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Abstract

Volcanic processgslay a key role in the formation and evolution of terrestrial planets in the Solar
System.On Earth, volcanism drives the recycling and growth of crustal material and is a major
resurfacing mechanism. On other planets like Mars, volcanism reshapest @0 percenbf its
surface This activity later waned leaving behind a record dhese changes in the subsurface
stratigraphyOrbital and insitu radar remote sensing technigques can penetrate into these units and
unpack the stratigraphy and geologic higtof volcanic regions on Mars and Earfthe work
contained in this dissertation utilizewrbital and groungbenetrating radaremote sensing
techniguego map and interpredtratigraphyin what are primarily volcanic settings on Mars and
Earth.An introduction to volcanism on Mars and Earth are included in Chapter 1, including an
overview of radar remote sensing in planetary sciefbe.discussion of Earth volcanism will
specifically discusscelandic stylesas Chapter 4 focuses solely on deposits aatamtiwith the
Icelandic highlandsvolcano, Askja.Chapters 2 and 3 are investigations utilizing orbital and
groundpenetrating radar, respectively, to mapd characterizemplacedmaterialsin two
primarily volcanic environmentsn Mars In Chapter 2, wenap lava flows and other deposits near

the volcano Ascraeus Mons in the Tharsis Volcanic Province. We also examine the radar
characteristics of theskepositdo determinghe primary drivers of successful subsurface sounding
arein these terraindn Chapter 3we utilize similar analysis techniques characterize and map the
subsurface stratigraphhe floor of Jezero crater using the growyp®hetrating radar payload on

the Perseveranceover. We infer a volcanic origin for the crater flaamits we examine@nd
discuss the stratigraphy there as revealed from the radaCtatater 4 focuses on how radar can

be used to satisfy igitu resource utilization objectivasd stréegies for interpreting returns from

the subsurface fohuman exploration insimilar terrains on Mars or the MooWNolcanic
environments are a known challenge for rad@&tdsurface and internal scatterirgsulting from

their ruggedextures We apply £chniques currently used to analyze radar rersetsinglata to
noninvasively and unambiguously identify ice buried by volcanic tephra and discuss the
implication for future imsitu resource utilization objectives for surface exploration of the Moon
and me day, Mars. Chapter 5 summarizes all of our findings and discusses open questions and

avenues for future work to address them.
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CHAPTER 1. Background and Motivation

1.1 Orbital and In-Situ Radar Remote Sensing Techniques in

Planetary Science

The primary chaénge faced by planetary science when studying the processes thattahape t
terrerstrial Solar System bodiesdirect access to their surfaces and upper subsurf@cesal

and insitu remote sensing techniques are the main methods used to study titengppémeters

of these bodies. A variety of remote sensing techniques are employed by spacecraft both from orbit
and landed assets on the surfaces of terrestrial worlds. Other remote sensing techniques utilize
groundbased methods from Earth to image thurfaces of other Solar System bodies. An
additional technique employs the Earth as a terrestrial analog to #&#i techniques and to
compare geologic processes across terrestrial planets. The Moon is ttezreslyial bodyvhere

human in-situ gelogic investigationshave taken placeThis section willprovide abroad

introduction toorbital and iRsitu radar remote sensing techniques.

Radar has gained significant traction in recent decades as a popular remote sensirgit@and in
techniqgue both in planetary and Earth geology. Radar remote sensing employs the active
transmission of electromagnetic (EM) waves. These waves scatter ofngftanty surfaces and

are collected by a receiver, oftentimedaecated with the transmitter in a monostatic configuration

(a more favorable configuration for planetary payloads). Transmitted waves are typically in the
centimeter to meter range, longer rihaisible or infrared instrumentation. Radar is therefore
capable of penetrating through cloud cover and substantial atmospheres, a major advantage of this
technique, and useful for investigating the surfaces of planets like Venus with its extremely thick
atmosphere. Radar is also more sensitive to larger scale surface structure and is often affected by
the surface roughness at scales comparable to the transmitted wavelength (Campbell, 2002). This
can be advantageous for characterizing changes in surfaperfies across large regions.
Depending on the wavelength, some fraction of the transmitted energy is directed into the
subsurface and returns to the radar receiver from these depths. This makes radar an advantageous
method to study the geologic structoféboth the surface and subsurface of planetary bodies. The

transmitted EM waves also interact with the minerals and physical structure within deposits that
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may yield additional information about bulk physical and chemical properties of the subsurface
(Campbell, 2002).Along-track images of the subsurface collected by various radar systems

t hroughout this dissertati on ar-taptimedelayrofthred t o
transmitted radar signal is measured by the spacecraft or rovdumstian of the projected or
directly traversed surface distance by that asset. Radar systems are typically couched in terms of
center frequency, in MHz or GHz, rather than wavelength. All references to specific radar systems

in this dissertation will ulize such notation.

On Earth, radar antennas are typically deployed on aircraft or in a more compact form as-a ground
penetrating radar (GPR) operated directly on the surface (e.g., Holt et al., 2006). Both of these
antenna configurations have a heritai@ise mapping bed topography and thickness of glaciers

and ice sheets as well as permafrost and sequestered massive ice (Annan and Davis, 1976; Bailey
et al., 1964; Robin et 1969). Several more recent examples of the uses of these different
configurationgnclude studies by Brandt et al. (2007) investigating sediment layers in permafrost

at Svalbard with GPR, Boisson et al. (2011) investigating the Fairbanks permafrost and ice wedges
in Alaska with GPR, and Tober (2023) investigating ice thickness antbpegraphy of Alaskan

glaciers using airborne radar. Water is conductive and is theegfereiatingat radar wavelengths
whereas water ice is relatively transparent at radar frequencies making detection of internal

layering and bed topography of thickeideposits simple for radar.

Mars wasselected as a target for orbiting radar payloads as its large polar ice caps and possibility
for presentday subsurface water and water ice deposits made it a tantalizing target for this remote
sensing technique, bdding off of its successes in studying these features on Earth (Picardi et al.,
2004; Seu et al.,, 2007). The Mars Advahéadar for Subsurface and lonospheric Sounding
(MARSIS; Picardi et al., 2004) and Shallow Radar (SHARAD; Seu et al., 398i@msvere sent

to investigate these deposits from orbit. Reneunted GPRs are now collecting-gitu

Ssubsurface data along with these Rovelanountd rada
radar assets include t he RameatiGPR (RIKIBAX;(Haniramr Mar

et al., 2020), which is currently imaging volcanic and sedimentary deposits in Jezero crater and
the GPR system onboard the Zhurong rover (Li et al., 2021) sent to southern Utopia Planitia.
MARSIS, SHARAD, and RIMFAX have all provequite useful for probing the subsurface in
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volcanic environments penetrating beneath sequences of lava flows and other volcanic deposits
(e.g., Carter et al., 2009a, 2009b; Ganesh et al., 2020; Simon et al. Vadjidand Hamilton,
2018;Shoemaker et al., 2022), which is the focus of Chapters 2 and 3 in thisadissert

Each of the chapters in this dissertation makes use of data collected by the various radar
instruments discussed in this section iegmminantlyvolcanic environments on Mars and Earth.

In Chapters 2 and 3, we utilize the SHARAD and MARSIS radanders and the RIMFAX GPR
onboard thePerseveranceover, respectively, to characterize and map lava flows and other
volcanic deposits on the surface and in the shallow subsurface of Mars. Unambiguous detection of
subsurface water ice deposits in the epp0 m of the subsurface by GPR systems is a current
challenge in planetary science. Chapter 4 seeks to address this challenge using the volcanic and
water ice deposits at the Askja volcano in Iceland as a geophysical testbed. We discuss our findings
using a commercial GPR system at the Askja volcano to addras#siiresource utilization (ISRU)
objectives for radar systems operating in similar environm@rts.volcanic processes and

environments relevant to the work in this dissertatimndiscusseith the following sections.

1.2 Volcanism

Volcanism is the process by which molten rock, or magma, is generated and ascends from the
interior of a planet toward its surface. As the magma reaches the surface, gases are exsolved and
expelled and new crustal matdriforms. Volcanism is a ubiquitous process across terrestrial
bodies, particularly those of the inner Solar System. Mercury, Venus, Earth, the Moon, and Mars
have all been reshaped by volcanic processes that have emplaced a variety of landforms across
thar surfaces depending on the composition of the melt and style of volcanism. The variability in
duration and styles of volcanism between the terrestrial inner Solar System bodies is primarily
driven by their composition and size, which controls their oateooling (Wilson, 2009; Byrne,

2020).

IA major advantage of using radar sounding to investigate the volcanic deposits in Tharsis is the ubiquitous >1 m thick
mantle of dust identifie¢throughout the province, which obscures compositional measurements of depashisr

orbital instrumentatioriChristensen, 1986). We discuss challenges and benefits of this dust mantle for orbital radar
sounders further in Chapter 2.
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Very generally, the composition of the magma drives the style of volcanism and the resultant
landforms. Mafic magma compositions typically have lower fractions of, @@ lower viscosity

and/or volatilepoor, andare typically associated with effustggyle volcanic activity. These mafic

lavas and effusive style of volcanism typically builds gently sloping shield volcanoes. Conversely,
magma compositions that are more felsic have higher fractions af &&of ahigher viscosity,

are typicallyenriched in dissolved volatileand are generally associated with explosive styles of
volcanism. These more felsic lavas build the classical, stee e d Acone shapeo
composite volcanoes and the exsolutidwolatiles from these magmas upon ascent can generate
some of the most violent kinds of explosive eruptions (see 8§1.3.1 summarizing activity at the
Icelandic volcano, Askja). These escaping gases fragment the magma upon eruption from the vent

producingfiner-grained volcanic ash and coarggained tephra that falls to the surface.

Mars lacks plate tectonics, which is the main driver of volcanism on Earth. Earth possesses a
greater variety of volcanic landforms as a result of the compositional diversign by its active
crustal recycling mechanism. We wikextdiscuss the differences in volcanibetweerMars arl

Earth andntroducethe specificstudyregions investigated in Chaptergl2

1.3 Volcanism onMars

The Martian geologic record is broken upa three major epochs. From oldest to youngest these
are: the Noachian period (~43.7 Ga), the Hesperian period (-37Ga), and the Amazonian
period (~3 GaPresent). Unlike Earth, Mars appears to lack plate tectonics and does not undergo
regularcrustal recycling (Carr and Head, 2010). To first order, the most obvious geologic features
on Mars are the dichotomy boundary, which separates the older, cratered Southern Highlands
(formed in the Noachian) from the younger, volcanically resurfaced Norttevlands (where
resurfacing occurred within the Hesperian and Amazonian periods) and the large shields located
in the Tharsis and Elysium volcanic provinces. Volcanism is nearly ubiquitous on Mars;
approximately 60% of its surface has been reshapedfbsivee volcanic processes (Werner,
2009). Analyses of Martian meteorites, photogeologic studies of the morphologies of the
landforms on the surface of the planet, andiin observations supportsthreseninterpretation

that effusive processes and quusitionally mafic magmas resurfaced a majority of the planet
(MouginisMark et al., 2022).
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Vol canic activity persisted throughout much
activity was more widespread and the Thax&mcanicProvince ha formed by the end of this
epoch. Activity waned with more intermittent periods of activity throughout the Hesperian. This
activity became a factor of ten lower in the Amazonian with volcanic activity mainly concentrated
in the Tharsis and Elysium volcanprovinces (Carr and Head, 2Q1Bhlmann and Edwards,
2014). Early Noachian volcanism in tieouthernHighlands may have been explosive with the
effusive shielebuilding activity concentrated in Elysium and then Tharsis (Mougvask et al.,

2022). Thedllowing section discusses the later activity that formed the ThaadtsinicProvince

in its current state.

1.3.1 The Tharsis Volcanic Province

The Tharsis rise on Mars defines the largest volcanic province on the planet, occupying ~25% of
its surface area.hk region is dominated by the largest volcanic edifices in the Solar System,
including the largest volcano, Olympus Mons (MougiMiark, 2018), and the three Tharsis
Montes which form a chain along a NBV rift through the province (Crumpler and Aubele,
1978). From south to north they are named Arsia Mons, Pavonis Mons, and Ascraeus Mons. Their
gently sloping edifices share a striking similarity to terrestrial basaltic shields, such as those in
Hawaii (Carr and Greeley, 1980). On the northwestern flankdi ef the Tharsis Montes are the
socal | edhddedch deposits, 0o (FSDs; Fastook et al
glacial activity. Since Mars lacks plate tectonics, the sHik&dTharsis Montes were likely formed

by multiple eruptiondriggered by a major mantle upwelling, possibigm a single magmatic
source along the cha{Bleacher et al., 2007Arsia Mons is suggested to be the most developed

of the Tharsis Montes, possessing a large complex caldera (Crumpler and Aubelend 9783 a
caldera shield fields, fissures, and lava flows, estimated to be Amazonian in age (Richardson et
al., 2@1. These deposits were studied using SHARAD by Ganesh et al. (2020)results
suggesthat explosive volcanism in the caldera may pretiheeeposition of the intrealdera lava

flows.

The current surfaces of the Tharsis Montes are Amazonian in age with the large lava flows fields

and plains surrounding them estimated to have formed in the Hesperian and Amazonian periods
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(Tanaka et al.2014). This ambiguity in age is further complicated by other volcanic deposits,
likely late-Amazonian in age, sourced from small shield fields and fissures scattered throughout
the plains (Richardson et alQ21) Near Ascraeus Mons, four major lavawidields (with some
hundredsof-km long lava flows; Garry et al., 2007) overlie flat lava plains. These small fissures
and shield fields identified by Richardson et &0Z1) can be seen throughout the lava plains.
Some ponded lava also appears to partehbay and possibly infiltrate the Ascraeus Mons FSD.

In Chapter 2, we investigate this complex stratigraphy, map deposit thicknesses, and examine
surface roughness using SHARAD and MARSIS data collected in a region of interest northwest

of Ascraeus Mons

1.3.2 Jezero Crater: An Open Basin Lake in a Regional

Volcanic Setting

The Jezero crater is situated near the Martian dichotomy boundary that separates the Northern
Lowlands and Southern Highlands. It is located on the western rim of the Isidis impact basin. The
large Syrtis Major Volcanic Province is located to the southimeke Southern Highlands. Jezero
crater (diameter ~ 45 km) is classified as a valletwork fed open basin lake (Fassett and Head,
2005, 2008a, 2008b). Several channels are carved into the rim of the crater indicating that liquid
water likely filled thebasin and breached the rim (Goudge et al., 2015, 2017). Jezero also possesses
a fan or delta depoqitve wi | | refer to it as the fAwestern
this dissertation; Goudge et al., 2017). Jezero was selected as the &redingthe Mars 2020
Perseveranceover as a potential past habitable environment where the rover would search for
biosignatures, cache samples for later return to Earth, and characterize the stratigraphy and
depositional history of the crater and swmding regions (Farley et al., 20200 AS A0 s
Perseveranceover was sent to explore the crater floor with a suite of instruments including an X
ray fluorescence (XRF) spectrometer (Allwood et al., 2020), a Raman and luminescence
spectroscopy instrument (Bftia et al., 2021), the multispectral, stereoscopic imager Mast Camera
Zoom (MastcanZ; Bell et al., 2020), a lasenduced breakdown spectroscopy (LIBS) and high
resolution micreimager (Wiens et al.,, 2020), multiple engineering cameras including the
Nawvigation Cameras (Navcam), the RIMFAX GPR system (Hamran et al., 2020), and multiple

other tools and experiments.
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Fluvial processes and deposition of sediment undoubtedly took place within the confines of Jezero,
made most obvious by the presence of thetera fan and channels. However, it had been
previously determined from orbit through multispectral and morphological investigationisehat
Jezerccrater floorhad likelyundergonerolcanic resurfacing in iteecentpast (Fassett and Head,
2008a; Goudget al., 2012; Horgan et al., 202@utside Jezero, iegional olivinebearing unit

and a circurrisidis capping unit were identified to share both spectral and morphological
similarities to the units identified and mapped on the Jezero crater floor,ingladiarktoned,

mafic floor unit (Shahrzad et al., 2019; Sun and Stack, 2020; Hundal et al., 2022). These units
were posited to be volcanic in origin and the cirelgidis crater retaining capping unit was
identified as a possible pyroclastic depositt theedates Syrtis Major lavas in the region but
postdates the Isidis impact with a likely age of ~3.6 Ga (Werner, 2008; Mustard et al., 2009;
Hundal et al., 2022). This unit is always found draped over a regional olivine/carHbeaaitey

unit (Hundal et b, 2022). Hundal et al. (2022) do not rule out the possibility tiiatpotential
pyroclastic deposit couldlsobe sourced from Syrtis Major. Radar remote sensing investigations
using the SHARAD radar sounder were unsuccessful at analyzingtratigraphy within Jezero

due to its relatively small diameter compared to other open basin lakes. The rim of the crater
generated ofhadir reflections that arrived at travel times comparable to any real radar returns
arriving from the subsurface to tepacecraft (Shoemaker et al. 20k&sin number 45 Chapter

3 discusses the Jezero crater floor units in further detail.

In-situ studies of the crater floor stratigraphy frétarseveranceitilizing multiple instruments

including RIMFAX with additional catext provided by analysis of samples and abrasions led to

the conclusion that the Jezero crater floor units in proximity to the Octavia E. Butler (OEB) landing

site for the rover are mafic in composition and may include a magmatic intrusion and afseries o
cogenetic lava flows (Alwmark et al., 2023; Casademont et al., 2023; Eide et al., 2022; Farley et

al.,, 2022; Hamran et al., 2022; Horgan et al., 202D22b Liu et al. 2022; Udry et al., 2023).

Several plausible volcanic edifices and source ventsltesmidentified within and around Jezero,
including the semc oni c al AJezero Monso just dlogasetde t h
al., 2022h. Furthermore, there is evidence for aqueous alteration of these crater floor units that

indicates both apodic fluvial and volcanic activity within Jezero (Horgan et al., 2020; Farley et
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al., 2022). Chapter 3 details the use es§itn remote sensing methods such as RIMFAX coupled
with available imagery to extend the knowledge of the stratigraphy acrosadebregion of the

Jezero crater floor prior to the exploration of the western fan deposit.

1.4 Volcanism onEarth

The geologic record of Earth is exceedingly complex compared to Mars, due in large part to the
multitude of currently active geologic and bigio processes constantly reshaping its surface. Plate
tectonics and subsequent volcanic activity are the main drivers of crustal growth and recycling on
Earth, which play a vital role in building and reshaping landforms and influencing climate. It is
alsothe only terrestrial planet in the inner Solar System with known, current volcanic &ctivity
(Byrne, 2020). This activity on Earth is mostly controlled by plate tectonics, concentrating at
divergent and convergent plate boundaries, in contrast to Marexémple (Byrne, 2020). At
divergent boundaries, such as micean ridges, new crust is being formed while subduction and
subsequent crustal recycling occurs at convergent boundaries. These processes also lead to
variations in melt composition. At midcean ridges, magma is of a mafic compositidhis low
viscosity lava formdow-sloping #ield volcanoes at seafloor spreading centers. Magma at
convergent boundaries is relatively enriched in both silica and volatiles because of the subduction
of the moresilicic crust leading to a more felsic compositias melt travels upward®ilson,

2009). Composite volcano&zmed by the resulting high@iscosity lava are constructedthese
regions a well asn intraplate settings and rift zones (Byrne, 2020).tMvie our focus to Icelandic

volcanism since the work conducted in Chapter 4 takes place in that setting.

Iceland is a highly volcanically active oceanic island in the North Atlantic. Iceland is located at
the junction of the MidAtlantic Ridge and the @enlandicelandFaeroe Ridge. The formation

and volcanic activity of the island is generally thought be the result of a spreading plate boundary
and a mantle plume. The ages of exposed rocks on Iceland are exceedingly young due to the
constant volcanic resfacing; the oldest rocks are ~16 million years old (Thordarson and

Larsen, 2007). Volcanic activity and faulting in Iceland is generally concentrated along belts

2Evidence for exemely recent andngoing volcanic activity on the surface of Venuas discoveredfter closer
examination of Magellan spacecraft images. This has been posited previously, but had not been confirmed until this
investigation was conducted. See Herrick amthsfey (2023) for further details on this very recent discovery.
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collocated with these spreading centers. One of these zones that cuts through then Norther
Highlands of Iceland is the Northern Volcanic Zone (NVZ). Volcanic activity in these zones
concentrates along fissure swarms that arepsuéllel to the zone. A central volcano becomes the
largest edifice and focus of activity in these regions (Thooteasd Larsen, 2007). These central
volcanoes undergo caldera formation and multiple eruptions concentrate along vents and/or ring
fractures in their summit caldera. They are predominantly basaltic in composition but some erupt
more felsic lavas or undergexplosive activity, as was the case at the Askja central volcano in
northern Iceland (Self and Sparks, 1978; Thordarson and Larsen, 2007). We describe Holocene

eruptions at Askja in the next section that are relevant to Chapter 4.

1.4.1 The Askja Volcano, Noftern Iceland

Askja is an active central volcano located in the Northern Volcanic Zone (NVZ) of Iceland. Askja
consists of several nested calderas, the most recent of which is Oskjuvatn, formed during the
explosive 1875 eruption (Graettinger et al., 20TBe edifice itself was primarily constructed by
basaltic hyaloclastites emplaced subglacially and later built up by subaeriglgmat lava flows

(Carey et al., 2008a). It has been the source of many other Holocene eruptions, mostly effusive.
Recent dlsive eruptions resulting in deposition of basaltic lava flows and tephra have taken place
in 192122, 1929, 1931, and 1961. Two explosive eruptions have been documented at ~10 ka and
in 1875 (Sigvaldason, 2002).

We focus on the eruptiern 1875 and 196 as they have deposited tephra within the caldera and
across the surrounding regions where we conducted our investigations. In March 1875, a
phreatoplinian eruption occurred depositing a {maibred, rhyolitic pumice across the caldera of
Askja and throghout eastern Iceland, parts of Scandinavia, and parts of Germany (Sparks et al.,
1981; Carey et al., 2009). Magmaater interactions generated this particularly violent eruption at
Askja, generating ~0.33 Khdense rock equivalent volume of tephra (nbtg the ~10 ka eruption

was an order of magnitude larger with a DRE volume of 1.2 @arey et al., 2009; Sigvaldason,
2002). In OctobeNovember 1961, vents at the rim of the caldera deposited a-inawk,
basaltic lapilli throughout the caldera. Efifurs activity emplaced the 1961 Vikrahraun lava flow

eastward from the caldera rim (Thorarinsson and Sigvaldason, 1962; Blasizzo et al., 2022).
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The tephra blanketing the caldera and flanks of Askja drives a somewhat unique process of
permafrost aggradaticend preservation. The tephra deposited by the eruptions of Askja in 1875
and 1961 acts as an insulator for the seasonal snowpack that it buried. This process has also been
found to take place at the Hekla volcano in Iceland after its 2000 eruption aerdigdbt at
Oraefgokull after its 1362 eruption (Helgason, 2000; Kellepénklbauer et al., 2007). At Askja,
massive ice persists in the subsurface along the flanks and within the caldera. This ice buried by
the tephra from these two eruptions is the ectopf our GPR investigation in Chapter 4.

This part of Iceland is largely unvegetated, and at Askja, the volcanic deposits have preserved
permafrost and drive massive ice formation in the subsurface making this site an excellent analog
for testing planeary insitu resource utilization instrumentation and techniques. The tephra
deposits at Askja share similar dielectric and physical properties to lower density deposits that may
bury ice, like the regolith layer on the Moon or pyroclastic deposits on tlatgnay preserve

and/or be mixed with water ice (Campbell et al., 2020; Carter et al., 2009a).

The success of radar instrumentation at analyzing ice across Mars (e.g., Holt et al., 2008; Plaut et
al., 2009) makes it a primary target as a potential palyfor insitu prospecting of resources on

the surface of the Moon where water ice concentrations within the regolith are potentially
extremely low (Neish et al., 2011)a relatively uncharacterized challenge for GPR systems on

the surface (Richardson a&it, 2020; Shoemaker et al. 2022). The investigation of the volcanic
and massive ice deposits at Askja in Chapter 4 seeks to highlight the advantages and discuss the
shortfalls of utilizing GPR as a nanvasive technique to accomplishsitu resource uization

(ISRU) reconnaissance goals given the {oastscenario.
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CHAPTER2.
New Insights into Subsurface Stratigraphy Northwest of
AscraeusMons, Mars, Usingthe SHARADand MARSISRadar

Sounders

The contents of this chapter wegreblished in the peaeviewed literature as: Shoemaker, E. S.,
Carter, L. M., Garry, W. B., Morgan, G. A., & Plaut, J. J. (2022). New Insights Into Subsurface
Stratigraphy Northwest of Ascraeus Mons, Mars, Using the SHARMAD MARSIS Radar
Sounders. Journal of Geophysical Research: Planetd276), e2022JE007210.doi:
10.1029/2022JE007210

2.1 Introduction

For terrestrial planets in the Solar System, volcanism plays a key role in their formation and serves
as an indicator ofhie evolution of the interior of a planet with time (Ca®974 Greeley and
Spudis, 1981, Werner,2009 Wilson and Headl 983. Volcanism is extensive on Mars; it has been
estimated thaD60% of the Martian surface has been reshaped by effusive volcaespes
(Werner,2009. A diverse range of volcanic landforms arise as a result of this activity, such as
large shield volcanoes, smaller shield fields, cones, and lava flows. The Tharsis region of Mars is
the largest volcanic province on the planet, codpD25% of its surface, and is host to its largest
volcanoes, which share a striking similarity to basaltic shield volcanoes on Earth (VZo68gr,
Tharsis, as a center of volcanic activity, therefore provides a window into the long and complex
volcanic history of Mars (Tanaka ei.,2014. Many previous studies of this region have
investigated the origin of the lava flows and flow fields in the Tharsis Volcanic Province through
morphological and morphometric analyses and modeled the emplacemenedéttases on the
surface in order to constrain their eruption conditions (e.g., Baloga and &0&@8&: Garry
etal.,,2007 Glaze and Balog2006 Hauber etl.,2011 Hiesinger etl.,2007 Peters

etal., 2021, Plesciaz004.

In this study, we investigate the subsurface of a region of interest néescitaeudMons volcano

in the Tharsis Volcanic Province using observations from the SHAIlow RADar (SHARAD)
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instrument onboard the MarmReconnaissanc®©rbiter (Seu eal., 2007 ard from the Mars
Advanced Radar for Subsurface and lonospheric Sounding (MARSIS) onboard Mars Express
(McMichael etal., 2017 Picardi etal.,2004). Using radar sounding, we probe the subsurface to
map the extent and thickness of the volcanic depositaitbgiresent and measure other material
properties that can be related to composition such as permittivity and bulk density. These
measurements are useful to determine the relative timing of eruptive products and other deposits

in order to unravel the corfgx stratigraphy present.

2.1.1 The Tharsis Montes and Surrounding Volcanic Plains

Among the largest edifices in the Tharsis Volcanic Province are the Tharsis Montes, which fall
along a southwestortheast line through the center of the province (Crumpler aiheld,1978.

