,
2005), and Villa Senni ignimbrite (~ 30 km3 DRE, Watkins et al., 2002).
The large flow thicknesses for the fountain-fed flows (~ 44–72 m, see mean thicknesses in
Table 3.2) and a ~ 40 m decrease in flow thickness of over a distance of ~ 20 km from the
source for collapse fed flows (see Figure 3.5c) would be capable of muting underlying relief
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variations of several meters, giving rise to the mantling appearance noted by B. Campbell &
Clark (2006) and Grosfils et al. (2011) The final deposit thickness predicted by the dense
pyroclastic flow models (~ 20–70 m mean thickness) is, however, in contradiction with
previous interpretations of the Venusian units being a few tens of centimeters to a few meters
thick (Campbell et al., 2017). This interpretation for the Venus deposits is perhaps most
comparable to terrestrial ignimbrites that are deposited as a veneer not more than a few meters
thick (termed low aspect ratio ignimbrites (LARI) by Walker, Heming, et al. (1980)). While
our models predict deposits thicker than the ignimbrite veneers, the low thicknesses inferred
from the model relative to the deposit area yields an aspect ratio close to some of the wellstudied LARIs such as the Campanian ignimbrite (Fisher et al., 1993), Kizilkaya ignimbrite
(Schumacher & Mues-Schumacher, 1996), and the Villa Senni ignimbrite (Giordano et al.,
2006; Watkins et al., 2002). LARIs were originally thought to form only from high-velocity,
turbulent flows generated by the collapse of an extraordinarily high eruption column (> 50 km
high), which allow for long runouts (Walker et al., 1980; Wilson, 1985b). More recently, Cas
et al. (2011) showed that LARIs can also be deposited from fluidized, fines-rich, nonturbulent
flows that travel across gently sloping terrain (8°–9° slope) at very low velocities (< 10 m s-1).
These flows are generated not from tall eruption columns but from low fountaining-style
eruptions with high discharge rates (similar to the fountaining initiation considered in this
study). Our simulations of dense particle-laden flows fed by sustained fountaining on Venus
are mostly analogous to such low-energy LARI emplacement. The slightly higher flow
velocities (see Figure 3.7e) and deposit thicknesses (see Figure 3.5b) seen in our models can
be explained by uncertainties in the interaction of the flow with underlying topography, caused
by limitations in the topography dataset. Our impulsive collapse initiation model is in discord
with low-energy LARI emplacement due to relatively larger initial flow velocities (~ 100 m
s-1, also see Figure 3.7e); this is suggestive of a turbulent flow in the proximal stages of
emplacement.

3.6 CONCLUSION
Large deposits with high radar return echoes on the summits of Irnini Mons and Anala Mons,
and on the flanks of Didilia Corona and Pavlova Corona have been proposed to be pyroclastic
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flow deposits. These units have high CPR interpreted to be caused by extensive centimetersized clasts embedded in the deposits. Larger clasts are typically transported as a particle-laden,
dense pyroclastic density current. In this study, we model the transport of dense pyroclastic
flows using a 2D depth-averaged mass flow model to determine the physical properties of
PDCs that could have resulted in the emplacement of the proposed pyroclastic units. Flows
generated by impulsive collapse of small columns and long-lived fountains, both of which are
plausible under Venus’s ambient conditions, were simulated. Multiple linear vents of equal
length, in accordance with the expected vent dimensions at ring fracture systems, were used.
Such spatially distributed sources are necessary to reproduce the observed lateral extent of
deposits. Due to low mean slopes (< 2°) at our study sites, simulations indicate that fluidization
of pyroclastic flows via high pore pressure is critical for reproducing the extensive deposits.
The low topographic slope also acts to prevent development of turbulence in the later stages
of the flow. The deposits on the flanks of Irnini Mons are relatively large and not well
reproduced by our models. More energetic pyroclastic flows formed by the collapse of
exceptionally tall columns may be capable of emplacing such deposits. Such large column
forming eruptions have been predicted to occur at high altitude and high latitude regions on
Venus; but it is unclear whether such eruptions are possible at Irnini Mons. The dynamics of
large, turbulent flows and their interactions with Venus’s atmosphere are the subject of
ongoing studies by the authors. Our models show that collapse of expanded columns > 1.2–
1.4 km tall from kilometer-scale long linear vents could give rise to the observed spatial extent
of the smaller deposits on the flanks of Pavlova Corona, Didilia Corona and Anala Mons.
Similarly, fountains of height ~ 50 m lasting longer than 400s could also give rise to long
runout pyroclastic flows that could have emplaced the observed deposits at these locations.
While both impulsive collapse and fountaining could have resulted in the observed deposit
extent, there are significant differences in the flow dynamics between these two scenarios that
lead to modeled deposits with different structures. Simulations suggest that deposits resulting
from discrete collapses are expected to be a few tens of meters thick; they likely form from
fast-moving flows (< 6 min). Fountain-fed flows, on the other hand, are expected to be
comparatively slow-moving and long-lasting, similar to low-energy LARI emplacement on
Earth. They result in thicker deposits than collapse-fed flows. Given the resolution limitations
of the current dataset, deposits formed by these two mechanisms would be indistinguishable.
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Higher resolution imaging and topography data from future missions like EnVision (Ghail et
al., 2018) and VERITAS (Smrekar et al., 2016) would aid in constraining the vent locations
and the deposit thicknesses; this could be used to further refine the model’s initial conditions,
allowing for more detailed model simulations of pyroclastic flow transport on Venus’s surface.
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CHAPTER 4. RADAR BACKSCATTER AND EMISSIVITY
MODELS OF PROPOSED PYROCLASTIC DENSITY
CURRENT DEPOSITS ON VENUS
The contents of this chapter have been submitted for publication in the Journal of Geophysical
Research: Planets.

4.1 INTRODUCTION
Venus’s surface has been imaged at microwave wavelengths from orbital synthetic aperture
radars (SAR) on Pioneer (Pettengill et al., 1980) and Magellan (Pettengill et al., 1991; Saunders
et al., 1990), and ground-based observatories like Arecibo (Campbell & Campbell, 1992;
Campbell et al., 1989b). Mapping efforts using SAR data have led to the identification of a
group of deposits with diffuse appearance and high radar backscatter returns (Campbell &
Clark, 2006; Grosfils et al., 2011; Keddie & Head, 1995; McGill, 2000) (see Figure 4.1 for
examples). They are often found adjacent to the summit depressions of large volcanic centers
in the highlands but appear very different from lava flows due to their lack of internal flow
features and sharply-defined boundaries. Wherever present, these deposits form the uppermost
unit in the local stratigraphy and in some cases overlie lobate lava flows (Figure 4.2). They
exhibit relatively high radar backscatter coefficient (-9 to -14 dB), and moderate emissivity
(0.8 – 0.86) values in the Magellan observations. Circular polarization ratio (CPR) determined
from Arecibo polarimetry data at some of the deposits show relatively high CPR values (0.4 –
0.5), indicating centimeter-scale surface roughness (Campbell et al., 2017). It has been
proposed that these bright, diffuse units were deposited by pyroclastic density currents (PDCs)
associated with relatively young, explosive eruptions (Campbell et al., 2017; Grosfils et al.,
2011; Keddie & Head, 1995). Pyroclastic deposits provide insights into locales and timespans
of volatile rich activity and therefore into volatile-enriched magma sources. Especially on
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Venus, where global volatile inventory and outgassing history are poorly understood, evidence
of past volatile driven activity could be crucial for understanding the geologic evolution of the
planet.
Deciphering the physical properties of these deposits from available SAR observations,
however, is not straightforward. SAR datasets of these deposits at 12.6 cm wavelength include
horizontal transmit / horizontal receive (ℎℎ) backscatter (𝜎𝜎ℎℎ ), ℎ-polarized emissivity (𝑒𝑒ℎ ),

nadir reflectivity, and root mean square (RMS) slopes from Magellan (Pettengill et al., 1991),
and same- and opposite-sense circular polarization (SCP and OCP) measurements from

Arecibo Observatory (Campbell et al., 1989b). Previous studies have tried linking the
measured radar properties to formation mechanisms and physical attributes of these deposits.
Keddie & Head (1995) suggested that the bright, diffuse deposits are PDC deposits formed by
a ground-hugging pyroclastic flow that traveled across uneven topography resulting in an
irregular upper surface. Campbell et al. (2017) proposed that the deposits comprise centimeter
scale scatterers which give rise to high CPR values in the ground-based Arecibo polarimetry
data. They also suggested that the high backscatter in Arecibo and Magellan observations are
caused by significant surface roughness at SAR wavelength scales. Surface roughness is not
the only plausible means of producing high surface backscatter on Venus. It has been known
since Pioneer times that highlands on Venus (areas above a critical altitude of ~6053 km)
exhibit higher backscatter (higher reflectivity) and lower emissivity than the lowlands (Ford &
Pettengill, 1983; Pettengill et al., 1982, 1996). In some areas like Maxwell Montes and Ovda
Regio, the observed emissivity is as low as 0.3, compared to an average emissivity of ~0.845
for Venus’s plains (Pettengill et al., 1992). Many authors have attributed this to chemical
weathering of the surface resulting in ferroelectric minerals (ferroelectric model) or loaded
dielectric minerals (semiconductor model) or condensation of metal snow (metal frost model)
(Arvidson et al., 1994; Brackett et al., 1995; Ford & Pettengill, 1983; Klose et al., 1992;
Pettengill et al., 1982, 1996; Schaefer & Fegley, 2004; Shepard et al., 1994) at higher altitudes.
Campbell (1994) developed an emissivity model for Venus’s surface and showed that high
reflectivity (low emissivity) areas also have higher fraction of rough surfaces, likely caused by
surface weathering mechanisms that also have a mechanical component. Yet another proposed
mechanism for increased backscatter in the highlands is volume scattering from subsurface
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heterogeneities within a largely radar-transparent deposit (Pettengill et al., 1992; Tryka &
Muhleman, 1992). However, Wilt (1992) called into question the effectiveness of such a
mechanism in reducing the observed emissivity significantly, unless internal scattering was
caused by void spaces.
Many of the global backscatter and emissivity studies mentioned above focus primarily on
variations in surface roughness as the mechanism for increasing backscatter, as they only
consider scattering from the atmosphere-surface interface. For example, the global model
developed by Campbell (1994) approximates rough surface emissivity by making logical
assumptions about the emission behavior of rough surfaces when observed between 20° and
60°. Their model fits the global backscatter trend well, and additional, likely negligible effects
of volume scattering on global backscatter were not examined. This is suitable in many
geologic scenarios, since scattering from (continuous and/or distributed) subsurface
heterogeneities is unlikely to play a significant role at shorter wavelengths of 6–24 cm
(Campbell et al., 1993). However, for possible pyroclastic deposits that are likely to be less
dense, less competent, and less welded (or not welded at all) in comparison to commonly found
lava flows, the possibility of subsurface scattering cannot be ignored. The PDC deposit
stratigraphy proposed by Campbell et al. (2017), of a few tens of centimeters to a meter thick
mantling layer on top of older substrate, could lead to radar wave penetration and scattering
from buried features. Volume scattering from buried clasts or void spaces would be an
important contribution if the PDC deposits are even thicker, on the scale of tens of meters as
suggested by Ganesh et al. (2021).
In this work, we build upon previous backscatter and emissivity models of Venus’s surface by
incorporating subsurface and volume scattering effects to investigate scattering and emission
from the proposed PDC deposits. First, we construct different one- and two- layer pyroclastic
deposit profiles with varying physical and dielectric properties, and shallow subsurface
stratigraphy that exert a first order control over radar wave propagation, scattering, and
emission. We investigate three different deposit scenarios, each focusing on a different
dominant scattering mechanism. Scattering mechanisms considered include backscattering
from atmosphere-surface boundary, subsurface dielectric boundaries, and volumetric
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inclusions within the deposit. The total ℎℎ-polarized backscatter and ℎ-polarized emissivity
for each deposit profile are computed and compared with Magellan observations to assess

which surface/subsurface scattering scenarios best fit the data. This allows us to place

constraints on deposit properties such as density, conductivity, surface roughness, and shallow
subsurface heterogeneities. The deposit properties computed are then used to make inferences
about the emplacement and eruption conditions associated with deposit formation. Deposits of
interest and datasets used are described in section 2; our modeling approach is explained in
section 3; results from the model are discussed in the context of Magellan observations in
section 4; inferences about emplacement conditions, and ways to expand on this study are

given in section 5.

87

Figure 4.1. Magellan left look SAR image (left panel) and emissivity map (right panel)
showing (a)-(b): Irnini and Anala Mons in central Eistla Regio, (c)-(d): Didilia and Pavlova
coronae in eastern Eistla Regio, and (e)-(f): Hathor and Innini Mons in Dione Regio. The
proposed PDC deposits studied have been mapped in dashed white lines and labeled. The
deposit immediately north of PI, mapped but not labeled in (c), has not been used in this study.
The emissivity maps of the various shields and coronae show that the proposed PDC deposits
are found adjacent to low emissivity areas — yellow / red areas in (b), (d), (f).

4.2

MAGELLAN

OBSERVATIONS

OF

PROPOSED

PYROCLASTIC DEPOSITS
Magellan SAR data (acquired at wavelength 𝜆𝜆 = 12.6 cm, S-band) from mission cycles 1 and

3 were used for measuring the ℎℎ (horizontal transmit, horizontal receive) polarized radar

backscatter coefficient and emissivity of the proposed pyroclastic deposits. Proposed PDC
deposits at different locations of interest, which include Pavlova and Didilia coronae in eastern
Eistla Regio, Irnini Mons and Anala Mons in central Eistla Regio, and Hathor Mons and Innini
Mons shields in Dione Regio, were mapped using cycle 1 SAR FMAP mosaic (spatial
resolution of 75 m/pix) made available by USGS (Henz et al., 2021). Radar backscatter
coefficient in dB were determined using the relations described in Saunders (1992). Magellan
SAR emissivity at 12.6 cm for the mapped deposits were extracted from the Magellan
Altimeter and Radiometry Composite Data Record (ARCDR) products available on the PDS
Geoscience node. The measurements made from Magellan data are listed in Table 1.

I1
I2

Latitude Longitude Elevation Incidence

Backscatter

(° N)

angle

coefficient

(degree)

(dB)

45.750

-10.25±1.816

25.57

-8.2916±2.481

45.538

-11.289±1.951

15.481
14.917

(° E)
14.813
16.676

(km)
1.820
1.982

Emissivity

0.873±0.016
0844±0.022
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I3
A1
P1

14.978
11.550
14.571

13.187
13.965
37.388

1.345
2.408
2.184

25.584

-8.283±3.215

45.939

-10.987±2.547

25.583

-8.5599±2.676

45.978

-11.8±1.968

25.581

-9.503±2.586

45.774

-15.046±1.578

25.590

-10.1147±2.96

0.830±0.015
0.845±0.023
0.863±0.053

P2

13.281

37.164

1.913

45.933

-10.672±2.005

0.85±0.017

P3

12.498

36.695

1.530

45.973

-14.24±2.225

0.864±0.009

D1

16.866

36.834

2.226

45.532

-10.363±2.037

0.867±0.026

25.518

-8.4171±2.733

H1

-37.319

324.51

1.635

28.908

-9.010±1.6

0.812±0.015

H2

-38.548

322.278

1.448

28.908

-9.136±1.670

0.84±0.014

In1

-34.454

328.241

2.768

30.397

-10.662±1.606

0.705±0.045

Table 4.1. List of proposed PDC deposits and their properties measured from Magellan data.
For deposits with two different backscatter coefficients, the ones at larger incidence correspond
to cycle 1 data, and the ones with smaller incidence angles correspond to cycle 3 data.