Their current surfaces are interpreted to be Amazonian in age (Tarelk@@14). The Tharsis
Montes are the source of laterally extensive lava flows that are tens to hundreds of kilometers in
length (Figure.1 and2.2) (Garry etal.,2007 Peters eal.,202]). Distal lava flows have been

found to be older than tke that are proximal to the main flanks and rift aprons of the Tharsis
Montes (Bleacher etl.,2007). However, &act ages of individual flows are largely unknown,
spanning from the mitlesperian through the late Amazonid»3(7i 0.5Ga) epochs (Tanaka
etal.,2014). These larger lava flows and flow fields have been emplaced on extensive, flat
volcanic plains in the province that are comprised of numerous smaller overlapping flows making
identification of their individual extda and source vents difficult or impossible. Possible vent
sources include pyroclastic cones, low shield fields, and fissures that are scattered throughout these
plains, the result of distributestyle volcanism (Richardson at,2021). Many of these vents
cluster near the base of the Tharsis Montes as well as along their rift aprons, and contribute to
younger, la@ Amazoniaraged D0.5Ga to present) deposits (Tanakalet2014). Constraining

the composition of the volcandeposits in Tharsis from orbit is complicated as it is covered in a
regional dust layer (Christenset®86 Rogers and Christense2)07) However, it has been
inferred that erupted lavas throughout Tharsis and in theityiof Ascraeus Mons likely have a
basaltic composition (e.g., Bleacheraét2007 Lang etal.,2009 Peters edl., 2021, Viviano

etal., 2019 Warner and Greg@003 Werner,2009.
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Ganesh et al. 2020

W SHARAD detections
by Carter et al. 2009b
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Shoemaker et al. 2019,
2020, and this work

Figure 2.1. The Tharsis Volcanic Province hosts four major volcanoes as well as many other,
smaller volcanic landforms and lava flows. Olympus Mons is the largest, followed by the three
Tharsis Montes. Forming southwest to northeast chain, they are called Arsia, Pavonis, and
Ascraeus Mons. The black box indicates the region of interest in this study (E@ure
investigated using the SHAllow RADar (SHARAD) and Mars Advanced Radar for Subsurface
and lonospheric Sounding (MARSIS) currently in orbit around Mars. The stars indicate a general
region where multiple SHARAD or MRSIS detections of subsurface interfaces have been made
by various workers (Carter, Campbell, Holtaét 2009 Ganesh eal.,202Q Simon efal., 2014
Shoemaker al., 2019 2020. Mars Orbiter Laser Altimeter hillshade map.
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Figure 2.2.Results ofour radar sounding surveys in a region of interest (black box) northwest of
Ascraeus Mons on a Mars Orbiter Laser Altimeter shaded relief map. Subsurface interfaces are
dispersed throughout the region, both within the margins of lava flows of intertss$ &tudy

(black dashes; Mohr ai., 2018 and throughout the more homogenous surrounding lava plains.
SHAIllow RADar (SHARAD) results are shownintwoay ti me del ay i n €s wh
indicate a longer time delay. Subsurface interfaces observed along the Mars Advanced Radar for
Subsurface and lonospheric Sounding (MARSIS) orbit tracks are sindiagiayed. It should be

noted that the southern margins of the western and central flow fields are highly uncertain as there
are multiple overlapping flows in these regions. We therefore only outline portions of the flow
margins that are distinct in availe images. (a) Summary of the most rearface SHARAD
reflectors in the region of interest. (b) Summary of deeper SHARAD reflectors and MARSIS
reflectors (note the change in scale for time delay between SHARAD and MARSIS). Several
deeper reflectors aréomg the same SHARAD observations as in (a). Time delay of the subsurface

interfaces is calculated relative to the surface reflection.

The stratigraphy in this region is not strictly volcanic in origin; glacial activity has also played a

role in shapingtte surface of the Tharsis Province. Abutting the northwestern flanks of the Tharsis
Montes and in contact with the lava plains, are a series of concentric late Amazonian units known

as t hseh aifeadh depositso (FSD) t hatormedrbecoldbaseder pr et
glacial activity (Fastook el.,2008 Kadish efal.,2008 2014 Scanlon eal.,2015 Tanaka
etal.,2014. These deposits at Ascraeus Mons have been datedli@2fMa from crateysize

frequency distribution analyses conducted by Kadis. €014). These moraines appear to have

been embayed and partially buried by a volcanic plains unit mapped as ponded lava (Mohr
etal.,2018.

2.1.2 Investigating Volcanic Terrains Using Radar

Sounding

Radar sounding is well suited to detect stratigraphy within the subsurface from orbit and provide

insight into the evolution of the surface and subsurface of Byarseasuring the permittivity of
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emplaced materials. This and other material properties such as density, composition, and thickness
of deposits are closely tied to the radar reflectivity and penetration depth (Car2pb2Il)laby
etal.,1988. Indeed, these parameters were measured for two lava flow fields in Tharsis (Carter,
Campbell, Holt, eal., 2009 Simon efal., 2014 using the SHARAD sounder (Seuadt, 2007 on

MR O. Both studies investigated two distinct
fl owsodo) nort hwest dnatedAtbicknesses hetwedn B0 adridbasedion e s t
Mars Orbiter Laser Altimeter (MOLA; Smith at., 2001) topography data (Carter, Campbell,

Holt, etal.,2009. The two flow fields were inferred to be comprised ofs#ebasalt (3i8.79

cm j corresponding to an average permittivity estimated between 7 and 13 (Carter, Campbell,
Holt, etal., 2009 Simon etal., 2014). Two additional reflectors were identified near the rift aprons

and flanks of Pavonis and Arsia Mons by Simorak{2014). Additional surveying by Shoemaker

etal. (2019 2020 of 487 SHARAD radargrams and 126 MARSIS radargrams proximal to the
Tharsis Montes found that small clusters of reflectors corresponded-tgifm\paleotopography

that was later infilled. Other subsurface interfaces were igghti¥ithin the Arsia Mons caldera

and interpreted by Ganeshat(2020 to be pyroclastic deposits from paspksive activity.

Locations of reflectors observed by orbital radar sounders are summarized inZFigure

2.2 Methods
2.2.1 Radar Sounding Data

SHARAD is a chirped radar sounder that operates at a central frequendylbiiz20ith a 10MHz
bandwidth whichtranslates to a vertical resolution of ibin free space. Subsurface resolution
varies with the permittivity of different geologic materials present (Sail,2007). MARSIS
operates at lower central frequencies of 1.8, 3, 4, avilib each with a MHz bandwidth in its
subsurface sounding mode. AMHz MARSIS has a vertical resolution of 180in free space or

50/ 100m depending on the permittivity of the material (Picardale2004. MARSIS can
penetrate deeper inth@ subsurface, but has a lower resolution than SHARAD as a result.
SHARAD has a horizontal resolution of D13km along track andi® km in the crosdrack
direction while MARSIS has a horizontal resolution 616 km along track and 180 km cross

track.
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For radio frequencies, empirical measurements have shown that the real relative permittivity of
dry materials is primarily a function of density (Camphk2ll02 Ulaby etal., 1988. SHARAD

and MARSIS will detect interfaces ithe subsurface with a strong contrast in permittivity.
Observations collected within the surface footprint of radar sounder are processed to generate 2D

slices of the subsurface called Aradargr ams.

(reflectors) at a greater time delay than the initial, bright surface return (FigGrasd2.4, top

and left panels and Figugb, left panel). Reflectors may be obscumedhin SHARAD or
MARSIS radargrams by crogsack surface echoes (clutter) generated by topographic features
within the radar footprint perpendicular to the spacecraft direction of travel. Radar returns off of
these features reach the receiver at a tiglaydcomparable to that of a subsurface reflector
(Figures3.5 and4.5, bottom panel and center panels and Figuseright panel). Clutter sources

are identified by comparing the radargram to a simulation of -¢rask echoes produced using
MOLA topography data as well as maps of fimsturn echo locations of the radar signal
(Choudhary etal., 2016 Holt etal.,2006. Clutter sources for both SHARAD and MARSIS are
predicted for each track in this way. We used dayside and nightside SHARAD observations
produced by US Instrument Team members which abbégbpavailable on the NASA Planetary
Data System. All clutter simulations and reprocessed MARSIS radargrams (McMichael
etal., 2017 used in our survey are available on the Colorado SHARAD Processing System (Putzig
etal.,2016.
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Figure 2.3. SHAllow RADar (SHARAD) observation 1078601 with several reflectors (white
arrows) identified in the plains and beneath the southern flow field within the region of interest
northwest of Ascraeus Mons. Top panel: SHARmOargram 1078601. Bottom panel: associated
clutter simulation produced using Mars Orbiter Laser Altimeter (MOLA) topography data. North
is to the left in the top and bottom panels. Right Panel: MOLA shaded relief map with northern
and southern flow fieldsutlined (black dashed lines; Mohradt, 2018. The solid black lines are

the extents of the reflectors idded in the radargram (white arrows). North is up in the

right panel.
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SHARAD Observation
2509402

Radargram === [ Clutter Simulation

Figure 2.4.SHAIllow RADar (SHARAD) observation 2509402 with two reflectors (white arrows)
identified within a lobe of lava in the plains. The extent of the upper reflector (UlQus1sh the
rightmost panel near the Ascraeus Monsshaped deposit as the solid black line. The extent of
the lower reflector (L1) is not shown as it is overlapped by Ul. Left panel: SHARAD radargram
2509402. Center panel: associated clutter simulatiodyzed using Mars Orbiter Laser Altimeter
(MOLA) topography data. North is to the left in the left and center panels. Right panel: MOLA
shaded relief map with the southern flow field outlined (black dashed line; Malh; 2218.

North is up in the right panel.
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Figure 2.5. Mars Advanced Radar for Subsurface and lonospheric Sounding (MARSIS)
observation 6191 & MHz of a dipping reflector located in the eastern plains. MARSIS detects
four dipping, neasurface reflectors in the eastern plains toward the flank of Ascraeus Mons and
a single reflector to the west of the southern flow field. MARSIS reflectors iedbiern plains

are at time delays similar to deeper reflectors detected there by SHAllow RADar (seeFigure

2.2.2 Regional Setting of SHARADand MARSISSubsurface

Reflectors

Our region of interest is located northwest of Ascraeus Mons and encompasses an area of

D3 x 10° kn?? (extent of Figure2.2). This region is comprised of legively flat volcanic plains

overlain by the distal ends of four distinct lava flow fields visible in the MOLA topography data
(dashed lines, Figur22) . These four flow fields are here

central, and southern flows.0 The surrounding
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lava flows and deposits from leshields andfissures (Mohr and William£017 Mohr
etal.,2018. We examined 94 SHARAD observations and 113 MARSIS observations across this
region of interest and mapped tbeation of subsurface reflectors. Those reflectors are shown in
Figure2.2, with a color scale indicating tharte delay of the subsurface interface relative to the

surface reflection (see discussion in Sec#@).

The oigin of the southern flow (69Km long) is mapped to a source area on the southwest rift
apron of Ascraeus Mons (Garryadt, 2007). The northern flow that can be traced northward into

the surrounding fossae is most likely sourced from a fissure or low shield in Ceraunius Fossae.
However, the origin for both the western flow and central flow is obscured by ovestap
numerous other flows and Poynting crater k@2 diameter). Therefore, it is unclear if the flows

are sourced from eruptions related to the Pavonis or Ascraeus Montes rift aprons2 Biguae
collection of High Resolution Imaging Science Experiment (HIRISE) images (A. S. McEwen
etal.,2007) of the margins of the four flow fields. Two distinct surface textures are present
between the four flow fields. The central flow has the most distinct flow margin with a ridged
texture pattern on the flow surface (Fig@6, [panels d and e]) while the least distinct boundary

is that of thewestern flow (Figur@.6b). The southern flow is similarly lobate with weléfined
margins but with a less distt surface texture pattern than the central flow. The western and
northern flows spread out laterally from their sources and appear thinner and meotisitiean

the southern and central flows (Bleachealet2007 Carter, Campbell, Holt, etl.,2009. This

region is also clearly dust covered as revealed by the dark wind streaks that are visible in HIRISE

images shown in Figurg.6, (panels a and b).
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Figure 2.6.Morphology and textures of the lava flow fields disitdd throughout the region of
interest northwest of Ascraeus Mons. Paneis)(are the margins of the northern, western, and
southern flows, respectively, which all have detections of subsurface interfaces by SHAllow
RADar (SHARAD) within their margins. &els (d and e) are the margins of the central flow
within which no SHARAD reflectors have been identified. Flow margins are indicated by white
arrows. (a) HIRISE image ESP_012283 1980 RED, (b) HIRISE image ESP_026010_1940, (c)
HIRISE image ESP_058159 19@%ED, (d) HIRISE image ESP_036203 1945, and (e) HIRISE
image ESP_036414 1950 RED. North is up in all images.

2.2.3 Measuring Dielectric Properties Using SHARADand
MARSIS

SHARAD and MARSIS observations can be used to measure the compgiettivity of
emplaced volcanic materiaNj i f)) . The real component of the
also referred to as the dielectric constant or real relative permittivity (we refer to it here as

permittivity for brevity),(Nj,  ccalculateddrom the radar sounding data using Equation
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wherehi s t he dept h t o tthséetewawhydravel finge bedweenrhe surfacea c e ,
and subsurface interfaces measured directly from thegiaia, anct is the speed of light in a
vacuum. After comparison to a corresponding clutter simulation to determine that a subsurface
interface has been detected, we analyze the SHARAD radargrams using an L3Harris Geospatial,
Interactive Data Language gariwhich allows the user to trace the extent of the subsurface
interface, selecting the highest power return within a threshold of 1 pixel. Relevant quantities are
then output, such as the pixel coordinates of the reflector, latitude, longitudeainavel time

of t he r abétween theasurface gnd subsurface interface, and relative power. Similar
outputs are achieved for MARSIS using the Radar Analysis Graphical Utility reflector picking tool
(Tober and Christofferse@020. These outputs are combined into a shape file for each SHARAD

or MARSIS observation for use in geographic information system s@&twaese data can then

be used to estimate permittivity using Equatleend quantify loses to the radar signal by

estimating the loss tangent (see Equagipn

The unitthickness and permittivity can be simultaneously estimated using a depth correction
technique. Figur@.3 is anexample of a series of SHARAD reflectors spanning the plains between

the northern flow and the southern flow with basal reflectors near the margin of the southern flow.
Inverting Equatiori for thicknessh, we can convert the radargram time delay to depth by
assuming reasonable values for permittivilyj, and thereforeatwhve vel o
traveling through the subsurface media. We assume that the interfaces associated with the margins
of the flow field are the base of that flow lobe in contact with the plains it was emplaced upon and

so the plains beneath the flow and just outsigeriargin can be connected with a straight line
(Carter, Campbell, Watters, &t,2009. When the subsurface terface aligns with the
surrounding plains (Figur2.7), the corresponding permittivity value is recorded andhio&ness

of the flow is estimated from Equatidn
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SHARAD Observation 1234201 16 km
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P

Figure 2.7.We perform a depth correction on SHAIlow RADar interfaces interpreted to be the
base of the northern, southern, and western flow fields in our region of interest. Here, we depth
correct observation 1234201 with a reflector (indicated by white arrowspriated to be a basal
interface of the southern flow field. We connect the plains on either side of the margin of this flow
and assume that the reflector follows the slight regional slope (red dashed line). In the center panel,

a permittivity of 9.0 is nothe best fit since the reflector is still not aligned with the plains on either

i a1i



side of the flow. A permittivity of 10.0 provides the best fit to the surrounding plains (bottommost

panel).

There are various sources of uncertainty in our estimation ofifherty and thicknesses. There

is some error in estimating how the surrounding plains extend under the basalt flows to form a

Afol

ato surface.

We

sel ect

pi xel s

i n

t he

radar

the flow and assume theyeacoplanar in order to extend the plains surface beneath the lava flow

and estimate the location of its base. We estimate our uncertainty in selecting that surface to be

within 2i 3 pixels (maximum) above or below the true plains location. This transtete8.07%5

0.11 ps uncertainty in time delay. After performing the depth correction, the estimated permittivity

given this range in uncertainty in time delay leads to an uncertainty in the thidknaflsthe lava

flow that is calculated using Equati@d and summarized in Tab®l. Furthermore, if the

subsurface interface slope is not continuous with the exposed plains, additional uncertainty could

be introduced. However, extenditfte plains under the visible flows is likely to be a reasonable

approximation of the basal surface.

Table 2.1 Permittivity values and loss tangents estimated for the northern, southern, and western

flow fields.

Flow SHARAD Reflector Permittivity Mean 2,3 Pixel Group Group Slope
Observation Groug* (e Flow Uncertainty tan(d) tan(d),
Number Thickness, , h (m) 1s

h (m) Error
N 189901 30 11.2 19.8 3.36,4.93 0.025 0.026 -3.15
0.031

N 814901 30 11.1 32.0 3.38, 4.95

N 1234201 30 9.7 32.8 3.61, 5.30

S 423301 24 9.8 47.5 3.59,5.27 0.024 0.022 -2.96

0.025

S 814901 24 11.0 55.2 3.39, 4.97

S 1078601 24 7.0 50.4 4.25, 6.24

S 1234201 24 10.0 60.2 3.56, 5.22

S 1290901 24 10.1 49.2 3.54,5.19

w 1318601 9 7.0 28.6 4.25,6.24 0.043 0.032 -5.44

0.055
wW 1375301 9 10.2 24.2 3.52,5.17
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AThere are a total of 35 groups. The groups listed here are those for subsurface interfaces
associated with distinct lava flow fields. Individual SHARAD observations for which
permittivity and thickness measurements could be made are listed.

As the radamave penetrates the materials in the subsurface, some portion of that energy will be
dissipated. We can characterize losses for sloping interfaces which vary in time delay for tens of
meters in alondrack distance by calculating the loss tangent {jaof the emplaced volcanic

material. The ratio of the imaginary and real components of permittivity describes this energy loss

relative to the stored energy and can be written as:

O0AT — ¢z =l 10 P P <3

whereadis the free space wavelength of the radar laisd the power loss per unit time,

ad (Campbell egl.,2008. Each group of interfaces associated with a mapped flow (Baid,
Figure2.2) was used together as they likely represent a similar dielectric interface. The interfaces
of the remaining plains were grouped using criteria such as proximity, depth (time delay) of the
interfaces, and similar interface power since obvious topogréphicdaries are not visible. This
resulted in 35 distinct groups of reflectors northwest of Ascraeus Mons. We normalize the
subsurface interfaces to their corresponding surface echo for each individual SHARAD
observation in a group. This is done to remdwe éffect of variations in noise, antenna gain,
ionospheric absorption, and other factors between observations in a group prior to fitting. Using
Equation2.2, we produce linear fits of power loss versus time for each of the 35 groups normalized
to the surface reflection. Loss tangent was estimated separately for each MARSIS subsurface
soundirg frequency. In some cases, the subsurface interface does not vary sufficiently in time
delay along track to produce a reliable fit to the data and so the loss tangent cannot be estimated.
In those cases, slopes are very near zero or are slightly poBitere is also significant scatter in

the subsurface power measurements, which could be due to differences in roughness along the
interface or due to changes in the dielectric properties along the track. In order to assess the
reliability of our loss tangg measurements, we also performed a Wald hypothesis test on our loss
tangent fits, where the null hypothesis is a slope of zero. This is quantified by calculating a two

sidedp-value wher@® 0. 05 confirms the null h ynob leateh e s i s .
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statistical significance we do not quote a loss tangent value. The loss tangents that we estimate
here include both dielectric losses and any scattering losses in the medium or at interfaces; it is not

possible to unambiguously separate theseceswof loss.

2.3 Results

We identified 43 SHARAD observations and 5 MARSIS observations with subsurface interfaces
throughout our region of interest. A subset of these intedageduding those previously
identified by Carter, Campbell, Holt, @t (2009 and Simon eal. (20140 lie squarely within the
margins of three lava flow fields (northern, southern, and western flows) visit&OinA
topography. We identified 12 SHARAD observations associated with these flows. The remaining
SHARAD observations as well as five MARSIS observations are distributed throughout the plains
in our region of interest. Many of the reflectors associatedtivébe observations do not seem to
correlate with the extent of any distinct lava flows or lobes visible on the surface and so we do not

interpret these reflectors as basal interfaces.

2.3.1 Northern, Southem, and Western Flow Fields

We average theecorded permittivity and determine thickness using Equatiband the depth
correctionmethod. Tabl.1 summarizes our results. In some cases, the contact between the flow
and tre surrounding plains was ambiguous, resulting in large errors in estimating the thickness of
the flow and correspondingly unrealistic or impossioleneasure permittivity values. We
exclude those observations from our analysis of permittivity. We alsolate the loss tangent
(tanl) as described in Secti@3. Computed loss tangents for these three flow fields indicate that
they are consistently lovoss, similar to terrestrial basalts and the range of loss tangents measured
for lunar basalts (Carrier at., 1991). An example plot of normalized power versus time delay is
shown in Figure.8, panels (a and c) for the southern flow (Group 24) and northern flow (Group

30), respectively. We summarize the results of the dielectric analysis of inZlble
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Figure 2.8.Linear fits of normalized power versus rodinigh time delay of reflects that vary in

time delay for tens of meters. Each reflector is normalized to its corresponding surface reflection
along its individual SHAllow RADar observation to remove variations in noise between
observations. The fit provides the loss tangent ofréfegctor when input into Equatidh2. Panel

(a) is a fit of reflector Group 24 within the margins of the southern flow figldeP(b) is a fit of

the reflector Group 22 located east of the central flow field where various lobes from other flows
converge in the plains. Panel (c) is a fit of reflector Group 30 within the margins of the northern
flow field. Panel (d) is a fit of # reflector Group 15 located north of the western flow field in a

flat region of the plains.
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Given a uniform composition, an empirical relationship between permittivity and deppity (

derived from laboratory measurements follows a power law given by

- PO €

which can be inverted for density for each flow using the mean, computed permittivity (Ulaby
etal., 1988. The northern, southern, and western flows have mean permittivity values of 10.7, 9.6,
and 8.6, respectively. These yield average bulk densities of+3%1, 3.36t0.01, and
3.20+0.03g cm 2 respectively. We propagatecanservative 2 pixel uncertainty in the flow
thicknesses to the permittivity in order to obtain an uncertainty in the densities estimated from
Equation2.3.

2.3.2 LavaPlains

The remaining subsurface interfaces identified by both SHARAD and MARSIS are distributed
throughout the plains northwest of Ascraeus Mons and are not associated with amy distin
expression of surface topography (FigRi®. There are a multitude of lava flow lobes visible at
thesurfae t hr oughout the region, but subsurface i
to any obvious surface topography. An example of this is the highly uncertain bounds of the
western flow (see Figur22) where the margin becomes significantly leksfined moving

westward in the region of interest. We consider these reflectors to be part of the plains (Groups 4,

5, and 6 consisting of single reflectors). Additionally, no reflectors are identified within the
margins of the prominent central flow bustead are found to be skirting its eastern margins in

the adjacent plains (Figur@aand2.5c).

Eight of these groups of SHARAD reflectors possess deeper interfaces below a shallow upper
reflector. A single group possesses three distinct interfacdsfatent time delays indicating
several, discrete layers exist at depth. Some of these deeper reflectors have time delays that
approach those of nearby MARSIS reflectors concentrated in the eastern plains of the region of
interest (Figure.2b). Since these interfaces lack correlation with a topographic surface
expression, the permittivity and thickness of the layemnnot be independently determined. Loss

tangent, can, however, still be estimated if the interface meets parameters described in
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Section2.2(i.e., sufficient change in depth along track). A plot of normalized power versus time
delay is shown in Figur2.8, panels (b and d) for reflector Group 22 and 15, respectively. We
summarize the results for the most nearface SHARAD interfaces in Tal?2e2. Results of
analyses of the deeper reflectors are summarized in Zaed their location and relative time
delay is shown in Figur2.2b. As in other cases, permittivity, thickness, and loss tangent could not

always be estimated.

Table 2.2.Loss tangentsstimated for each group of neamnface reflectors identified in the
Tharsis plains lava flows northwest of Ascraeus Mons.
Reflector Group  Grouptan (d) Group Slope
tan(d), 1s Error

3 0.020 0.0120.029 -2.51
6 0.047 0.0350.059 -5.87
8 0.076 0.06%0.090 -9.49
10 0.048 0.0460.055 -6.00
15 0.020 0.0160.023 -2.49
19 0.006 0.0030.009 -0.74
20 0.010 0.0060.013 -1.23
21 0.017 0.0130.022 -2.17
22 0.029 0.0260.032 -3.64
25 0.039 0.0240.053 -4.84
29 0.018 0.0140.022 -2.24
31 0.030 0.0160.044 -3.78

AGroups 9, 24, and 30 are excluded as those reflectors lie within the margins of the northern,
southern and western lava flows and are summarized in Table 1.

Table 2.3.Loss tangents estimated for SHARAD observations with deeper cefiect

SHARAD Reflector Group  Grouptan(d)  Grouptan(d), 1s Slope
Observation Error
Numbers
1347601 21 0.011 0.0090.013 -1.38
189901, 1326501 26 0.005 0.0040.007 -0.67
416701 32 0.018 0.0120.024 -2.31

For the five MARSIS observatior(erbits 7016, 6191, 8329, 2884, and 4036), permittivity and
thickness could not be determined because a distinct topographic boundary at the surface was not
visible in the radargrams relative to the surrounding plains. A representative MARSIS radargram,

orbit 6191 at 9VIHz, is shown in Figur@5. These interfaces did not yield meaningful loss
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tangents as they didoh dip into the subsurface over long enough distances. All SHARAD

observations and their associated groups are summarized inAlalteAppendix A

2.4 Discussion

2.4.1 Inferred SubsurfaceStratigraphy

Material properties such as density, permittivity, and cporeding thicknesses were estimated

for three out of four distinct lava flow fields in the region using SHARAD. Dry, dense terrestrial
basalts have a typical range of permittivity values between 7 and 11 whereas pumice, ash, and tuff
typically fall between2.5 and 3.5 (Campbell and Ulrici969 Carter, Campbell, Holt,

etal., 2009 Morgan efal., 2015 Ulaby etal., 1988. We therefore interpret the measured deposits

in this region to be basaltic lava flows based on our measurements (se.Iahle good
agreement with previous estimates of permittivity from two lava flows in thismexj Tharsis by

Carter, Campbell, Holt, el. (2009 and Simon eal. (2014. We interpret the reflectors we
observe within the margins of the northern, western, and southern flows to be the base of those
lava flows in cotact with other, smaller flows in the plains emplaced from prior episodes of
volcanism. The flows of these prior plains may have been weathered or coated with dust or regolith
during a quiescent period to generate a sufficient dielectric contrast to pradadar reflection
(Kobayashi etl.,201Q Peeples ail.,1978. Morgan efal. (2015 demonstrated that thin layers

of such material were sufficient to generate reflectors detected by SHARAD within stacks of basalt
flows in Elysium Planitia. We estimated the thickness of the distal ends of the northern, western,
and southern flowiélds to be between 19.8 and 6h4see Tabl&.1). A recent investigation by
Peters eal. (2021) examining eruption conditions found that lava flows in the Tharsis Province
(including several in our réon of interest) span a range of thicknesses, between 11 and[@te

Peters eal. (2021) investigation assumed a density of §.éni 3 within the range of densities
associated with terrestrial basalts; their models did not require invoking ultramafic or exotic lava
compositions to replicate the flows in Tharsis. Our inferred lava flow theskaestimates from the

radar data are well within their range for their study sample. We estimated average bulk densities
of 3.52+ 0.03, 3.36t 0.01, and 3.2@& 0.03g cni 3 for the northern, western, and southern flows,
respectively. Our average densitgtimmates are much higher than the Peteral.€2021)

assumption but are within a range of densities suggéstedartian lava flows by other workers
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using a variety of measurement methods (e.g., Baratoalx 2014 Hiesinger efal.,2007). The
densities estimated from the measurements of permittivity from each individual SHARAD
observation for the northern, southern, and western flow fields span a total range 8f52§9

cm' 2 where this minimum density estimate is closer to that of a terrestrial basalt. Our higher
densities could be the result of uncertainties in the metlgoemploy to estimate the permittivity
which is used to estimate density from EquaBidh(see Sectio.2). Alternatively, these
densities could indicate basalt with a higher Fe content similar to higias=e and high F&i
basalts (Kiefer edl., 2012 Meyer,2005.

Determining the source of the remaining reflectors located in the surrounding plains is difficult
since we are unable to make an independedsurement of thickness or permittivity and there

are no matching surface lava flows. Based on the location of several groups of reflectors, we
propose several different stratigraphic scenarios that could be their source. In all these cases, a
sequence dfava flows is a possible source of reflectors, similar to the terrestrial large flow fields
where separate episodes of volcanism produced overlapping lava flows of similar composition,
but perhaps having different properties such as a low or high fradtigsicles or a layer of ash,
regolith, or some amount of weathering during a hiatus that creates a density contrast (Morgan
etal.,2015. Multiple lines of evidence support the hypothesis that the Tharsis Montes have been
past sources of explosive volcanism, producing tephra and ash that may have been deposited
throughout the Province and across theaafof Mars (e.g., Edgeft997 Ganesh eal., 202Q

Hynek etal.,,2003 Kerber etal.,2012 MouginisMark and Zimbelmar2020. Pyroclastic
deposits could also be generated by the numerous low shield fields and fissures mapped by
Richardson eal. (2021). Several reside in our region of interest adjacent to the margins the flow
fields, and groups of reflectors have been identified near these vents. A sketctigiaghic
scenarios is summarized for the southern flow in Fig@a We consider the stratigraphic
scenariosn Figure2.9ato also be applicable to the observed reflectors beneath the northern and

western flows as wells most of the observations in the ptain
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Figure 2.9. Sketches of possible stratigraphy associated with SHAllow RADar (SHARAD)
reflectors detected ahe base of the southern flow (a) and SHARAD observation 2509402 (b). In
panel (a), we consider a reflection produced by the base of the southern flow figild imaontact

with a buried basalt flow coated with a thin layer of pyroclastics or regolith. This scenario is likely
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for the reflectors at the base of the other major lava flow fields and for many of the plains reflectors.
In panel (b), we consider aestario where glacial sediment from the-f&raped deposit off the

flank of Ascraeus Mons has been buried by lava. It is likely that another basalt flow from an earlier
period was emplaced before this sediment. Note the change in depth for the diffézetudrsef

For SHARAD observation 2509402, we infer depth by assuming a median permittivity value of 9
for the upper ponded basalt unit.

Interestingly, two small groups of reflectors (Groups 33 and 35) that include SHARAD
observation 2509402 (Figuge4, see right panel for reflector extents) correspond to a unit that is
currently interpreted as ponded lava (Mohalgt2018 confined by the southern flow to the west.

To the east of the southern flow is the FSD off the westiamk of Ascraeus Mons. The
morphologies that are present here are indicative of a glacial origin for the FSD (Kadish
etal.,2008 2014). This deposit is visible in Figuiz2 and the right panel of Figug4. A higher
resolution mosaic of this deposit from the MRO Context Camera is shown in BigQi®ickson
etal.,2018 M. C. Malin etal.,2007). The edge of the FSD is defined by numerous ddgeies
interpreted to be drop moraines, a type of terminal moraine formed through the deposition of
sediment at a glacier margin during retreat. The presence of the drop moraines as well as other
degraded flank material indicates this area could be ecsmf sediment deposition (Kadish
etal.,2008 2014 Mohr etal.,2018. This ponded unit appears to embay and partially bury the
FSD (Mohr efal., 2018. This glacially derived sediment, if it is present in the subsurface beneath
this ponded lava, could be the source of the upper reflelciog 2509402 (Figuré.4, Ul) and
possibly the lower reflector as well (Fig2&, L1). The individual moraines visible in
Figure2.10 become more diffuse moving north and east, a likely result of their partial burial by
the ponded lava unit (Mohr at., 2018. Alternative reflector sources like a series of buried lava
flows mantled by pyroclastics, regolith, or eroded material is also possible, but the proximity of
these reflectors to the piity buried FSD informs our interpretation that they are likely sourced
from glacially derived sediment. FiguPebis a sketch of the stratigraphic scenarios discussed
here for the upper reflector (U1) in SHARAD observation 2509402.
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Figure 2.10.The fanshaped deposit (FSD) off the northwestern flank of Ascraeus Mons is the
result of coldbased glaciahctivity during the late Amazonian (Fastookak;2008 Kadish

etal., 2008 2014 Scanlon eal., 2015 Tanaka etl.,2014. A unit mapped as ponded lava has
embayed and partially buried the moraines of the FSD (Moal.,2018. SHAIlow RADar
reflector Groups 33 and 35 fall within this unit and these reflectors may be sourced from the contact
of this ponded lava with sediment from the glacial activity héoatext Camera mosaic (Dickson

etal., 2018 Malin etal., 2007).

2.4.2 Controls on Where Reflectors Are Found

Reflectors imur study region occur beneath some units but not others, raising the question of why
some places are advantageous for radar subsurface echoes but others are not. Three out of the four
largest flow fields in the region possess subsurface interfacedratital margins. The fourth,

or central flow, is unique in that it is lacking subsurface interfaces, despite its similarities in
morphology to the nearby southern flow. The addition of more recent SHARAD observations has

T 521


https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2022JE007210#jgre21932-bib-0025
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2022JE007210#jgre21932-bib-0039
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2022JE007210#jgre21932-bib-0038
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2022JE007210#jgre21932-bib-0064
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2022JE007210#jgre21932-bib-0073
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2022JE007210#jgre21932-bib-0051
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2022JE007210#jgre21932-bib-0022
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2022JE007210#jgre21932-bib-0045

made clear that this particuldof possesses qualities that set it apart from the others since no
basal interfaces have been identified in any survey of the subsurface to date. For these lava flow
fields north and west of Ascraeus Mons, it has previously been proposed th&0zhOdgosit

of dust could be present; such a layer would improve the transmission of the radar wave into and
out of the lava flow and possibly improve the detectability of subsurface interfaces (Simon
etal.,2014). Dust cover is ubiquitous in Tharsis and deposits have been estimated to be >1 m thick
in some places (Christensdr§86. We use a combination of orbital radar and imagery data sets

to examine the possible geologic controls where the radar sounders observe reflectors.

2.4.2.1 Dust Cover

To investigate whether dust is a major control on where reflectors are identified, we first examine
observations made by the Thermal Emission Imaging System (THEMIS; ChristeaseRC£14)

and the Thermal Emission Spectrometer (TES; Christense., 2001). We used the
MARSTHERM tool (Putzig eal., 2013 to output maps of thermal inertia (TI) for our region of
interest. These combined observations indicated a moderate to low Tl throughout the plains and
within the margin®of the lava flows in our region of interest with little variation between day and
night Tl. The average TI value for regions where SHARAD and MARSIS detect reflectors is 50
tiu (thermal inertia units, J'n?K' ' 1/ Putzig and Mellon2007). Generally, this indicates the
presence of loose, unconsolidated material such as dust, ash, or regolith on the surfaicel The
streaks seen in Figu&6 show the active transport of dust in the region. Despite the likelihood of
sucha mantling deposit being present on the lava flows and the potential for improved radar wave
transmission via dust cover, SHARAD is unable to detect the base of the central flow field in
contact with the plains. We next examined whether these mantlingittepould be lowering the

bulk density of the near surface using SHARA®Erived reflectivity in our region of interest.

We examined the SHARAD echoes received from the near suid@om) which are a function

of the Fresnel reflectivity for all nigigide observations within our region of interest (Morgan
etal.,2021). This return serves as a proxy for nearface density of the upperrb. In order to

isolate Fresnel reflectivity, the radar data must be corrected both for surface roughness and regional
slope. SHARAD is sensitive to roughness from topographic features between 10 amavh@bh
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is characterizedby the SHARAD roughness parameter (see Campball.,&013 and so the
surface echo power values are normalizethis parameter. The surface reflectivity for our region

of interest is shown in Figuz11. A mantling deposit of lowdensity material such as dust would

result in a lower reflectivity value and would therefore effectively lower the bulk density of the
near surface and allow for greater transmission of the radar wave into the subsurface. tyour stu
region, SHARAD subsurface reflectors were identified in regions of both low and high SHARAD
surface reflectivity (Figur@.11). The groups of reflectors associated with the northern, southern,
and western flow fields have mean retdBati ve
respectively. The mean f ordB.tThese ae gendisamederate gi o n
to high values of the SHARAD surface reflectivity. Based on lines of evidence discussed
previously, it is likely a lowdensity mantling deposit is present atop the lava flows but it does not
appear to be contributing substantially to lowerihg neaisurface bulk density as observed by
SHARAD. Consequently, surface dust cover is likely not the only important factor for transmission

through to the base of the flows.
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SHARAD Surface %
Power (dB) 42 |

Figure 2.11.Surface power returns for nightside SHAllow RADar (SHARAD) orttiteugh the
region of interest corrected for surface roughness (Campbell, 2013 and regional slope
(Morgan etal., 2021). Reflectivity values here are a proxy for the bulk density of the near surface.
Most SHARAD refletors correspond to areas with moderate to high reflectivity. Lava flow fields
with subsurface interfaces are outlined with black dashed lines (Maih;, 2218. Labels for
specific lava flow fields are shown in Figl2®. SHARAD reflector locations are solid black

lines. Overlaid on Mars Orbiter Laser Altimeter shaded relief.
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2.4.2.2 SurfaceRoughness

We next consider whether surface roughness in our region of interest may determine where
subsurface reflectors are identifi&lrface roughness has been shown to control where SHARAD
detects subsurface interfaces (CampbelleR013. Simon efal. (2014 suggested that the
SHARAD detections are concentr atiregdoundbasedhS n fAr a
band (12.6m) Arecibo observations of Mars (Harmorakt2012). Indeed, Harmon etl. (2012

interpret these regions to be mantling deposits ofdewsity material. We compare a qualitative
imagefrom Figure 1 in Harmon &tl. (2012 of the Sband observations to the mapped SHARAD
reflectors (Figur@.12). Most of the region of interest in this study appears, qualitatively, to have

a nearly constant moderate backscaftbe addition of new SHARAD observations in this region
reveals that the radar penetration through lava flows has no preference for either radar dark or
radar bright regions identified in the 128 data (Figur@.12).
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Figure 2.12.SHAIllow RADar (SHARAD) reflectors are distributed throughout both radar bright
and radar dark grourdolased, 12.6m Sbandbackscatter observations of the northern and western
Ascraeus Mons region of interest (Harmomlet2012. Lavaflows with subsurface interfaces are
outlined with white dashed lines (Mohradt,2018. SHARAD reflectors a solid white lines.

Labels for specific lava flow fields are shown in Fig@r2a

It is more relevant to exane topographic roughness at scales similar to the SHARAD wavelength
because features at these scales will effectively scatter the radar wave and reduce the coherent

signal returned from the subsurface. Thiba®d observations highlight topographic rougisat
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short baselines that SHARAD is unlikely to be sensitive to. We, therefore, also compare our
subsurface reflector map with a roughness parameter map for SHARAD that was calculated
following the methods detailed in Campbellaét(2013. This SHARAD roughness parameter
estimates the degree of roughness for features between 10 amg 400 has values that range

from 2 (smooth) to 8 (rough). The resulting map is shown in Figd®

v
W

Y

TR T
t}{ ?J-:'r“ ¢ 1]

SHARAD Roughness
Parameter

Figure 2.13.Derived SHAIllow RADar (SHARAD) roughness parameter for topographic features
at 10100m baselines for our region of interest after the methods detailedampbell
etal. (2013. The SHARAD roughness parameter spans values from 2 (smooth) to 8 (rough).

Generally roup surfaces are confined to the graben near Alba Mons to the north and the flanks of
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Ascraeus Mons to the east with localized regions of elevated roughness toward the centers of the
southern and central flow fields. Lower roughness values are found tdwardhtgins of the lava

flows with subsurface interfaces, outlined with black dashed lines (Math;, 2018. SHARAD
reflectors are solid black lines. SHARAD interfaces generally correspond with very low SHARAD
roughness parameter values within the margins of three of the four distinct flows in the region and
throughout the plains. The central flow field appeatsatee a moderate roughness parameter value
when compared to the other outlined lava flows. Labels for specific lava flow fields are shown in

Figure2.2. Overlaid on Mars Orbiter Laser Altimeter shaded relief.

The distinct lava flow fields (outlined with black dashed lines) have generally low roughness
parameter values. Low roughness parameter values assatstiated with lava flows of the plains
where reflectors are found (Figuzel 3). However, elevatetbughness parameter values appear to
concentrate near the margins of the central flow field. It is, therefore, more likely that surface
roughness at meteto tensof-meter scales is a main control of where reflectors are detected. The
muting of surface foography of Tharsis lava flows (and therefore their surface roughness) through
erosion and aeolian mantling was examined by Crown and RE2GEY in their investigation

of a region southwest of Arsia Mons. A correlation between erosion and/or aeolian infill and lower
surface roughness of the lava flows with increasing age was determined (Crown and
Ramsey2017 Crown etal.,2009. Muting of topography by these processes may also be a more
dominant effect for SHARAD than the overall age of the individual flows here (Stillman and
Grimm, 2011).

A reexamination of the HIRISE images of the flow margins in Figu8dighlights the differences

in surface textures and morphology between the various flow fields. The northern and western
flow fields appear to be tabular and are thinner as measured from théadigtin basal interfaces
detected by SHARAD (Figur2.6, [panels a and b]). The southern and central flow fialds

lobate and indeed, the southern flow was measured to be much thicker (se2.I)ahkn its

tabular counterparts (Figugs, [panels €e]). The northern and western flow fields appear to have
overal smooth surfaces. The western flow, in particular, appears to have a heavily eroded surface.
The southern flow is also much smoother on its surface. The central flow by comparison, appears

rougher with a less muted surface texture. This could be thé oésuthicker mantling layer of
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dust and/or erosional processes that have muted variations in the surface texture of the southern

flow and minimized roughness on relevant SHARAD scales1Q0m).

2.4.2.3 Other Possible Controls

Surface properties likeurface roughness, and secondarily, dust mantling are most likely to drive
where reflectors are found in our region of interest. Properties of the subsurface from the lava
flows themselves could contribute, however, and are worth considering. For a thiekéow,

where the radar wave would experience a greaterwmyo attenuation, these factors are
particularly important. The central flow had no reflectors within its margins preventing estimates
of its thickness using SHARAD or MARSIS. It could be these that the central flow is
significantly thicker than the others. To examine this hypothesis, we instead estimate the thickness
of the distal end of the central flow relative to the surrounding plains using individual MOLA
passes. We roughly estimatestipiortion of the central flow to be 43 thick. This thickness is

within the range measured for the other flow fields with basal reflectors identified by SHARAD
and the thicknesses calculated by Peteas. €021). SHARAD should be able to penetrate to the
base of such a flow under ideal conditions (e.g., low loss tangent). We can estimate this penetration
depth,lp, using Equatior2.4 (Ulaby etal., 1984,

=Zp 04l - 8
T C

whereais the free space wavelength. For a low loss tangemOddl and a median relative
permittivity of 9 for basalt (Campbell and Ulricit969 Ulaby etal., 1988, SHARAD could
penetrate to a depth @80 m. Equatior2.4 does not account for scattering losses which would
reduce this estimated penetration defthe loss tangents for the other major flow fields were
estimated to be >0.02 making this ideal loss casdi(a®.01) unlikely for the central flow field.
Using a loss tangent like that of the southern flow (tarD.024) this penetration depth becomes

D33m. This is shallower than the estimated thickness of the margins of the central flow. In
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addition to a rougher surface, which would increase scattering of the radar wave, the central flow
may be slightly too thick for SHARAD to penetrate to its basisatnargins under conditions
similar to the other flow fields.

The last controls to consider are a higher loss tangent (indicating significant attenuation of the
radar signal) or subsurface homogeneity (i.e., lack of a dielectric contrast) which may also
contribute to regions of nedetections. Our observations of even higher loss tangents ¥tan
0.04) were limited to a handful of SHARAD reflector groups (see TaB)e This could result

from higher concentrations of radar absorbing minerals such as hemaiide) (lRethe deposits

(e.g., Stillman and Olhoef2008. Loss tangents approaching high values of 0.1 have been
observed in lunar basalts where higher concentratibasother attenuating mineral, ilmenite, are
concentrated (10¥45% TiQy) (Carrier efal., 1991 Carter, CampbglHolt, etal.,2009. This, in
addition to other previously discussed factors, could be the case for thed demitrfield as the

other flow fields were fairly low loss. For these thicker flows with low loss tangents, perhaps pore
spaces could have been closed, creating a denser flow and reducing internal scattering of the radar
signal. In concert with a smoothgurface, this could create a particularly favorable scenario for
SHARAD to penetrate to the base of most of the large flow fields in the region. As previously
mentioned, it is not possible to disentangle dielectric and scattering losses from one another i
these data. Laboratory measurements and field investigations using -pemetdating radar

(GPR) at similar frequencies would be useful to further examine this hypothesis.

2.5 Conclusions

The Tharsis Volcanic Province has been the center of extensiganism for much of Mars'
history. The volcanic materials such as lava flows and pyroclastics emplaced here reveal the
eruptive history of this region. We investigated this stratigraphy using the SHARAD and MARSIS
orbital sounding radars to constrain dejpohickness and other radar properties such as relative
permittivity and loss tangent which can be related to composition. SHARAD and MARSIS detect
many reflectors throughout our region of interest northwest of Ascraeus Mons, both at the base of
three ofthe four major lava flow fields and throughout the surrounding plains. Our survey resulted

in 35 distinct groups of SHARAD observations with several having multiple deeper reflectors
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(Figures2.3-2.5). MARSIS detected five neaurface reflectors where four in the eastern plains
were at similar time delays tihvé deeper SHARAD reflectors (Figuzeb). Analyses of the
dielectric properties of the SHARAD reflectors allowkedl the determination of permittivity,
thickness, and loss tangent of three of the lava flow fields. Permittivity for the northern, southern,
and western flow fields ranged from 7.0 to 11.2, well within the range that has been previously
measured for maden basalts. These flows also demonstrate a fairly low loss with an estimated
tantof 0.025, 0.024, and 0.043, respectively. Flow thicknesses were calculated from the
radargrams directly by applying a depth correction to the radar data and ranged Boto 19.
60.2m, thinner than previous estimates (Carter, Campbell, Hait,,@009 Simon efal., 2014).

In the plains, thickness and permittivity could not be independently determined since these
reflectors were not correled to any obvious surface units; however, loss tangent could be

calculated in some cases. The averagéi fanthe plains was 0.03.

Dust is widespread throughout our study region and, along with erosion, likely provides SHARAD
with a smoother target thatomotes penetration into the subsurface. The low, rsetde surface
roughness of some of the flows, coupled with the presence of dust, may be the primary reason why
some locations seem to be more favorable for detecting subsurface interfaces. Wat fihd th
presence of dust alone does not necessarily determine where SHARAD detects reflectors, but
perhaps surface dust cover contributes to the particularly favorable locations where we detect
multiple stacked reflectors with SHARAD (Carter, Campbell, Heltal.,2009. Recent and
continued mapping by Mohr at. (2018 of Ascraeus Mons and our region of interest to the
northwest clearly indicates that the depositional history of this region is exceedingly complex.
Many a(mglo) subsurface reflectors are |ikely
several episodes of lava flow and/or pyroclastic material deposition. However, the stratigraphy is
quickly complicated when moving eastward toward the southern flow diett the flank of
Ascraeus Mons, where possible sediment deposited by glacial activity has been buried by ponded
lava (Figure.9 and2.10). Our survey using SHARAD and MARSIS has confirmed that
detections of reflectors arenonly confined to large, visible lava flows near Ascraeus Mons.
These reflectors have revealed a much more complicated depositional history than previously

thought that includes deposits of a nhonvolcanic origin.
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SHARAD and MARSIS have been very succekatudentifying regions of contrasts in density in

the subsurface in our region of interest and elsewhere around the Tharsis Montes2(Eigure
However, without independent measurements of unit thickness or material properties, radar
sounding capresent nonunique results. While we are confident that the reflectors associated with
the large lava flow fields are detections of their base, the sources of reflectors throughout the
surrounding plains are far more uncertain. The large concentratiofiesftoes throughout our

region of interest is worthy of further investigation and more information about their origin can be
gleaned by producing models of radar wave propagation through cross sections of the subsurface.
Models specifically designed for amining SHARAD observations exist but necessarily made
many simplifying assumptions about the surface and subsurface, namely that the interfaces are
smooth, homogenous half spaces and sources of scattering are not taken into account. These
models have beesuccessful at predicting the behavior of the SHARAD radar wave in the
subsurface of the polar regions of Mars where series of reflectors in the ice caps are relatively flat
and homogenous (Courville &t,2021). In volcanic regions on Earth, surface roughness and
scattering within the subsurface appear to drive where reflectors are found and contribute
significanty to attenuation (e.g., Grimm at., 2006 Heggy etal.,2006. Volcanic deposits are

nearly ubiquitous on Mars. Missions to Mars and other terrestrial bodies utilizing orbital radar
sounders and GPRs is increasing (d=gn efal.,202% Hamran etl.,2020. A more complete
understanding of the losses and physical properties of volcanic material and lava flow sequences
observed by these radar systems is important. In particular, charag¢hiese behaviors will be

useful for current and future surface GPR investigations on Mars and the Moon as well as for other
volcanic worlds like Venus where a radar sounder is included in the payload of the upcoming
EnVision mission (Bruzzone at.,2020. Future modeling efforts would benefit greatly from the
integration of observations from field campaigns teophysically analogous volcanic

environments on Earth using GPR.
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CHAPTER 3.

Investigating the Igneous Stratigraphy of the JezeroCrater
Floor using the RIMFAXGround-Penetrating Radar

The contents of this chapter are planned to be submitted dotineal of Geophysical Research:
Planets.

3.1 Introduction

Jezero crater (D ~ 45 km) is classified as a valley netfgtkopen basin lake that was active
between the latdloachianto-early-Hesperian epochs of Mars (Fassett and Head, 2005; Fassett
and Head, 2008a, 2008b; Goudge et al., 2015, 2017). Itis located in a region of diverse stratigraphy
near the Martian dichotomy on the western rim of the Isidis impact basin with the Syrtis Major
volcano to the southwest. Jezero possesses a complex fan deposit that is indicative of episodes of
sustained fluvial activity making it a strong candidate for surface exploration motivated by the
search for past life on Mars (Farley et al., 202@¢rseverane has been investigating the
lithologies within Jezero Crater and sampling the formations there since its landing at the Octavia
E. Butler (OEB) landing site (Figure 3.1) on the crater floor on February 18, 2021 (Sol 0).

Three main crater floor units weneapped in Jezero from orbit by Stack et al. (2020): the Crater
Floor Fractured Rough (&f) and the Crater Floor Fractured 1 {f) and 2 (Cif-2).
Perseverancénas traversed the @f and C#f-1 units during its crater floor campaign.-fcfis
stratigaphically higher than Gf-1 and has been informally named Maaz:fQf has been
informally named Séitah. Multispectral observations from orbit have identified an olivine

signature associated with Séitah while Maaz exhibits a pyroxene signature (Hagal00).

Based on these spectral signatures and morphological observations around and within Jezero, it
was proposed that Séitah may be the manifestation of a regional-tleaneg unit that is draped

by the crateretaining circumsidis capping it with a pyroxene signature, which could be
represented by the Maaz formation inside Jezero crater (Sun and Stack, 2020; Hundal et al., 2022).

Perseveranceconfirmed these distinct olivine and pyroxene signatures for Séitah and Maaz,
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respectively (Bell eal., 2022; Farley et al., 2022; Liu et al., 2022; Wiens et al., 2022; Udry et al.,
2023)

Currently, the crater floor units are interpreted to be of an igneous origin based orsitiie in
observations of igneous lithologies BerseveranceSeitah is iterpreted to be an olivirgch
cumulate sourced from a differentiating magma body while the overlying M&az unit is posited to
be a series of lava flows or part of a larger, layered igneous body with Séitah (Farley et al., 2022;
Hamran et al., 2022; Wiergt al., 2022Horgan et al., 2022#&lwmark et al. 2023Horgan et al.,

2022h Udry et al., 2023). M&az consists of four to five morphologically distinct memidergdn

etal., 2022bCrumpler et al., 2023; Alwmark et al., 2023). Maaz members have baguegrinto

the Auppero and Al ower 0 members where Upper
(simplified from the Navajo term Naat'aanii) while Lower Maaz includes the members Rochette
and Artuby (see Crumpler et al., 2023 addrgan et al., 2022ffor detailed descriptions of
individual members). Another morphologically distinct Maaz member called Roubion is
stratigraphically ambiguousiorgan et al. (2022bhterpreted Roubion to rest between Lower and
Upper Maaz members. Crumpler et al. (2023) dfferalternative interpretation that Roubion may

be located within the Lower Méaz stratigraphy. Roubion shares many similarities to Lower Maaz
in terms of bulk chemistry, but it also possesses some features of and shares a similar extent as
Upper Maaz, narly Nataani KHorgan et al., 2022Crumpler et al., 2023). Both are noted to be
coarsegrained, lowrelief, polygonalshaped pavers in outcrop (Crumpler et al., 2023). Crumpler

et al. (2023) also note that these pavers possess some features associatdidtedatbasaltic

sheet flows.

Substantial morphological evidence, in addition to geochemical evidence, fresitu in
Perseverancebservations support a lava flow and/or magmatic origin of the Lower and Upper
Maaz membersHorgan et al., 2022#&lwmark ¢ al., 2023;Horgan et al., 2023bAdditionally,
estimates of dielectric parameters and bulk density of the subsurface from the Radar Imager for
Mar sé6 Subsurf ace EXx p epenetratng tadan (BRRMdata Xojlectedrfronu n d
drives over Maaz andéah support the presence of coherent rock, most likely mafic in
composition (Hamran et al., 2022; Eide et al., 2022; Casademont et al., B02§an et al.
(2022b)proposed several local and regional source vents for such lava flows. These possble vent

include Jezero Mons, an edifice just outside of the southeast rim of Jezero. Other smaller conical
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edifices are located to the southwest of Jezero Mons, proposed to be a possible volcanic field by
Horgan et al. (2022b)Within Jezero, several mounds hetnorth and southwest are noted by
Horgan et al. (2022b)yith the northern edifice, which is upslope from Maaz, selected as the most
plausible lava flow source if its origin is volcanic (see their Figure 15). Orbital imagery of the
entire Jezero cratelobr shows an embaying relationship between Maaz and Séitah (Goudge et
al., 2012, Schon et al., 2012; Goudge et al., 2015; Shahrzad et al., 2019;afdnEkImann
2023).Perseverancebservations have helped to bolster this hypothesis that Lower M§az (e
Rochette and/ or Artuby) f etronm etdh ef | Hoogbraetwn i naor g(i
20221). Some debate exists as to whether certain members of Mdaz are actually a part of this
circumisidis capping unit; this regional unit is interpretedbéoof a pyroclastic origin (Hundal et

al., 2022) rather than a lava flow since it is draped over existing topography across a wide range

of elevations (see Alwmark et al., 2023 for ardepth discussion).

Perseverancéas found the rocks on the cratevdit to be aqueously altered, supported by the
presence of F&1g carbonates found in Séitah and sulfates and perchlorates occupying void spaces
in Maaz (Farley et al., 2022). The presence of thelégositandthealteration of Séitah and Maaz

is indicative of periods of fluvial activity, but the duration of this activity along with the extent and

depth of water associated with these episodes remains largely unconstrained in western Jezero.

The extent, thickness, and dielectric properties of the cratar diloits can be indicative of their

origin and emplacement mechanis@rbital radar investigations have tried to address these
guestions about the Jezero floor units since the crater was identified as a potential landing site for
Perseverancée.g., basiM5 in the supplemental material of Shoemaker et al., 2@18)this

proved challenging due to its relatively small diameter generatingaalif radar returns from the

rim thatobfuscaedthe subsurface. The RIMFAX GPR (Hamran et al., 2020) has been successfully
collecting insitu soundings of the Jezero crater floor and fan units since Sol 15 (at OEB). We use
a combination of irsitu imagery and RIMFAX observations fraPerseveranceéakenon sols 383

398 to analyze the stratigraphy of a section of the crater floor located between the western fan
deposit and OEB. RIMFAX first imaged the relationship between the Maaz and Séitah formations
in the subsurface d&erseveranc&raversed from OEBo the Artuby ridge, an ~96@-long scarp

that represents the contact between these units (Alwmark et al., 2023; Hamran et allt R2&@22).

been suggested by Paige et al. (2022) that the fan deposit shows signs of having been eroded in
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RIMFAX data. If the current crater floor is igneous in origin and composition, the question remains

where these eroded sediments may have gone.

Ourinvestigation seeks to address questions about the stratigraphy, composition, and origin of the
crater floorPerseverancdraversed on sols 38398 prior to investigating the fan depodihis

region of crater floor is challenging to analyze as no samples or abrasions were takesitand in
imagery is relatively limitedRIMFAX is particularly useful to address our questions beree it
continuously imaged the subsurface stratigrdjoinythe entire ~2,300 nmover traverseand bulk
composition and other physical properties can be inferred directly from the GPR data without other
parallel observationsWe combine RIMFAX observatims with availablein-situ imageryfor
additional local and regional context about units present at the sufface the GPR data, av

infer the composition of materials emplaced there, which members dfidhe formation are
present if it is indeed contious, how thick the overlyiniylaazformation is and therefore, the
paleosurface and subsequent relief of the top oB#iahformation at depth (if present). Védso
investigate whether any of the local subsurface stratigraphy has been disrupted bidtbe fi
impact craterdPerseverancdraverses through on these sols. Our investigdtiere provides
important context for understanding the sequence of fluvial and/or volcanic resurfacing events that

have shaped the crater floor.

3.2 Setting of Sols383 to 398

This ~2,300 m section of the crater floor traversedPgyseverancds key to linking the
stratigraphy observed at the southern margin of Séitah to that observed at its northern and western
margins. Sols 38398 also reveal what Mdaz members cowdbneath the western fan deposit
(Paige et al., 20224organ et al., 2022a; Horgan et al., 202Rbssell et al., 2023). A contextual
High-Resolution Imaging Science Experiment (HIRISEGEwan et al., 2007mosaic of the
western Jezero fan and this sectof the crater floor is shown in Figure 3.1. RIMFAX was
continuously sampling the subsurfaceRerseveranceapidly traversed northwest around the
Séitah formation toward the fan, driving on what is interpreted to be Mdaz mabeaick et al.,

2020; Almark et al., 2023; Horgan et al., 2022b; Crumpler et al., 2@28pntinuation of an
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escarpment less wallefined than Artuby ridge (Figure 3.1), possibly the result of erosion and/or
impact cratering, delineates the boundary between Maaz and the ungleBlgitah unit.
Perseverancalso traversed through a field of fairly welleserved impact craters such as La
Orotava (D ~ 320 m) and Port Angeles (D ~ 175 m), and through the dark, rayed ejecta from a
relatively fresh unnamed crater (D ~ 33 m) on sol 389. These ejecta blockstdesarsund and
beneattPerseverancen Navigation Camera (Navcam; Maki et al., 2020) images. Other plausible
impact craters have rims that appear to be fairly degraded and are located near this scarp

surrounding Séitah.