4.2.1 CENTRAL EISTLA REGIO
Central Eistla Regio is dominated by Irnini Mons and Anala Mons — two large volcanotectonic structures with coronae-like features at the summit. Based on geologic mapping,
McGill (1998) argued that Irnini and Anala Mons are hybrid features that resulted from the
evolution of volcanic shields into coronae. However, models of coronae formation do not favor
the evolution of volcanoes into coronae, and the history of uplift at these two structures is still
not well understood (Stofan et al., 1995). The proposed PDC deposits are found in proximity
to the summit on the gently sloping (< 2.5°) northern flank of Irnini Mons and the W-NW
flanks of Anala Mons (Figure 4.1a and 4.1b). McGill (1998) interpreted these deposits as units
associated with the coronae phase rather than the shield phase. An outlier deposit (I3), present
farther west from the summit has been interpreted as the eroded remnant of a larger I1 deposit
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by later studies (Campbell et al., 2017). Deposit I1 partially buries a lava flow, suggesting that
the proposed PDC deposits were formed from relatively young, volatile-rich eruptions which
were different from prior effusive activity at the summit (Figure 4.2a; also see Campbell et al.,
2017; McGill, 2000, 1998). The Magellan ℎℎ-polarized backscatter coefficient of these

deposits is ~10-11 dB (at incidence angles between 45.5° and 46 °). Deposits I1 and I2 at Irnini

Mons, and deposit A1 in Anala Mons are present adjacent to summit regions with exceptionally
low microwave emissivity (0.4‒0.7) (Figure 4.1b). The deposits, despite being at similar
altitudes and having comparable 𝜎𝜎ℎℎ values to the low emissivity sites, show notably higher

microwave emissivity values ranging between 0.83 ‒ 0.87, ruling out high-reflectivity minerals
on the surface as the cause for the high backscatter. For comparison, the mean microwave
emissivity of Venus’s plains is ~0.845 (Pettengill et al., 1992).

Figure 4.2. Magellan left look SAR backscatter images. (a) Irnini Mons with distinct diffuse
deposits at the summit burying older lava flows. (b) Innini Mons summit with an overall
diffuse appearance and no identifiable lava flow boundaries. The white patch running N-S
indicates a data gap in the SAR FMAPs. These are expanded and clipped views of Figures 4.1a
and 4.1e.

4.2.2 EASTERN EISTLA REGIO
The eastern part of Eistla Regio is dominated by large coronae such as Isong, Calakomana,
Ninmah, Pavlova and Didilia coronae. Campbell & Clark (2006) identified radar-bright diffuse
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deposits near the annular rims of Didilia and Pavlova coronae (Figure 4.1c and 4.1d). Both
coronae have annular rim and central structures made of densely lineated material. The floor
of the central structures is covered in smooth plains material. It is not clear if the central
features are deformed plains material or older terrain embayed by younger plains. Some
sections of the coronae rim exhibit characteristic low emissivity signatures (Figure 4.1d). The
proposed PDC deposits are found to the west of the annular rim at Pavlova corona, and to the
SW of the annulus at Didilia corona. The topography at these locations is near-horizontal with
slopes of 1°‒2°. The radar backscatter coefficient of these deposits spans a wider range (-10 ‒
-14 dB), compared to the central Eistla Regio deposits. The microwave emissivity ranges from
0.86 ‒ 0.87, comparable to the upper end of emissivity values observed for the central Eistla
Regio deposits

4.2.3 DIONE REGIO
Dione Regio, unlike central and eastern Eistla Regio, is a volcano-dominated rise. This region
is dominated by the tall shields of Innini, Hathor, Ushas, and Nepthys Mons. Of these four
volcanoes, only Innini and Hathor Mons have summit regions with radar-bright diffuse
deposits. The summits of Innini and Hathor Mons have an overall diffuse appearance without
any clear unit boundaries, unlike the individual diffuse deposits seen in central and eastern
Eistla Regio (see Figure 4.2). There are multiple data gaps in the SAR FMAP images of this
region, which further increases the difficulty in mapping the exact extent of the diffuse summit
units (Figure 4.2b). We loosely map units identified in Campbell et al. (2017) that have
reasonable coverage in the SAR FMAPs. Of the three deposits mapped, only H2 is contiguous
in the SAR images; nearly 50% of deposits H1 and In1 fall within the no data region (see
Figures 4.1e, 4.1f, and 4.2b). The radar backscatter coefficient of the mapped units is between
-9 and -10.5 dB. Hathor Mons deposits have emissivity ranging from 0.8 ‒ 0.84. The mean
emissivity value for the Innini Mons deposit is ~0.7, which is notably lower than the typical
emissivity values of the deposits mapped elsewhere. There are two possible reasons for the
low emissivity seen at In1. The location of In1 coincides with the low emissivity summit unit
of Innini Mons, while all the other mapped units are adjacent to the low emissivity regions at
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their host volcanoes or coronae (Figure 4.1f). As a result, it is possible that the contribution
from the low emissivity summit dominates the observed emissivity at unit I1. In addition, In1
has the least number of radiometry footprints within the deposit extent visible in SAR data,
leading to lesser overall confidence in the emissivity estimate. We therefore discount In1 in
our emissivity models.

4.3 RADAR BACKSCATTER AND EMISSION MODELS
To understand the surface and shallow-subsurface properties of the proposed PDC deposits,
we model the measured Magellan radar backscatter and emissivity values as a function of
different dielectric properties, physical properties, and shallow subsurface stratigraphy.
Taking stratigraphy into account enables us to model scattering in the subsurface, in addition
to surface scattering. A 2D schematic view and of the hypothesized deposit structures and
scattering mechanisms are shown in Figure 4.3. The three primary mechanisms of radar wave
scattering considered are surface scattering at the surface-atmosphere boundary, subsurface
scattering at the buried boundary between two dissimilar layers (two media with contrasting
dielectric properties), and volume scattering by distributed inhomogeneities inside a low-loss
media. Similarly, microwave emission can also be conceptualized as surface emission (at the
surface-atmosphere boundary), subsurface emission (from buried dielectric horizons), and
volumetric emission (due to inhomogeneities present within a volume). The input parameters
and range of values used are given in Table 2.
Parameter

Symbol

Value & units
Case 1

Wavelength(a)
Complex

permittivity

of

atmosphere
Complex permittivity of deposit(b)

(𝜀𝜀1′ , 𝜀𝜀1′′ )

Case 3

0.126 m

𝜆𝜆

𝜀𝜀𝑎𝑎𝑎𝑎𝑎𝑎

Case 2

2 ≤ 𝜀𝜀1′ ≤ 7
𝜀𝜀1′′ = .01

1 + 0𝑖𝑖

(2, 0.001)

(2, 0.001)
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Complex

permittivity

of

substrate(b), (c), (d)
Thickness of deposit(e), (f)
Upper surface RMS height

Lower surface correlation length
inclusions(b), (c), (d)

Axis ratio of inclusions
Orientation angle of inclusions
Size distribution of inclusions with
a range of diameters 𝐷𝐷

Total volume of inclusions
Number density of inclusions i.e.,
number of inclusions per unit
Volume fraction of inclusions

n/a

𝑙𝑙1

𝑙𝑙2

′
′′
of (𝜀𝜀𝑖𝑖𝑖𝑖𝑖𝑖
, 𝜀𝜀𝑖𝑖𝑖𝑖𝑖𝑖
)

Maximum diameter of inclusions

volume

𝑑𝑑

𝑠𝑠2

Upper surface correlation length
permittivity

n/a

𝑠𝑠1

Lower surface RMS height

Complex

(𝜀𝜀2′ , 𝜀𝜀2′′ )

(8, 0.01),
(65, 0.01),
(8,100)

0.13 ≤𝑑𝑑≤ 1 10 m
m

0.02 – 0.04 0.01 m

0.004 m

m
n/a

0.02 – 0.04 0.01 m
m
0.5 m
n/a

0.5 m

n/a

(8, 0.01),
(65, 0.01),
(8,100)

𝐷𝐷𝑚𝑚𝑚𝑚𝑚𝑚

n/a

-

n/a

0.2‒5

-

n/a

0°‒359°

𝑁𝑁 (𝐷𝐷)

n/a

exponential

𝑉𝑉

n/a

m3

n/a

m-3

n/a

1% ‒ 10%

𝑛𝑛0

0.005 - 0.04
m

distribution
m-3 m-1

=

∫ 𝑁𝑁 (𝐷𝐷)
𝑉𝑉𝐷𝐷

= 𝑛𝑛0 * 𝑉𝑉

Table 4.2. Parameters used in the backscatter and emission models.
(b)

(8, 0.01)

(a)

Saunders (1992).

Campbell & Ulrichs (1969). (c)Shepard et al. (1994). (d)Pettengill et al. (1996). (e)Campbell et

al. (2017). (f)Ganesh et al. (2021)
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4.3.1 SURFACE SCATTERING CASE
For case 1, we investigate scattering and emission at the atmosphere-surface boundary (Figure
4.3, Case 1). When a radar wave impinges upon the boundary between two media, a portion
of the wave is scattered and a portion of it is transmitted through. Both the scattered and the
transmitted portions have a coherent and a noncoherent component. The coherent reflection
and transmission at a smooth interface can be described using the Fresnel reflection and
transmission coefficients, for horizontal (𝑅𝑅ℎ , 𝑇𝑇ℎ ) and vertical (𝑅𝑅𝑣𝑣 , 𝑇𝑇𝑣𝑣 ) polarizations.
𝑅𝑅ℎ =
𝑅𝑅𝑣𝑣 =
𝑇𝑇ℎ =
𝑇𝑇𝑣𝑣 =

�𝜀𝜀𝑡𝑡 cos 𝜃𝜃𝑖𝑖 − �𝜀𝜀𝑖𝑖 cos 𝜃𝜃𝑡𝑡
�𝜀𝜀𝑡𝑡 cos 𝜃𝜃𝑖𝑖 + �𝜀𝜀𝑖𝑖 cos 𝜃𝜃𝑡𝑡
�𝜀𝜀𝑖𝑖 cos 𝜃𝜃𝑖𝑖 − �𝜀𝜀𝑡𝑡 cos 𝜃𝜃𝑡𝑡
�𝜀𝜀𝑖𝑖 cos 𝜃𝜃𝑖𝑖 + �𝜀𝜀𝑡𝑡 cos 𝜃𝜃𝑡𝑡
2�𝜀𝜀𝑡𝑡 cos 𝜃𝜃𝑖𝑖

�𝜀𝜀𝑡𝑡 cos 𝜃𝜃𝑖𝑖 + �𝜀𝜀𝑖𝑖 cos 𝜃𝜃𝑡𝑡
2�𝜀𝜀𝑖𝑖 cos 𝜃𝜃𝑖𝑖

�𝜀𝜀𝑖𝑖 cos 𝜃𝜃𝑖𝑖 + �𝜀𝜀𝑡𝑡 cos 𝜃𝜃𝑡𝑡

(1)

(2)

(3)

(4)

where 𝜀𝜀𝑖𝑖 and 𝜀𝜀𝑡𝑡 are the complex dielectric permittivity of the upper and the lower media. 𝜃𝜃𝑖𝑖 is

the incidence angle and 𝜃𝜃𝑡𝑡 is the angle of transmission into the lower medium. 𝜃𝜃𝑖𝑖 can be related
to the 𝜃𝜃𝑡𝑡 using Snell’s law, which is given by √𝜀𝜀1 sin 𝜃𝜃1 = √𝜀𝜀2 sin 𝜃𝜃𝑡𝑡 . The subscripts ℎ and 𝑣𝑣

denote horizontal and vertical polarizations, respectively. Equations 1 to 4 are sufficient for
surfaces that are smooth at wavelength-scales, since the noncoherent component is zero. Most
geological surfaces are not smooth, but rather exhibit varying levels of roughness at different
length scales. Scattered radiation from a rough surface contains nonzero noncoherent
component in all directions, the magnitude of which increases with increasing surface
roughness.
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Scattering from planetary surfaces has been studied using different theoretical models such as
quasi-specular scattering from large facets based on Kirchhoff Approximation (e.g, Hagfors,
1964), polarization-independent diffuse scattering (e.g., Campbell et al., 1989a), first order
small perturbation model (SPM) (Gaddis, 1992; van Zyl et al., 1991), and a mix of facet,
diffuse, small perturbation, and dihedral scattering (Campbell et al., 1993). The scattering
models employed in these studies are constrained by the roughness limits within which the
model is applicable. There are two ways to address scattering from surfaces with roughness
parameters outside model constraints: (1) using theoretical models like the integral equation
method (IEM) which provide a general solution to scattering for a wide range of roughness
scales (Fung, 1994; Fung et al., 1992), or (2) using empirical models developed by relating
radar backscatter to measurable topographic parameters (Campbell, 2009; Campbell et al.,
1993).
Both approaches have different sets of advantages and limitations. The empirical approach
incorporates the effect of measurement scales on the surface roughness parameters, thereby
providing an effective way to compare topography data collected by different techniques.
However, the final expression relates backscatter to only surface roughness, and not
permittivity. Additionally, the empirical model in Campbell et al. (1993) was developed based
on observations of basaltic lava flows in Hawaii; the appropriateness of this model to potential
pyroclastic flow units is uncertain. Therefore, we use the improved integral equation method
(I2EM), a modified version of integral equation method (Fung et al., 2002), to calculate rough
surface scattering. Results from the I2EM have been shown to agree well with results from the
SPM and Kirchhoff models within their respective confines of roughness (Ulaby & Long,
2014). The primary disadvantage is that I2EM is built on the assumption of a stationary surface
(RMS height does not change with measurement scales); therefore, roughness-related inputs
to I2EM only include RMS height, correlation length, and the type of autocorrelation function.
Another drawback is that I2EM predicts non-zero cross-polarized returns only via multiple
scattering (Campbell, 2002). This is not critical for computing the ℎℎ polarized backscatter in
this work. However, modeling cross-polarized backscatter and polarimetry metrics using I2EM
needs caution as the model would underpredict these values.
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4.3.1.1 ROUGH SURFACE PARAMETERS USED IN THE MODEL
The atmosphere-surface boundary is characterized as a 1D profile with RMS height 𝑠𝑠1

(standard deviation of surface heights from a mean height profile) and correlation length 𝑙𝑙1

(the distance offset at which the normalized covariance between a profile and its offset is 1/𝑒𝑒).
Profiles with RMS heights ranging from 4 mm to 4 cm are explored. This corresponds to
electromagnetic roughness (𝑘𝑘𝑠𝑠1 ) values of 0.2 to 2 for a 12.6 cm wave. For context, surfaces

with 𝑘𝑘𝑘𝑘 ≤ 0.2 are considered to be smooth according to the Fraunhofer roughness criteria. For

surfaces with 𝑘𝑘𝑘𝑘 ≥ 2, which is the upper roughness limit explored here, backscatter is expected
to be constant at all incidence angles and polarizations (Ulaby & Long, 2014). We use a surface

autocorrelation function of exponential form, which has been seen to fit real surfaces well
(Nashashibi & Ulaby, 2007). We use a constant correlation length value of 𝑙𝑙1 = 50 cm, since

prior studies have noted that a 4x increase in correlation length resulted in only ~5 dB
differences in backscatter (Ulaby & Long, 2014). We discuss how assuming a constant value
for correlation length influences our interpretations in Appendix F. The I2EM formulations
using which the ℎℎ-polarized backscatter (𝜎𝜎𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐1= 𝜎𝜎𝑠𝑠𝑠𝑠𝑠𝑠 ), and ℎ-polarized emissivity (𝑒𝑒𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐1 )
are calculated are given in Appendix D.