Despite limited irsitu imagery ad the lack of samples and abrasions along this traverse section,
the abundant observations and stratigraphy analyzed for both Séitah and Maaz near the Artuby
ridge and at OEB are informative for later sols (Hamran et al., 2022; Casademont et al., 2023;
Alwmark et al., 2023Horgan et al., 2022a; Horgan et al., 20R2¥apping by Crumpler et al.

(2023) up to Sol 379 (just past OEB) provides additional context and stratigraphic interpretations
for several regions just prior to the region traversed on sol8383We can tie these observations

from one side of Séitah to the other using available Navcam and Mast Camera Zoom (Mastcam
Z; Bell et al., 2020) imagery of surface rocks and outcrops as well as RIMFAX observations from

earlier sols (Hamran et al., 2022asademont et al. 2023).
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Figure 3.1. Perseverancéraversed across the Jezero crater floor sutgheast of the western

fan deposit (see insetxtent of panel (b) is boxed in white dagh&gitah is surrounded by the
Maaz unit on the crater floor. This boundary is loosely interpreted to be a slight ridge that runs
along the edge of Séitah. Thidgeline is steepest along the crater floor traverse at Artuby Ridge
but appears eroded on later sols. The Octavia E. Butler (OEB) landing site is situated right at the
boundary between Séitah and Maaz. The black line is the traverBetbaveranceook from the

start of the mission to Sol 398. Points mark the-efdrive location for the rover on a given sol

in both the inset and larger map. The black line is the rover traverse from thef-stgssion to

Sol 398. Sols of interest are labeled alongtineerse irpanel (b)and indicated by the butfolored

points.

3.3 Data and Methods

3.3.1 RIMFAX Ground-Penetrating Radar System and Data

Processing

RIMFAX is a frequencymodulated continuous wave (FMCW) GPR system sweeping a range of
frequencies from 150 to 1200 MHz corresponding to wavelengths of 2 m to 0.25 m in free space
(Hamran et al., 2020). Subsurface soundings are collected every 10 cm arttbdein the
frequency domain. Soundings are obtained in three frequendyasuls within the full bandwidth

of RI MFAX, referred to as the fAsurface, 0 fAshe
together in posprocessing to reach depths of ~15 mat@nial dependent) with a resolution of
~0.15 m in free space (Hamran et al.,, 2020). These individual soundings collected along
P er s e v eravarsecaeedndinednto images of the subsurface (radargrams) where the two
way travel time of returns from éhsubsurface soundings are shown as a function of the-along
traverse distance (see radargram figures throughout &&adh. sounding is assigned @ Y, 3
coordinate within a Site frame, or scientifically interesting region of interest (Ali et al.).Zl085

RIMFAX antenna location is determined within this frame and later converted to latitude,
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longitude, and elevation coordinates for each sounding along the traverse that can be projected

onto the HIRISE mosaic of Jezero crater (Hamran et al., 2020).

Processing has been applied to the radargrams presented here in order to more easily map and
interpret subsurface stratigraphy. For our analysis, we use radargrams that are a combination of
the surface, shallow, and deep modes. Soundings are convertethé&draquency to the time

domain using an FFT or Fast Fourier Transform. A background removataperHamming

window, and a compensatory gain function to account for attenuation are applied. A simple low
pass filter i s al s drequeacy mhodésaevhef amhinad. Lasgthe atime ¢ue t h-
to the tweway travel times at the antenna feed point at ~20 ns is appliedwawydravel times

are later converted to depth using methods described in the following sections and the subsequent
radargrams corrected for surface topography to produce a more accurate representation of the
position and shape of subsurface reflections
35° were removed from the output images for clarity. Few sharp turns Wwereda these sols and

so the total length of the continuous subsurface profile is reduced only by a few tens of meters

overall.

3.3.2 Measuring Dielectric Properties and Bulk Density of

the Subsurface

3.3.2.1 Permittivity and Wave Velocity

Therealdielec r i ¢ p e rrnhereaftdr, parnitgvity folikgvity) of the subsurface is related
to the radar wave propagation velocity,in the subsurface as in Equation (1):

VR— (1)

wherec is the speed of light. In ordeo talculate the permittivity of the subsurface layers and
therefore the velocity, we match theoretical hyperbolas to hyperbolic forms in the subsurface using

the methods of Casademont et al. (2023). These hyperbolic forms are generated by the radar waves
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diffracting off of an embedded po#iike source in the subsurface as the RIMFAX antenna
traverses aboarderseverancéoward, over, and away from that scatterer. The transmitted wave
from RIMFAX originates ~75 cm above the surface allowing for hyperbohim$ generated by

small surface boulders beneath the rover to also be fit. Increases in the number of hyperbolic forms
generated by these surface rocks in the radargrams can be indicative of sections of traverse where

Perseverances passing over ejectajwch was seen from orbit in this region of the crater floor.

3.3.2.2Bulk Density

Laboratory measurements of the permittivity of rock samples have demonstrated an empirical

relationship between permittivity and bulk density. This relationship generkélg the form of

- X g 2)

where |} is the bulk density (Ulaby and Long
permittivity is likely an overestimate, but is indicative of the physical nature of the materials in the
subsurface (an er#le of this overestimate for Martian lava flows is demonstrated in Shoemaker

et al., 2022 Chapter 2 Nevertheless, a coherent rock would have a higher bulk density (and
permittivity) than that of a porouandbr unconsolidated column of material (of a lower
permittivity). The estimated bulk density can be compared to earlier mission sols and assist in

determining whether a shift in material properties is present along this section of crater floor.

3.3.3Mapping and Characterizing Stratigraphy using In-Stu
Imagery and RIMFAXData

We examined stereo, levesolution, black and white Navcam images utdlibyP er sever anc e
autonavigation routines to determine what members of the Méaz formation might be present at
the surface and directly beneath the rover along these Sols. These images are particularly useful to

inform interpretations of RIMFAX subsurfa@bservations since the radar is most sensitive to the
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subsurface directly beneath the rover. These Navcam images are also useful for regions where
there were no available Mastcatnimages and where features were not resolvable in the
mosaicked color Nawn images. Black and white steneairs from these sols were retained at ~5

m intervals.

We approach interpreting subsurface stratigraphy in collected RIMFAX radargrams using two
methods. We first map the largeale reflection boundary between SéitahMadz from Sol 383

to 398 and follow this with detailed interpretations of individual layers. In order to map reflectors
at each of these scales, we first must convert theamyotravel time of the radar wave to depth.
This is calculated by assuming a sai&t uniform and depthindependent velocity estimated using

the hyperbola matching method of Casademont et al. (2023) described in §3.3.2.

For the first method, we map the M&agitah boundary in terms of tweay travel time in
nanosecondslhis boundaryis determined using the morphological characteristics of reflectors
previously identified to be associated with tBéitahformation (see Hamran et al., 2022).
Additionally, we use our interpretations of layers identified in availab$tinimagery oinferred

from radargrams and similar context on surrounding sols to determine where the base of the Maaz
Seitah if these reflector morphologies atétleron an intervening sol. We show examptds
radar Af aci es 0 Sétahdoomatiorain 8.4.3 whent discugsihgeresults of this
subsurface mapping effottlsing location information from the rover to estimate the position of
the surface and the permittivity derived from hyperbola fits described in §3.3.2, we can convert
these travel times to depin meters of the Maa3éitah boundary relative to the surface. Equation

(3) describes the relationship between permittivity (or velocity) and thickness of subsurface units:

R — (3)

w h e rtis thegpwoway travel time of theadar wave relative to the surface reflection. We output
tables of the RIMFAX sounding number of each pick, the elevation in meters of the rover at that
sounding, tweway travel times of the radar wave in nanoseconds, correspondingtedoacse
distancefor that particular sol, the estimated depth to the top of Séitah from the surface, and the

resultant subsurface elevation in meters. These values are summarized in Appendix B in Table
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B.1. This mapped Maa3éitah boundary is demonstrative of the subserfagography of Séitah

prior to the emplacement of Maaz.

The second method utilizes processed radargrams from selected sols between Sol 383 and 398 to
conduct detailed interpretations of subsurface reflections, characterize their morphologies, and
interprd the stratigraphy present. These stratigraphic interpretations are sketched directly onto the
radargram to track the continuity and directionality of individual layers detected by RIMFAX. We

al so detail character i st idazand&détahrfornfatiomsthateambe a s s
linked to earlier observations by RIMFAX of these crater floor units that can aid in identification
across long sections of traverse or indicate how these units might have been emplaced (e.qg.,
Hamran et al., 202Ziorgan et al., 2022 Horgan et al., 2023bWe closely analyze sols with

abundant irsitu imagery taken byerseveranceo aid in our interpretations of the subsurface

stratigraphy RIMFAX imaged in collected radargrams.

3.4 Results

3.4.1 Dielectric Permittivity, Radar Wave Velocity, and Bulk

SubsurfaceDensity

We estimated the permittivity from fitting 145 hyperbolic forms. Bitsachieved for hyperbolic

forms at a range of depths along the traverse and are not limited to either the Maaz or Séitah
formations. We find a mean permittivity of 9.1 and a median permittivit9.0from fits to 105
hyperbolas in the subsurfag@xcludirg surfaceblockswith a permittivity of 1) From Equation 1,

we infer a bulk velocity in the subsurface of ~0.1 m/ns séibsequent radargrams and estimates

of the depths of subsurface interfaces result from assuming spatidilym and depth
independent bulk velocity estimat€ 0.1 m/ns derived from the mean permittiviydditionally,

this mean permittivity of 9.1 yielslan estimated bulk density of ~3.2 gtfrom Equation (2). A
summary of the locations and tweay travel times of apexes of the matched hyperbolas for Sol
383 to 398 are included as Table B.2 in AppendiX\R provide a summary of statistics for
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selecte hyperbolic forms, derived permittivity, and velocity as well as thesociated erroas a

standard deviation ifable B.3 in Appendix B.

3.4.2 Observations of Surface Units During the Traverse

from NavcamlImagery

From Sol 383 to 398, we observed loglief, polygonal pavers to be outcropping beneath
PerseveranceThese pavers were previously observeddbygan et al. (2022kgnd Crumpler &

al. (2023) from earlier sols between OEB and Artuby ridge. We acknowledge that there are
morphological similarities between the Nataani and Roubion members in outcrop that have created
discrepancies in previous interpretations of stratigraphy from eadis. For example, Roubion

and Nataani are given an identical field description by Crumpler et al. (202&)gan et al.
(2022b)interpreted the Maaz member closest to the rover traverse southwest of OEB (sols 112
123) to be Roubion using-situ imagey and RIMFAX data while Crumpler et al. (2023) mapped

this to be Nataani. Crumpler et al. (2023) offer alternative interpretations of the locations of
Roubion and Nataani relative to other Mdaz members within their constructed cross sections near
OEB andArtuby Ridge. Some alternative interpretations align with stratigraphic interpretations
for those sites made byorgan et al. (2022b)hile others differ. Due to these discrepancies in
interpretation around OEB in particular (e.g., Sol 379), we refdéretgetpavers in our subsequent
observati onlsi knes. & Rlohuebyi osnhar e t he most similari
Roubion by bottHorgan et al. (2022band Crumpler et al. (2023) from-gitu imagery.Other

Méaz members such as Rochette ascdbed by these studies as massive, pitted blocks of basaltic
lava typically observed at the scarp separating Maaz and S&gatbserve these blocks in images
taken of this scarp in Navcam mosaics and MastZamages and mosaics discussed in later

sedions.

We observe these Roubitike pavers to be particularly prominent on sols where the rover drove
close to or on the slight topographic rise separating Maaz from Séitah. These polygonal pavers are
visible in the HIRISE mosaic of Jezero near this bampdFigure 3.1). Indeed, from Sols 383 to

387,Perseverancean be seen driving directly over these polygonal, Roulikerpavers exposed
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at the surface in available Navcam images. These pavers then appear to be buried beneath regolith
at the enebf-drive on Sol 387. There are numerous, randomly distributed surface blocks in the
vicinity of the traverse on these sols likely due to the large impact craters La Orotava and Port
Angeles (Figure 3.1). Roubidrke pavers were again observed emerging fromegelith at the

surface at the mido endof-drive on Sol 388. Sol 389 to 397 show variations in exposure of the
Roubionlike pavers at the surface beneath a thin regolith cover with some visible aeolian
bedforms. Sol 389 shows an increase in surface blagkerseverancegaverses through the ejecta
blanket of a nearby small crat®erseverancpasses by small hills with many blocks and boulders
visible at the ends of drives on Sols 395 and 396 that may be part of the Rochette member of Maaz
(Horgan et b, 20221 Alwmark et al., 2023). These outcrops are not well resolved in these Navcam
images, but are more visible in Navcam mosaics on these sols. Rdikbigavers are again

visible beneatlPerseverancen Sol 398, where the rover drove parallel is boundary between

Maaz and Séitah (see Figures 3.1 and 3.2). This traverse was the last close approach to Séitah prior
to traveling toward the fan and provides important context linking the subsurface observations
from RIMFAX to those at the surface.
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Sol 384 (approaching pass

between Séitah and La Orotava

Sol 385 (Looking at scarpyf)-etween Séitah Sol 398 (Aproaching Séitah at the top left)
and Maaz with eroded Roubion-like
pavers in foreground)

Figure 3.2.The lowrelief, polygonalRoubionlike pavers are predominantly observed on earlier

sols for this traverse section such as Sol 384 (a and b) and Sol 385 (c). They are observed again
the end of this traverse section on Sol 398 (d). See Figuferal locationsThe pavers shown

in these images are morphologically similar (Horgan et al.,, 2022b, Crumpler et al., 2023).
Roubioun and Nataani could exist on a continuum as it has been posited that they may share a
weathering profile (Horgan et a022b)The intermediate sols show an increase in regolith cover

with a resurgence of the pavers at the surface toward Sol &&am images in (a):
VgncRawlLeft 070103143686181 rectified, (b):  VgncRawlLeft 07010333632605

1 rectified, (c): VgncRawLeft 0701117238B6461 _rectified, and (d):
VgncRawlLeft 070227350355921 rectified.
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3.4.3 Map of the Maaz-Seitah Interface

We interpret the top of the deepest packet of reflectors to be the baseMéalz formation in

contact with the Séitah formatiohhe MaazSéitah boundary is often identifiable by the contact
between a low reflectivity zone and a region of high reflectivity (Figure 3.3). Individual reflectors
within what is interpreted to be Saditoften appear to dip away from the Maaegitah contact on
portions of drives that are orthogonal to this boundary. This is similar to previous observations of
Séitah by RIMFAX from OEB to Artuby ridge, where the dipping reflectors were observed when
driving orthogonal to the Séitah formation (Hamran et al., 2022). These reflectors associated with
Séitah that we observe are subtler than the bright, steeply dipping layers observed by Hamran et
al. (2022) directly imaged on the Séitah formation on Solsa2@l202. Where visible, these
dipping reflectors associated with Séitah assist in determining which subsurface layer is most

likely the MaazSéitah contact at depth.

We picked this boundary, where visible, across every radargram collected from Sol3®2&3 to

The position of this boundary was recorded in terms of time delay and converted to depths using
the measured bulk velocity of 0.1 m/ns from 83.4.1 (Figure 3.1). The overlying M&az formation is
thinner near the beginning (Sol 383; A) and end (Sol 29Blj) of thi s secti on
upwards slope of the surface occurs from the SW to the NE sides of Séitah, and the picked Séitah

paleosurface follows this regional slope (red profile, panel c of Figure 3.4).
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Figure 3.3. Examples of radar facies froBols 383, 386, 387, and 398. The lowermost bright
return with dipping layers on orthogonal drives is interpreted to be the top of Séitah in contact with
the base of Madaz. Two other layers are visible above the deepest layer, likely to be members of

the owerlying Méaz formation.

After picking the MaaZéitah contact across each sol, we created the first continuous map of the
overlying M&az formation thickness on the Jezero crater floor (Figure 3.4a), the resultant
paleosurface topography (Figure 3.4b), andomparison of profiles of the overlying surface
topography (Figure 3.4c, black line) and the paleotopography (Figure 3.4c, refMenegport a

mean thickness of 4.09 + 0.85ahthe overlyingMaazformationgiven the standard deviation of

our measure thicknesesfrom A to A W) Figure 3.4.
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Figure 3.4.Mapping the location of the M&&&éitah interface in RIMFAX radargrams along the
traverse from Sol 383 to 398 revealed that the overlying Méaz unit thickens away from the slight
ridge that separatesfrom the exposed Séitah unit. There is likely some contribution from a layer

of regolith, however Roubiclike pavers are seen at the surface through this material. Panel (a)
is the estimated thickness of Maaz from Sols-388. Méaz is thinnest whelRerseverance
approaches this ridge. The boundary between the base of Maaz and top of Séitah follows the
increasing slope of the crater floor toward the fan as shown in the topographic profile from A (Sol
383 start) to AN ( Sol topd@phyeof ttie)underlyingmBaitareunit i ¢ ) .
generated in panel (b) by subtracting the estimated thicknesses of the overlying Maaz unit in panel
(a) from the surface topography along the traverse in panel (c). This subsurface topography is

shown in red onhte profile in panel (c).
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3.4.4 Interpretations of SubsurfacelLayers

It is likely that the uppermost unit observed in the radargrams is the Médaz member Roubion based
on the observations from the autavigation Navcam images showiRgrseveranceonsiséently

driving directly over the polygonal pavers with interspersed regolith cover. There is no obvious
evidence from the hsitu Navcam autmavigation images th&erseverancdrove directly on the
Rochette member, which is described by Crumpler et@23Pto be tensf-cm-to-m-scale basalt

slabs as compared to the low relief pavers of Nataani/Roubion. Roubion was interpreted to directly
overlie the Séitah formation hyorgan et al. (20223t Polygon Valley through a combination of
in-situ imagery, sampling, and RIMFAX observatioH®rgan et al. (2022kglso demonstrated a

case at OEB where Roubion is possibly underlain by Rochette with a possible layer of sediment
or eroded material depited on top of the Séitah formation. This is interpreted in the RIMFAX
radargrams there as a pocket of Jmflectivity. From Sol 383 to 398, we typically observe two to
three distinct layers characterized by high reflectivity packets of reflectors efpanased by a

low reflectivity region in RIMFAX radargramsee Figures 3.5, 3.7, 3.9, and 3.11 in the following

subsections as examples)

In the following subsections, we describe observations of the stratigraphyoworselected sols
between383 and 398. These Sols had an abundance ofiin imagery that informs our
interpretations of collected RIMFAX subsurface observatiofRer each sol, we include a
contextual map of the drive location on the sol of interest, description and interpretation of the
various layers present from the radargram, and any contextg#liitlack and white auto
navigation Navcam images and/or color images from Navcam or Mag&idhat further inform

our interpretationsThe interpretations of subsurface layers included a&wenb lines on each of

the radargrams in this section indicates the top of that [ageruninterpreted section of radargram

for each sol discussed is included in Appendix C (FiguresQZ4L We synthesize our
observations and interpretations from eattihese sols, including models of inferred stratigraphy

in the discussion i83.3.5.
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3.4.4.1S01 384

Sol 384 is a section of traverse nearly parallel to Séitah (Figure 3.4a). Layers can be seen to be
dipping upward in the radargram, parallel to the ps@parating Maaz from Séitah and the rim of

La Orotava crater (Figure 3.5). At least three distinct layers are seen in the radargram (Figure 3.5d)
as bright packets of reflectors each separated by a zone of lower reflectivity. Each of the three
layers folow the slight upward slope as the rover begins to traverse northward on Maaz between
Séitah to the west and La Orotava to the east. The reflectors of the lowermost layer exhibit a dip
similar to the slope of the layer. The intermediate layer has botindigmd horizontal layers

while the topmost layer has nearly horizontal reflectors. Other dark blocks are present to the east
up to the crater rim. These blocks could be excavated from various depths from the impact and so
we cannot say with confidence whimembers of Maaz could be present at the rim frositin

imagery alone.

The uppermost layer has reflectors that appear to extend all the way to the surface in the radargram
while the second and third continue below (Figure 3.5d). The polygonal Relikeqravers are

also observed at the surface (see Figure 3.5b and c). We interpret this topmost layer in the
radargram to be Roubion (Figure 3.5d, cyan line). We interpret this third, deepest layer to be the
location of the base of the Maaz formation imtaxt with Séitah below (Figure 3.5d, magenta

line). To the west lies the scarp that separates Maaz and Séitah. There are dark, pitted blocks we
interpret to be Rochette along with a small outcrop of patheatare visible in a lefeye Navcam

image lookng back at this scarp at the eoiddrive on Sol 384 (Figure 3.6). The interpreted
Rochette layer is indicated by a green line in the radargram in Figure 3.5d.

These three layers are interrupted at ~65 m in the radargram. No returns from the subsurface are
visible here. The interpreted Rochette and Roubion layers resume at ~70 m but the base of Maaz
is no longer visible here. This layer resumes further in the radargram (see the uninterpreted

radargram in Figure C.1 in Appendix C).
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Figure3.5.Layers along the first 80 m (B to BNj) of
bright, dipping reflectors (d). These reflectors appear to follow the slight topographic rise in the
vicinity of the La Orotava crater rim. (a) is a section of the HiRt&iSaic centered on the Sol 384
traverse. The Sol 384 traverse is shown in red with other sols labeled for context. La Orotava crater

is to the east of the traverse with the Séitah formation directly to theRees¢verancéaversed

a narrow strip betwan these two features atop members of the Méaaz formation. (b) The start of

the traverse at point B is covered with regolith for at least 40 m with occasional small rocks that
appear partially buried. (c) Clusters of Roublike pavers crop out at the sace around 50 m
andPerseverancé r aver ses over sever al of these outecr
with blocks of Mdaz material distributed up to the crater rim. (d) RIMFAX radargram showing the
dipping reflectors. Since Roubidike pavers ee observed beneath the rover, the top cyan layer is
interpreted to be Roubion with some regolith cover at the start of the traverse. We interpret
Rochette (green line) to underlie this layer based on its presence at the scarp separating Maaz from
Séitah & the west. Artuby could underlie Rochette as has been observed elsewhere but we do not
see evidence for this in outcrop and so we refer to this magenta layer simply as the Maaz base.
This base layer is discontinuous. Scattering in the subsurface maatkghie signal rapidly here.

A region of lowreflectivity truncates this layer. The upper two layers resume on the other side of

this zone. Navcam autmavigation image in (b): VgncRawLeft 0701030724221 _rectified.

Navcam autenavigation image in (cgncRawLeft 070102813081241 rectified.

i 84



(a) panel (b)

(b)

Figure 3.6.(a) A portion of the Navcam mosaic from the drive on Sol 384 looks back along the
drive direction. A small outcrop of the pavers is on the farReftseverancelearly drove directly

over this outoop. Panel (b) zooms in on the top right portion of this mosaic looking at the ridge
that bounds Séitah to the right. We interpret these blocks to be associated with Rochette
outcropping along this ridge. While these blocks were not directly in the p&thrséverance

they have been found to underlie what we interpret as Roubion at nearby earlier sols where
Perseverancé&raversed back through OEB (e.g., Sol 3d6rgan et al., 2023bNavcam mosaic:
NLF_0384_0701042414 477RZS _NO0132448NCAM02384_0A0195J01
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3.4.4.2So0l 387

Perseverancencountered more diverse terrain on this sol and Sol 386. A series ofhapdd
depressions are visible in the HIRISE mosaic toward the }8&#tah contact, which are likely
degraded impact craters (Figure 3.7a). These femfpartially obscure the M&&2itah contact,
typically delineated by a scarp observed to be formed by the Rochette member of Maaz (from what
has been visible in igitu imagery in the region). There are also massive blocks closer to the rover

traverse themay have been excavated earlier by these impacts.

The radargram for thiSol has high reflectivity regions at the surface as observed on other sols.
These regions are fairly discontinuous along the traverse on Sol 387. There also could be fine
scalelayering within the uppermoslkayer, complicating interpretation s layer boundary in

some cases. Navcam images of the traverse show pavers covered by regolith (Figure 3.7b). The
uppemost layer in the radargram is interpreted to be Roubion with segadith cover (Figure

3.7¢, cyan line). The massive, pitted blocks in this region appear similar to various examples of
Rochette in outcropHorgan et al., 2023bThe pavers transition to these blocks on the left side

of the Navcam image toward Séitahgiifie 3.7c). An example of larger blocks are seen in the
foreground of Figure 3.8 taken by MastecZmSome of these blocks could have been excavated

by the impacts in the area. We interpret the layer beneath Roubion to again be Rochette here
(Figure 3.7c, teen line). The deepest layer (Figure 3.7c, magenta line) is interpreted to be the base

of Maaz.
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Figure 3.7.(a) is a section of the HIRISE mosaic centered on the Sol 387 traverse. The Sol 387
traverse is shown in red with other sols labeled for contexOrotava crater is to the southeast

of the traverse with the Séitah formation directly to the southResteverancteraversed a region
that appears to have multiple degraded crater
crosses thragh several outcrops of pavers and regions of regolith cover. (b) shows a Navcam
image at the start of the drive. There is some regolith cover in the foreground with the pavers off
in the distance (white arrows). Séitah is to the left in this image. (dir§h&40 of the RIMFAX
radargram shows three nearly horizontal layers. Since Rolikéopavers are observed beneath

the rover, the top cyan layer is interpreted to be Roubion with some regolith cover at the start of
the traverse. This layer surfacesha paver outcrops seen in the Navcam -suatagation images

and deepens beneath some regolith cover. We interpret Rochette (green line) to underlie this layer
based as the pavers transition to massive, pitted blocks characteristic of this member@ward t
MaazSéitalcontact (see Figure 3.8). The base of Maaz is indicated with the magenta line. Navcam
image in (b): NRF_0386_0701218619 682RZS N0141176NCAMO03386_0A0195J01.
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Pitted- ~
Massive

Blocks

Figure 3.8.Massive, pitted blocks that are characteristic of Rochette are \isitded the Maaz

Séitah contact in this image. Some of these blocks could have been excavated by the impacts in
the vicinity of the traverse. These craters appear fairly degraded in the contextual image in Figure
3.7a. This image is part of MastcamZ mMosac:
QZCAM_SOL0387_ZCAMO08415 L0 7110 SEITAH_MAAZ_EASTERN_CONTACT LA_O
ROTAVA_PDI_EO1.

3.4.4.3S0l 389

Perseverancdrove past a larger, degraded crater (D ~ 60 m) and a small, unnamed crater (D ~ 33

m) on Sol 389 that exhumed blocks of Maaz material fleerstibsurface and deposited dark rays
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of ejecta on the crater floor visible in the HIRISE mosaic of the crater floor (Figure 3.9a).
Perseverancdrove directly over some of these blocks on the surface that generated hyperbolas in
the radar data as was dissed in 83.3.2. An example of the effects of surface blocks is shown in
Figure B.1 for Sol 387 in Appendix B. These are seen in the corresponding radargram as limited

regions of high reflectivity at the surface.