Figure 4.3. Schematic representation of the three deposit scenarios investigated. Case 1: A
half-space model where scattering from the atmosphere-interface boundary is the dominant
scattering and emission mechanism. Case 2: A two-layer model where scattering and emission
from a buried dielectric horizon is the dominant contribution. Case 3: A two-layer model where
scattering and emission from distributed dielectric scatterers dominate. The different scattering
contributions are labeled (i)‒(v); see section 3.3.1 for a brief explanation of each contribution.
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4.3.2 SUBSURFACE SCATTERING CASE
For the subsurface scattering case, we assume that the backscattered (and emitted) signal is
dominated by scattering (and emission) from a continuous dielectric horizon in the subsurface
(Case 2 in Figure 4.3) i.e., most of the scattering happens at the lower boundary of the deposit.
This scenario is in accord with prior studies that suggest that the proposed PDC deposits are
few tens of centimeters to a meter thick mantling units on top of an older substrate (Campbell
et al., 2017; Grosfils et al., 2011). The deposit is treated as a finite layer with thickness 𝑑𝑑 and

dielectric permittivity 𝜀𝜀1 on top of a half-space with dielectric permittivity 𝜀𝜀2 . Scattering at the
upper boundary of the deposit (𝜎𝜎𝑠𝑠𝑠𝑠𝑠𝑠 = 𝜎𝜎01 ) is computed using the I2EM method described in

the previous section and in Appendix D. The deposit’s lower interface is also treated as a 1D
profile and scattering at this interface (𝜎𝜎12 ) is also estimated using the I2EM approach. To
compute total backscatter, we take into account transmission and attenuation within the deposit

prior to scattering from the deposit’s lower interface. Transmission from the atmosphere into
the surface (𝑇𝑇01 ) and transmission from the deposit back into the atmosphere (𝑇𝑇10 ) are

computed using the Fresnel transmission equations (Equations 3 and 4). In the absence of

volume scatterers, radar wave attenuation or extinction (𝛾𝛾) in the deposit is only a function of
absorption within the medium and is described by the absorption cross section of the medium,

𝜅𝜅𝑎𝑎𝑎𝑎𝑎𝑎 = 2𝑘𝑘�𝜀𝜀1′′ , where 𝑘𝑘 is the wavenumber in the absorbing medium. The total attenuation in
the medium is given by

𝛾𝛾 = 𝑒𝑒 − 𝑑𝑑𝜅𝜅𝑎𝑎𝑎𝑎𝑎𝑎 sec 𝜃𝜃𝑡𝑡

(5)

𝜎𝜎𝑠𝑠𝑠𝑠𝑠𝑠 = 𝑇𝑇10 . 𝛾𝛾. 𝜎𝜎12 . 𝛾𝛾. 𝑇𝑇01

(6)

𝜎𝜎𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐2 = 𝜎𝜎𝑠𝑠𝑠𝑠𝑠𝑠 + 𝜎𝜎𝑠𝑠𝑠𝑠𝑠𝑠

(7)

The expression for subsurface scattering (mechanism (ii) in Figure 4.3, Case 2) is given by,

The total ℎℎ-polarized radar backscatter coefficient is computed as
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Finally, taking transmission and attenuation into account, the ℎ-polarized emissivity is
calculated by modifying the equation 4.163 in Ulaby et al. (1986).
𝑒𝑒𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐2 =

(1 − 𝑅𝑅01 )
[(1 + 𝑅𝑅12 𝛾𝛾)(1 − 𝛾𝛾) + (1 − 𝑅𝑅12 )𝛾𝛾 ]
(1 − 𝑅𝑅01 𝑅𝑅12 𝛾𝛾 2 )

(8)

where 𝑅𝑅01 is the total reflectivity (coherent + noncoherent) of the upper surface of the deposit
and 𝑅𝑅12 is the total reflectivity of the lower boundary of the deposit.

4.3.3 VOLUME SCATTERING CASE

In addition to continuous dielectric horizons, distributed dielectric heterogeneities also
constitute a notable source of scattering and emission, especially in low loss media. For
instance, pyroclastic flow deposits typically have flattened vesicular pumices and lithics
distributed in a low-density ash matrix. The total backscattering and emission in this case
depends not only on the dielectric properties of the background medium, but also the size,
shape, orientation, and dielectric properties of the scatterers (or inclusions). Subsurface
inclusions (e.g. clasts) are typically assumed to follow an exponential size distribution (Di et
al., 2016; Golombek et al., 2003; Golombek & Rapp, 1997). We model the inclusions as oblate
spheroids, which provides a simple approximation for flattened pumices and vesicles, with
major axis length ranging from 1/20 to 1/2 of the wavelength. For calculating scattering from
distributed void spaces in the subsurface, dielectric permittivity of the inclusion is set to 1 +

0𝑖𝑖. For scattering from buried rocks, the range of dielectric permittivity used is similar to the
substrate permittivity used in case 2 (also see Table 2).

We use a vector radiative transfer (VRT) approach to determine scattering and emission from
volume inclusions (case 3 in Figure 4.3) (Fa et al., 2011; Jin et al., 2007; Tsang et al., 1985).
Radar wave extinction and scattering in a medium with distributed scatterers is typically
addressed using analytic theory or transfer theory. In analytic theory, full waveform solutions
to Maxwell’s equations are obtained by rigorous mathematical approaches which can account
for multiple scattering, diffraction, and interference effects. In practice, however, formulating
such a model that can be solved numerically involves several approximations. Transfer theory,
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or radiative transfer theory, on the other hand deals not with fields and Maxwell’s equations
but with intensities and energy conservation. Transfer theory of a first order scheme provides
a heuristic alternative approach to calculate scattering in media where the concentration of
scatterers is low enough to neglect multiple scattering. For deposit scenarios with a welldefined upper and lower boundary, in which volumetric inclusions are treated as non-spherical
(non-isotropic) scatterers, the quantities used in the radiative transfer model are vector
quantities. VRT assumes no correlation between the scattered fields within a medium
containing random distribution of particles. This allows for incoherent summation of scattered
power arising via different scattering mechanisms.

4.3.3.1 VRT SOLUTION: ITERATIVE APPROACH
The fundamental quantity in VRT is the specific intensity of the radar wave, which is used to
keep track of the polarization state of the wave. The specific intensity of the wave can be
characterized using the modified 4x1 Stokes vector given by Equation 9.
〈|𝐸𝐸𝑣𝑣 |2 〉
⎡
⎤
〈|𝐸𝐸ℎ |2 〉 ⎥
⎢
𝐼𝐼 =
∗
⎢ 2𝑅𝑅𝑅𝑅〈𝐸𝐸𝑣𝑣 𝐸𝐸ℎ 〉 ⎥
⎣2𝐼𝐼𝐼𝐼〈𝐸𝐸𝑣𝑣 𝐸𝐸ℎ∗ 〉⎦

(9)

where 𝐸𝐸𝑣𝑣 and 𝐸𝐸ℎ represent the vertical and horizontal fields of an EM wave, and <> denotes
ensemble averaging. For a wave with polarization intensity 𝐼𝐼𝑖𝑖 incident upon a discrete random

media with a distinct upper boundary along the incident direction given by incidence angle 𝜃𝜃𝑖𝑖
and azimuth angle 𝜑𝜑𝑖𝑖 , the vector radiative transfer equation can be written as
4𝜋𝜋

𝜕𝜕𝑰𝑰(𝜃𝜃𝑠𝑠 , 𝜑𝜑𝑠𝑠 )
= −𝜥𝜥𝒆𝒆 𝑰𝑰𝒊𝒊 (𝜃𝜃𝑠𝑠 , 𝜑𝜑𝑠𝑠 ) + � 𝑷𝑷(𝜃𝜃𝑠𝑠 , 𝜑𝜑𝑠𝑠 ; 𝜃𝜃𝑖𝑖 , 𝜑𝜑𝑖𝑖 ) 𝑰𝑰𝒊𝒊 (𝜃𝜃𝑠𝑠 , 𝜑𝜑𝑠𝑠 ) 𝑠𝑠𝑠𝑠𝑠𝑠𝜃𝜃𝑖𝑖 𝜕𝜕𝜃𝜃𝑖𝑖 𝜕𝜕𝜑𝜑𝑖𝑖
𝜕𝜕𝜕𝜕
0

(10)

where 𝜃𝜃𝑠𝑠 is the scattering angle in the plane of incidence and 𝜑𝜑𝑠𝑠 is the scattering angle in the
azimuth plane. 𝛫𝛫𝑒𝑒 and 𝑃𝑃 are 4x4 extinction and phase matrices, characterizing attenuation and
scattering of the incident intensity, respectively. We use the T-matrix approach to compute 𝛫𝛫𝑒𝑒
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and 𝑃𝑃 (Leinonen, 2014; Mishchenko et al., 2000). Expressions for these two quantities and

further details about the computation are described in detail in Appendix E.

Solutions to the VRT equation (Equation 10) can be acquired either iteratively or numerically
(Tsang et al., 1985). To calculate backscattering, we use an analytical iterative approach which
is applicable for weakly scattering cases. Media with single scattering albedo (𝑠𝑠𝑠𝑠𝑠𝑠) < ~0.3 are
considered to be weakly scattering. The 𝑠𝑠𝑠𝑠𝑠𝑠 is a measure of contribution of internal scattering
towards total loss within the medium; it is given by the ratio between scattering cross section

and extinction cross section (𝜅𝜅𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ⁄𝜅𝜅𝑒𝑒𝑒𝑒𝑒𝑒 ). Using appropriate boundary conditions to solve the
Equation 10 iteratively, we obtain the upward Stokes intensity directly above the surface
𝐼𝐼𝑠𝑠 (𝜃𝜃𝑠𝑠+ , 𝜑𝜑𝑠𝑠 , 𝑧𝑧 = 0) (Tsang et al., 1985). The first order scattered Stokes intensity is given by,

� . 𝐼𝐼𝑖𝑖 (𝜃𝜃𝑖𝑖− , 𝜑𝜑𝑖𝑖 ) = �𝑀𝑀
�𝑠𝑠𝑠𝑠𝑠𝑠 + 𝑀𝑀
�𝑠𝑠𝑠𝑠𝑠𝑠 + 𝑀𝑀
�𝑣𝑣𝑣𝑣𝑣𝑣 + 𝑀𝑀
�𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 + 𝑀𝑀
�𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 � 𝐼𝐼𝑖𝑖 (𝜃𝜃𝑖𝑖− , 𝜑𝜑𝑖𝑖 )
𝐼𝐼𝑠𝑠 (𝜃𝜃𝑠𝑠+ , 𝜑𝜑𝑠𝑠 ) = 𝑀𝑀

(11)

� is the modified Mueller matrix. For backscatter geometry, 𝜃𝜃𝑠𝑠 = 𝜃𝜃𝑖𝑖 , and 𝜑𝜑𝑠𝑠 = 𝜋𝜋 - 𝜑𝜑𝑖𝑖 .
where 𝑀𝑀
Superscripts + and − indicate upward and downward going intensities, respectively (𝜃𝜃 + = 𝜃𝜃;

𝜃𝜃 − = 𝜋𝜋 − 𝜃𝜃). The terms on the right-hand side of Mueller matrix solution (Equation 11)
correspond to the following scattering mechanisms, which are shown in case 3 of Figure 4.2c.
i.
ii.

�𝑠𝑠𝑠𝑠𝑠𝑠 )
backscatter from the surface (𝑀𝑀

�𝑠𝑠𝑠𝑠𝑠𝑠 ). Note that the expression for 𝑀𝑀
�𝑠𝑠𝑠𝑠𝑠𝑠 in Appendix
backscatter from the subsurface (𝑀𝑀

E is similar to Equation 6; with the only difference being the description of all quantities
as 4x4 matrices

iv.

�𝑣𝑣𝑣𝑣𝑣𝑣 )
backscatter from the volumetric inclusions (𝑀𝑀

v.

�𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 )
subsurface resulting in final scattering back in the direction of the antenna (𝑀𝑀

iii.

bistatic scattering from the volumetric inclusions followed by bistatic scattering by the
bistatic scattering from the subsurface followed by bistatic scattering by the volumetric
�𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 )
inclusions resulting in final scattering back in the direction of the antenna (𝑀𝑀

See Appendix E for the complete expression for each of the modified Mueller matrix
quantities. The total ℎℎ-polarized backscatter coefficient is calculated from the scattered
Stokes vector 𝐼𝐼 𝑠𝑠 using the relation
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𝜎𝜎𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐3 = 4𝜋𝜋𝐼𝐼 𝑠𝑠 ℎ = 4𝜋𝜋〈|𝐸𝐸 𝑠𝑠 ℎ |2 〉

(12)

The total ℎ-polarized emissivity is computed using a zeroth order radiative transfer solution.
This is done by setting the scattering phase function 𝑃𝑃 to zero i.e., the non-zero contributions

to the observed emissivity are rough surface emission and emission from volumetric
inclusions. The final expression for emissivity is,
𝑒𝑒𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐3 =

(1 − 𝑅𝑅01 )
[(1 + 𝑅𝑅12 𝛾𝛾)(1 − 𝛾𝛾)(1 − 𝑠𝑠𝑠𝑠𝑠𝑠) + (1 − 𝑅𝑅12 )𝛾𝛾]
(1 − 𝑅𝑅01 𝑅𝑅12 𝛾𝛾 2 )

(13)

Here 𝛾𝛾 is the one-way extinction described in Equation 5, calculated using 𝜅𝜅𝑒𝑒𝑒𝑒𝑒𝑒 in the place

of 𝜅𝜅𝑎𝑎𝑎𝑎𝑎𝑎 . Equation 13 has the same form as Equation 8, but the quantity 𝑠𝑠𝑠𝑠𝑠𝑠 is non-zero.

Equation 13 can also be obtained from equation 4.163 in Ulaby et al. (1986) by setting an equal

temperature for all the layers.

4.4 RESULTS
For all backscatter and emission calculations, we use wavelength 𝜆𝜆=12.6 cm consistent with

the Magellan SAR wavelength. The surface (and subsurface) roughness values we explore are
between 𝑘𝑘𝑘𝑘 = 0.5 (representing a nearly specular surface) and 𝑘𝑘𝑘𝑘 = 2 (indicating a nearly
Lambertian surface). The surface correlation length used is 50 cm. Effects of changing the
surface correlation length are discussed in the Appendix F. The dielectric permittivity values

for the layers are varied according to the scenario modeled. The complex dielectric permittivity
of the atmosphere is assumed to be 1 + 0𝑖𝑖. All calculations are made for a horizontal transmit,
horizontal receive polarization, in accord with Magellan observations.