Three distinct layers are visibleinthedl2 m secti on of this radargram
are nearly horizontal and are likely undisturbed in this area by the impacts on either side of the
traverse here. The layers are also fairly continuous for the remainder of the radargram (the
uninterpreted radargram is shown in Figure C.3 in Appendix C). This section of the crater floor is
fairly smooth and homogeneous in appearance except for the blocks of ejecta strewn across the
surface. Blocks of ejecta that are directly in the rover path kely Isourced from the D ~ 60 m

degraded crater to the southeast of the traverse. Itis difficult to attribute these blocks to a particular
Maaz member since they have been disturbed by the impact and are no longer in place. Blocks of
ejecta are the only sible surface rocks. There is no direct evidenceReaseverancéraversed

directly over any Roubiotike pavers here due to regolith cover. These pavers are visible in the
HIRISE mosaic of the crater floor closer to the scarp associated witdbheSétah contact

(Figures 3.1 and 3.9a). The onlysitu imagery available for the two craters and their ejecta are a
Navcam image looking back at the traverse at the end of the drive for this sol (Figure 3.9b and c),
part of a MastcarZ mosaic taken on SoB3 looking back at these two craters and the traverse
(Figure 3.10a), and a Navcam i mage of the D -~
Figure 3.10b. Aside from the blocks that are likely ejecta, the rover primarily traversed over
regolith. The three observed subsurface layers are at depths that are consistent with named units

in the radargrams collected on prior and later sols. We hypothesize that these three layers are
Roubion, Rochette, and the Mdaz base as interpreted from radargramedaleeither side of

this sol and that the blocks that were excavated by the two impact craters nearby are sourced from

some of these M&az members.
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Figure3.9.The first 120 m of the northwest traverse

craker to the southeast befoRerseverancéraversed through the ejecta from a fresher, smaller
crater to the north of the traverse. (a) is a HIRISE mosaic of this traverse shown in red. The two
craters of interest are labeled. Blocks of ejecta from bothexfet craters are seen between the
rover tracks indicating’erseveranceraversed directly over them. (b) and (c) show the larger
degraded crater and related ejecta blocks within the rover traverse. This ejecta may be responsible
for the high reflectivity egions at the surface in the radargram in (d). Three nearly horizontal layers
are visible in the subsurface. Based on observations along other sols, we hypothesize these three
layers are Roubion buried by a layer of regolith underlain by Rochette withéebase between

~4 and 5 m depth. Navcam image in (b) and (c):
NLF_0389_0701487117_614RZS_NO160000NCAMO02389_0A0195J01.
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Port Angles Crater

T

Crater Ejecta Degraded
Crater

Impact Crater

Figure 3.10.(a) This MastcarZ mosaic was taken on Sol 395 looking back toward the traverse.
Port Angeles crater is in the background with the fresh crater and degraded crater ejecta on either
side of the rover tracks in the foreground. It is unclear in the imagess mérabers of Maaz
individual blocks could be sourced from. (b) This Navcam image looks back directly at the end of
the drive on Sol 389. The fresh (D ~ 33 m) crater can be seen off to the left. (c) is an enlargement
of the top right of this Navcam imageghiighting some of the ejecta that was driven over by the

rover. Mastcarz mosaic in (a):
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QZCAM_SOL0395 ZCAMO08419 L0 7110 SANTA_CRUZ_EO02. Navcam image in (b):
NRF_0389 0701486911 _429RZS_N0160000NCAMO02389_0A0195J01.

3.4.4.4501 398

Sol 398 is the last s@therePerseverancérove close to the scarpthe Maaz Séitahboundary
The closest approach to the scarp was ~15 m here (Figure 3.11a). Limited color Navcam images
are available from this drive. We primarily interpret surface units using these anddkeabd

white autenavigation Navcam images.

The radargram collected on this sol again shows a series of three layers where the deepest layer
(Figure 3.11d, magenta line) is interpreted to be the base of Maaz in contact with Séitah. The
topmost reflectol(Figure 3.11d, cyan line) we again interpret to likely be Roubion with some
regolith cover at the start of the drive. Navcam aawvigation images showerseverance
traversing several outcrops of these Roubiik@ pavers at the surface (Figure 3.11b apdVe

interpret the intervening layer to be Rochette (Figure 3.11d, green line) based on a section of a
MastcamZ mosai c taken on Sol 388 |l ooking west ac
(Figure 3.11a) with the western fan front in the backgro(Figure 3.12). AsPerseverance
approaches the Ma&eitah contact orthogonally, the layer interpreted to be Rochette shallows.
This layer never crops out at the surfacéPasseverancéhen begins traversing parallel to the
MaazSéitah contact at ~50 nthe Roubiordike pavers are exclusively observed here. The
Rochette layer is thinnest at this location. Pexrseverancstarts to turn away from the contact,

the Rochette | ayer begins to descend further
(magenta line) does not show any obvious steeply dipping reflectors that dip away from Séitah as
was noted by Hamran et al. (2022) on orthogonal drives along the route to Artuby ridge. An

uninterpretedrersion of this radargram section is shown in Figurei€ Appendix C.
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Figure3.11.Layers along the first 100 m (E to Ea)
in the subsurface. (a) is a section of the HIRISE mosaic centered on the Sol 398 traverge in red.
solid black line and dashed black line are overlaid on the reers@vThe solid line corresponds

to the perpendicular section of the traverse towardvthazSéitah contacand the dashed line
corresponds to the parallel section from E tdjHhe Séitah formation lies to the southeast.
Perseverancenade a close apprdat¢o theMaazSéitahcontact here and drove parallel to the
scarp. (b) The start of the traverse at point F is covered with regolith for at least 50 m with
occasional small rocks that appear partially buried. (c) Clusters of Relieqravers crop out at

the surface around 50 m alrseverancdraverses over several of these outcrop&Nip. (d)
RIMFAX radargram showing each of the three visible layers. Since Rolikeompavers are
observed beneath the rover, the top cyan layer is interpreted to beoReuithi some regolith

cover at the start of the traverse. We interpret Rochette (green line) to underlie this layer based on
its presence at the scarp separating Maaz from Séitah imaged on Sol 388 by Maseafmigure
3.12).The lines at the bottom die radargram correspond with those in panel (a) from BNfo E
Navcam image in (b) VgncRawLeft 07022716821151 rectified. Navcam image in (c)
VgncRawLeft_070227350355921 _rectified.
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Western Fan Front

- Mvaiz-Seltah Coitilct
, Rochette member/

Séitah formation

Figure 3.12.This MastcanrZ viewshed was taken on Sol 388 looking westward acros3étiah

formation in the centeat theMaaz Séitah contastherePerseveranceade its last close approach

to on Sol 398In the foreground, thilaazSéitahcontact is partially obscad by an eroded impact

crater and aeolian bedforms. The wesMéazSéitahcontact along the scarp is visible where the
closest approach to this contact is taken on
topmost, blackbrown, planar rocks tlikely be Rochette (sddorgan et al., 2022their Figure 4a

and c for comparison to another Rochette outcrop).

3.5 Discussion

3.5.1 Crater Floor Permittivity, Density, and Inferred
Composition from RIMFAXData
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Our mean permittivity estimate of 9.1 awdrresponding bulk density of ~3.2 g €rfrom
hyperbolic forms fit on sols 38398 are consistent with estimates from Casademont et al. (2023)
from the start of the mission up to Sol 379. They identified a mean permittivity of 9 and median
of 8. Casademdret al. (2023) found a mean bulk density of 3.1 gce cannot tie our estimates

of permittivity or bulk density to any ieitu sampling or abrading, but our estinsad&permittivity

and densityalign wellwith previous estimates for the crater fl¢Gasademont et al., 2023), which
leads us to conclude that subsurface layers observed on seRO88&e likely mafic in
composition. Our permittivity estimate is within identified ranges for mafic material estimated by
previous investigations of Martidava flows using orbital radar sounding techniques (e.g., Carter

et al.,, 2009; Simon et al.,, 2014; Shoemaker et al., 2022) where permittivities1df wére
identified. The morphologies and textures of outcrops observed from Sol 383 to 398 (see Figures
3.5-3.12 in §3.4.4) are similar to members of Maaz that have been interpreted to be lava flows
(e.g.,Horgan et al., 2022, 2022h Alwmark et al., 2023; Crumpler et al., 2023). Observations of
Maaz members in outcrop range from massive, pitted basalt Hio¢ke lowrelief pavers that

may have resulted from some inflationary emplacement mechanism (Crumpler et al., 2023). There
are likely small contributions to the bulk permittivity and density of the subsurface from-lower
density materials such as regolifhich we observed at the surface in most of the radargrams and

in-situ imagery presented in 83.4.4.

Hyperbola matching methods such as those presented in Casademont et al. (2023) carry some
inherent assumptions and uncertainties related to user idetrgifieand selection of a hyperbolic

form in the subsurface. Their Figure 7 presents a visualization of the uncertainties associated with
this specific method and demonstrates that uncertainty increases with increasing permittivity and
that increasing perntivity is observed with increasing hyperbola apex location inway travel

time. First and foremost, the interpretation of a subsurface hyperbolic form-dems=rdent and
assumes a hyperbolic form is real. We consider symmetric shapes with an ajeatdeast 1 m

for permittivity estimation here. Hyperbola matches are also sensitive to the geotifiestthe
theoretical shape to the apex and tails of the true form, and whether that form is truly a hyperbola
(Giannakis et al., 2022). False id&oations and misfits by users were shown to occur at least
20% and 28% of the time, respectively, by Mertens et al. (2016). There is additional error
introduced from truly inhomogeneous subsurface media, noted by Giannakis et al. (2021). Even

velocitiesestimated from hyperbola matching assuming a simplifiedlayer model, commonly
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used in Earttbased GPR investigations, carry errors of £ 10% or greater (Jol, 2008). A minimum
of 10% error yields a range of bulk velocities from 0.09 to 0.11 m/ns condsEpto a
permittivity range of ~7.5 to 11. This wider permittivity range is still consistent with a mafic
interpretation for the crater floor material.

3.5.2 Inferred Stratigraphy for Sols383 to 398

Based on the stratigraphy we map from the radargesntsontextual images collected along the
traverse from Sol 383 to 398, we find that RIMFAX consistently detects at least three layers where
the uppermost two are members of Maaz. These two Maaz members in addition to the contact with
the Séitanformationat depth appear to be fairly continuous in the radargrams (Figures 3.5d, 3.7c,
3.9d, and 3.11d). In Figure 3.13, we take these observations from the RIMFAX radargrams and
generate models of the inferred stratigraphy from subsections of traverses oms8R73889,

and 398.

We interpret the topmost layer in each of the stratigraphic models in Figure 3.13 to be Roubion
that is partially buried by regolith along certain sections of the traverse (cyan layer). What is
interpreted to be regolith correspondsrégions of low reflectivity at or near the surface in the
radargrams. In our models, this regolith cover is shown in gray. We similarly observe low
reflectivity or Aradar transparento zones abo
member hat overlies Rochette (green layeihere insitu imagery is limited or we infer the
presence of the Roubion or Rochette layer fromlssisre or after the shown traverse segtive
indicate our uncertainty wit hdargram8 83.44. Ourt he |
observations and subsequent interpretation of the presence of these three layers and low reflectivity
regionsagree with observations ibyorgan et al. (20223t OEB and Polygon Valley. For thav

reflectivity zones in the subsuda, it is likely there was a period of erosion, deposition of
sediments, or perhaps a combination of both. This transparent layer does occasionally have some
reflectors interspersed that could correspond to somedoaeayering Characterizing thistier

layering was outside of the scope of this present effort. The lowermost layer and material beneath
that reflection boundary is interpreted to be the Séitah formation (magenta layer). There were
dipping reflectors associated with this layer. These digveay from the Maa&éitah contact on

Sol 386 and Sol 398 during orthogonal portions of the drive (see examples in Figure 3.3).
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In addition to dipping reflectors, we also observed dipping layers early in this section of traverse
on Sol 384 t( Bi ttso eBnNg) cam dS aal 398 (E to ENj). Th
are shown in the topmost stratigraphic model. Roubion, Rochette, and the underlying Séitah
formation dip uniformly along this section. The dipsuld be the result of disturbance from the
formation of the La Orotava impact crater. These layers depart from other nearby sols where they
appear to be nearly horizontal (Sol 383 for example). Layers observed in radargrams collected on
sols 385386 also appedo dip as the rover passes by La Orot&vaitu images show what appear

to be blocks of M&daz material near the crater rim and closer to the rover traverse location between
the rim and the Séitah formatiohthese blocks are from Maaz, then iikely that the La Orotava

impact postdates the emplacement of the Maaz formdticcould also be the case that the
paleosurface was uplifted prior to the emplacemen¥iééz and this local topographic rise in
addition to the disturbance by the crater yield@sdipping layers observed in the radargrams. With

the limited observations that are available, it is difficult to determine a clear source of the dips.

By Sol 387, these | ayers appear nearly horizo
Roubionis buried beneath what is interpreted to be a fairly thin layer of regolith. Roubion may

crop out on the surface in some isolated locations. Rochette underlies Roubion and is not seen
outcropping in the vicinity of the rover. It is observed in Navcam MadtcamZ images to be
outcropping at the M&a3éitah contact (Figures 3.7 and 3.8). We interpret the Séitah formation to

underlie Rochette here.

On Sol 389 the two craters proxi mal to the tr
The disturbaces to the subsurface stratigraphy are likely much more localized here than close to

La Orotava due to the substantially smaller size of these impact craters. The layers interpreted from

the radargram on this sol are similarly horizontal as on Sol 387 Rbubionlike pavers are not

seen at the surface here, instead there is a definitive layer of regolith visible ksittoeinmagery

and in the RIMFAX radargram. The Roubion member is likely buried beneath this regolith cover.
Perseverancdrove directlyover blocks of ejecta from these two impact craters. In the radargrams,

these surface blocks generate hyperbolic shapes as discussed in earlier sections and generate a
localized region of higher reflectivity at the surface. We note the location of thedes lin the
stratigraphic model in Figure 3.13 from D to |

blocks or ejecta to any particular member of Maaz. However, we can estimate the approximate
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excavation depths for thesenplecraters usig their finalrim diametes. The smaller, fresh crater

has afinal diameterof ~33 m. The more degraded, larger crater has a final diameter of ~60 m.
Melosh(2011) andOsinski et al. (2012)rovide a summary of the derived relationships between
the final im diameters and the depths of excavation for simple and complex cFaessmple
craters, the relationship derived Bjroemaker (1963)sing the simple Barringer crater on Earth
should be sufficient to estimate this value for the two craters hbealepth of excavation,ed,

is generallyrelatedto thefinal rim diameter, Dasdexc~ 01D. From this relationship we estimate
that the D ~ 33 m crater excavate8l3-m of material in the subsurface and the D ~ 60 m crater
excavated 6 m of material. IfRoubion is the topmost layer, this smaller diameter crater toward
the end of the Sol 389 traverse is likely to have excavated midterraRoubion and Rochette
The | arger diameter crater between D aasd DNj c

of theMéazformationhere,as interpreted from the radargram (Figures 3.9d and 3.13).

Sol 398 is the last sol we examine of this ~2,300 m traverse (black line in Figure 3.1). This is also
the last close approach to the M&&itah contact biPerseverancen the Jezero crater floor.

Fr om EPetseverdadgpproaches the Ma&eitah contat orthogonally and then traverses
parallel to this scarp. For the orthogonal portion of the drive, reflectors within the interpreted Séitah
formation (Figure 3.13, magenta layer) dip away from Séitah. These reflectors appear nearly
horizontal while drivirg parallel to the Séitah formation. This correlates well with observations by
Hamran et al. (2022) for traverses near the Artuby ridge. We interpret Rochette (Figure 3.13, green
layer) to overlie Séitah here (Figure 3.12). Navcam-aatagation images skwoPerseverance

driving directly over the Roubioclike pavers. There may be some pavers cropping out of the
regolith c¢closer to point E. Roubion is then <c
traverse section parallel to the Maagitah contet. Rochette appears to dip upward and almost
reach the surface closest to the scarp as Roubion appears to thin. Rochette and Roubion then

descend back into the subsurface to the end of the drive on Sol 398.

The Maaz members Roubion, Rochette, and the riyiglg Séitah formation are visible and
continuous for many tens of meters in nearly every radargram from Sol 383 to Sol 398. The four
sols discussed here had the mossito imagery available for additional context to more

thoroughly interpret the RIMFAXobservations. We discuss the thickness and subsequent
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estimated subsurface relief and discuss the Mdaz members and their extents along this section of

the crater floor traverse in the following sections.
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Figure 3.13.The left panel is the extent of theap shown in Figure 3.1. It is modified to show the
subsections of specific sols along the rover traverse where the stratigraphy was interpreted in 84.4
using the RIMFAX radargrams and availablesitu imagery. Each yellow section of the traverse

in the kft figure corresponds to a stratigraphic model on the right. From top to bottom, these
stratigraphic models correspond directly to the layers marked on the RIMFAX radargrams and in

situ imagery on sols 384, 387, 389, and 398. A legend for the membkesMéaz formation and

the Séitah formation are shown at the top right. Subsurface layers are nearly horizontal except for
Sol 384 (B to BNj) where reflectors follow a |
and Sol 398 ( Bterpreted RaVpion ankd Racleettetmierebers thin upwards toward

the MaazSéitah contact.

3.5.3 Map of the Regional Maaz-Sitah Boundary

The Seéitah paleosurface follows a regional increase in elevation toward the western fan deposit
(Figure 3.4b and c). ThedAz formation thins at start and end of the traverse, likely a consequence
of the proximity of Perseverancdo the boundary between Maaz and Séitah along with the
influence of the La Orotava impact crater on sols-38@. Maaz then thickens at intervensas

and is thickest between Sol 394 and 395 (Figure 3.4a).

Hamran et al. (2022) artdorgan et al. (2022)oth suggest that there was substantial erosion of
Séitah, generating the ridges and current topography associated with this unit. These ridges are
visible from orbit (Figure 3.1). It makes sense, therefore, that there would be substantially varying
paleotopography associated with the top of Séitah that was later overlain by Maaz, which is what
we observe in Figures 3.4b and 3.4c. In order to beitaahze the relief associated with the top

of the Séitah formation, we must remove the slope associated with the topographic profiles in
Figure 3.4c. We detrend the topographic profiles by subtracting the minimum Maaz thickness of
2.23 m from the estimadealongtraverse thickness of Maaz. The resultant profile in Figure 3.14

is an estimation of the relief at the Médagitah contact in the subsurface.
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Detrended Relief of the Maaz-Séitah Contact

(=2}

o

i=N

%]

Detrended Relief (m)
(9%

-

0

M,

M N N N N N M N N
RSOSSN P

N N N

O Y O S A
NN NN
Along-Traverse Distance (m)

N N
Y &

Figure 3.14. The relief of the Maa&éitah contact in the subsurface is the difference in the
elevationof the surface and subsurface and detrended by subtracting the minimum Maaz thickness

of 2.23 m from each picked point of the paleosurface.

This minimum of 2.23 m occurs at ~1,600 m along the traverse. There is ~5 m of relief relative to
this minimum. Ths indicates that substantial erosion of Séitah may have taken place prior to the
later emplacement of the Maaz formation. Similar estimates of relief could be generated using
RIMFAX data for earlier sols along the crater floor traverse. This would bemnatore about the
variation in relief of the paleosurface at the M&&itah contact from one side of the Séitah

formation to the other prior to the drive onto the western fan.

3.5.4 Extent and Emplacement of Mdaz Members for Sols
383 to 398

At Polygon Valley and OEB{organ et al. (2022 bser ved t he Nat aani and
be present in Mastcaiz images of the surrounding areas, particularly east of the traverse, but not
necessarily present in all casasRIMFAX data or directly in the path of the traverse. Near the
traverse on sols 38398 we cannot say with confidence that either of these Mdaz members were
identified in any available imagery. The area surrounding the traverse past La Orotava and prior

to Sol 398 appears fairly smooth from orbit (Figure 3.1) and in many of the contextual images

shown in 84.4. Regolith cover and some localized fields of ejecta from small impact craters and
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the Port Angeles crater rather than the Routikepavers are olesved at the surface. The rougher
surface where the Nataani and Chbéag members we

here.

Similarly, we also cannot make the argument that the Artuby member is presemtdrgen et

al. (2022b¥ind that pasPolygon Valley, the Artuby member is not visible. Especially toward Sol

379 just past OEBdorgan etal. (2022b) nst ead find the M8az members
and Rochette to overlie Séitah there. There is no obvious evidence supporting theepoé Hee

Artuby member for sols 38398. It may be present at the M&egitah boundary and simply not

visible with the available wsitu imagery. However, there is no layer visibly overlying what is
interpreted to be the Séitah formation in the radargrétmould share dielectric properties similar

enough to the underlying Séitah formation to be undetectable. We cannot state with confidence the

Artuby member is present here.

Again, we support the interpretation that RIMFAX has imaged the Rodik®mpavers (Figure

3.2) with some regolith cover based on the morphology of these units that have been described in
previous sections and Ihyorgan et al. (2022kgnd Crumpler et al. (2023). It is possible Nataani
could also be present and is misinterpreteRa@sbion in some locations. As previously noted it

is difficult to differentiate between the two with the imagery that is available on the sols we
examinedHorgan et al. (2022kglso point out that Roubion and Nataani both show a weathering

profile and thee two members may be closely related to one another.

Each of the layers observed in the subsurface by RIMFAX are separated by a region of lower
reflectivity. Similar toHorgan et al. (2022b)wve interpret these lower reflectivity regions to be
regolith atthe surface and possible regolith and/or sediment at depth, which would indicate that
significant periods of time must have passed for this deposition or erosion to take place before
other Maaz members were emplaced laddroemaker et al. (2022) observeaimilar process
occurring within larger lava flow fields in the Tharsis Volcanic Province using orbital radar
sounding data. This likely provides the necessary density contrast for radar to detect successive
lava flows.Not only does this along with the evidence for aqueous alteration (Farley et al., 2022)
indicate that Jezero may have experienced episodic fluvial activity, it also indicates the possibility

for several episodes of volcanic activity emplacing these sueedasa flows that make up the
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Méaz formation overlying Séitah. These observations also mean that these processes were
occurring concurrently and that the processes that formed the crater floor are likely more complex

than previously understood.
3.6 Condusions

Observations from Hsitu imagery and the RIMFAX GPR indicate thgrseverancg@rimarily

drove over a mixture of regolittover of a varying thicknessd the Roubion member of the Maaz
formation at the surface from Sol 383 to Sol 398 (Figureald 3. 2, A t o ANj) . A
of 9.1 and bulk density of 3.2 g chestimated directly from RIMFAX data at a variety of depths
indicate that the material in the subsurface is most likely coherent bedrock that is mafic in
composition. This is supted by similar measurements made by Casademont et al. (2023) up to
Sol 379 on the crater floasing RIMFAX. There is some inherent bias to the data discussed here,
since the traverse pathare chosenprimarily by the rover autonavigation routinethat
preferentially seledihe safest and therefore smoothest regionBdéoseveranceo drive over. The
low-relief Roubionlike pavers we observed along the traverse offer such a path. The frequency at
which we encounter the Roubion member is likely the camsstg of this. Therefore, our
stratigraphic interepretations should be considered to be fairly local (on the order of a few tens of
meters), and natecessarilyepresentative of the entire cratierol (e.g.,extrapolate@cross many
hundreds of meterspnother example is the lack of evidence to support the presence of the
Nataani andC h énzefbersear the traversia in-situ images, but our intepretations are limited

by the additional context that is available. Thi&&az membersould be present furtheway

from the traverse, perhaps they were ergpdethey could beentirely absent northwest of OEB.

The key result of our investigation is that these igneous lithologies observed at Artuby ridge and
the Octavia E. Butler landing site continue acros<theer floor to the fan deposit and that there
couldhave been some accumulation of {density or unconsolidated material between deposition

of successive lava flows (i.e., regions of low reflectivity separating each member). If sediment
eroded off of tle fan deposit (e.g., Paige et al., 2022) accumulated on the crater floor in this region
via fluvial or aeolian transport during a hiatus and then was later buried by another lava flow, this
could explainwhy it is not present at the current crater floorface. This intervening material

could also be from other sources within Jezero, or simply an accumulation of regskitjuence
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of successive lava flows ohrying densitiess alsoan equally likely source of the low reflectivity
regions overlying th@igher reflectivity regionsince GPR is most sensitive to density contrasts

It is difficult to determingheir precisesourcen the subsurfackom the RIMFAX GPR data alone.

If material indeed accumulated on the top of each lava flow after emplacehegmtesence of

this materiabuggestshat significant periods of time passed between the emplacement of each of
the observed Maaz memberadicating volcanic activity was likely fairly intermittent.
Furthermore, the agueous alteration osthgneous crater floor units suggests a complex interplay

betweerof intermittent fluvial and volcanic activity.
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CHAPTER 4.
Mapping Ice Buried by the 1875 and 1961 Tephra of Askja

Volcano, Northern Iceland using Ground-Penetrating Radar:
Implications for Askja Calderaas a GeophysicalTestbed for
In-situ ResourceUtilization

The contents of this chapter have been submitteghdblication in theJournal of Geophysical
Research: Planets

4.1 Introduction

Groundpenetrating radar (GPR) is a widely employed instrument in periglacial and glacial
settings on Earth to characterize the subsurface physical properties of ice, soil, ardtsadime

upper 10s to 100s of meters of the subsurface. Due to Hsmasive and easily deployable nature,

GPR has also been identified as an important tool for measurements of the regolith and the
subsurface of iceontaining sites on the Moon and idde.g., Grimm et al., 2006; Heggy et al.,
2006a; 2006b; Boisson et al., 2011; MEPAG ISEG Report, 2019; Lai et al., 2019; LWIMS
Report, 2020; Hamran et al., 2020; Li et al., 2020; Richardson et al., 2020; Hamran et al., 2022;
Li et al., 2022; Shoemaket al., 2022 and references therein). Orbital radar sounders were the
first systems used to identify and confirm widespread, buried ice deposits across the midlatitudes
of Mars (e.g., Picardi et al., 2004; Seu et al., 2007; Holt et al., 2008; Play2€08l; Bramson et

al., 2015; Stuurman et al., 2016; Dundas et al., 2018; Morgan et al., 2021). GPR systems have now
been successfully deployed on rovers on the surfaces of Mars and the Moon (Fang et al., 2014;
Hamran et al., 2020; 2021; Li et al., 2020t al., 2022). There is much interest in including a
GPR system as part of a futuresiiu resource utilization (ISRU) campaign to a polar cold trap on

the Moon, similar in scope to the planned VIPER mission (Volatiles Investigating Polar
Exploration Rover) (LWIMS Report, 2020; Colaprete, 2021; Shoemaker et al., 2022).

Terrestrial analog field sites are critical to test GPR methods to successfully characterize the
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properties of subsurface regolith and ice for future ISRU campaigns (Dinwiddie e0GB,, 2
Grimm et al., 2006; Heggy et al., 2006a; 2006b; Brandt et al., 2007; Boisson et al., 2011; Campbell
et al., 2018). At an elevation of >1 km, Askja is in a region of discontinuous permafrost
(Etzelmiller et al., 2007; Czekirda et al., 2019; Etzelmidteal., 2020that has been uniquely
influenced by its regional volcanic activity and historical deposits of tephra (KeReidbauer

et al., 2007). Askja provides a geophysical testbed to probe shala® rft) ice deposits like

those on Mars or the &n and develop analytical and field deployment methods to achieve future
science and ISRU objectives (Cannon and Britt, 2020; Ellery, 2020; Starr and Muscatello, 2020).
A current challenge in utilizing GPR for coordinated resource campaigns are the auslriggults

it can yield of subsurface stratigraphy. This has been demonstrated for layers such as water ice and
a low-density regolith, which share similar dielectric properties (Boisson et al., 2011). Different
depositional processes may also share ammdflector morphologies, further contributing to these
ambiguities (e.g., Hamran et al., 2022). Our investigation seeks to determine if the total losses to
the radar signal can be used as an additional, identifying signature of the presence of subsurfac
water ice when compared to tbree locations. To accomplish this, we conducted the first multi
frequency GPR mapping campaign to characterize the thickness, extent, and dielectric properties
of the massive ice and pyroclastic deposits at the Askja Nolicecated in the Northern Icelandic
Highlands (Figure 4.1a).

T 8 Askja Eruptions and CalderaSite Description

The Askja central volcano is located in the Northern Volcanic Zone (NVZ) of Iceland (Figure 4.1a,
inset). Askja was theource of a series of recent explosive and effusive eruptions in 1875, 1921
1922, 1929, 1931 and 1961 in addition to many other, earlier Holocene eruptions (Annertz,
Nilsson, and Sigvaldason 1985; Carey et al., 2008a; 2008b; Graettinger et al., 20£y; et it

2016). The youngest and current caldera is Oskjuvatn (Figure 4.1a), now occupied by a lake,
formed by an explosive phreatoplinian eruption in March 1875 (Sparks et al., 1981; Carey et al.,
2009; Graettinger et al., 2013). The March 1875 erugtioduced 0.33 kAdense rock equivalent

(DRE) of tephra throughout eastern Iceland and parts of Scandinavia and Germany (Carey et al.,

2009). The caldera tephra deposit is a coarseasghlar, rhyolitic pumice. In Octob&tovember
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1961, vents near theorthern rim of the caldera deposited a blackwn, basaltic lapilli
throughout the caldera and the Vikrahraun lava flow was emplaced eastward from the rim
(Thorarinsson and Sigvaldason, 1962; Blasizzo et al., 2022). These two tephra deposits each
blanketel and preserved a layer of seasonal snowpack that later densified into massive ice (an
extensive layer comprised mostly of litpoor ice) (Helgason, 2000; Carey et al., 2009). This
permafrost aggradation process initiated via snowpack burial and ptesetwavolcanic tephra

has been observed elsewhere in Iceland in its early stages at the Hekla volcano after its 2000
eruption and possibly in its much later stages at Oraefajokull preserved by ash from its eruption in
1362 (Helgason, 2000; Keller&irklbauer et al., 2007). Various thermokarst and permafrost
landforms are observed across the Askja caldera and flanks that indicate the presence of ice at
depth.

We focus on three sites within the caldera that are blanketed by these tephra deposits (Bigure 4.1
white boxes). We chose these sites because they possess morphologic evidence that buried ice is
present and represent the major tephra deposits anguréaee stratigraphy observed within this

region of the caldera. Figure 4:&cshow each of theserle sites and associated GPR surveys
taken in 2019 and 2021 (yellow lines). From north to south, Site 1 (Figures 4.1c and 4.2a) possesses
massive ice buried by the 1961 basaltic lapilli deposit, Site 2 (Figures 4.1d and 4.2b) captures the
interfingering of1961 tephra and 1875 pumice, and Site 3 (Figures 4.1e and 4.2c) is primarily
blanketed by the 1875 pumice with 1961 tephra mostly confined to topographic depressions. These
three sites exhibit a range of tephra overburden types and clast sizes, icesthiekwl permafrost
landforms, making this region of Askja an excellent site to test GPR field and data analysis

techniques.
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Figure 4.1. Askja is a central volcano located in Northern Iceland (panel a inset). (a) Deposits of
buff-colored rhyolitic pumice and black/brown basaltic tephra from eruptions in 1875 and 1961,
respectively, cover the northeastern part of the caldera. These deposits preserve ice at depth.
Groundpenetrating radar (GPR) surveys were conducted withinaldera and at the toe of the

1961 Vikrahraun lava flow (red boxegb) Within the caldera, GPR surveys were concentrated in

two main regions: within the 1961 tephra deposit to the north (panel ¢) and a zone where 1961
tephra transitions to 1875 pumicefess d, e)(c, d, e)Sites 1, 2, and 3, respectively, where GPR

data were collected at 200, 400, and 900 MHz in summer 2019 and 2021. GPR traverses at all
center frequencies taken in 2019 and 2021 are collectively shown in yellow. Panel (a) basemap is
Landsat 8 pansharpened image LC8 217015 20140906 (Vermote et al., 2016). Panel (b) basemap
obtained from the Esri ArcGE software.
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T BMethods

T B1 Field Methods

We conducted two GPR field campaigns within the Askja caldera inAlugyst 2019 and in
August 2021 on ratfree days. At each site during both campaigns, relatively dry conditions and
porous tephra kept moisture levels in the subsurface to a minimum, except at the ice table where
small amounts of perched meltwater were observed. We used aySeapBurvey Systems Inc.
(GSSI) SIR 4000 GPR system with three shielded antennas operating at center frequencies of 200,
400, and 900MHz for surveys. Crossectional images of the subsurface (radargrams) were
collected as a series of individual tracésng the length of a traverse across the surface. Traces
were collected in distance mode, triggered using an attached odometer wheel where the profile of
the subsurface was sampled at 100 traces/meter. Radargrams are displayadagstitaxe! times

(or depth) of returned radar wave amplitudes as a function of dfamgrse distance (Figure 4.3).
Strong contrasts in dielectric constant, or the real relative permittivity (proportional to density),
between subsurface materials will appear as a distinghtbboundary, or reflector, at depth.
These reflections allowed us to map the horizontal and vertical extent of tephra and ice layers

across the Askja caldera.

Position and altitude of the GPR unit was controlled using a combination of differential GPS
(dGPS) and contextual higiesolution aerial surveys of the caldera floor using a small uncrewed
aerial system (UAS) DJI Mavic Prdraverses were georegistered and tercaimected using a
Trimble Geo7x Handheld GPS attached to the GPR unit with eofectentimeteito-meterscale
position accuracyUAS surveys took place in 2019 and 2021 to provide detailed knowledge of
surface lithology, water and ice, terrain height, and additional positional control of GPR transects.
UAS images were used to produce orttosaics (Figure 4.1e) and corresponding digital
elevation models of our survey sites. The 2019 mosaic and elevation model data products were
produced at a spatial resolution < 3 cm/pixel in AgiSoft Metashape software; 2021 data products
were produced & 6 cm/pixel. UAS data products were georegistered to a horizontal and vertical
precision < 5 cm/pixel with a pesgrocessing kinematic (PPK) dGPS survey conducted at
stationary markers laid out in the UAS Survey area. Additionally, we drilled borehuledug
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trenches along collected GPR traverses to collect observations of tephra stratigraphy variations
across the caldera and to verify subsurface reflectors identified in radargrams, locate thigetop of

ice table at survey sites, and note changes istare conditions with depth.

4.3.2 Quantifying Permittivity and EM Wave Velocity

The permittivity of geologic materials is an intrinsic property expressed as a complex nember:

= gj - iet The ratio of the imaginary componeat, which describes losses to the propagated

radar signal, and the real componehtis the loss tangent, a .frkis quantity is, in turn, related

to the attenuation of the radar signal (see Section 4.3.4). Relative permittivity is gistendbsy

whereep is the permittivity of free space. The real component of the relative permitayjtyor

dielect i ¢ constant ; hereafter fApermittivityo for

through a medium which is given by

~,

0 @ - (4.1)
wherev is the bulk velocity of the radar wave through the mediumcaisdhe speed of light in
vacuum.ej of subsurface layers was estimated at different sites using two methods. First, we
estimated the velocity and calculated permittivity (Equation 4.1) fremch measurements of
tephra thickness and the eway travel times from radar picks at the teploainterface. Second,
we estimated bulk velocity by fitting theoretical hyperbolas to hyperbolic forms that are generated
by the motion of the GPR systemwtard, over, and away from a point source embedded in the
subsurface. We use the GSSI RADAN 7 processing and analysis software to fit hyperbolas where
possible and report estimates of bulk velocity and permittivity for those sections of the subsurface

abowe the embedded point sources.

4.3.3 Mapping Ice and Tephra Thicknesses

We produced maps of ice and tephra thickness at each site by picking radar reflectors within

collected radargrams. We applied a tisezo correction and an exponential gain to the radargrams
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prior to picking. This gain was applied only for visualizatiorrgmses and removed for any
calculations. We used the open source Radar Analysis Graphical Utility (RAGU) picking software
(Tober and Christoffersen, 2020) to generate our reflector inventory. From each picked reflector,
we exported relevant quantities to BSRI shapefile, including radar amplitudes, latitude and
longitude, tweway travel times, elevation, and layer thickness. Layer thicknesses were calculated
using permittivity values estimated using the two methods described in Section 4.3.2. Each
shapefie was then input into GIS software where it was overlaid onto the caldera orthoimages.

Examples of these ice thickness maps are shown in Figures 4.2 and D.1 in Appendix D.

4.3.4 Quantifying Lossesto the Radar Signal

Total losses to the radar signal aseirced from intrinsic attenuation (i.e., absorption), scattering,
and the geometric spreading of the transmitted wave front as it travels through the subsurface and
back to the receiver. Losses are directly proportional to distance and exhibit a setmitogar
decay in amplitude with time given I8y’ Rfor uniform layer thicknesses and constant reflection
coefficients (Grimm et al., 2006). This behavior can also arise from an isotropic distribution of
scatterers (Grimm et al., 2006). Similar behavias been observed in seismology (e.g., Jin et al.,
1994; Farrokhi et al., 2016) and in both cases, this constant decay is referr€@whesQ?! =

t a m U B, where tariis loss tangentJis the attenuation coefficient, amds the wavelength.

To quantify the losses to the radar signal, we employ methods similar to Grimm et al. (2006) and
Boisson et al. (2011) and fit sections of averaged amplitudes that exhibit a semilogarithmic decay
with depth. To estimate the total loss &drom the amplitudeat each GPR antenna frequency,

we first applied a series of processing steps to the GPR data, including (in order):-i¢rome
correction, 2) horizontal background filter to remove sources of coherent backscatter, 3) Hilbert
transform to obtain the maguade of collected traces and to further reduce signal variation, and 4)
amplitudenormalization using the peak of the direct wave. From the processed data, we then
calculated the average of traces over a segment of the radargram where layers wereirconstant

time-delay and maintained uniform thickness.

Total attenuation is estimated from trace averages corrected for ground losses such as the
geometric spreading of the wavefront and the backscatter cross sections of the reflecting targets.
These losses arescribed by the radar equation (Annan and Davis, 1977; Skolnik, 2008), the ratio

T 11571



of the reflected power to the transmitted power:

— —0Q (4.2)

whereG is antenna gaine-is the radar wavelengtls;is the backscatter crosection,Uis the

intrinsic attenuation coefficient, artlis the distance to the reflecting target. After correcting the

relative amplitudes fothese effects, total attenuation can be isolated from the average trace
(Annan and Davis, 1977; Boisson et al., 2011; Grimm et al., 2006; Scabbia and Heggy, 2018).

Three models are considered for the backscatter-sexg®on,3: 1) a smooth, planar retieor

wherea=" Ri where i is the power PEAILUREI2IGPR coef f

returns are integrated over the diameter of the first Fresnel #tgee R(e.g., a rough, planar

reflector) and = ~ adR yielding Pr/Pt ¢ 1/R®, and 3)a collection of Rayleigh scatterers, or
subwavelengtisized spheres, yielding= "°DSli/ whereD is the radius of the sphere yielding
Pr/Pt ¢ 1/R* (Annan and Davis, 1977).

We applied all three models to correct the trace averages, howeverutte redlector and
Rayleigh scatterer models overcorrected the data, which generated an unrealistic, positive slope.
We therefore applied a modeéépendent gain function of the forifiRi to the average trace, where

Ris depth in meterfRkound-trip travel tmes are converted to depth using a tHager permittivity

model. Permittivity of the overlying tephra is fairly well constrained from trenches and at the base
of that layer (see Sections 3.2 and 4.2). We assume a permittivity of 3.2 for ice at terapatatur

or around 0°C for microwave frequencies (Johari et al., 1976; Matsuoka et al., 1997). Our
assumption of the permittivity of the deepest layer then depends on our observations at each site,
further discussed in Section 4.3 (see Table 4.3 for layeritigity). One-way loss rates in dB/m

are estimated from linear leesjuares fits to the portion of the corrected average trace exhibiting

an exponential decay with depth, from the position of the first positive peak of the corrected
average trace to thwoise floor (see Figure 4.45. We used the slope from our fits to estimate

loss tangent whette a -f=. We used this total attenuation to test whether the presence of massive
ice at depth would result in a lower loss when compared to regions whesealzgent from the

stratigraphy.

Estimates of losses, Q , and loss tangent were made usingayree Python code developed by
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Shoemaker (2023).This code depends on the-eparce Python software readgssi (Nesbitt et al.,
2022) and functions from the opsource Python software RAGU tead in and autdetect the

peak of the direct wave from each collected GSSI radargram prior to averaging traces, correcting
the total loss curve for spreading and scattering effects, and fitting.

4.4 Results

4.4.1 Distribution of Ice and Tephra at Surveyed Sites

We examine 57 radargrams collected across the three caldera sites at central frequencies of 200,
400, and 900 MHz (Figure 4.1). Reflections associated with the top of subsurface massive ice
(corresponding with the base of the tephra layer) wesstiited in GPR data at each of the sites.
Massive ice is preserved by up to 1 m of 1961 basaltic lapilli at Sites 1 and 2 and up to 1.76 m of
1875 tephra at Site 3. Ice thickness varied considerably due to subsurface structure and topography.
On averagethe ice was observed to be thicker beneath the 1875 pumice, but maximum ice
thicknesses of up to 4.5 m were reached in limited areas beneath the 1961 basaltic lapilli,
particularly at Site 2. Ice thickness estimates for each of the three sites at &remglacy (for

clarity) are shown in Figure 4.2. See Section 3.3 for further details about how ice thickness was
estimated. A discussion of the observations at each site follows. A summary of ice thickness for
the collected radargrams at each site ant fiequencies can be found in Figure D.1 in Appendix

D. Ice thickness could not be calculated for all GPR traverses. In some cases, it was difficult to
identify the ice layer at depth due to scattering in the capping tephra layer or poor coupling to the
surface by the antenna. This issue was encountered at Site 3 at 900 MHz and so these observations
were excluded from ice thickness estimates in Figure D.1 (Appendix D). In other cases, it was due
to the resolution at a particular frequency. This was trugtlyntor 200 MHz observations where

the tephra layer is thin compared to the antenna resolution.
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Figure 42. We mapped massive ice buried by tephra using grpeneétrating radar at center

frequencies of 200, 400, and 900 MHz. Panels a, b, and c are ice thickness maps summarized for

the 400 MHz observations. At 400 MHz, massive ice was observed to be thicRasttpanel

(b), reaching depths of 4.39 m. Radargrams collected at each center frequency at each of the three

sites are summarized in Figure 4.3. Trench and borehole locations are markedah $éd. 1

massive ice deposits are relatively thin ia thest and thicken toward the hiking trail in the east,

reaching a maximum depth of 2.79 m. The tephra transitions from more loosely packed ripples or

aeolian bedforms to a smoother, compact section after point A. Internal layering was observed
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within theless compact tephra(b) Site 2 has more ablation features than Site 1 (e.g., tension
cracks and depressionb)assive ice here is likely resting on an older ash or tephra deposited prior

to 1961.Massive ice deposits are also thickest at this site, irgaelmaximum of 4.39 m moving

south along the hiking trai{c) Massive ice at Site 3 tends to be thicker, on average, beneath the
1875 pumice. Obvious thermokarst are scattered throughout this region. A meltwater channel
generated by seasonal meltingsabw cuts through GPR traverses taken on either side. Trenches
taken on the east and west banks of this channel revealed ice buried by tephra from the 1875 and
1961 eruptions. Images of the interplay of these deposits and massive ice are shown in
Supplemetal Figure D.2 (Appendix D).
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Figure 4.3. (a) Site 1 radargrams summarized here correspond to panel (a) of Figure 4.2. A section
of a 206 m traverse is shown from A tbwhere up to ~2 m of massive ice occupies the troughs

of buried lava flow festoons.The top of the ice table is fairly constant, measured from trenching

to be at 52 cm depth beneath the 1961 tegghj5ite 2 radargrams summarized here correspond
to panel (b) of Figure 4. 2. Section B to BO
cm) preserved by ~33 cm of 1961 tephra taken in 2021. Section C to C' is repeat 400 and 200 MHz
observations ten in 2019 where up to 65 cm of massive ice is preserved by ~50 cm of 1961
tephra.(c) Site 3 radargrams summarized here correspond to panel (c) of Figure 4.2. Radargrams
from D to D' were taken upslope. The-tordm-sized clasts of pumice are visibtyore scattering

than the sulwavelength 1961 tephra. Massive ice reaches a maximum thickness for Site 3 along
this section at 2.84 m. The ice table is estimated to be at ~62 cm from a borehole 29-m along
traverse. All radargrams were processed in the GBRIAN 7 software using a vertical infinite
impulse response (IIR) filter, a fiy@oint exponential gain, and corrected for variations in surface

topography

4.4.1.1Site 1 Observations

Site 1 contains GPR observations primarily taken during the #élllseason. A series of long
traverses (up to 206 m) were repeated at 200, 400, and 900 MHz over the 1961 basaltic lapilli
deposit (Figures 4.1c and 4.2a). From visual observations taken on the surface, this deposit is
generally uniform in physical profgées such as appearance, grain size, porosity, and compaction
along each survey line. Tephra in the southernmost portion of Site 1 is slighthgraneed,

having been remobilized to form ripples or aeolian bedforms. In radargrams, this area ofgipples
associated with multiple reflections within the tephra deposit interpreted to result from internal
layering and moisture differences. The ice deposit is thickesti(z8.4n thick) in the south
(beneath these bedforms) and east (toward the hiking Tra#)transition from these bedforms to

a smoother, more compact tephra is visible in Figure 4.2a just before point A.

Massive ice layers at Site 1 are discontinuous in radargrams (Figure 4.3a), and are thickest in
troughs within the underlying lava flownd pinch out toward structures interpreted to be buried

lava festoons (pressure ridges generated by a viscosity increase as the lava cools). Trenching
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revealed the ice table at fairly consistent depths between 40 and 52 cm, except where disrupted by
lava festoons. Some lava festoons are exposed along the survey line (e.g., near point A) as rocky
outcrops at the surface, where they also generated clutter in the GPR data. -ilxemsized

clasts of lapilli generated little scattering visible in the radangtaas compared to Site 3 (see
Section 4.1.3) where most of the ice is buried by théccadm-sized 1875 pumice.

4.4.1.2 Site 2 Observations

Site 2 is located south of Site 1 within the 1961 basaltic lapilli deposit with some windblown 1875
pumice scattexd across the surface (Figures 4.1d and 4.2b). The buried basalt festoons observed
at Site 1 may continue south beneath the deposits at Site 2, but are not resolved in the radargrams.
Ablation and melrelated features are more widespread here than dt,Sitserved as collapsed
depressions, tension cracks, and hummocks along with pooled surface water and some perched
meltwater at the ice table. Many of these depressions appear to be concentrated or have initiated
near the boundaries between subsurfaeeaitd abutting lava outcroppings. Surveys were taken
along the trail and in a region west of the
massive ice at depth that are surrounded by collapse features and small hummocks (Figure 4.2b,
B to B").

Massive ice layers are fairly continuous in the radargrams (Figure 4.3b), but are disrupted by
ablation and where collapse features are evident at the surface. Ice deposits are thicker in the east
toward the hiking trail, approaching 5 m and are as thi em in the western portions. The ice

table was found to be between at 33 and 50 cm depth from trenches, and is well resolved at each
frequency. The tephra cover is consistently thinner at this site, which could be the reason for the
increase in ablatiofeatures compared to Site 1. The massive ice layer in each radargram shows
very little scattering or internal reflectors, implying low lithic content and/or dispeeségined
sediment of small grain size. This is consistent with ice samples retriemadbbreholes and

trenches at this site.

4.4.1.3Site 3 Observations

At Site 3, both 1961 and 1875 tephra layers and buried ice are observed, including large hummocks
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of 1875 pumice and depressions bounded by tension cracks that were infilled by 1961 tephra
(Figure 4.1e and 4.2c). Observations were primarily taken alonpatfies of a large, seasonal
meltwater channel, which allowed easy access to vertical stratigraphy exposed though trenching.
On the western channel bank within a large depression, ~60 cm of ice buried by 36 cm of 1961
basaltic lapilli was uncovered on topl875 ash and pumice. On the eastern bank ~3 m of massive
ice was buried beneath ~40 cm of-simed 1875 pumice clasts. Both ice deposits had little
entrained sediment and closed, faired gas bubbles/pore space. Images of these deposits can be

viewed inFigure D.2 (Appendix D).

Figure 4.3c shows radargrams from D to D' at Site 3 where up to 2.84 m of ice is buried exclusively
by 62 cm of crto-dm-sized clasts of 1875 pumice. In contrast to the minimal scattering by the
1961 basaltic lapilli, the 1875 puod layer shows strong scattering behavior in radargrams until

it contacts the top of the ice table. A weaker basal interface is observed for the ice layer at both
frequencies. The region between the ice table top and base is transparent in radargratisgsugge
fairly uniform ice with little entrained sediment or bedding at wavelesg#ie, which was
confirmed by both trenches exposing massive ice along the channel banks and a borehole taken

close to D' (see Figure D.2).

4.4.2 Permittivity and Wave Veloaty

Velocity measurements within the 1875 pumice were more challenging than for the 1961 basaltic
lapilli. Scattering from pumice clasts approaching the wavelengths of the antennas generated many
overlapping hyperbolic forms, especially at 400 and 900 Mi{perbola fits were therefore
scarce at Site 3 where the 1875 pumice is much more prevalent. We summarize all of the successful
individual hyperbola fits in Table 4.1. Average permittivity and velocities are primarily estimated
from hyperbolas for 19614saltic lapilli at each of the three Sites and for each frequency. For Site

1, we estimate an average permittivity of 13.9 (0.080 m/ns velocity) at 200 MHz, 10.8 (0.091 m/ns)
at 400 MHz, and 7.5 (0.109 m/ns) at 900 MHz. We find similar values at Site92:01a86 m/ns)

at 200 MHz, 10.2 (0.094 m/ns) at 400 MHz, and 6.01 (0.122 m/ns) at 900 MHz. Along some
traverses at Site 3, the overlying tephra is a mixture of both 1875 pumice and 1961 lapilli. For this
tephra mixture, we find an average permittivity1&.3 (0.071 m/ns) at 200 MHz and a single

measurement of 10.3 (0.093 m/ns) at 400 MHz. We are able to identify hyperbolas at the base of
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the 1961 basaltic lapilli at Site 3 for several 400 MHz observations yielding an average permittivity
of 15.2 (0.079 nmis). Hyperbola measurements from the 1875 pumice were much more uncertain.
These permittivities are elevated compared to typical valuegtddbla dry, lowdensity volcanic
tephra deposit (Campbell and Ulrichs, 1969).

Permittivity values estimated from trench and borehole measurements of tephra thickness are
summarized in Table 4.2. Average permittivity for the 1961 lapilli across all sites is estimated to
be 4.79 at 200 MHz, 5.07 at 400 MHz, and 5.08 at 900 MHz. \ifeastan average permittivity

of 5.47 at 200 MHz and 4.37 at 400 MHz for the 1875 pumice from Site 3. This was the only
confident measurement of the 1875 pumice we could obtain despite possible hyperbolas identified
within that deposit. These permittivitialues align better with literature estimates for permittivity

in a dry tephra (Campbell and Ulrichs, 1969), but are still slightly elevated.

Permittivity estimated from hyperbolas is elevated compared to the trench values. The hyperbola
fitting method @pends greatly on user identification of a true hyperbolic form and manual fitting
of that shape. It is also highly sensitive to the goodoésis of that of the theoretical hyperbola

apex and tails to the true form, if that hyperbola is, in fact, rettie collected subsurface data
(Giannakis et al., 2022). In particular, conventional hyperbtilag carries significant error when
subsurface media are truly inhomogeneous (Giannakis et al., 2021). Fits to a false hyperbolic form
yield elevated, unreigtic permittivity values which may have been retained in our sample leading

to overestimates. This can be problematic even for automated hyperbola picking efforts where
false and missed fits were shown to occur at 20% and 28%, respectively by Merte(Z0a63.
Furthermore, these hyperbditing techniques can yield bulk velocities with variance and errors

in the range of £ 10% or more (Jol, 2008). These are likely sources of error resulting in these
elevated permittivity and bulk velocity estimatesiich highlights the limitations of conventional
hyperbolafitting. We therefore utilize permittivity estimates from trenches and boreholes where

possible in our analysis of losses and our ice thickness estimates.

Table 4.1 Individual hyperbola fits a¢ach of the three caldera sites and GPR central frequencies.
Velocities and permittivity values were estimated by fitting a theoretical hyperbola to the real

hyperbola generated by the embedded point source using the GSSI RADAN 7 processing software
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packae. See Section 3.2 in the main text for descriptions on the method.

Year Traverse Freq. Stratigraphic Layer Velocity Real Dielectric x position, y Site
Number (MHz) Interpretation (m/ns) Permittivity peak (m) position,
(Bulk) peak
(ns)
2021 13 200 Tephra Base 0.062 23.19 27.54 13.75 3
2021 13 200 Tephra Base 0.069 18.71 53.76 9.75 3
2021 15 200 Tephra Base 0.083 13.06 53.14 9.57 3
2021 16 400 Tephra Base 0.093 10.33 114.92 6.97 3
2021 19 200 Scoria Base 0.097 9.65 70.82 5.16 2
2021 21 200 Scoria Base 0.080 14.19 4.70 6.98 2
2021 22 400 Scoria Base 0.094 10.12 14.94 6.09 2
2021 22 400 W/in Ice Layer 0.124 5.81 48.54 541 2
2021 22 400 Scoria Base 0.100 9.01 63.68 5.27 2
2021 22 400 Scoria Base 0.100 9.01 70.88 6.36 2
2021 23 400 Scoria Base 0.092 10.53 4.14 4.59 2
2021 23 400 Scoria Base 0.090 10.97 36.30 5.68 2
2021 24 400 At Ice Base 0.109 7.52 8.12 12.56 2
2021 24 400 At Ice Base 0.139 4.62 9.72 9.42 2
2021 24 400 W/in Scoria Layer 0.104 8.36 26.40 8.19 2
2021 25 900 Base of Scoria Layer 0.122 5.99 28.60 6.25 2
2021 25 900 Base of Scoria Layer 0.122 5.99 61.96 5.91 2
2021 25 900 Base of Scoria Layer 0.119 6.38 69.28 5.98 2
2021 26 900 Base of Scoria Layer 0.130 5.32 4.14 5.71 2
2021 26 900 Base of Scoria Layer 0.119 6.38 43.50 6.66 2
2021 26 900 Base of Ice Layer 0.130 5.32 12.58 12.80 2
2021 28 900 Base of Scoria Layer 0.118 6.48 5.46 5.98 1
2021 28 900 Base of Scoria Layer 0.108 7.72 93.50 6.39 1
2021 28 900 Base of Scoria Layer 0.106 7.93 97.00 6.39 1
2021 28 900 W/in Ice Layer 0.168 3.18 147.20 6.87 1
2021 29 900 Base of Scoria Layer 0.107 7.79 56.26 5.71 1
2021 29 900 Possible Buried Basalt 0.096 9.72 84.20 5.50 1
Festoon
2021 30 900 Base of Scoria Layer 0.115 6.80 6.30 5.71 1
2021 30 900 Baseof Scoria Layer 0.107 7.79 11.92 6.05 1
2021 30 900 Base of Scoria Layer 0.107 7.79 22.90 7.55 1
2021 31 400 Base of Scoria Layer 0.085 12.32 5.68 6.04 1
2021 31 400 Base of Scoria Layer 0.080 13.92 37.70 11.82 1
2021 31 400 Possible Basafestoon 0.094 10.21 75.76 6.04 1
2021 31 400 W/in Ice Layer 0.156 3.69 130.12 10.00 1
2021 31 400 Base of Scoria Layer 0.082 13.35 189.84 15.17 1
2021 31 400 W/in Scoria Layer 0.099 9.19 202.28 1.93 1
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2019 36 400 Base of Scoria Layer 0.076 15.41 61.84 5.24 1
2019 36 400 Base of Scoria Layer 0.093 10.50 65.42 4.93 1

Table 4.2.Estimated permittivity for GPR traverses at each of the three caldera sites and center
frequencies obtained through tephra overburden thickness measurements from trenches and

boreholes. All trencheewere dug to the top of the ice table.

Year Traverse Freq. Permittivity Position Ice Table Overburden Tephra Method  Site
Number (MHz) Along Track  Position  Thickness Cover
(x, m) (ns) (cm)
2019 14 200 2.59 11.25 5.37 50 1961 Lapili Borehole 2
2019 17 400 4.75 4.80 5.23 36 1961 Lapilli Trench 3
2019 19 400 4.55 12.00 5.12 36 1961 Lapilli Trench 3
2019 20 400 2.81 12.00 4.02 36 1961 Lapilli Trench 3
2019 25 200 6.56 1.50 6.83 40 1875 Pumice Trench 3
2019 28 200 4.73 4.30 5.22 36 1961 Lapilli Trench 3
2019 29 200 5.86 3.67 5.81 36 1961 Lapilli Trench 3
2019 30 400 4.81 29.57 9.07 62 1875 Pumice Borehole 3
2019 31 200 4.37 29.57 8.64 62 1875 Pumice Borehole 3
2021 11 400 3.84 50.86 5.49 42 Mixture Trench 3
1875/1961
2021 12 400 11.75 50.62 9.60 42 Mixture Trench 3
1875/1961
2021 13 200 12.99 70.26 6.85 30 Mixture Trench 3
1875/1961
2021 15 200 8.79 40.96 8.30 42 Mixture Trench 3
1875/1961
2021 19 200 3.34 49.44 4.02 33 1961 Lapilli Trench 2
2021 20 200 7.05 17.94 5.84 33 1961 Lapilli Trench 2
2021 21 200 4.80 16.88 5.84 40 1961 Lapilli Trench 2
2021 22 400 6.34 49.20 5.54 33 1961 Lapilli Trench 2
2021 23 400 7.00 18.46 5.82 33 1961 Lapilli Trench 2
2021 24 400 4,12 17.46 5.41 40 1961 Lapilli Trench 2
2021 25 900 5.80 47.50 5.30 33 1961 Lapilli Trench 2
2021 26 900 7.05 19.16 5.84 33 1961 Lapilli Trench 2
2021 27 900 3.09 16.66 4.69 40 1961 Lapilli Trench 2
2021 28 900 2.97 114.22 5.98 52 1961 Lapilli Trench 1
2021 29 900 2.84 58.06 5.84 52 1961 Lapilli Trench 1
2021 30 900 8.75 43.94 7.89 40 1961 Lapilli Trench 1
2021 31 400 2.89 109.54 5.89 52 1961 Lapilli Trench 1
2021 32 400 3.75 58.12 6.71 52 1961 Lapilli Trench 1
2021 33 400 9.39 44.18 8.17 40 1961 Lapilli Trench 1
2021 34 200 2.87 109.76 5.87 52 1961 Lapilli Trench 1
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2021 35 200 3.07 54.78 6.07 52 1961 Lapilli Trench 1
2021 36 200 8.80 43.54 7.91 40 1961 Lapilli Trench 1

4.4.3 CalculatedLossesto the Radar Signal

Based on our observations at each site, we assume a rpedhaittivity of 9 for what are likely
underlying basalt lava flows at Sites 1 and 2 and a value of 3 for a dry tephra to represent the 1875
ash and/or tephra underlying the ice layer along some traverses at Site 3 (Campbell and Ulrichs,
1969) in order to @form a multilayer deptiorrection prior to fitting. The permittivity
assumption for Site 3 is likely an underestimate as we could not measure whether there was any
water at the base of the ice layer or deeper below; any meltwater would contribuitghter dhlk
permittivity. Section 3.4 summarizes the permittivity assumptions for the ice and capping tephra

layers. See Table 4.3 for a summary of all layer permittivities used for loss fitting.