4.4.1 SURFACE SCATTERING CASE
We first explore the scenario where the backscatter and emission observed by Magellan arises
only due to interactions at the surface-atmosphere boundary. The proposed PDC deposits are
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modeled as a half-space with a rough upper surface; for example, a very rugged deposit that
allows for little surface penetration of the radar wave. Figure 4.4 shows the modeled
backscatter and emissivity of such a deposit as a function of incidence angle, corresponding to
three different complex dielectric permittivity values and two different EM surface roughness.
The cluster of data points at ~25.6° and ~45.7° incidence correspond to the deposits in central
and eastern Eistla Regio (shown in Figure 4.1a‒4.1d). Cycle 1 data were acquired at larger
incidence angles relative to cycle 3 data. The data points at ~30° incidence are the deposits at
Dione Regio that were observed by Magellan during cycle 1 at comparatively lower incidence
angles (Figures 4.1e and 4.1f).

Figure 4.4. (a) Modeled backscatter and (b) modeled emissivity as a function of incidence
angle for case 1. Blue lines: 𝜀𝜀 ′1 = 2; Orange lines: 𝜀𝜀 ′1 =5; buff lines: 𝜀𝜀 ′1 = 7; solid lines: 𝑘𝑘𝑘𝑘1

= 1.3 (medium roughness); dashed lines: 𝑘𝑘𝑘𝑘1 = 2 (high roughness). The dark purple data points
at ~25° and ~45° incidence correspond to observations over deposits at Eistla Regio acquired

during Magellan cycle 3 and cycle 1, respectively; data points at ~30° incidence indicate Dione

Regio deposits. The marker types correspond to the shield or coronae where the deposits are
present — square: Irnini Mons; circle: Anala Mons; hexagon: Pavlova corona; triangle: Didilia
corona; inverted triangle: Hathor Mons; diamond: Innini Mons. Note that Magellan data are fit
moderately well by rough surface scattering and emission models with surface permittivity 𝜀𝜀 ′1

between 5 and 7, whereas surfaces with smaller permittivity result in lower backscatter even
for high roughness values.
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The change in backscatter of 2‒3 dB for the Eistla Regio deposits between cycle 1 (shallow
incidence) and cycle 3 (steeper incidence) is smaller than the expected backscatter difference
for scattering from smooth surfaces (𝑘𝑘𝑘𝑘1 ≤ 0.4). Relatively rougher surfaces, characterized by
RMS heights 1.3 ≤ 𝑘𝑘𝑘𝑘1 ≤ 2 (moderate to high surface roughness according to the Fraunhofer

criteria), are required to reproduce the 2‒3 dB difference and the high backscatter at ~45.7°
incidence angles (orange and buff dashed curves in Figure 4.4a). In addition to the contribution
from roughness, surface dielectric constant values of 5 ≤ 𝜀𝜀 ′1 ≤ 7 are required to reproduce the

Magellan backscatter. Some of the Eistla Regio deposits with lower backscatter values (purple
hexagons in Figure 4.4a) are fit well by both 𝜀𝜀 ′1 = 5, 𝑘𝑘𝑘𝑘1 ~2 model (dashed orange curve in
Figure 4.4a) and 𝜀𝜀 ′1 = 7, 𝑘𝑘𝑘𝑘1 ~1.3 model (solid buff curve in Figure 4.4a), within
uncertainties. In Figure 4.4b, the observed emissivity values of Eistla Regio deposits from

cycle 1, however, are matched better by emission from surface with high roughness models
(𝑘𝑘𝑘𝑘1 ~2). A model with lower surface roughness 𝑘𝑘𝑘𝑘1 ~1.3 agrees better with the Dione Regio

deposits, with the exception of deposit In1 where there is lesser certainty in the emissivity
computed from Magellan data.

4.4.2 SUBSURFACE SCATTERING CASE
We next investigate the total backscattering and emission from a thin mantling deposit
overlying older substrate (the subsurface scattering model, Figure 4.3, case 2). This scenario
could be applicable if the diffuse deposits are a thin (≤1 m) unit emplaced over older volcanic
terrains (e.g. Campbell et al., 2017). In our model, the deposit is assumed to be a low-density,
low-loss medium (𝜀𝜀1 = 2 + .005𝑖𝑖) with low to moderate upper surface roughness (𝑘𝑘𝑘𝑘1 ~0.5),

so that the scattering at the atmosphere-deposit boundary will be small, and transmission

through to the lower boundary will be significant. Deposit thicknesses (𝑑𝑑) from 12.6 cm to 1

m are investigated. It is likely that the buried terrain is basaltic, but it could also made of other
types of material that are known to occur in Venus’s highlands. For instance, some of the
diffuse deposits are present near highland regions that exhibit anomalously high backscatter
and low radiothermal emissivity (𝑒𝑒 < 0.7) proposed to be caused by a surface coating of
ferroelectric minerals (Arvidson et al., 1994; Shepard et al., 1994) or loaded dielectric minerals
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(Klose et al., 1992; Pettengill et al., 1996). We therefore use complex permittivity values for
the buried substrate of (i) 8 + 100𝑖𝑖 for the loaded dielectric case (Pettengill et al., 1996), (ii)

65 + .01𝑖𝑖 for the ferroelectric case (Shepard et al., 1994), and (iii) 8 + .01𝑖𝑖 for a chemically

unaltered basaltic flow (Ulaby et al., 1988). The calculated backscatter and emissivity are
shown in Figure 4.5.
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Figure 4.5. (a) Modeled backscatter and (b) emissivity as a function of incidence angle for
case 2 with a typical unaltered lava flow as substrate. (c) Modeled backscatter and (d)
emissivity as a function of incidence angle for case 2 with a ferroelectric substrate. (e) Modeled
backscatter and (f) emissivity as a function of incidence angle for case 2 with a semiconductor
substrate. Blue lines: 𝑑𝑑 = 13 cm; Orange lines: 𝑑𝑑 =50 cm; solid lines: 𝑘𝑘𝑘𝑘1 = 0.5 (smooth

surface); dashed lines: 𝑘𝑘𝑘𝑘1 ~ 2 (rough surface). Layer thickness 𝑑𝑑 is given in meters. It is clear
that buried basaltic flows with a rough surface fall short of reproducing the observed

backscatter values (topmost row), even when the upper unit is a very thin (~13 cm) layer of
low-loss, low-density material. Higher subsurface dielectric contrast, likely caused by buried
units with exceptionally high radar reflectivity, is required to replicate the Magellan
observations.
Subsurface return, after transmission through a low loss mantling layer of thickness equivalent
to the signal wavelength leads to backscatter (and emission) response similar to the Magellan
backscatter (and emissivity) observations. Chemically unaltered substrate without high
reflectivity behavior results in backscatter that is lower than the Magellan observations (Figure
4.5a); models with higher reflectivity substrates fit the Magellan backscatter observations
better (see Figure 4.5c and 4.5e). Relatively high substrate roughness of 1.3 ≤ 𝑘𝑘𝑘𝑘2 ≤ 2,

similar to the surface roughness in the previous one-layer scenario, is required to achieve

significant backscatter at higher incidence angles. The emissivity models are consistent with
higher substrate roughness (𝑘𝑘𝑘𝑘2 ~2) for the Eistla Regio deposits (Figure 4.5d and 4.5f). For

the Dione Regio deposits, the models predict intermediate roughness (𝑘𝑘𝑘𝑘2 ~1.3) for the

ferroelectric substrate case in Figure 4.5d, and high roughness (𝑘𝑘𝑘𝑘2 ~2) for the semiconductor
substrate case (Figure 4.5f).

4.4.3 VOLUME SCATTERING CASE
Scatterers in the subsurface need not always be a continuous dielectric interface. PDC deposits
are typically low-density deposits characterized by volumetric inclusions like lithics and
vesicular pumices suspended in an ash matrix. Pumices, lithics, and vesicles can act as efficient
scatterers of the 12.6 cm radar wave. To study the volume scattering behavior, we model the
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deposit as a low-density, low-loss medium with spheroidal inclusions. A denser substrate is
assumed to underlie the deposit. Since the focus is on volume scattering, we assume that both
the upper and lower boundaries of the surface are smooth at wavelength scales leading to
negligible scattering at the interfaces (𝑘𝑘𝑘𝑘1 = 𝑘𝑘𝑘𝑘2 < 0.5). The deposit (background medium) is

assigned a permittivity of 2 + .01𝑖𝑖, representative of pumiceous tuff (Campbell & Ulrichs,
1969), and the substrate is assigned a permittivity of 8 + .01𝑖𝑖, typical of basalts (Ulaby et al.,

1988). We use three different types of scatterers — void spaces (𝜀𝜀𝑖𝑖𝑖𝑖𝑖𝑖 = 1 + 0𝑖𝑖), clasts having
same permittivity as the substrate (𝜀𝜀𝑖𝑖𝑖𝑖𝑖𝑖 = 8 + 0.01𝑖𝑖), and clasts made of semiconducting

minerals (𝜀𝜀𝑖𝑖𝑖𝑖𝑖𝑖 = 8 + 100𝑖𝑖). The volumetric inclusions are modeled with an exponential size
distribution and random orientation angles following a uniform distribution. We use 5‒10

vol% of inclusions varying in diameter from 1/20‒1/2 of the wavelength. The scatterers are
assumed to be small and sufficiently far apart that consideration of multiple scattering is not
required. The CPR values reported in prior studies for these deposits are high (Campbell et al.
2017), but not so high as to require significant multiple scattering (Campbell, 2012). The single
scattering condition is enforced by only exploring input parameter space for which the single
scattering albedo of the deposit is small (𝑠𝑠𝑠𝑠𝑠𝑠 ≤ ~0.3).

Figure 4.6. (a) Modeled backscatter and (b) modeled emissivity as a function of incidence
angle for case 3. Blue lines: vesicles; orange lines: clasts/lithics; buff lines: high dielectric
clasts/lithics. Vesicles are modeled as inclusions with relative permittivity of 1 + 0𝑖𝑖. The
relative permittivity used for lithics and lossy lithics are 8 + 0.0𝑖𝑖 and 8+100𝑖𝑖, respectively.
Backscatter from all three types of randomly distributed scatterers is uniform across incidence
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angles, which does not match the increase in backscatter between cycle 1 and cycle 3
observations.
Figure 4.6a shows the modeled total backscatter as a function of incidence angle for 10 vol%
of scatterers with maximum diameter of 2 cm. We see that scattering from randomly oriented
volume scatterers is independent of incidence angle and does not explain the increase of 2‒3
dB in the backscatter observations between cycle 1 and cycle 3 for the Eistla Regio deposits.
We also see in Figure 4.6a that the difference in backscatter for different scatterer types
(vesicles, clasts, lossy clasts) is not very significant (<3 dB). The difference in emissivity
(~0.1), however, is comparable to the emissivity variations observed in previous cases (Figures
4.4 and 4.5).

Figure 4.7. (a) Single scattering albedo (𝑠𝑠𝑠𝑠𝑠𝑠) as a function of total volume fraction of
scatterers for two different scatterer sizes. The dashed grey lines help visualize how different
combinations of scatterer sizes and total scatterer volume fraction give rise to the same 𝑠𝑠𝑠𝑠𝑠𝑠,

and hence the same backscatter quantity. (b) 𝑠𝑠𝑠𝑠𝑠𝑠, (c) ℎℎ-polarized backscatter (𝜎𝜎ℎℎ ), and (d)

ℎ-polarized emissivity (𝑒𝑒ℎ ) as a function of scatterer axis ratio. Axis ratio of 1 indicates a
sphere; axis ratio < 1: prolate spheroids; axis ratio > 1: oblate spheroids. The variations in 𝑠𝑠𝑠𝑠𝑠𝑠,

𝜎𝜎ℎℎ , and 𝑒𝑒ℎ caused by changes to scatterer shape are negligible; this is also highlighted by the
small 𝑦𝑦 axes ranges.
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Backscatter and emissivity also depend on the size and shape of the inclusions. To study the
effects of size and shape, we examine single scattering albedo (𝑠𝑠𝑠𝑠𝑠𝑠). A higher value for 𝑠𝑠𝑠𝑠𝑠𝑠

implies higher backscattering and lower emission, and vice-versa. Figure 4.7a shows 𝑠𝑠𝑠𝑠𝑠𝑠 as a
function of volume fraction of scatterers for two different groups of scatterers. The two groups
of scatterers follow the same exponential size distribution except for differences in median

scatterer diameter. Figure 4.7a shows that there is no unique combination of scatterer volume
fraction and scatterer size associated with a specific 𝑠𝑠𝑠𝑠𝑠𝑠 value. A deposit with a larger volume
fraction of smaller sized scatterers and a deposit with a smaller volume fraction of larger

scatterers will exhibit the same 𝑠𝑠𝑠𝑠𝑠𝑠, and subsequently the same scattering and emission

behavior. Hence, it is not possible to place independent constraints on the scatterer size by
using this model in combination with the Magellan observations. Next, to study the effect of

scatterer shape, we calculated the 𝑠𝑠𝑠𝑠𝑠𝑠, backscatter coefficient, and emissivity from spheroids
with different axis ratios. The highest backscatter and lowest emissivity correspond to

spheroids with an axis ratio of 1 i.e., a sphere. The backscatter decreases for both prolate
(decreasing axis ratio) and oblate (increasing axis ratio) spheroids, but not by more than ~0.1

dB. Similarly changes in 𝑠𝑠𝑠𝑠𝑠𝑠 and emissivity brought about by changes in shape are also very

small (of the order of ~10-2), indicating that scatterer shape is not a first order control on
backscatter and emissivity.