Loss rate estimates result from portions of the correctedgedrace (Figure 4.44 grey curves)

that display an exponential decay with depth. In all cases, this portion of the curve was from the
base of the ice table, or pumice layer in the case of the Vikrahraun lava flow, to the noise floor.
The majority of he remaining sources of loss that are contributing to the estimated loss rates after
the spreading correction are therefore below the ice table, or the less lossy pumice transitioning to
the underlying 1961 Vikrahraun flow in the ifree case. This is due the fitting depth range of

the corrected trace that spans from the-isgbor subpumice layers to the noise floor. The
overlying tephra and ice contribute to the total loss, but likely to a lesser degree. We find average
oneway total loss rates of @ dB/m at 200 MHz, 3.08 dB/m at 400 MHz, and 4.55 dB/m at 900
MHz in icerich regions (i.e., sections of radargrams with 10s of centimeters to several meters of
ice at depth) blanketed by the 1961 basaltic lapilli. We find averagevapdoss rates of %2

dB/m at 200 MHz and 1.67 dB/m at 400 MHz for-roeh regions beneath the 1875 pumice. On

the 1875 pumicenantled Vikrahraun lava flow, we estimate loss rates of 2.69 dB/m at 400 MHz
and 2 dB/m at 200 MHz. We summarize the results of the attenuatisevieral representative
ice-rich and icefree radargrams in Figure 4-dlaat each of the antenna center frequencies. Table

4.3 summarizes individual loss rate calculations.

The oneway total loss rates are similar, even atfiee sites such as the 19@ikrahraun lava
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flow. The finergrained, remobilized 1875 pumice that has mantled this basalt lava flow is likely
the source of the comparable loss rates at this site (see Figure 4.1d). There is some overlap between
all calculated loss rates at 200 MHz atiQ) MHz in Figure 4.4e due to the spread in the values,
likely the result of variability in scattering losses, meltwater, or properties of the material beneath
the ice between the different sites. Despite this overlap, there is an overall increaseay trss

with increasing frequency as observed by other investigations in permafrost environments (e.g.,
Boisson et al., 2011).

We estimate fitting errors by examining the variance in the slope fit to ten averaged traces at a
time. We estimate the sloperfthese subsets of ten averaged traces across the range of traces
comprising the average trace and fit slopes over the same range of depths. From this variance, we
estimate standard deviation for the emay loss rates derived from the slopes of the fits.
Calculated variances spanned a range from 0.51 to a maximum of 55.1. These are further detailed
in Table 4.3 along with the corresponding standard deviation. Variances were estimated from
forced fits over the same range of samples as the average trabggfdrevariances could be the

result of poor fits to this range and deviations from a semilogarithmic decay for each of the ten
traces sampled. There was no obvious correlation between the total number of traces and variance
indicating higher variancesaresult from variations in goodnesffit from each of the ten trace
samples. The total number of loss rate estimates we were able to obtain was most often limited by
a positive slope or low linear correlation coefficient, indicating a deviation framaagarithmic

decay with depth. We obtained a limited number of loss estimates from Site 2 and radargrams with
1875 pumice coverage for these reasons. We found that the variance and standard deviation tend

to increase with increasing frequency. These dac#ies are summarized in Table 4.3.
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Table 4.3.Summary of estimates of loss rates from various sites across the caldera sites at each available frequency. Othsunumaatited
are the traces fit over {xo x), Q value, loss tangeng;value for the slope, linear correlation coefficient (r), variance in the skfpeand the
standard deviatiors). We also include the permittivity for the tayer (1961 Vikrahraun lava flow case) and thiager (all caldea sites) depth
corrections performed prior to fitting. Reliable fits for Site 2 radargrams could not be obtained. See Sections 4.3.3 iantiel fhain text for

descriptions of the methods and summary of results.

Year Traverse Site Freq. Tephra Ice e &ij =N X1 X2 Slope FitDepth  One Q t an Slopep r s? S
(MHz) Cover  (Y/N) Source Interval way value
(z1-z2, m) Losses
(dB/m)

2019 17 3 400 1961 Y Trench 320 3.00 70 343 -7.05 0.97-2.58 353 10 0.101 9.15E127 0.85 8.90 2.98
Lapilli (Table
S2)

2019 19 3 400 1961 Y Trench 320 3.00 781 1191 -585 0.972.82 293 12 0.085 1.02E127 0.81 6.91 2.63
Lapilli (Table
S2)

2019 20 3 400 1961 Y Trench 3.20 3.00 64 306 -5.51 0.993.20 276 12 0.087 4.36E149 0.80 3.84 1.96
Lapilli (Table
S2)

2019 25 3 200 1875 Y Trench 3.20 3.00 0 1233 -2.10 2.215.34 1.05 18 0.056 1.95E58 0.50 296 1.72
Pumice (Table
S2)

2019 28 3] 200 1961 Y Trench 3.20 3.00 70 343 -6.15 1.303.42 3.08 6 0177 1.81E143 0.80 474 218
Lapilli (Table
S2)

2019 29 3 200 1961 Y Trench 320 3.00 205 694 -6.87 1.273.67 3.44 6 0.174 6.87E207 0.86 501 224
Lapilli (Table
S2)

2019 30 3 400 1875 Y Trench 3.20 3.00 0 1380 -3.33 2.0%-2.97 167 21 0048 17935 056 55.10 7.42
Pumice (Table
S2)

2019 31 3 200 1875 Y Borehol 3.20 3.00 0 1400 -3.98 1.863.46 199 11 0.093 234E75 0.77 1290 3.59
Pumice e
(Table
S2)

2021 28 1 900 1961 Y Trench 3.20 9.00 7526 8014 -891 1.552.38 446 21 0.048 4.06E57 0.66 14.66 3.83
Lapilli (Table
S2)

2021 29 1 900 1961 Y Trench 3.20 9.00 2274 2522 -930 1.392.06 465 20 0.051 2.20E45 0.70 33.07 5.75
Lapilli (Table
S2)

T 13071



2021 34 1 200 1961 Y Trench 3.20 9.00 7163 7748 -440 1.575.00 2.20 9 0.107 4.00E175 0.87 151 1.23
Lapilli (Table
S2

200 1961 Trench 3.20 9.00 2204 2452 -451 1.365.04 . 9 0109 557E131 0.75 051 0.71
Lapilli (Table
S2

2019 8 1961 200 1875 N Literatu 9.00 N/A 0 1000 -4.00 1.774.84 200 11 0.090 1.82E117 0.93 559 2.36
Lava Pumice re
Flow (Campb
ell and
Ulrichs,
1969)
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2021 Radargram 34, 200 MHz , Caldera Site 1 2021 Radargram 28, 900 MHz , Caldera Site 1
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Figure 4.4. We fit sections of semilogarithmic decay of trace averages at various sites and
frequencies across the Askja cald@a) and from the 1961 Vikrahraun basalt lava flow mantled

with 1875 pumicgd). The average trace (solid black line) is corrected fongminc spreading

effects (grey solid line). Sections of semilogarithmic decay with depth are fit with a linear
regression (blue dashed line). Losses are comparable between the Site 3 and 1961 Lava Flow
observations at the same frequency (Panels c anttidkriEsses of the shaded regions correspond

to the estimated thickness of the deposit for those averaged traces. Thicknesses of the deposit(s)
underlying the ice is unknown in all cases. @vay loss in dB/m calculated from the slope of the
fit(bluedashd | i ne), Q, and t he (e®sesvaytatemugtiongénerélly an )
increases with increasing frequency. @vegy losses at 200, 400 and 900 MHz are summarized.
There is significant spread in the losses associated with each depositfat@aehcy. We report

slopes of successful fits along with these other parameters in Table 4.3. Error bars were left off for

clarity, see Table 4.3 for estimates of uncertainty.

4.5 Discussion

4.5.1 Bulk Radar Lossesas an Indicator of Buried Ice

Themain challenge in utilizing GPR to identify buried water ice on other terrestrial planets is the
ambiguity that arises when interpreting radar returns from the subsurface. In particular, the
permittivity of water ice and other dry, ledensity materials sin as regolith or volcanic tephra

and ash overlap, typically ranging frord2(Campbell and Ulrichs, 1969; Johari et al., 1976;
Matsuoka et al., 1997). One signature that may help with interpretations of subsurface materials is
the total radar losses thaise from absorption and scattering. Since pure ice typically exhibits a
lower loss than other geologic materials at microwave frequencies (Daniels, 2004; Pettinelli et al.,
2015), we tested whether this anticipated-logs signal can be isolated at dwetd location, and

whether quantified loss rates might serve as a suitable proxy for identifying ice layers at depth.

Measured loss rates betweenimh sites and the ie#ee comparison site share much overlap in
magnitude (Figure 4.4e), especially satering their associated formal errors (see Table 4.3). This

makes it challenging to uniquely identify the characteristicllosg signature of subsurface ice at
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these field sites from evaluation of trends in loss rates versus frequency (see Figure D.3 in
Appendix D for further comparison). However, this ambiguity may be the result of the limited ice
thicknesses encountered at our field locations and contributions of deeper volcanic materials to the
measured loss ratedAs discussed in Section 4.3, to aste a reliable slope measurement, our
oneway loss estimates require fits to the average trace over depth ranges that are below the ice
layer in all cases. Depending on the ice layer thickness, the combined loss of the tephra overburden
and volcanic matéal that is below the ice (e.g., lava flow or older tephra layers) may contribute
more greatly to the losthdeed, we find that or&ay losses decrease with increasing average ice
thickness across all frequenciésough the trend of increasing loss natth increasing frequency

is still clear(Figure 4.5), suggesting that the signature of ice is likely to be more prominently

expressed and identified as greater thicknesses are encountered.
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Figure 4.5.0neway losses as a function of averagetitekness along sections of GPR traverses
comprising the average trace at each site. There is a trend of decreasingyoloss with

increasing average ice thicknes®d increasing loss with increasing frequenidye trendline for
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the 200 MHz ighe solid black line 400 MHz is the black hashed line, and 900 MHz is the gray
dotted line. The 900 MHz trend has too few fits for a reliable trend to be determined for those data.
Additional loss fits would assist in determining if the slopes are charactefishie signature of

ice at depth for each individual frequenparticularly at 900 MHz.

However, additional data points are needed to fully evaluate the relationship betwegayone
losses and average ice thicknesses. The trends in Figure 4.5 are bitmetiglger total number

of loss rate fits that were able to be obtained at2@400MHz. (Figure 4.5)For regions such

as thdunar South Pole where water ice concentrations may be extremely low, the trend in Figure
4.5 indicates that estimates of $omight not be particularly helpful to uniquely indicate the

presence of water ice.

4.5.2 Other Sourcesof Loss

Total losses are comprised of contributions from both absorption and scattering. Without a full
characterization these effects, it is difficiatdetermine if losses are simply driven by the different
scattering regimes created by the different tephra clast sizes¢adm 1961 lapilli vs. crscale

1875 pumice) and material below the ice layer (such as lava flows or older tephra), or absorption,
or a combination of both. For example, as seen in Figure 4.4, the largerdrmscale 1875
pumice clasts overlying massive ice exhibit a lower loss at 200 MHz than the observations over
the 1961 lapilli at the same frequency. We observed that scatbexcagie more visually prevalent

in the 400 and 900 MHz radargrams in the 1875 pumice deposit, suggesting that scattering in the
pumice layer may be more prominent at these frequencies compared with the effect at 200 MHz.
In the 1961 lapilli deposit, absdipn may be more dominant at 200 MHz given the-sub
wavelength clast sizes associated with that deposit. Additionally, traverses with 1875 pumice
coverage have thicker ice layers on average. Given the correlation between lower loss rates and
average ice tlekness (Figure 4.5), the lower loss rates observed for the 1875 pumice traverses
could be the result of a thicker ice layer at depth. This highlights the need for further modeling and

observations in order to fully characterize and isolate the effectsittésng and absorption.
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4.5.3Insights on GPRField Operationsfrom the Askja Analog
Site

Askja Volcano is an excellent geophysical analog for operational asduinnstrumentation
testing given its striking similarity to the surfaces of the Moon and Mars and unvegetated terrain.
Unsurprisingly, the ambiguity associated with GPR returns fthhen subsurface necessitates
additional context such as boreholes or trenching in order to confirm our interpretation of
stratigraphy. This will no doubt be a challenge on the surfaces of other terrestrial bodies for both

robotic and human assets.

We succesfully mapped the base of the overlying tephra and the entire vertical extent of the
massive ice where present and where scattering was low at all sites and at all center frequencies.
Figures 4.2 and 4.3 show ice thickness mapped at 400 MHz (substantied@e at each site was
obtained at this particular frequency) and corresponding radargrams at all three center frequencies.
The addition of the ice thickness maps at 200 and 900 MHz highlight advantages and
disadvantages of utilizing these lower or higlieequencies. These ice thickness maps at all
frequencies are compared siogside in Figure D.1 in Appendix D. At 200 MHz, mapping thinner
sections of subsurface massive ice became more difficult due to reduced resolution, but deeper and
thicker ice depsits were easily resolved. At 900 MHz, there was much difficulty mapping
subsurface ice at Site 3 due to scattering from theoedm sized clasts of 1875 pumice. We
therefore were unable to map ice thickness at that frequency for Site 3. The 900 Mittzigtled

to resolve some deeper ice deposits at Site 1 as shown in Figure D.1 in Appendix D. The 200 MHz
antenna was particularly advantageous for overcoming the effects of scattering fromtthe cm
dm-sized clasts of 1875 pumice, especially at Site IB.thkee center frequencies performed
exceptionally well when taking data over the raimed 1961 basaltic lapilli. The 400 MHz antenna
provided a better balance of vertical resolution and penetration depth, particularly at Sites 1 and 2.
Surveying at the® MHz center frequency was challenging at all sites except for Site 1 where a
combination of conditions including smoother, more compact tephra (enabling better ground
coupling) and small clast sizes allowed for collection of fgghlity radargrams. THener vertical
resolution at this frequency also enabled greatly improved identification of bedding and internal

layering in the tephra and finer details of layered structure. For any resource campaigns conducted
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on the surface of the Moon or Mars whergh@dr amounts of scattering in the regolith may be a
concern, lower frequencies will likely be more favorable, unless the characterization-okaery
surface ice is desired, such as what was encountered at the high latitudes of Mars by the Phoenix
Lander(Mellon et al., 2009).

Our GPR surveys across the three caldera floor sites did not obviously resolve vertical transitions
between pore ice and excess or massive ice. Our trench and borehole observations showed thin
(generally <10 cm) zones of peiee within the tephra before transitioning to massive ice at depth.
These zones in pore ice and transitions in ice concentration are at or below the limit of vertical
resolution for the GPR frequencies used here, making them difficult to identify in radargoams. T
test GPRO6s ability to characterize changes
ISRU applications, more suitable analog sites should be sought. This will be important for future
interpretation of Mars ground data and especially for theisince ice in the form of pef#ling

zones or small grain sizes may be most prevalent, at least in theunkeae (Siegler et al., 2015).

The Askja caldera tephra deposits are not precisely compositionally analogous to lunar or martian
regolith bu are of a similar density and permittivity when dry (see Carrier et al., 1991; Olhoeft
and Strangway, 1975; Lai et al., 2019). Meltwater and moisture, although relatively minimal at
Askja at the time of observations, are likely to be an issue for GPRtig&gons at any terrestrial
analog site. This thin zone of perched meltwater at the top of the ice layer likely enhanced the
dielectric contrast between the ice and overlying tephra, which are otherwise close or overlap in
permittivity (e.g., Campbell @hUlrichs, 1969; Boisson et al., 2011). Although we believe the
effects of this meltwater on the attenuation to be minimal, they would still contribute to the total
loss. A full characterization of moisture at any analog site is necessary in order t® asugla
contributions this may have to radar attenuation. In order to more directly compare results from
future terrestrial analog field GPR investigations with the arid martian or lunar environments, we
will add soil moisture probe measurements with degitreach site or coordinated electrical
resistivity measurements to our field plan to quantify contributions to the total attenuation from
meltwater or moisture. Effects of moisture may be further minimized by field studies in extreme
regions such as thedi Andes or the Antarctic Dry Valleys. Despite these shortfalls and
complexities, the Askja caldera deposits offer variation in clast sizes,giraira and intergrain

porosities, varying ice thicknesses, and ice burial by ademsity overburden. This \@rsity
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makes Askja an ideal testbed for GPR and geophysical field methods that seelkftoveaedl to

ISRU applications and subsurface scientific investigations at the Moon and Mars.

4.6 Conclusions

We conducted the firgiroundpenetrating radar survey of tephra sourced from the eruptions of
Askja in 1875 and 1961 and layers of massive ice that these two eruptions preserved. Our surveys
at center frequencies of 200, 400, and 900 MHz resolved reflectors between subayefacdat

enabled delineation of the entire vertical and horizontal extents of both the tephra cover and ice at
various sites within the Askja caldera. Between all of our center frequencies we find minimum ice
thicknesses of 4 cm and maximum ice thickeessf 4.51 m. Average ice thicknesses are
summarized for the 400 MHz frequency for which we have the most coverage between all three
sites. Site 1 average ice thickness was 1.04 m, Site 2 average ice thickness was 0.70 m, and Site 3
average ice thicknessas 1.22 m. At the same center frequency, Site 1 average tephra thickness
was 0.54 m, Site 2 average tephra thickness was 0.32 m, and Site 3 average tephra thickness was
0.56 m.

We tested whether massive ice at depth would systematically result in loalesttehuation at
different GPR frequencies when compared to similar stratigraphy where ice is absent. We found
characteristically low loss rates across all frequencies and at all sites with different tephra cover.
Loss rates increase with increasing frexgey and decrease with increasing ice thickness; however,
more data points at multiple frequencies would provide more confidence in these trends. The
overlap between loss rates (with uncertainties) between differeadintaining sites and iceee
sitesrevealed the challenges in identifying the loss signature of ice under the observed field
conditions and with the employed GPR methods. However, thicker layers of ice that comprise a
larger fraction of the overall attenuation path length of the radarl|sigag yield improved
detectability. Determining threshold ice layer thickness and concentration for detection across a
range of overburden properties will be important for future interpretation of gioemetrating

radar observations at the Moon and Ma#slditional data and modeling of contributions to the

total loss from scattering and absorption will be necessary to further isolate this signature of

massive ice.
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CHAPTER 5. Conclusions and Future Work

5.1 Summary

The work contained in this dissertationais examination of volcanic environmeiatsd analysis

of their deposits utilizing orbital and-gitu radar remote sensing techniqoesMars and at an
Earth analog environmenThis dissertation aimed to highlight the strengths of radar remote
sensing in vlcanic environments on Mars and feed that forward to examine its potential strengths
as a norinvasive tool for irsitu resource utilization (ISRU) reconnaissance of water ice buried in

a volcanic setting at a planetary analog site on Earth. Our obeatidleded: (1) Determine the
extent and thickness of Hesperamd Amazoniaraged lava flows and other volcanic deposits on
Mars using orbital radar sounding andsitu groundpenetrating radar, (2) Characterize the
advantages and limitations of radarough volcanic terrain, and (3) Assess the sensitivity of GPR
to ice buried by volcanic tephra to satisfy ISRU objectives. The main findings of each of these

studies are summarized below.

We have examined the intersection of HespefAlarazonian volcaniactivity at Ascraeus Mons

in the Tharsis volcanic province on ManChapter 2We used the SHARAD and MARSIS orbital
radar sounders to map the subsurface of a region northwest of Ascraeus. We used new data to build
on observations made by previous stsdiCarter et al., 2009b; Simon et al, 2014). We found that
SHARAD detected the interface between the bases of three out of four major lava flow fields and
SHARAD along with MARSIS also detected deeper interfaces associated with stacks of basalt
flows thraughout the surrounding plains. We found that surface rouglamesshicknes®f the

lava flows at SHARAD wavelengths ultimately determines whether the transmitted wave from the
sounder can reach its base. We also found that lava flows with lower surfegmess were
mantled with a substantial amount of dust, but that one majorfied appeared less mantled

than the other three. We concluded that this may indicate that this flow field was emplaced after
the others and had not had enough time to accuenakathick of a mantle as the others in the

region.
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We then similarly examined the igneous crater floor of the Jezero crater using the RIMFAX GPR
on the Mars 202@erseverance over i n Chapter 3. RI MFAXOGs pr o>
of frequenciesllowed for mapping to be done at a resolution of 10s of cm compared to the 10s to
100s of m resolutions of the orbital radar sounders. Individual lava flows can be mapped at these
resolutions rather than the base of an entire flow field as was demedstrigth SHARAD at
Ascraeus Mons. Shoemaker et al. (2048)eunable to detect any layers within Jezeraterfrom

orbit with SHARAD, butsubsurface layering is visible from tRerseveranceover on the surface

We successfully mapped a sequence of units across ~2,300 m of the crater floor, connecting
observations from the western crater floor and OEB landing site to our region of interest. We also
used RIMFAX to constrain the paleotopography of the exposeahSéitmation that is buried by
members of Maaz in this region of the crater floor. Furthermore, we estimated the dielectric
properties and density of the emplaced materials to approximate the bulk composition of the
subsurface. Our measurements were cterdisvith a mafic composition for the crater floor. This
finding coupled with our mapping and use of availablsiin imagery fromPer sever ance
Navcam and Mastcaii cameras indicated that the units we encountered on this section of crater
floor were likely lava flows (Mdaz members) emplaced over the potentially magmatic body,
Séitah. RIMFAX showed that each of these layers overlying the Séitah formation to be highly
reflective separated by a lereflectivity region severaio-tensof-cm thick. Theséow-reflectivity

regions could be regolith, eroded material, or sediment. It is hypothesized that Jezero underwent
several episodes of fluvial activjtss the crater floor units have also been shown to be aqueously
altered Horgan et al., 2020; Farley et &022) It is also likely that theseegolith or sediment

layers similarly reduce surface roughness of the depasitsccurs with the dust manitieT harsis.

If the material is sediment, there may be a more complex interplay between volcanic and fluvial

processes on the crater floor than has been previously appreciated.

We then follow these investigations on Mars with an assessment of the performance of GPR as a
tool for ISRU in a volcanic, geophysical analog environment at the Askja volcano in Ideland.

the caldera of Askja, tephra from the 1875 and 1961 eruptions buried and preserved >1 m of
massive ice. The tephra serves as a possible analog to théehsity lunar regolith or
compositionally similar Martian pyroclastic deposits (Blasizzo et aR2P0Ne conducted GPR

surveys at three frequencies across three sites within the caldera and severaHatarmcacgrol
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site where pumice from the 1875 eruption rests atop a basaltic lava flow. We completely resolved
both the massive ice layer and theerlying tephra at each frequency with a low amount of visible
scattering from the tephra layer. We hypothesized that the semilogarithmic decay with depth, or
attenuation, of the radar signal may vary between different ice thicknesses and betwiedn ice

and icefree sites, where ieiee sites would exhibit higher attenuation compared to those that are
ice-rich as pure water ice is nearly transparent to radar. We found that the tephra and the ice
exhibited similar rates of attenuation or loss betweenaig icefree sites. We did find a
correlation between thicker slabs of ice and a lower attenuatioatritguenciesf 200and 400

MHz. 900 MHz was not as conclusive, a result of fewer successful estimates of |oastingde
frequency However, we cocluded that more data points both fromiimd and icefree sites are

needed to come to a firm conclusion about this trend. Regardless of these somewhat ambiguous
findings, our effort was the first to map these deposits at Askja using GPR and revaaied th
potentially accelerated decline in the amount of preserved massive ice at depth is occurring. GPR
may be wellsuited to monitor these changes in high mountain permafrost at Askja and other
similar Icelandic sites. Our investigation also found that Als&ja volcano is an excellent
geophysical testbed for ISRU field methods and objectives and has a strong heritage as a site for

training astronauts since Apollo that will continue into the Artemis era of lunar exploration.

The work presented here ha®vided key stratigraphic information in volcanic settings and has
contributed to our understanding of the capabilities and performance of various radar remote
sensing techniques in volcanic environments on both Mars and Earth. It has also contributed to a
deeper understanding of the complexities of utilizing radar for unambiguous detection of buried
ice to achieve ISRU objectives for future human and robotic surface exploiétiese chapters

have highlighted the strengths of these radar remote sendimigtees in volcanic environments,
overcoming surface and internal roughness of these depasitdemonstrated its capabilities of
noninvasively detecting thicker ice deposits. There are still several outstanding questions that
remain from these studiesh@ following sections briefly discuss these questions and avenues for

potential future work.
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5.2 Future Work

The findings of this dissertation leave several open questions for both the greater Tharsis province
on Mars and the role that GPR could play asoattoprospect for buried ice on other worlds such
as the Moon. We summarize these questions and several ideas for future work in the following

sections.

5.2.1 Tharsis Volcanic Province, Mars

Shoemaker et al. (2022), also summarized in Chapter 2, constrantidctness and extents of

the margins of several lava flow fields across the plains northwest of Ascraeus Mons. This Chapter
also summarized the successes and shortfalls of radar sounding in these types of terrains. Tharsis
occupies a large swath of tarr@n Mars and the ages of lava flows and other deposits are not well
constrained there is some ambiguity in age between the Hesperian and Amazonian epochs
(Tanaka et al., 2014). However, the ubiquitous dust cover across Tharsis (Christensen, 1986) is a
major advantage for radar sounding as it smooths over rough surfaces and supports greater
penetration of the radar into the subsurface (e.g., Simon et al., 2014; Shoemaker et al., 2022).

Radar sounders would be useful in closely examining this stratieapbss greater Tharsis.

A natural followon to Chapter 2 is an investigation of regions near the other two Tharsis Montes,
Pavonis and Arsia Mons. Indeed, SHARAD successfully detects subsurface structure in these
regions (e.g., Ganesh et al., 2020; Shoemaker et al., 2019) avdlSeterfaces are correlated

with the boundaries of units mapped by Garry et al. (2018) and Garry and Williams (2019). In
addition to determining the relative ages of some of these emplaced materials using updated
mapping of the region, the opportunitig@ exists to constrain lava volumes. Voigt et al. (2023)
demonstrate this capability using SHARAD to derive lava flow thicknesses and CTX to map the
areas of visible surface flows. Using a similar approach, lava volumes could be estimated for the
area nathwest of Ascraeus Mons and two other regions of interest discussed in Shoemaker et al.
(2019). The estimated depths of the various interfaces detected by SHARAD could also indicate a
paleosurface and help determine the timing of emplacement of somedeptbts relative to one

another. It could also indicate a period of relative quiescence. This effort could assist in
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determining the amount of lava emplaced and resolve some questions about timing of the

emplacement of these features across Tharsis.

5.2.2 In-Situ Resource Utilization Objectives with Radar

At Askja, we successfully mapped the thickness of the buried, massive ice and the overlying,
preserving tephra. A natural next step to the work at Askja volcano examinirgf-temsthick

massive ice depositat Askja is determining if GPR is capable of detecting water ice similarly
buried or mixed at low concentrations on bodies such as the Moon (e.g., Neish et al., 2011) where
humans and roving assets will soon be exploring the surface at the South §.0I¥IRER;
Colaprete, 2021).

The Artemis program will begin establishing a sustained human presence on the Moon with the
Artemis Il landing at one of thirteen candidate sites at the lunar South Pole. It is critical to locate
and access resources sashwater ice for fuel and life supporte(, in-situ resource utilization,

ISRU) and consider the subsurface structure of the lunar regolith at proposed landing sites that will
support future infrastructure. Therefotke capability tanapthe shallow (610 m) structure of

the subsurface is necessafyEAG VSAT Final Report, 2015; LWIMS Report, 2020)
Additionally, understanding the processes that have shaped the lunar surface such as the nature
and distribution of lunar volatiles as well as the formatievolution, and structure of the lunar
regolith are of high scientific prioritfJawin, 2021) GPR is likely capable of assisting in
accomplishing many or all of these goals.