4.5 DISCUSSION
4.5.1 PROPERTIES OF DEPOSITS INFERRED FROM THE MODEL
RESULTS
Constructing different plausible stratigraphic profiles for the diffuse deposits allowed us to
model the total backscatter and emission arising due to different types of scattering from the
surface and subsurface. Our modeling efforts showed that the observed backscatter and
emission can be reproduced by all three dominant scattering and emission models considered
(surface, subsurface and volume). Comparing the modeled backscatter and emission from each
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scenario to the Magellan observations allows us to place some limits on physical properties,
such as deposit density and thickness, for each case in Figure 4.3.
1. For the surface scattering case, the Magellan data at central and eastern Eistla Regio is
well fit by a higher than average surface dielectric constant of 5≤ 𝜀𝜀1′ ≤ 7 and high
surface roughness (𝑘𝑘𝑘𝑘1 ~2). For comparison, the mean dielectric constant of Venus

plains unit has been inferred to be ~4‒5 (Ford & Pettengill, 1983). The upper limit of

our model-derived dielectric permittivity is within the permittivity bounds determined
for sediments and lava flows on Mars as determined from orbital radar observations

(Bharti et al., 2022; Carter et al., 2009a; Ganesh et al., 2020; Morgan et al., 2013).
Using the relation between permittivity and bulk density (𝜀𝜀′ = 1.96𝜌𝜌 , derived by
Ulaby et al. (1988)

from empirical studies yields) a near-surface density of

~2500‒ 2900 kg m-3 for the proposed PDC deposits. This is towards the upper end or
higher than the density of most ignimbrites and ash flow deposits found on Earth

(Moon, 1993). Hence, if the proposed PDC deposits are thick, homogenous units
without any subsurface structure or volume inclusions within the signal penetration

depth, or if they have a rugged surface and high dielectric constant that prevent much
surface penetration, then these deposits must have significant roughness at 12.6 cm
scales and have a near-surface density that is higher than most terrestrial PDC deposits.
2. The second scenario, where a thin low-density pyroclastic deposit overlies an older
substrate, requires high substrate roughness (𝑘𝑘𝑘𝑘2 ~2) to reproduce the high backscatter

observed at larger incidence angles. A deposit thickness equivalent to the incident
wavelength (~13 cm) best fits the Magellan observations. Thicker mantling deposits

lead to distinctly lower backscatter and higher emissivity because of larger transmission
losses when the wave is traversing through the thicker deposit (see orange curves in
Figure 4.5). The model results in Figures 4.5c‒4.5f show that a ferroelectric or a loaded
dielectric substrate does a better job of fitting both the backscatter and emissivity
measurements, relative to a typical basaltic substrate. The total backscatter and
emissivity are almost identical for the two high reflectivity cases implying that buried
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ferroelectric and loaded dielectric scenarios are indistinguishable in co-polarized
backscatter observations (Figures 4.5c‒4.5f).
If the proposed PDC units are a thin layer of mantling material as concluded from prior
studies (Campbell et al., 2017), then the deposits are likely not thicker than 10-20 cm
and are emplaced on top of chemically weathered, altered highland material with high
reflectivity and moderate to high wavelength-scale surface roughness. The need for a
high reflectivity substrate under a thin deposit, as predicted by our models, would imply
a buried region of high reflectivity material, more extensive than current observations
suggest. This could be possible on the diffuse volcanic summits like Innini and Hathor
Mons, since the area occupied by the proposed PDC deposits is relatively small and
close to the summit (see Figure 4.1e, 4.1f and 4.2b). However, in the cases of the central
and eastern Eistla Regio coronae where the PDC deposits extend for several tens of
kilometers outside the high reflectivity annulus, there are no studies that support the
case for a buried low reflectivity unit that extends tens of kilometers to lower elevations
outside the annulus. Furthermore, previous polarimetry studies have noted that high
CPR pyroclastic deposits have low to moderate degree of linear polarization (DLP)
values indicating low levels of radar wave penetration and scattering from the
subsurface, which is hard to reconcile with high-reflectivity substrate scattering (Carter
et al., 2016).
3. Scattering from volumetric inclusions that are randomly oriented respective to the
incident signal generates uniform backscatter behavior independent of incidence angle
(see Figure 4.6a). While some of the Magellan observations are consistent with volume
scattering from 0.5 λ to 0.1 λ sized scatterers that occupy 5-10% of the total deposit
volume, we find that this model does not explain the 2‒3 dB difference in backscatter
between cycle 3 and cycle 1 observations acquired at different incidence angles.
Determining the scatterer size and volume fraction independently is not possible as the
same scattering coefficient (and single scattering albedo) can be produced by different
combinations of scatterer size and volume fraction (Figure 4.7a). At such low
volumetric concentrations, scattering from vesicles vs lithics have <2-3 dB difference,
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and the difference in emissivity is <0.1 (Figure 4.6). This shows that determining the
exact type, size, and concentration of buried distributed scatterers in the subsurface is
not possible using orbital observations. We also show that scattering from spheroidal
inclusions with different degrees of flattening also have very little effect on the final
backscatter (<0.1 dB) and emissivity (<0.05), indicating that scatterer shape is not a
primary control.
The diffuse deposits exhibit relatively high backscatter compared to the surrounding units at
high observation angles (~45°), which indicates significant contribution from surface
roughness towards the total observed backscatter. This is supported by our surface and
subsurface scattering models which show that surface (and subsurface) roughness is a principal
control in increasing or decreasing surface roughness at incidence angles > 10°‒15°. High
values of EM roughness 1.3 ≤ 𝑘𝑘𝑘𝑘 ≤ 2 are needed to fit the observed backscatter and

emissivity in both surface and subsurface scattering cases (see Figure 4.4 and 4.5). We find

that for surface roughness values of 𝑘𝑘𝑘𝑘 > 2, with correlation lengths of 𝑙𝑙=50 cm, the total ℎℎ-

polarized backscatter at 12.6 cm wavelength flattens off and becomes nearly uniform at all
incidence angle (see figure F1 in Appendix F). This is in agreement with studies that show
incidence–independent backscatter from very rough surfaces (Ulaby & Long, 2014). Higher
values of 𝑘𝑘𝑘𝑘 (at 𝑙𝑙=50 cm) are expected to result in increasing the amount of cross-polarized
scattered radiation (𝜎𝜎ℎ𝑣𝑣 or 𝜎𝜎𝑣𝑣ℎ ) more effectively than increasing co-polarized backscatter (𝜎𝜎ℎℎ

or 𝜎𝜎𝑣𝑣𝑣𝑣 ). The role of correlation length 𝑙𝑙 and how it controls total backscatter is briefly discussed
in Appendix F.

4.5.2 IMPLICATIONS FOR PDC TRANSPORT AND DEPOSIT
EMPLACEMENT
The range of dielectric and physical properties of diffuse deposits determined in this study,
when contextualized within a pyroclastic flow origin hypothesized by previous studies, has
implications for flow transport and deposit formation conditions. We use the deposit properties
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and stratigraphy inferred from each of the backscattering and emission model cases to discuss
these implications (also illustrated in Figure 4.8).
Case 1: Welded PDC deposit. A bulk density of 𝜌𝜌~2500‒ 2900 kg m-3, as predicted by our

surface scattering model, is greater than typical ignimbrite densities on Earth (Moon, 1993).

High bulk density implies densely welded, high-grade ignimbrites. These deposits are typically
associated with high emplacement temperatures where the interior of the PDC is hot enough
to cause agglutination of particles and result in a glassy matrix. High-grade mafic ignimbrites
on Earth are relatively uncommon. Limited studies of high-grade mafic ignimbrites have noted
that the deposits are very dense, vesicle-poor and often resemble lava flows (Freundt &
Schmincke, 1995b; Rooyakkers et al., 2020). The deposit characteristics inferred from our
surface scattering model are consistent with the properties of these types of basaltic welded
ignimbrites. Head & Wilson (1986) hypothesized the formation of such welded pyroclastic
deposits on Venus but localized near the vent. High centimeter scale surface roughness in
welded PDC deposits is likely caused by surface irregularities due to post-welding vesiculation
(Andrews & Branney, 2011) or by mechanical weathering processes rather than the deposition
of centimeter-sized clasts during emplacement.
It is important to acknowledge that the bulk density predicted by the surface scattering model
(case 1) is within the range of density values typical of vesicular lava flows. It is possible that
the radar-bright diffuse deposits could be vesicular lava flows with rough surface. In which
case, the lack of distinct flow margins and flow textures in the SAR imagery is puzzling.

Figure 4.8. Schematic of deposit structures and pyroclastic emplacement conditions inferred
from the model results.
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Case 2: Thin unwelded PDC deposit over highly reflective substrate. A thin (~13 cm) layer of
a low-density deposit, as predicted from the subsurface scattering case, could represent either
the original thickness of a deposit or a thinner erosional remnant. The low density and loss
values of the deposit needed to reproduce the Magellan observations, and the likelihood for
past erosion based on the small, predicted thickness, are indicative of a less competent and
poorly welded deposit, likely emplaced at low temperatures. The presence of such chemically
unaltered deposits adjacent to chemically weathered high reflectivity units on Venus is
suggestive of a young age for the proposed PDC deposits (Campbell et al., 2017). In order to
reproduce the Magellan data, a high-reflectivity subsurface unit is needed. However, invoking
the presence of an extensive, high reflectivity unit, buried under the proposed PDC units at
central and eastern Eistla Regio is questionable and makes this case a less likely scenario.
Case 3: Thick, unwelded deposit. For volume scattering to dominate the scattering and
emission response of the proposed PDC deposits, the deposit would need to have low loss
tangents (𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 0.005) and low bulk densities (𝜌𝜌~1000 kg m-3). Similar to the thin mantling

layer case, this implies low degree of welding. To first order, thick PDCs are expected preserve
high temperatures in the interior, leading to welded deposits (Branney & Kokelaar, 1992). A
thick deposit, but unwelded, could either imply lower than average emplacement temperatures
or emplacement in multiple episodes building up a thick deposit. If the volume scattering
contribution is primarily from vesicles or pumices, it provides insights into the amount of
degassing and vesiculation in the parent magma. On the other hand, if the volume scattering is
primarily due to clasts, it points to high energy eruptions capable of breaking up and
incorporating surrounding country rock. The volume scattering model does not explain the
difference in backscatter at different incidence angles between cycle 1 and cycle 3 Magellan
data. Hence, we consider this scenario less likely as well, but additional data at different
incidence angles would be particularly helpful in this case.

4.5.3 ASSUMPTIONS AND LIMITATIONS IN THE MODEL
The scattering and emissions models implemented in this study, and the approach followed in
implementing these models, have inherent limitations which impact our interpretations. One
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of the main limitations in our approach derives from allowing for only one dominant scattering
mechanism per scenario. For example, in our models of subsurface scattering with a
ferroelectric substrate (case 2, Figure 4.5c), the upper deposit layer is assumed to have a smooth
surface (𝑘𝑘𝑘𝑘1 ~0.5) resulting in negligible surface scattering contribution. The principal

contribution is from the subsurface; this is evident in Figure 4.9a where the total backscatter

closely follows the subsurface scattering, except close to nadir. Surface contribution to the total
backscatter is < ~6% (except close to nadir). Focusing on a single dominant scattering
mechanism for each case in this study has allowed us to independently assess the impacts of
scattering from the surface, subsurface, and volume inclusions on the total backscatter. Figure
9 illustrates how varying the relative contribution of the different scattering mechanisms (for
case 2) results in a change in the total backscatter as a function of incidence angle. As seen in
Figure 4.9b, increasing surface roughness to values equivalent to subsurface roughness (𝑘𝑘𝑘𝑘1 =

𝑘𝑘𝑘𝑘2 ~2),

while keeping all other parameters constant, leads to surface contributions that range

between 25%‒40% of the total backscatter at incidence angles corresponding to observations
of the deposits. The surface and subsurface contributions are roughly equal at nadir; at very
high incidence angles (>65°), surface scattering dominates the total backscatter.

Another source of uncertainties in our results arises from having a fixed dielectric constant
(𝜀𝜀1′ =2) for the diffuse deposits in cases 2 and 3. Larger values for 𝜀𝜀1′ will lead to an increase in

the surface contribution, i.e., the surface signal would begin to dominate, and the modeled
subsurface structure (e.g., the fraction of buried particles and their properties) will have less

influence on the total backscatter. Increasing 𝜀𝜀1′ , would therefore drive the model results from

what we show in cases 2 and 3 to be more similar to those from case 1. Alternately, decreasing
the value 𝜀𝜀1′ will lead to lower radar reflectivity for the substrate in case 2 and enhanced volume

scattering in case 3. However, very small values of 𝜀𝜀1′ < 2 are not typically observed in dry
geologic units and are usually characteristic of ice-rich media.
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Figure 4.9. Individual scattering contributions as a function of incidence angle for case 2 with
a ferroelectric substrate; upper layer thickness 𝑑𝑑~13 cm and subsurface roughness 𝑘𝑘𝑘𝑘2 ~2. Solid
black line: total backscatter; loosely dashed grey line: surface contribution to the total
backscatter; dashed grey line: subsurface contribution to the total backscatter (a) Upper surface
roughness 𝑘𝑘𝑘𝑘1 ~0.5 (identical to our model result shown by blue dashed lines in Figure 4.5a).
Note that the total backscatter is dominated by subsurface returns. (b) Upper surface roughness

𝑘𝑘𝑘𝑘1 ~2. The percentage of surface contributions vary between 25% and 40% at incidence angles

below 65°; surface scattering dominates at higher incidence angles (>65°). This figure
illustrates how variations in surface and subsurface contributions affect the overall backscatter
behavior from a deposit.

We have also neglected the effects of multiple scattering in case 3 on the assumption that the
buried scatterers are small and have inter-scatterer spacing much larger than incident
wavelength. Little is known about rock size distribution and spacing in the shallow-subsurface
of Venus, making it impossible to assess the validity of this assumption. High backscatter (-9
to -14 dB) and CPR values less than unity (Campbell et al., 2017) suggest that any multiple
internal scattering is likely a minor contribution.
Lastly, we treat all deposits as spatially homogenous units in this study. Lateral heterogeneity
in the deposit structure, especially at tens of kilometers length scales, is highly likely. For
heterogenous deposits, the total backscatter from different parts of the deposit is bound to
comprise varying levels of contribution from surface and subsurface elements across the
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deposit, which our current approach does not address. Our results and interpretation therefore
represent a regional average scattering behavior, and higher resolution data are needed to
assess whether the deposits are patchy or changing within the current resolution scale.

4.5.4 USEFULNESS OF OTHER (CURRENT AND FUTURE) DATA
Backscattering and emission models of Magellan observations show that more than one type
of deposit stratigraphy could result in the observed radar backscatter and emission. Additional
observations at different wavelengths, acquisition geometries and polarizations are required in
order to unambiguously determine surface properties and shallow subsurface stratigraphy.
Circularly polarized backscatter observations of Venus’s surface at the same wavelength as
Magellan (12.6 cm) have been acquired using the ground-based Arecibo Observatory
(Campbell & Campbell, 1992). While not included in this study, polarimetric quantities such
as degree of linear polarization (DLP), and circular polarization ratio (CPR) can be useful for
further characterization of these deposits (Carter et al., 2011). Specifically, follow-up studies
using DLP would be useful for testing the proposed subsurface and volume scattering cases,
both of which would be expected to generate relatively high DLP values (Carter et al., 2004,
2006).
Upcoming missions such as NASA’s VERITAS orbiter and ESA’s EnVision orbiter will have
SAR instruments that operate at wavelengths different than Magellan SAR wavelength.
VISAR (on VERITAS) will collect data at ~3 cm wavelength and VenSAR (on EnVision) will
operate at ~9.5 cm wavelength (Ghail et al., 2018; Hensley et al., 2020; Smrekar et al., 2016).
Observations at multiple wavelengths will be valuable for characterizing different scales of
surface roughness. One of the primary factors governing the depth of penetration into the
surface is the incident wavelength; hence multi-wavelength observations will also help in
understanding the relative importance of subsurface contribution to the total backscatter and
emission.
VenSAR will conduct dual-pol observations (𝜎𝜎ℎℎ and 𝜎𝜎ℎ𝑣𝑣 ) of targeted areas on the surface.

These observations will be the first time cross-polarized radiation from Venus’s surface will
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be measured in linear basis. The cross-pol measurements are useful for understanding multiple
scattering effects arising primarily from volumetric inclusions and also due to surface
roughness. EnVision’s payload suite also includes a Subsurface Radar Sounder (SRS)
instrument capable of detecting dielectric horizons in the subsurface (Ghail et al., 2017). This
provides a unique opportunity to characterize geologic unit thicknesses from orbit under
favorable topographic and geologic condition. The sounding radar observations will be
valuable for testing the scenario of a thin mantling layer of pyroclastic material deposited on
older highland units. Together, these multiple-wavelength, multiple-polarization observations
will be effective in further characterization of the proposed PDC deposits.

4.6 CONCLUSION
A handful of volcanic deposits with bright, diffuse appearance in the Magellan SAR data have
been proposed to be emplaced by pyroclastic density currents. These deposits have relatively
high co-polarized backscatter and moderate emissivity values. In order to understand the
physical and dielectric properties of these deposits, we have modeled their Magellan
backscatter and emissivity observations as a function of different physical and dielectric
properties such as surface dielectric constant and roughness, subsurface dielectric constant and
roughness, deposit thickness, and volumetric scatterer properties. We used I2EM to model
scattering from surface and subsurface dielectric horizons, and a radiative transfer approach to
model scattering from distributed dielectric inclusions. Three different scenarios were
considered — surface scattering from the atmosphere-surface boundary, subsurface scattering
from buried interfaces, and volume scattering from embedded scatterers. The modeling results
show that it is not possible to conclusively determine the surface and subsurface characteristics
using Magellan observations. However, it is possible to place constraints on the deposit
properties and stratigraphy for each case independently and make some inferences on which
scenarios are more likely. We find that the scattering and emission response of the proposed
PDC deposits can be explained by one of the following:
1. A dense, welded deposit (𝜌𝜌~2500‒ 2900 kg m-3) with high wavelength scale surface
roughness.
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2. A thin (𝑑𝑑~λ), low-density (𝜌𝜌~1000 kg m-3), low-loss (𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 0.005) mantling
deposit, on top of a chemically altered high reflectivity unit with high surface
roughness.
3. A thick, low-density (𝜌𝜌~1000 kg m-3), low-loss (𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 0.005) deposit with ~5-10
volume % of scatterers of size 0.5 λ to 0.1 λ. The volume scatterers could be vesicles,

or lithics; distinguishing between scatterer types at such low volume concentrations is
not possible.
The modeled deposit properties are in turn useful for making inferences about the emplacement
mechanisms during the formation of these deposits. Pinpointing the exact deposit structure out
of the three proposed scenarios, or perhaps a combination of them, will be of value for better
understanding the volcanic eruptions styles and conditions on Venus. This may be possible via
future spacecraft observations, such as SAR observations at other frequencies, incidence
angles, and polarizations, as well as sounding radar observations of the subsurface, which
would allow for better characterization of the surface and shallow subsurface properties of the
deposits.
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CHAPTER 5. CONCLUSIONS AND FUTURE WORK

5.1 SUMMARY
In this dissertation, we have addressed questions regarding likely explosive activity at the large
volcanic rises of Tharsis on Mars, and Eistla Regio and Dione Regio on Venus. These volcanic
rises are characterized by shield-dominated activity on Mars, and both shield-dominated and
coronae-dominated activity on Venus. The focus of this dissertation has been on late-stage —
and sometimes terminal — activity associated with these shields and coronae. Our objectives
included 1) characterizing the spatial extent of possible explosive activity (on Mars), 2)
studying the dynamics of pyroclastic flows (on Venus), and 3) understanding the physical
structure of resulting deposits (on Venus). Towards this end, we have utilized radar remote
sensing techniques and theoretical models, including statistical, numerical, and analytical
models. Findings from each of these studies are summarized below.
To gain more insights into late-stage volcanic history at Tharsis, some of which was
concentrated within the caldera of Arsia Mons, we used orbital radar (SHARAD) datasets to
map the subsurface of the caldera of Arsia Mons. SHARAD mapping, together with Bayesian
analysis for inversion, showed that the southern part of the caldera hosts tephra or caldera-fill
sediments buried under ~130 Myr lava flows on the surface. In light of older studies that have
also found evidence for explosive volcanic features near the southern part of the caldera
(Mouginis-Mark, 2002), we interpret the buried deposits as tephra deposits pre-dating the final
stage of intra‒caldera volcanism (Ganesh et al., 2020). The variations in the types of subsurface
units across the caldera indicated that the style of volcanism was not uniform spatially and/or
temporally within the caldera.
Our studies on Venus were geared towards understanding the emplacement mechanisms and
physical properties of relatively young, possible pyroclastic deposits on the flanks of large
shields, and adjacent to the annulus of coronae in Eistla Regio and Dione Regio. Models of
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pyroclastic flow transport and deposition showed that a majority of the deposits, with the
exception of the largest deposits, could have been emplaced by particle-laden pyroclastic
density currents (PDCs) that form either by instantaneous collapse of a 1.2‒1.4 km tall column
or by sustained boiling-over of a 50 m high fountain lasting at least >400 s. This suggests that
smaller-scale eruption column collapses, which can happen under current atmospheric
conditions on Venus, are capable of forming pyroclastic deposits that extend for tens of
kilometers. The eruption rates associated with such activity would have to be very high, akin
to some of the large ignimbrite-forming eruptions on Earth (Self, 2006; Sparks et al., 2005).
Additionally, the resulting flow would need to be highly fluidized by excess initial pore
pressure to be mobile for long distances on the very shallow-sloping topography at our study
sites.
Follow-up studies using radar backscatter and radiometry data obtained at multiple look angles
by the Magellan mission were then used to characterize the physical structure of these deposits.
Results from backscattering and emission models indicate that radar observations of the
proposed pyroclastic deposits can be produced by three different scenarios of shallowsubsurface stratigraphy. Based upon regional context and prior studies of these deposits
(Campbell et al., 2017), we favor the interpretation that the proposed pyroclastic units are
dense, highly welded deposits with high surface roughness, similar to high-grade ignimbrites
on Earth. Such a deposit structure is suggestive of high temperatures of emplacement, and
possible post-welding vesiculation or mechanical weathering effects which increase surface
roughness.
The studies discussed here have contributed to and furthered our understanding of explosive
activity on Mars and Venus. However, several outstanding questions that could benefit from
applications of radar analysis and physical volcanology techniques still remain. In section 5.2,
we outline how methods employed in this dissertation and additional relevant analyses can
address some of these questions.
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5.2 FUTURE WORK
5.2.1 MARS
While the focus of this dissertation has been on determining the spatial distribution of
pyroclastic material within one of the many shield calderas on Mars, past explosive eruptions
have been identified at various locations across the planet (Brož et al., 2021). These include
features associated with dry explosive eruption (magmatic volatiles) as well as landform
resulting from magma-ice or magma-water interactions (phreatomagmatic eruptions). Orbital
observations and theoretical models are powerful tools for investigating some of these features.
Examples of locations where extensive ash fall deposits have been proposed to exist include
the Medusae Fossae formation (MFF) (Kerber et al., 2011; Kerber & Head, 2010), and regions
in Arabia Terra (Michalski & Bleacher, 2013). SHARAD has been of great value in further
deciphering the structure and dielectric properties of the MFF deposit (Campbell et al., 2021;
Carter et al., 2009b; Morgan et al., 2015). This is because the low bulk density of the deposit,
which is typical of ash fall deposits, is conducive for SHARAD signal transmission into the
subsurface and enables mapping of subsurface structures. SHARAD analyses centered on
regions of extensive ashfall deposits, similar to the MFF studies listed above and the SHARAD
study in Chapter 2, would narrow gaps in our knowledge of thickness and extent of tephra
deposits on Mars. Studies of this kind would provide an additional method of probing existing
theories of voluminous explosive eruptions on early Mars (Michalski & Bleacher, 2013;
Whelley et al., 2021).
In addition to fall deposits, certain lithologic units have also been proposed to be made up of
clastic flows, either resulting from dry explosive eruptions (e.g., pyroclastic flow units in
paterae, see Crown & Greeley (1993), Greeley & Crown (1990), Williams et al. (2007, 2008)),
or phreatomagmatic eruptions (e.g., mega-lahars near Elysium Mons, see Christiansen, (1989)
and Russell & Head (2003)). All prior works have focused only on morphologic investigations
of these deposits, limiting our understanding of eruption mechanism leading to emplacement

121

of the deposits. What types of PDCs (particulate vs dilute) could have deposited the friable
material seen on the flanks of the patera? What plume heights would have been necessary to
produce the deposit extent observed today? How do mega-lahars form on Mars? How much
water ice would be needed to achieve the observed long runout distances? The pyroclastic
flow model developed as a part of Chapter 3, would be well-suited for answering these
questions. Specifically, the usefulness of the model would lie in relating runout distances of
deposits to eruption intensities and volumetric rates at the vent. While this would be difficult
for eroded deposits at older paterae, the young flow units in Elysium have well characterizable
flow units in orbital data. The deposit morphology and morphometry acquired using orbital
data, coupled with mass flow models would be impactful in determining (or at least narrowing
down) initiation conditions at the vent, physical properties of the flow, and quantity of water
ice involved (at Elysium).

5.2.2 VENUS
In Chapters 3 and 4, we explored the emplacement conditions and properties of proposed PDC
deposits at Eistla Regio and Dione Regio on Venus. Results from the PDC model discussed in
Chapter 3 systematically underestimate the extent of the large deposits on the flanks of Irnini
Mons, suggesting that these deposits would have been emplaced by more energetic, higher
velocity flows. Super-eruptions on Earth that result in large ignimbrites are thought to have
been emplaced by high velocity, turbulent pyroclastic flows (Bursik & Woods, 1996; Dade &
Huppert, 1996; Wilson, 1985a). Could such dilute currents have formed the deposits at Irnini
Mons? Implementing models for turbulent pyroclastic currents, within the same framework
developed for the dense flows, will help address this question. Model results in support of
emplacement by dilute currents would provide evidence for ambient conditions and magma
characteristics on Venus that can lead to (> 5‒10 km) tall eruption columns made up of very
small (sub-millimeter) sized particles. The results will have implications for 1) magma volatile
contents and fragmentation processes applicable on Venus, and 2) changes in atmospheric
pressure and density conditions within the past 500-1000 Myr that could allow such sustained
columns.
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Existing theories of explosive eruptions on Venus can also gain from additional investigations
of mafic magma ascent dynamics. Airey et al. (2015) showed that fragmenting magma to levels
sufficient enough to produce Plinian style eruptions under the high pressure conditions on
Venus would require several weight percentages of H2O and CO2 verging on the upper end of
volatile weight percentages observed in terrestrial magmas (Gonnermann & Manga, 2013).
The study by Airey et al. (2015), as well older work by Head & Wilson (1986), have used
very straightforward magma fragmentation criteria from Sparks (1978). There have been
significant advancements in terrestrial volcanology, specifically with respect to explosivity of
mafic magmas, in the past few years. Crystallization-induced fragmentation, typically not
considered in simple fragmentation models, increase explosivity in basaltic magma (Moitra et
al., 2018). CO2 has been suggested to be a dominant species in controlling the explosivity of
eruptions in the San Francisco volcanic fields (Allison et al., 2021). Revisiting magma ascent
dynamics on Venus, in the context of newer insights into fragmentation learned from terrestrial
eruptions, will be invaluable for understanding what volatile percentages and magma
compositions could lead to explosive volcanism on Venus.
Aside from theoretical models, radar remote sensing still remains the most effective way to
acquire information about the surface of Venus from above the cloud layer. The radar
backscatter and radiometry models in Chapter 4 primarily rely on Magellan SAR observations.
Not incorporated into this model are polarimetry metrics calculated from ground-based
Arecibo observations. Metrics such as CPR and DLP are often used as proxies for surface
roughness and subsurface signal penetration, respectively. These metrics are useful for
studying mantling deposits of volcanic and non-volcanic origin on Venus (Campbell et al.,
2017; Carter et al., 2004, 2006). The next set of backscattering studies will need to focus on
integrating Arecibo polarimetry into existing models discussed in Chapter 4 in order to truly
make the most of all available radar datasets.
Upcoming missions to Venus, like NASA’s VERITAS and ESA’s EnVision mission, have
onboard radar instruments for mapping the surface. Observations of the surface at different
wavelengths, multiple polarizations, higher spatial resolution, and higher radiometric
resolution in comparison to Magellan data can be used for 1) identifying smaller scale volcanic
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features, 2) mapping additional diffuse deposits not identifiable in Magellan, 3) determining
topography variations associated with the diffuse deposits, and 4) understanding the
geodynamic processes happening at the host coronae and shields. Although not a part of any
of the upcoming missions, instruments that enable studies of petrology, geochronology and
geochemistry will also be indispensable for achieving a more wholistic understanding of the
volcanic history of Venus.
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APPENDIX A: LIST OF SHARAD TRACKS SURVEYED
Track number
Nighttime

Daytime

357502

2237101

2336701

4477502

2704601

3206301

3780601

2562801

2683501

2350502

2181101

3241901

2767901

4832201

1395201

2272701

3505001

2194901

1727501

2463901

2237801

3752201

2294502
1593002
3412701
3299301
2810101
2450101
3207001
2485701
2584601
4202601
2351201
2641301
2429001
2407901
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3483901
2216702

Figure A1. Distribution of the SHARAD tracks over Arsia Mons that were used for mapping.
Night-time tracks run NE to SW and day-time tracks run NW to SE.
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APPENDIX B: SENSITIVITY TO VENT GEOMETRY
We assess the morphology of a single flow resulting from both impulsive collapse and
fountaining style initiation for the deposit P1. A 5000 m x 200 m linear vent trending N-S
(solid white line in Figure B1) and a circular vent of radius ~608 m having the same crosssectional area as the linear vent (centered at the black square in Figure B1) have been used.
Flows of equal volume (~6 km3) were simulated using the best fit model parameters for deposit
P1 (see Table 3.2 for the parameter values). The final deposit extent is shown in Figure B1.
Uphill and downhill directions from the vents are towards east and west, respectively.
The dominant flow propagation direction is perpendicular to the strike direction of the linear
vent with very little spreading along the direction of the vent’s long axis (yellow region in
Figure B1). In contrast, the circular vent produces a flow that spreads out roughly evenly in all
directions (blue region in Figure B1). This is because the maximum height differential between
the erupted mass and the surrounding topography at time t = 0 is along the cells at the margins
of the vent. For a linear vent, the number of boundary cells along the vent’s long axis is
substantially greater than the number of boundary cells in the perpendicular direction. This
results in more erupted mass “pouring” out in the E-W direction, perpendicular to the long axis
of the linear vent, and forming narrow finger-like deposits. Due to the near-horizontal
topography at the deposit locations, the flow is able to travel both uphill (directly east of the
vent) and downhill (west of the vent). A flow formed by impulsive collapse of a tall column
has higher momentum which allows the flow to travel farther up slopes < 2° from the vent.
Fountain-fed flows have lower initial momentum which is insufficient to drive the flow for
long distances in the uphill direction (yellow region in Figure B1b has lesser runout to the east
of the vent compared to the yellow region in Figure B1a). Most of the material erupted from
the linear vent, hence, forms a deposit in the downslope direction.
A circular vent has a more or less axisymmetric distribution of boundary pixels leading to flow
propagation in roughly all directions. The higher initial momentum associated with the
collapse-fed flow allows for nearly equal flow distances in all directions (blue region in Figure
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B1a), while the lower initial momentum of the fountain-fed flow limits upslope motion (blue
region in Figure B1b), similar to the dynamics of linear vent flows. The final mean thicknesses
are comparable between flows from the linear and circular vent.
Models of an isolated flow from two different vent geometries show that a flow from a linear
vent propagates farther downslope of the vent when compared with a flow of equal volume
erupted from a circular vent. For both vent styles, the lateral (N-S) extent of a single flow is
insubstantial in comparison to the observed lateral extent of the deposit as a whole (N-S extent
of the dashed black outline in Figure B1). Recreating the observed deposit extents is therefore
best done by initializing multiple linear vents in our models (Figures 3.4a–3.4e).

Figure B1. Magellan SAR image showing the modeled deposit extent for a single flow
originating from (a) impulsive column collapse and (b) sustained fountaining. The yellow
regions correspond to final flow extent from a linear vent and the blue regions show final flow
extent from a circular vent. The location of the linear vent is marked by a solid white line. The
black square (superposed on the solid white line) marks the center of the circular vent. Uphill
direction from the vents is directly towards east from the vents. The dashed black outline shows
the extent of the deposit P1.
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APPENDIX C: SENSITIVITY TO VENT LOCATION
The source vents for the proposed PDC deposits are not identifiable in the Magellan radar
datasets. While it is possible that Magellan SAR resolution is not fine enough to detect volcanic
vents and fissures, vents from which voluminous PDC deposits form would be large enough
to be seen in ~100 m/pix SAR imagery. It is likely that the source vents for the deposits have
been buried since the PDC-forming eruptions. For modeling purposes, we assumed a chain of
linear vents located along topographic highs in the ring fracture system bounding the volcanic
and coronal centers (see Figure 3.4a–3.4e for vent locations). Here, we discuss how changing
the vent location affects the final deposit extent and inferred eruption parameters. We modeled
flows from vents offset 5 km to the east and 5 km to the west of the original vent locations for
deposit P1. While there were differences in the amount of matched, underestimated, and
overestimated area between the reference extent and the modeled flows from the offset vents,
the best fit eruption parameters listed in Table 3.2 still yielded the highest value of similarity
index for the original as well as the modified vent locations used.
The final deposit extent corresponding to the offset vents at deposit P1 for best fit eruption
parameters is shown in Figure C2. Area fraction of overlap, underestimation, and
overestimation for the deposits shown in Figure C2 is given in Table C1. The flows from the
eastern vents have lower values of similarity index than the flows from the original vent
locations for both styles of initiation. The collapse fed flow from the western vents shows a
~7% increase in the amount of overlap with the mapped extent compared to the original flow,
whereas the fountain fed flows from the western vents show a decrease in overlap. We find
that changing the vent locations typically causes small increments or decrements to the
percentage area of overlap, underestimation, or overestimation, but the discrepancy is never
more than ~7-8% between the three sets of vents discussed here. While it is theoretically
possible to use an exhaustive search process to find a set of vent pixels that would yield the
highest similarity index between the modeled and the mapped extents, it would be of little
practical value given the uncertainties in other model parameters and limitations of the
Magellan dataset. Additional information from higher resolution radar or camera imagery
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provides the most promising direction ahead for placing meaningful constraints on the vent
locations.

Figure C1. Magellan SAR image showing the extent of deposits modeled from vents offset by
5 km to the east and west of the original location at deposit P1 for (a) impulsive collapse
initiation and (b) sustained fountaining initiation. Green shaded region indicates deposit extent
from vents offset to the east; purple shaded region indicates deposit extent from vents offset to
the west. Solid white line marks the boundary of the deposit extent from the original vent
location used in the model. Dashed black line shows the mapped extent of deposit P1.

130

Vent location

Overlap

Underestimation

Overestimation Similarity
Index

Collapse simulation
Original

0.579

0.213

0.208

0.158

offset 5 km east

0.493

0.252

0.255

-0.013

offset 5 km west

0.646

0.195

0.159

0.292

Fountain simulation
Original

0.616

0.252

0.132

0.232

offset 5 km east

0.557

0.267

0.176

0.113

offset 5 km west

0.574

0.310

0.117

0.147

Table C1. Fraction of the mapped deposit area that is matched, underestimated, or
overestimated by the deposit extent modeled from three different vent locations.
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APPENDIX D:

ROUGH SURFACE SCATTERING,

TRANSMISSION, AND EMISSION
The Mueller matrix solution to radiative transfer makes use of 4x4 matrices. To incorporate
surface reflection and transmission within this solution framework, Fresnel reflection and
transmission coefficients are recast into 4x4 reflection and transmission matrices, respectively.
|𝑅𝑅 |2
⎡ 𝑣𝑣
0
𝑅𝑅� = ⎢
⎢ 0
⎣ 0

|𝑇𝑇 |2
⎡ 𝑣𝑣
⎢ 0
⎢
𝑇𝑇� = ⎢ 0
⎢
⎢ 0
⎣

0
|𝑇𝑇ℎ |2
0

0

0
|𝑅𝑅ℎ |2
0
0

0
0
⎤
0
0
⎥
𝑅𝑅𝑅𝑅(𝑅𝑅𝑣𝑣 𝑅𝑅ℎ∗ ) −𝐼𝐼𝐼𝐼(𝑅𝑅𝑣𝑣 𝑅𝑅ℎ∗ )⎥
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The matrices are applicable only to smooth surface reflection and transmission. The coherent
part of the scattered (and transmitted) radiation is calculated following the approach in Fung
(1994).
2 2
2
2
𝑅𝑅� 𝑐𝑐 = 4𝜋𝜋𝑒𝑒 −𝑠𝑠 𝑘𝑘 (𝑐𝑐𝑐𝑐𝑐𝑐 𝜃𝜃𝑠𝑠 + 𝑐𝑐𝑐𝑐𝑐𝑐 𝜃𝜃𝑖𝑖 ) 𝑅𝑅�

2
2
𝑇𝑇� 𝑐𝑐 = 4𝜋𝜋𝑒𝑒 −𝑠𝑠 (𝑘𝑘𝑡𝑡 𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃𝑡𝑡+ 𝑘𝑘 𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃𝑖𝑖 ) 𝑇𝑇�

(D3)

(D4)

where 𝑘𝑘 is the wavenumber in the upper (incident) medium, 𝑘𝑘𝑡𝑡 is the wavenumber in the lower

(transmitted) medium, 𝑠𝑠 is the RMS height at the interface, 𝜃𝜃𝑖𝑖 is the incidence angle, and 𝜃𝜃𝑡𝑡 is
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the angle of transmission. The coherent scattered power is used to calculate bistatic scattering
coefficient using the relation between reflected power and scattering cross section.
𝑏𝑏𝑏𝑏
𝑐𝑐
= 4𝜋𝜋 𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃𝑠𝑠 �𝑅𝑅�𝑞𝑞𝑞𝑞
�
𝜎𝜎𝑞𝑞𝑞𝑞

(D5)

where 𝑞𝑞, 𝑝𝑝=ℎ or 𝑣𝑣. Backscatter cross section from rough surfaces is computed directly using

the I2EM formula
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+

(𝑘𝑘𝑠𝑠𝑠𝑠 )𝑛𝑛 𝐹𝐹𝑞𝑞𝑞𝑞 �−𝑘𝑘𝑥𝑥 , −𝑘𝑘𝑦𝑦 � + (𝑘𝑘𝑧𝑧 )𝑛𝑛 𝐹𝐹𝑞𝑞𝑞𝑞 �−𝑘𝑘𝑠𝑠𝑠𝑠 , −𝑘𝑘𝑠𝑠𝑠𝑠 �
2

(D6)

(A7)

where 𝑘𝑘 is the wavenumber in the upper medium, 𝑠𝑠 is the RMS height, 𝑊𝑊 (𝑛𝑛) is the Fourier

transform of the nth power of the surface correlation function, 𝑘𝑘𝑥𝑥 = 𝑘𝑘 𝑠𝑠𝑠𝑠𝑠𝑠𝜃𝜃𝑖𝑖 𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝑖𝑖 , 𝑘𝑘𝑦𝑦 =
𝑘𝑘 𝑠𝑠𝑠𝑠𝑠𝑠𝜃𝜃𝑖𝑖 𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑𝑖𝑖 , 𝑘𝑘𝑧𝑧 = 𝑘𝑘 𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃𝑖𝑖 , 𝑘𝑘𝑠𝑠𝑠𝑠 = 𝑘𝑘 𝑠𝑠𝑠𝑠𝑠𝑠𝜃𝜃𝑠𝑠 𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝑠𝑠 , 𝑘𝑘𝑠𝑠𝑠𝑠 = 𝑘𝑘 𝑠𝑠𝑠𝑠𝑠𝑠𝜃𝜃𝑠𝑠 𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑𝑠𝑠 , 𝑘𝑘𝑠𝑠𝑠𝑠 = 𝑘𝑘 𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃𝑠𝑠 .
𝑆𝑆(𝜃𝜃𝑖𝑖 , 𝜃𝜃𝑠𝑠 ) is the shadowing function defined in Smith (1967). The Kirchhoff field coefficients
(𝑓𝑓𝑞𝑞𝑞𝑞 ) and the complementary field coefficients (𝐹𝐹𝑞𝑞𝑞𝑞 ) are defined in Fung et al. (2002).
The polarized emissivity is calculated as a complement of rough surface reflectivity
𝑒𝑒𝑝𝑝 = 1 − 𝑅𝑅𝑝𝑝 = 1 − (𝑅𝑅𝑝𝑝𝑐𝑐 + 𝑅𝑅𝑝𝑝𝑛𝑛𝑛𝑛 )

(D8)

where 𝑝𝑝=ℎ or 𝑣𝑣.The superscripts 𝑐𝑐 and 𝑛𝑛𝑛𝑛 denote the coherent and noncoherent components

of reflection and transmission. The coherent reflectivity component is obtained from equation
A 1.3 and the noncoherent reflectivity component is obtained from the I2EM backscatter as

𝑅𝑅𝑝𝑝𝑛𝑛𝑛𝑛

𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏
𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏
𝜎𝜎𝑞𝑞𝑞𝑞
+ 𝜎𝜎𝑝𝑝𝑝𝑝
=
4𝜋𝜋 𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃𝑠𝑠

(D9)
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APPENDIX E: QUANTITIES IN VECTOR RADIATIVE
TRANSFER THEORY
Phase matrix. The phase matrix relates the intensity of the wave entering a medium to the
intensity scattered from the medium.
〈|𝑠𝑠𝑣𝑣𝑣𝑣 |2 〉
⎡
2𝜋𝜋 ⎢ 〈|𝑠𝑠ℎ𝑣𝑣 |2 〉
𝐿𝐿 =
∗ 〉
𝑘𝑘 ⎢⎢ 2 𝑅𝑅𝑅𝑅〈𝑠𝑠𝑣𝑣𝑣𝑣 𝑠𝑠ℎ𝑣𝑣
∗ 〉
⎣2 𝐼𝐼𝐼𝐼〈𝑠𝑠𝑣𝑣𝑣𝑣 𝑠𝑠ℎ𝑣𝑣

〈|𝑠𝑠𝑣𝑣ℎ |2 〉
〈|𝑠𝑠ℎℎ |2 〉
∗ 〉
2 𝑅𝑅𝑅𝑅〈𝑠𝑠𝑣𝑣ℎ 𝑠𝑠ℎℎ
∗ 〉
2 𝐼𝐼𝐼𝐼〈𝑠𝑠𝑣𝑣ℎ 𝑠𝑠ℎℎ

𝑃𝑃 = 𝑛𝑛0 𝐿𝐿

∗ 〉
∗ 〉
𝑅𝑅𝑅𝑅〈𝑠𝑠𝑣𝑣𝑣𝑣 𝑠𝑠𝑣𝑣ℎ
− 𝐼𝐼𝐼𝐼 〈𝑠𝑠𝑣𝑣𝑣𝑣 𝑠𝑠𝑣𝑣ℎ
⎤
∗ 〉
∗ 〉
𝑅𝑅𝑅𝑅〈𝑠𝑠ℎ𝑣𝑣 𝑠𝑠ℎℎ
− 𝐼𝐼𝐼𝐼 〈𝑠𝑠ℎ𝑣𝑣 𝑠𝑠ℎℎ
⎥
∗
∗ 〉
∗
∗ 〉⎥
𝑅𝑅𝑅𝑅〈𝑠𝑠𝑣𝑣𝑣𝑣 𝑠𝑠ℎℎ + 𝑠𝑠𝑣𝑣ℎ 𝑠𝑠ℎ𝑣𝑣 −𝐼𝐼𝐼𝐼〈𝑠𝑠𝑣𝑣𝑣𝑣 𝑠𝑠ℎℎ − 𝑠𝑠𝑣𝑣ℎ 𝑠𝑠ℎ𝑣𝑣 ⎥
∗
∗ 〉
∗
∗ 〉
+ 𝑠𝑠𝑣𝑣ℎ 𝑠𝑠ℎ𝑣𝑣
− 𝑠𝑠𝑣𝑣ℎ 𝑠𝑠ℎ𝑣𝑣
𝐼𝐼𝐼𝐼〈𝑠𝑠𝑣𝑣𝑣𝑣 𝑠𝑠ℎℎ
𝑅𝑅𝑅𝑅〈𝑠𝑠𝑣𝑣𝑣𝑣 𝑠𝑠ℎℎ
⎦

(E1)

where 𝑛𝑛0 is the number concentration of scatterers in the medium, 𝑠𝑠𝑞𝑞𝑞𝑞 is the scattering function,
and 𝐿𝐿 is the Stokes matrix. The Stokes matrix is the 4x4 equivalent of the 2x2 scattering matrix
that relates the incident field 𝐸𝐸 𝑖𝑖 to the scattered field 𝐸𝐸 𝑠𝑠 .
𝐸𝐸 𝑠𝑠 =

𝑒𝑒 −𝑗𝑗𝑗𝑗𝑗𝑗 𝑠𝑠𝑣𝑣𝑣𝑣
�𝑠𝑠
ℎ𝑣𝑣
𝑟𝑟

𝑠𝑠𝑣𝑣ℎ 𝑖𝑖
𝑠𝑠ℎℎ � 𝐸𝐸

(E2)

Extinction matrix. The extinction matrix describes the attenuation of intensity in a medium due
to scattering and absorption. For spherical scatterers, the extinctions matrix is a diagonal matrix
and attenuation can be characterized by the extinction cross section, 𝜅𝜅𝑒𝑒𝑒𝑒𝑒𝑒 , which is the sum of
absorption and scattering cross sections of the scatterers.

𝜅𝜅𝑒𝑒𝑒𝑒𝑒𝑒 = 𝜅𝜅𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 + 𝜅𝜅𝑎𝑎𝑎𝑎𝑎𝑎 =
𝛫𝛫𝑒𝑒,𝑠𝑠𝑠𝑠ℎ = 𝑛𝑛0 [𝜅𝜅𝑒𝑒𝑒𝑒𝑒𝑒

𝜅𝜅𝑒𝑒𝑒𝑒𝑒𝑒

4𝜋𝜋
𝐼𝐼𝐼𝐼(𝑠𝑠𝑝𝑝𝑝𝑝 )
𝑘𝑘
𝜅𝜅𝑒𝑒𝑒𝑒𝑒𝑒

𝜅𝜅𝑒𝑒𝑒𝑒𝑒𝑒 ]𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

(E3)
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(E4)
For non-spherical characters, Foldy’s approximation for the vertical and horizontal fields is
modified to provide coupled equations for intensities (Tsang et al., 1985). The resulting
extinction matrix 𝛫𝛫𝑒𝑒 is non-diagonal and has the form,
2 𝑅𝑅𝑅𝑅〈𝑠𝑠𝑣𝑣𝑣𝑣 〉
⎡
𝑖𝑖2𝜋𝜋
0
𝑛𝑛0 ⎢
𝛫𝛫𝑒𝑒 =
𝑘𝑘
⎢ 2 𝑅𝑅𝑅𝑅〈𝑠𝑠ℎ𝑣𝑣 〉
⎣−2 𝐼𝐼𝐼𝐼〈𝑠𝑠ℎ𝑣𝑣 〉

0
𝑅𝑅𝑅𝑅〈𝑠𝑠𝑣𝑣ℎ 〉
𝐼𝐼𝐼𝐼 〈𝑠𝑠𝑣𝑣ℎ 〉
⎤
2 𝑅𝑅𝑅𝑅〈𝑠𝑠ℎℎ 〉
𝑅𝑅𝑅𝑅〈𝑠𝑠ℎ𝑣𝑣 〉
− 𝐼𝐼𝐼𝐼 〈𝑠𝑠ℎ𝑣𝑣 〉 ⎥
2 𝑅𝑅𝑅𝑅〈𝑠𝑠𝑣𝑣ℎ 〉 𝑅𝑅𝑅𝑅〈𝑠𝑠𝑣𝑣ℎ + 𝑠𝑠ℎℎ 〉 𝐼𝐼𝐼𝐼〈𝑠𝑠ℎℎ − 𝑠𝑠𝑣𝑣𝑣𝑣 〉⎥
𝐼𝐼𝐼𝐼〈𝑠𝑠𝑣𝑣ℎ 〉 𝐼𝐼𝐼𝐼〈𝑠𝑠𝑣𝑣ℎ − 𝑠𝑠ℎℎ 〉 𝑅𝑅𝑅𝑅〈𝑠𝑠ℎℎ + 𝑠𝑠𝑣𝑣𝑣𝑣 〉⎦

(E5)

Eigenanalysis is used to find a solution of the form 𝐸𝐸𝐸𝐸𝐸𝐸 −1 where 𝐸𝐸 is a 4x4 matrix whose
columns are given by the eigenvectors of 𝛫𝛫, 𝐸𝐸 −1 is the inverse of the matrix 𝐸𝐸, and 𝐷𝐷 is a 4x4
diagonal matrix whose elements are given by the eigenvalues of 𝜅𝜅𝑒𝑒 (Tsang et al., 1985).

Phase matrix and extinction matrix calculations require knowledge of the scattering function
𝑠𝑠𝑞𝑞𝑞𝑞 for the scatterers. 𝑠𝑠𝑞𝑞𝑞𝑞 depends on the size, shape, orientation, and dielectric properties of

the scatterers. For simple scatterers like spheres, analytical approaches can be used to

determine 𝑠𝑠𝑞𝑞𝑞𝑞 . Since buried clasts and void spaces are treated as oblate spheroids in our model,

we compute the scattering function using the T-matrix approach (Waterman, 1969). This

approach is widely used for computing scattering from non-spherical particles that are smaller
or comparable in size to the incident wavelength (Mishchenko et al., 2000; Tsang et al., 1984).
We use the pytmatrix Python package for computing the scattering function, scattering cross
section, and extinction cross section (Leinonen, 2014). The volumetric inclusions are assumed
to follow an exponential size distribution with the following inputs parameters: 𝛬𝛬= 140, 𝜇𝜇=50;
𝑁𝑁=1x105 ‒1x108; maximum diameter 𝐷𝐷𝑚𝑚𝑚𝑚𝑚𝑚 = 4 cm. This enables us to model scattering from
5 vol% ‒ 10 vol% of scatterers.

Modified Mueller matrix expressions. The complete expression for the right-hand side
quantities in Equation 11 are given below.
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−
𝑛𝑛𝑛𝑛 (𝜃𝜃 +
�𝑠𝑠𝑠𝑠𝑠𝑠 = 𝑅𝑅�01
𝑀𝑀
𝑠𝑠 , 𝜑𝜑𝑠𝑠 , 𝜃𝜃𝑖𝑖 , 𝜑𝜑𝑖𝑖 )

(E6)

𝑐𝑐 (𝜃𝜃 +
+
+
+
−
+
−1
�𝑠𝑠𝑠𝑠𝑠𝑠 = 𝑇𝑇�10
� 𝑛𝑛𝑛𝑛 +
𝑀𝑀
𝑠𝑠 , 𝜑𝜑𝑠𝑠 , 𝜃𝜃𝑡𝑡 , 𝜑𝜑𝑠𝑠 ) ∙ 𝐸𝐸(𝜃𝜃𝑡𝑡 , 𝜑𝜑𝑠𝑠 ) 𝐷𝐷(𝛽𝛽 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝜃𝜃𝑡𝑡 )𝐸𝐸 (𝜃𝜃𝑡𝑡 , 𝜑𝜑𝑠𝑠 ) ∙ 𝑅𝑅12 (𝜃𝜃𝑡𝑡 , 𝜑𝜑𝑠𝑠 , 𝜃𝜃𝑡𝑡 , 𝜑𝜑𝑖𝑖 )
−
𝑐𝑐 (𝜃𝜃 −
∙ 𝐸𝐸(𝜃𝜃𝑡𝑡− , 𝜑𝜑𝑖𝑖 )𝐷𝐷(𝛽𝛽 − 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝜃𝜃𝑡𝑡 )𝐸𝐸 −1 (𝜃𝜃𝑡𝑡− , 𝜑𝜑𝑖𝑖 ) ∙ 𝑇𝑇�01
𝑡𝑡 , 𝜑𝜑𝑖𝑖 , 𝜃𝜃𝑖𝑖 , 𝜑𝜑𝑖𝑖 )

(E7)

𝑐𝑐 (𝜃𝜃 +
+
�𝑣𝑣𝑣𝑣𝑣𝑣 = 𝑇𝑇�10
𝑀𝑀
𝑠𝑠 , 𝜑𝜑𝑠𝑠 , 𝜃𝜃𝑡𝑡 , 𝜑𝜑𝑠𝑠 )
0

∙ � 𝑑𝑑𝑑𝑑 𝐸𝐸(𝜃𝜃𝑡𝑡+ , 𝜑𝜑𝑠𝑠 )𝐷𝐷(𝛽𝛽 + 𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝜃𝜃𝑡𝑡 )𝐸𝐸 −1 (𝜃𝜃𝑡𝑡+ , 𝜑𝜑𝑠𝑠 ) ∙ 𝑃𝑃�(𝜃𝜃𝑡𝑡+ , 𝜑𝜑𝑠𝑠 ; 𝜃𝜃𝑡𝑡− , 𝜑𝜑𝑖𝑖 )
−𝑑𝑑

−
𝑐𝑐 (𝜃𝜃 −
∙ 𝐸𝐸(𝜃𝜃𝑡𝑡− , 𝜑𝜑𝑖𝑖 )𝐷𝐷(𝛽𝛽 − 𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝜃𝜃𝑡𝑡 )𝐸𝐸 −1 (𝜃𝜃𝑡𝑡− , 𝜑𝜑𝑖𝑖 ) ∙ 𝑇𝑇�01
𝑡𝑡 , 𝜑𝜑𝑖𝑖 , 𝜃𝜃𝑖𝑖 , 𝜑𝜑𝑖𝑖 )

(E8)

𝑐𝑐 (𝜃𝜃 +
+
+
+
−
+
−1
�𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 = 𝑇𝑇�10
� 𝑛𝑛𝑛𝑛 +
𝑀𝑀
𝑠𝑠 , 𝜑𝜑𝑠𝑠 , 𝜃𝜃𝑡𝑡 , 𝜑𝜑𝑠𝑠 ) ∙ 𝐸𝐸(𝜃𝜃𝑡𝑡 , 𝜑𝜑𝑠𝑠 )𝐷𝐷(𝛽𝛽 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝜃𝜃𝑡𝑡 )𝐸𝐸 (𝜃𝜃𝑡𝑡 , 𝜑𝜑𝑠𝑠 ) ∙ 𝑅𝑅12 (𝜃𝜃𝑡𝑡 , 𝜑𝜑𝑠𝑠 , 𝜃𝜃𝑡𝑡 , 𝜑𝜑𝑠𝑠 )
0

∙ � 𝑑𝑑𝑑𝑑 𝐸𝐸(𝜃𝜃𝑡𝑡− , 𝜑𝜑𝑠𝑠 )𝐷𝐷(𝛽𝛽 − (𝑧𝑧 + 𝑑𝑑)𝑠𝑠𝑠𝑠𝑠𝑠𝜃𝜃𝑡𝑡 )𝐸𝐸 −1 (𝜃𝜃𝑡𝑡− , 𝜑𝜑𝑠𝑠 ) ∙ 𝑃𝑃�(𝜃𝜃𝑡𝑡− , 𝜑𝜑𝑠𝑠 ; 𝜃𝜃𝑡𝑡− , 𝜑𝜑𝑖𝑖 )
−𝑑𝑑

−
𝑐𝑐 (𝜃𝜃 −
∙ 𝐸𝐸(𝜃𝜃𝑡𝑡− , 𝜑𝜑𝑖𝑖 )𝐷𝐷(𝛽𝛽 − 𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝜃𝜃𝑡𝑡 )𝐸𝐸 −1 (𝜃𝜃𝑡𝑡− , 𝜑𝜑𝑖𝑖 ) ∙ 𝑇𝑇�01
𝑡𝑡 , 𝜑𝜑𝑖𝑖 , 𝜃𝜃𝑖𝑖 , 𝜑𝜑𝑖𝑖 )

(E9)

𝑐𝑐 (𝜃𝜃 +
+
�𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝑇𝑇�10
𝑀𝑀
𝑠𝑠 , 𝜑𝜑𝑠𝑠 , 𝜃𝜃𝑡𝑡 , 𝜑𝜑𝑠𝑠 )
0

∙ � 𝑑𝑑𝑑𝑑 𝐸𝐸(𝜃𝜃𝑡𝑡+ , 𝜑𝜑𝑠𝑠 )𝐷𝐷(𝛽𝛽 + (𝑧𝑧 + 𝑑𝑑)𝑠𝑠𝑠𝑠𝑠𝑠𝜃𝜃𝑡𝑡 )𝐸𝐸 −1 (𝜃𝜃𝑡𝑡+ , 𝜑𝜑𝑠𝑠 ) ∙ 𝑃𝑃�(𝜃𝜃𝑡𝑡+ , 𝜑𝜑𝑠𝑠 ; 𝜃𝜃𝑡𝑡− , 𝜑𝜑𝑖𝑖 )
−𝑑𝑑

𝑛𝑛𝑛𝑛 (𝜃𝜃 +
−
∙ 𝐸𝐸(𝜃𝜃𝑡𝑡+ , 𝜑𝜑𝑖𝑖 )𝐷𝐷(𝛽𝛽 + 𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝜃𝜃𝑡𝑡 )𝐸𝐸 −1 (𝜃𝜃𝑡𝑡+ , 𝜑𝜑𝑖𝑖 ) ∙ 𝑅𝑅�12
𝑡𝑡 , 𝜑𝜑𝑖𝑖 , 𝜃𝜃𝑡𝑡 , 𝜑𝜑𝑖𝑖 )
−
𝑐𝑐 (𝜃𝜃 −
∙ 𝐸𝐸(𝜃𝜃𝑡𝑡− , 𝜑𝜑𝑖𝑖 )𝐷𝐷(𝛽𝛽 − 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝜃𝜃𝑡𝑡 )𝐸𝐸 −1 (𝜃𝜃𝑡𝑡− , 𝜑𝜑𝑖𝑖 ) ∙ 𝑇𝑇�01
𝑡𝑡 , 𝜑𝜑𝑖𝑖 , 𝜃𝜃𝑖𝑖 , 𝜑𝜑𝑖𝑖 )

(E10)

𝑅𝑅�01 , 𝑅𝑅�12 are 4x4 reflection matrices corresponding to upper and lower surface of layer 1. 𝑇𝑇�01 ,

𝑇𝑇�10 describe transmission into and out of the deposit. The superscripts 𝑐𝑐 and 𝑛𝑛𝑛𝑛 denote the

coherent and noncoherent components of reflection and transmission.
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APPENDIX F: ROLE OF CORRELATION LENGTH IN
ROUGH SURFACE SCATTERING
The I2EM model used to compute rough surface scattering in this study has three input
parameters: RMS height (𝑠𝑠), autocorrelation (or correlation) length (𝑙𝑙), and an autocorrelation
function. The impact of surface roughness on the computed backscatter and emission has been
explored in the main paper by varying 𝑠𝑠. However, varying 𝑙𝑙 also generates notable changes

in the computed quantities, specifically backscatter. This is illustrated in figure F1 for a 1D
surface profile with two different RMS height and three different correlation length values
using wavelength 𝜆𝜆=12.6 cm.

For a smooth surface (blue lines in Figure F1), backscatter is maximum at nadir and slowly

falls off at larger incidence angles. Increasing values of 𝑠𝑠 (representing increasing roughness

scales) leads to more uniform scattering at all incidence angles, as noted in section 5.1. This is
also visible in Figure F1, where the backscatter function for a rougher surface (orange lines)
shallows out notably, in comparison to smooth surface scattering (blue lines). Decreasing the
correlation length (𝑙𝑙) has the same effect as increasing 𝑠𝑠. For surfaces smooth at wavelength

scales (blue lines in Figure F1a), varying 𝑙𝑙 preserves the shape of the smooth surface

backscatter curve. At large correlation lengths (𝑙𝑙 =1 m), the smooth surface backscatter is
lowest at all incidence angles, indicating that the profile appears smoothest to the radar.
Decreasing the value of 𝑙𝑙 leads to similar increments in backscatter at all incidence angles,

implying an increase in the roughness of the surface as seen by the radar. We see a similar
effect for very rough surfaces (orange lines in Figure F1), where decreasing 𝑙𝑙 generates the

same results as increasing 𝑠𝑠. The backscatter curve is shallowed out, ultimately resulting in
near-uniform scattering in all directions (solid orange lines in Figure F1a).

The emissivity results also show similar behavior. Increasing surface roughness leads to
increase in emissivity. In Figure F1b, we see that increasing the RMS heights as well as
decreasing the correlation lengths increase surface emissivity, clearly indicating an overall

137

increase in the roughness of the surface to the radar. However, changes in correlation length
have a smaller impact on emissivity compared to changes in the RMS height.
Essentially, roughness of any real surface can be parametrized using multiple (s,l) value pairs
in the I2EM model. This is a fundamental limitation of the I2EM approach which assumes a
stationary surface and does not take into account the length scale at which s is measured; s is
assumed to remain constant across measurement length scales. For this reason, we limit
ourselves to qualitive assessments of surface roughness based on Fraunhofer criteria and do
not attempt to quantify RMS heights. For a comprehensive account of recommended surface
roughness metrics, surface roughness models, and their limitations, see Shepard et al. (2001)
and Campbell (2009).

Figure F1. (a) Modeled backscatter and (b) modeled emissivity as a function of incidence
angle for scattering from a rough surface. Blues lines: ks= 0.5 (smooth surface); Orange lines:
ks~ 2 (rough surface); solid lines: l= 10 cm (small correlation length); dashed lines: l50 cm
(medium correlation length); solid lines: l= 1 m (large correlation length). l is given in meters.
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