GPR is a proven geophysical tool to map shallow lunar subsurface structureasorely at tens
of-centimeterscale resolutiondWIMS Report, 2020; Richardson et al., 2020; Shoemaker et al.,
2022) This capability has been demonstrated on Midesnran et al., 2020; Li et al., 2022nd

the Moon(Fang et al., 2014; Li et al., 20206y rovermounted GPRs. On Earth, GPR has readily
detected water ice deposits beneath -ttemsity, lowloss volcanic tephra, ash, and soll
(Shoemaker et al., 2022rbital remote sensin@cluding orbiting synthetic aperture radar (SAR)
has yielded somevat ambiguous results regarding subsurface water ice concent(@MiHdS
Report, 2020; Neish et al., 201 but studies concluded that up to ~10 wt% water ice persists in

the shallow subsurface within permanently shadowed regions (PSRs) near the céentlitiage
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sites(Colaprete et al., 2010; Neish et al., 2011; Thomson et al., 20D02¢ concentrated, thicker,

and possibly deeper deposits may also €istzette et al., 2001; Spudis et al., 2013; Sielger et
al., 2015) GPRO6s abi |l it yatlowocondeattatomrstin regalith eontinuete be
debated in the scientific communifRichardson et al., 2020; Shoemaker et al., 20€R)rent

lunar GPRs are located in #iee mare regions, and so this question remains (paret al.,

2019) An additonal open question is what form sequestered water ice may be in at the South Pole.
These major unknoverleave substantial room for modeling GPR responses to mixtures of regolith
and water ice at various concentrations and configurations. Thesopece inite-difference time

domain (FDTD) gprMax modeling software (Warren et al., 2016) is a powerful tool that could be
used to model the responses of various commercial and current planetary GPRs to varying
concentrations and configurations of ice and relgohis exploration continues at the lunar South
Pole both by commercial means and through the NASA Artemis astronauts, modeling of this kind

is both timely and necessary to determine if a GPR should be included as a future payload.
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APPENDIX A: SHARAD Observation Numbers and Reflector
Groups

Table A.1 SHARAD observation numbers, reflector groups, and their associated surface units.

SHARAD Group Number Unit Name
Observation
1756402 1 Plains
2210701 2 Plains
1736001 3 Plains
2691401 4 Plains
1693101 5 Plains
1949601 6 Plains
1949601 7 Plains
2663701 8 Plains
1318601 9 W Flow
1375301 9 W Flow
1297501 10 Plains
1318601 10 Plains
1375301 10 Plains
1297501 11 Plains
1375301 11 Plains
1318601 12 Plains
1375301 12 Plains
1856601 12 Plains
2409201 12 Plains
1836201 13 Plains
1743302 14 Plains
408801 15 Plains
1219701 15 Plains
1297501 15 Plains
1333101 15 Plains
1354201 15 Plains
1850701 15 Plains
1856601 15 Plains
1794001 16 Plains
1850701 17 Plains
1064101 18 Plains
1255303 18 Plains
1290901 18 Plains
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1623201
1064101
1255303
1312001
1623201
1064101
1312001
1623201
3690802
423301
1234201
1290901
1347601
1404302
423301
1064101
1255303
1290901
1623201
1234201
1347601
423301
814901
1078601
1234201
1290901
1347601
1829003
3690802
814901
189901
1078601
1326501
2395901
2473803
2530401
1078601
1326501
2473803
189901

18
19
19
19
19
20
20
20
20
21
21
21
21
21
22
22
22
22
22
23
23
24
24
24
24
24
24
24
24
25
26
26
26
26
26
26
27
27
28
29

Plains
Plains
Plains
Plains
Plains
Plains
Plains
Plains
Plains
Plains
Plains
Plains
Plains
Plains
Plains
Plains
Plains
Plains
Plains
Plains
Plains
S Flow
S Flow
S Flow
S Flow
S Flow
S Flow
S Flow
S Flow
Plains
Plains
Plains
Plains
Plains
Plains
Plains
Plains
Plains
Plains
Plains
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814901
1234201
1326501

189901

814901
1234201
1078601
1326501
416701
1822401

2452701

2509402

2389301
2395901

2473801

2530401

29
29
29
30
30
30
31
31
32
33

33

33

34
35

35

35

Plains
Plains
Plains
N Flow
N Flow
N Flow
Plains
Plains
Plains

Ponded
Lava
Ponded
Lava
Ponded
Lava
Plains
Ponded
Lava
Ponded
Lava
Ponded
Lava
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APPENDIX B: Layer Picks and Hyperbola Fits from RIMFAX
Data for Sols 383398

This Appendix summarizes the picks of the M&s&tah contact in the subsurface and the
hyperbolic forms fit in the RIMFAX data. The picks of the M&&tah contact are summarized

in Table B.1. Hyperbolic forms in RIMFAX radargrams are generated by hofhce and
subsurface scatterers. We fit these forms using the methods described in Casademont et al. (2023).
Fits to identified hyperbolic forms are summarized for all sols discussed in Chapter 3983

The mean permittivity derived from this fittingffort is estimated excluding fits to hyperbolas
generated by surface blocks. Therefore, the corresponding mean velocity is that of the subsurface.

These fits are Summarized in Table B.2.

The observed hyperbolas from surface scatterers beneddetbeveancerover are of interest.

These shapes are indicative of blocky surfaces beneath the rover, and in increase in these forms at
the surface correlates with regions of crater ejecta and other blocks. The hyperbolas were found to
correspond with availableudace images of surface blocks. Figure C.1 in this Appendix
demonstrates this by comparing a Navigation Camera (Navcam) image of the drive on Sol 387

with hyperbola fits.

Table B.1.Summary of the picked Magzéitah boundary in the subsurface from RIMFAX

radargrams collected on sols 3838.
Sol Sounding z (m) Travel Traverse depth zpaeo(m) Relief(m)
Time (ns) Distance (m)

383 2 -2570.48 102.91 0.20 5.15 -2575.62 2.92
383 14 -2570.50 102.91 143 5.15 -2575.64 2.92
383 20 -2570.49 103.35 209 5.17 -2575.66 2.94
383 40 -2570.52 102.03 4.07 5.10 -2575.62 2.87
383 54 -2570.58 101.59 547 5.08 -2575.66 2.85
383 73 -2570.63 101.59 7.44 5.08 -2575.71 2.85
383 86 -2570.63 102.47 8.76 5.12 -2575.76 2.90
383 121 -2570.69 102.03 12.30 5.10 -2575.80 2.87
383 147 -2570.78 98.96 1498 4.95 -2575.72 2.72
383 182 -2570.86 98.09 1856 4.90 -2575.77 2.68
383 203 -2570.92 98.53 20.70 4.93 -2575.84 2.70
383 226 -2571.06 98.09 23.09 490 -2575.96 2.68
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383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383

241
257
280
304
323
327
349
362
387
406
424
428
451
471
487
530
569
5901
621
640
672
696
712
718
728
737
750
757
766
774
782
789
798
804
817
831
840
852
859
866

-2571.12
-2571.22
-2571.34
-2571.40
-2571.44
-2571.44
-2571.46
-2571.48
-2571.50
-2571.50
-2571.49
-2571.49
-2571.47
-2571.48
-2571.48
-2571.43
-2571.42
-2571.41
-2571.41
-2571.41
-2571.41
-2571.40
-2571.38
-2571.37
-2571.35
-2571.34
-2571.34
-2571.33
-2571.33
-2571.32
-2571.32
-2571.31
-2571.32
-2571.32
-2571.33
-2571.32
-2571.33
-2571.32
-2571.31
-2571.32

95.46
92.39
94.14
97.21
98.09
98.96
100.72
98.96
98.53
97.21
95.46
95.44
97.62
96.75
95.44
98.93
98.05
95.87
92.38
86.28
84.97
80.61
78.11
81.17
83.79
82.92
79.42
78.11
77.68
77.24
78.55
78.11
74.18
73.31
79.86
86.41
92.09
96.03
94.72
92.53

24.57
26.17
28.52
31.03
32.97
33.34
35.60
36.92
39.47
41.37
43.22
43.63
46.03
48.09
49.68
54.02
58.02
60.27
63.39
65.29
68.56
70.96
72.59
73.21
74.28
75.17
76.51
77.17
78.12
78.95
79.82
80.53
81.41
82.02
83.33
84.73
85.68
86.87
87.63
88.34

4.77
4.62
4.71
4.86
4.90
4.95
5.04
4.95
4.93
4.86
4.77
4.77
4.88
4.84
4.77
4.95
4.90
4.79
4.62
4.31
4.25
4.03
3.91
4.06
4.19
4.15
3.97
3.91
3.88
3.86
3.93
3.91
3.71
3.67
3.99
4.32
4.60
4.80
4.74
4.63

-2575.89
-2575.84
-2576.04
-2576.26
-2576.34
-2576.39
-2576.50
-2576.42
-2576.43
-2576.36
-2576.26
-2576.26
-2576.35
-2576.32
-2576.25
-2576.37
-2576.32
-2576.21
-2576.03
-2575.72
-2575.66
-2575.43
-2575.29
-2575.43
-2575.54
-2575.48
-2575.31
-2575.24
-2575.21
-2575.18
-2575.25
-2575.22
-2575.02
-2574.99
-2575.32
-2575.64
-2575.94
-2576.12
-2576.05
-2575.95

2.55
2.39
2.48
2.63
2.68
2.72
2.81
2.72
2.70
2.63
2.55
2.54
2.65
2.61
2.54
2.72
2.68
2.57
2.39
2.09
2.02
1.80
1.68
1.83
1.96
1.92
1.74
1.68
1.66
1.63
1.70
1.68
1.48
1.44
1.77
2.09
2.38
2.57
2.51
2.40
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383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383

878

883

898

907

920

926

937

944

955

969

981

997

1011
1029
1039
1047
1059
1067
1081
1094
1102
1113
1119
1125
1130
1134
1138
1144
1150
1159
1164
1175
1186
1193
1201
1207
1214
1222
1229
1234

-2571.29
-2571.28
-2571.26
-2571.25
-2571.25
-2571.25
-2571.25
-2571.25
-2571.25
-2571.24
-2571.23
-2571.23
-2571.23
-2571.23
-2571.23
-2571.23
-2571.22
-2571.22
-2571.22
-2571.21
-2571.21
-2571.21
-2571.22
-2571.22
-2571.22
-2571.22
-2571.21
-2571.21
-2571.20
-2571.20
-2571.20
-2571.20
-2571.19
-2571.20
-2571.18
-2571.19
-2571.19
-2571.19
-2571.18
-2571.18

96.90
95.15
90.78
88.16
89.04
84.67
85.10
87.72
89.04
91.22
89.47
87.72
81.61
75.93
78.11
77.68
79.86
80.30
83.36
86.85
87.72
87.72
86.85
87.72
89.04
85.98
85.98
84.23
83.79
81.61
78.55
81.61
84.23
85.98
85.54
85.54
84.67
87.29
88.16
87.72

89.61

90.12

91.57

92.48

93.81

94.50

95.61

96.32

97.41

98.80
100.10
101.67
103.12
105.00
105.99
106.82
108.05
108.86
110.25
111.59
112.44
113.51
114.13
114.72
115.30
115.70
116.07
116.67
117.35
118.23
118.69
119.87
120.96
121.68
122.46
123.10
123.84
124.60
125.33
125.92

4.84
4.76
4.54
4.41
4.45
4.23
4.26
4.39
4.45
4.56
4.47
4.39
4.08
3.80
3.91
3.88
3.99
4.01
4.17
4.34
4.39
4.39
4.34
4.39
4.45
4.30
4.30
4.21
4.19
4.08
3.93
4.08
4.21
4.30
4.28
4.28
4.23
4.36
4.41
4.39

-2576.13
-2576.04
-2575.80
-2575.66
-2575.70
-2575.49
-2575.50
-2575.64
-2575.71
-2575.80
-2575.71
-2575.62
-2575.31
-2575.03
-2575.13
-2575.11
-2575.22
-2575.23
-2575.39
-2575.55
-2575.60
-2575.60
-2575.56
-2575.60
-2575.67
-2575.52
-2575.51
-2575.42
-2575.39
-2575.28
-2575.13
-2575.28
-2575.40
-2575.50
-2575.46
-2575.47
-2575.42
-2575.55
-2575.59
-2575.57

2.62
2.53
231
2.18
2.22
2.01
2.03
2.16
2.22
2.33
2.25
2.16
1.85
1.57
1.68
1.66
1.77
1.79
1.94
2.12
2.16
2.16
2.12
2.16
2.22
2.07
2.07
1.98
1.96
1.85
1.70
1.85
1.98
2.07
2.05
2.05
2.01
2.14
2.18
2.16
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383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383

1245
1250
1258
1265
1269
1275
1279
1284
1361
1368
1373
1379
1386
1392
1399
1401
1407
1412
1417
1423
1428
1435
1442
1449
1456
1462
1466
1476
1483
1492
1497
1503
1509
1511
1520
1525
1536
1544
1559
1568

-2571.19
-2571.18
-2571.19
-2571.19
-2571.19
-2571.17
-2571.18
-2571.18
-2571.17
-2571.17
-2571.17
-2571.16
-2571.18
-2571.19
-2571.19
-2571.19
-2571.19
-2571.21
-2571.18
-2571.16
-2571.17
-2571.16
-2571.17
-2571.14
-2571.16
-2571.17
-2571.17
-2571.17
-2571.17
-2571.18
-2571.19
-2571.21
-2571.19
-2571.19
-2571.21
-2571.22
-2571.22
-2571.22
-2571.24
-2571.24

86.85
87.72
88.60
90.78
91.66
92.97
91.66
91.66
78.55
77.68
77.24
76.80
78.11
77.68
74.18
73.74
71.12
68.50
67.63
68.94
68.50
70.69
72.87
75.93
75.05
73.74
73.74
72.43
72.87
71.56
70.69
71.12
69.81
71.23
75.14
77.31
77.75
76.88
74.27
74.27

127.01
127.56
128.34
129.03
129.46
130.07
130.48
130.96
138.83
139.52
140.02
140.64
141.39
142.04
142.72
142.96
143.56
144.05
144.53
145.14
145.64
146.36
147.11
147.78
148.51
149.16
149.53
150.53
151.27
152.21
152.71
153.31
153.95
154.10
155.02
155.60
156.69
157.54
159.01
159.90

4.34
4.39
4.43
4.54
4.58
4.65
4.58
4.58
3.93
3.88
3.86
3.84
3.91
3.88
3.71
3.69
3.56
3.43
3.38
3.45
3.43
3.53
3.64
3.80
3.75
3.69
3.69
3.62
3.64
3.58
3.53
3.56
3.49
3.56
3.76
3.87
3.89
3.84
3.71
3.71

-2575.53
-2575.57
-2575.62
-2575.73
-2575.77
-2575.81
-2575.76
-2575.77
-2575.10
-2575.05
-2575.03
-2575.00
-2575.08
-2575.07
-2574.90
-2574.88
-2574.75
-2574.64
-2574.57
-2574.61
-2574.60
-2574.70
-2574.81
-2574.94
-2574.91
-2574.86
-2574.86
-2574.79
-2574.82
-2574.76
-2574.72
-2574.77
-2574.68
-2574.76
-2574.97
-2575.08
-2575.11
-2575.07
-2574.95
-2574.95

2.12
2.16
2.20
231
2.36
2.42
2.36
2.36
1.70
1.66
1.63
1.61
1.68
1.66
1.48
1.46
1.33
1.20
1.15
1.22
1.20
1.31
1.42
1.57
1.53
1.46
1.46
1.39
1.42
1.35
1.31
1.33
1.26
1.33
1.53
1.64
1.66
1.62
1.49
1.49
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383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383

1576
1585
1589
1598
1607
1617
1624
1630
1639
1649
1654
1661
1669
1671
1677
1681
1692
1700
1707
1717
1724
1732
1739
1742
1756
1767
1775
1783
1792
1803
1813
1820
1830
1837
1848
1855
1860
1869
1875
1880

-2571.24
-2571.23
-2571.23
-2571.24
-2571.24
-2571.25
-2571.26
-2571.27
-2571.27
-2571.28
-2571.30
-2571.29
-2571.27
-2571.27
-2571.26
-2571.29
-2571.32
-2571.31
-2571.32
-2571.32
-2571.31
-2571.34
-2571.33
-2571.35
-2571.33
-2571.35
-2571.34
-2571.35
-2571.34
-2571.36
-2571.36
-2571.36
-2571.35
-2571.35
-2571.34
-2571.35
-2571.35
-2571.33
-2571.33
-2571.34

74.27
74.27
75.14
78.18
79.92
77.75
76.44
74.27
79.05
79.92
81.66
83.40
85.14
86.01
86.44
86.44
86.01
86.44
86.44
88.62
90.36
90.79
89.05
89.92
94.27
96.88
97.75
98.62
98.62
99.05
100.79
100.79
97.75
96.44
96.88
96.44
93.83
90.79
89.05
87.75

160.80
161.71
162.07
163.05
163.92
164.97
165.67
166.31
167.18
168.20
168.76
169.43
170.27
170.49
171.06
171.48
172.57
173.38
174.10
175.12
175.87
176.67
177.35
177.75
179.17
180.25
181.02
181.87
182.75
183.90
184.99
185.69
186.71
187.39
188.50
189.20
189.77
190.62
191.31
191.80

3.71
3.71
3.76
3.91
4.00
3.89
3.82
3.71
3.95
4.00
4.08
4.17
4.26
4.30
4.32
4.32
4.30
4.32
4.32
4.43
452
4.54
4.45
4.50
4.71
4.84
4.89
4.93
4.93
4.95
5.04
5.04
4.89
4.82
4.84
4.82
4.69
4.54
4.45
4.39

-2574.95
-2574.95
-2574.99
-2575.15
-2575.24
-2575.14
-2575.09
-2574.98
-2575.22
-2575.28
-2575.38
-2575.46
-2575.53
-2575.57
-2575.59
-2575.61
-2575.62
-2575.64
-2575.65
-2575.76
-2575.83
-2575.87
-2575.79
-2575.84
-2576.04
-2576.19
-2576.23
-2576.28
-2576.27
-2576.32
-2576.40
-2576.40
-2576.24
-2576.17
-2576.18
-2576.17
-2576.04
-2575.87
-2575.78
-2575.73

1.49
1.49
1.53
1.68
1.77
1.66
1.60
1.49
1.73
1.77
1.86
1.94
2.03
2.07
2.10
2.10
2.07
2.10
2.10
2.20
2.29
2.31
2.23
2.27
2.49
2.62
2.66
2.70
2.70
2.73
2.81
2.81
2.66
2.60
2.62
2.60
2.46
2.31
2.23
2.16
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383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383

1889
1897
1905
1913
1921
1930
1940
1950
1961
1970
1972
1979
1988
1998
2011
2021
2031
2044
2053
2061
2068
2083
2094
2106
2113
2121
2127
2135
2144
2146
2149
2162
2172
2177
2187
2195
2204
2213
2220
2229

-2571.33
-2571.35
-2571.36
-2571.36
-2571.36
-2571.35
-2571.33
-2571.33
-2571.32
-2571.32
-2571.30
-2571.29
-2571.30
-2571.31
-2571.31
-2571.33
-2571.34
-2571.36
-2571.36
-2571.36
-2571.35
-2571.34
-2571.32
-2571.30
-2571.28
-2571.25
-2571.23
-2571.21
-2571.20
-2571.18
-2571.17
-2571.14
-2571.15
-2571.15
-2571.15
-2571.12
-2571.11
-2571.09
-2571.08
-2571.05

82.53
78.62
77.75
77.31
76.88
77.75
76.44
76.44
75.14
76.88
79.49
80.36
82.53
82.53
89.92
93.40
96.01
94.27
90.36
88.18
85.57
82.53
76.88
72.10
72.97
69.92
69.05
69.49
64.70
63.40
62.53
62.10
60.79
58.62
60.36
62.53
65.57
67.75
67.31
65.14

192.69
193.55
194.34
195.13
195.96
196.86
197.94
198.96
200.03
200.91
201.11
201.89
202.76
203.84
205.18
206.11
207.22
208.48
209.39
210.27
210.94
212.52
213.64
214.80
215.55
216.32
216.99
217.83
218.70
218.95
219.17
220.59
221.58
222.08
223.13
223.94
224.82
225.72
226.42
227.33

4.13
3.93
3.89
3.87
3.84
3.89
3.82
3.82
3.76
3.84
3.97
4.02
4.13
4.13
4.50
4.67
4.80
4.71
4.52
4.41
4.28
4.13
3.84
3.60
3.65
3.50
3.45
3.47
3.24
3.17
3.13
3.10
3.04
2.93
3.02
3.13
3.28
3.39
3.37
3.26

-2575.46
-2575.28
-2575.25
-2575.22
-2575.20
-2575.23
-2575.15
-2575.15
-2575.08
-2575.17
-2575.28
-2575.31
-2575.43
-2575.43
-2575.80
-2576.00
-2576.14
-2576.07
-2575.88
-2575.77
-2575.63
-2575.46
-2575.16
-2574.90
-2574.93
-2574.75
-2574.68
-2574.69
-2574.43
-2574.35
-2574.30
-2574.25
-2574.19
-2574.08
-2574.17
-2574.25
-2574.39
-2574.47
-2574.44
-2574.31

1.90
1.70
1.66
1.64
1.62
1.66
1.60
1.60
1.53
1.62
1.75
1.79
1.90
1.90
2.27
2.44
2.57
2.49
2.29
2.18
2.05
1.90
1.62
1.38
1.42
1.27
1.23
1.25
1.01
0.94
0.90
0.88
0.81
0.70
0.79
0.90
1.05
1.16
1.14
1.03
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383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
383
398
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384

2237
2250
2263
2266
2278
2283
2288
2297
2303
2312
2318
2330
2337
2342
2352
2360
2368
2370

14
17
22
25
30
37
39
41
43
52
56
65
71
80
87
93
102
110
120
130

-2571.03
-2570.99
-2570.92
-2570.92
-2570.91
-2570.90
-2570.90
-2570.88
-2570.88
-2570.86
-2570.84
-2570.81
-2570.80
-2570.78
-2570.75
-2570.72
-2570.71
-2570.71
-2570.70
-2570.69
-2570.68
-2570.65
-2570.63
-2570.62
-2570.60
-2570.59
-2570.56
-2570.56
-2570.56
-2570.52
-2570.53
-2570.52
-2570.49
-2570.49
-2570.49
-2570.46
-2570.46
-2570.47
-2570.43
-2570.42

63.84
64.70
65.57
63.84
65.14
65.14
68.18
74.27
76.01
77.31
76.88
76.01
72.97
69.05
66.88
70.36
74.70
74.70
114.33
113.61
112.54
111.83
111.47
112.18
115.04
117.54
118.26
118.97
121.11
123.61
124.33
127.90
127.19
130.40
130.76
130.76
130.76
130.76
127.54
124.68

228.19
229.49
230.86
231.18
232.39
232.92
233.38
234.29
234.88
235.85
236.43
237.69
238.41
238.93
239.92
240.69
241.59
241.80
0.33
0.72
1.41
1.80
2.33
2.65
3.17
3.83
4.06
4.23
4.47
5.38
5.78
6.75
7.42
8.30
9.07
9.69
10.66
11.47
12.45
13.51

3.19
3.24
3.28
3.19
3.26
3.26
3.41
3.71
3.80
3.87
3.84
3.80
3.65
3.45
3.34
3.52
3.74
3.74
5.72
5.68
5.63
5.59
5.57
5.61
5.75
5.88
5.91
5.95
6.06
6.18
6.22
6.39
6.36
6.52
6.54
6.54
6.54
6.54
6.38
6.23

-2574.22
-2574.23
-2574.20
-2574.11
-2574.17
-2574.16
-2574.31
-2574.60
-2574.68
-2574.72
-2574.68
-2574.61
-2574.45
-2574.24
-2574.10
-2574.23
-2574.45
-2574.44
-2576.42
-2576.37
-2576.31
-2576.24
-2576.20
-2576.23
-2576.36
-2576.47
-2576.47
-2576.51
-2576.61
-2576.71
-2576.74
-2576.91
-2576.85
-2577.01
-2577.02
-2577.00
-2577.00
-2577.01
-2576.81
-2576.66

0.96
1.01
1.05
0.96
1.03
1.03
1.18
1.49
1.57
1.64
1.62
157
1.42
1.23
1.12
1.29
151
151
3.49
3.45
3.40
3.36
3.35
3.38
3.52
3.65
3.69
3.72
3.83
3.95
3.99
4.17
4.13
4.29
4.31
431
431
431
4.15
4.01

I 15471



384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384

140
150
164
174
185
195
203
211
223
233
248
264
273
285
294
306
312
324
329
339
348
356
364
372
381
387
398
409
418
428
434
449
463
471
480
496
509
518
531
540

-2570.40
-2570.36
-2570.30
-2570.26
-2570.22
-2570.16
-2570.12
-2570.07
-2569.94
-2569.84
-2569.73
-2569.65
-2569.60
-2569.53
-2569.49
-2569.44
-2569.42
-2569.37
-2569.36
-2569.31
-2569.29
-2569.23
-2569.23
-2569.17
-2569.17
-2569.13
-2569.08
-2569.07
-2569.03
-2568.98
-2568.97
-2568.93
-2568.89
-2568.87
-2568.78
-2568.73
-2568.66
-2568.63
-2568.60
-2568.58

124.33
123.61
125.04
127.90
130.04
127.90
126.66
120.33
115.41
112.60
111.55
110.49
107.68
103.46
103.81
103.81
105.92
102.76
101.70
99.60
100.65
101.35
98.54
95.38
89.75
86.24
81.67
77.45
74.64
71.48
69.72
68.31
67.61
69.37
69.37
69.37
69.72
68.66
66.91
63.04

14.56
15.58
17.07
18.06
19.25
20.30
21.06
21.99
23.19
24.27
25.75
27.49
28.37
29.63
30.62
31.81
32.47
33.72
34.23
35.23
36.17
37.07
37.89
38.71
39.59
40.30
41.41
42.55
43.48
4454
45.18
46.73
48.16
49.00
49.96
51.64
52.94
53.86
55.18
56.20

6.22
6.18
6.25
6.39
6.50
6.39
6.33
6.02
5.77
5.63
5.58
5.52
5.38
5.17
5.19
5.19
5.30
5.14
5.09
4.98
5.03
5.07
4.93
4.77
4.49
4.31
4.08
3.87
3.73
3.57
3.49
3.42
3.38
3.47
3.47
3.47
3.49
3.43
3.35
3.15

-2576.62
-2576.54
-2576.55
-2576.65
-2576.72
-2576.56
-2576.45
-2576.08
-2575.71
-2575.47
-2575.31
-2575.17
-2574.99
-2574.71
-2574.68
-2574.63
-2574.72
-2574.51
-2574.44
-2574.29
-2574.32
-2574.30
-2574.16
-2573.94
-2573.65
-2573.44
-2573.16
-2572.95
-2572.76
-2572.56
-2572.46
-2572.34
-2572.27
-2572.34
-2572.25
-2572.20
-2572.15
-2572.06
-2571.95
-2571.73

3.99
3.95
4.03
4.17
4.28
4.17
4.11
3.79
3.54
3.40
3.35
3.30
3.16
2.95
2.96
2.96
3.07
291
2.86
2.75
281
2.84
2.70
2.54
2.26
2.08
1.86
1.65
1.50
1.35
1.26
1.19
1.15
1.24
1.24
1.24
1.26
1.21
1.12
0.92

I 15571



384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384

550
554
570
582
597
606
622
629
644
651
659
665
671
717
721
724
729
736
743
752
760
766
770
776
784
790
797
802
812
820
830
837
844
850
861
872
881
890
896
900

-2568.55
-2568.54
-2568.37
-2568.33
-2568.20
-2568.06
-2568.09
-2568.11
-2568.13
-2568.12
-2568.11
-2568.12
-2568.11
-2567.85
-2567.91
-2567.90
-2567.82
-2567.73
-2567.75
-2567.67
-2567.64
-2567.68
-2567.67
-2567.70
-2567.63
-2567.63
-2567.63
-2567.59
-2567.45
-2567.38
-2567.36
-2567.33
-2567.36
-2567.28
-2567.09
-2566.97
-2566.91
-2566.87
-2566.85
-2566.82

61.63
61.63
61.63
58.82
60.58
58.47
58.82
57.42
54.96
52.85
49.33
48.98
48.63
48.48
48.48
50.23
50.23
51.54
51.98
51.98
52.86
53.29
55.48
58.54
61.17
63.80
66.42
66.42
67.30
69.92
70.80
69.49
71.67
72.11
72.99
72.99
72.11
72.11
70.80
71.24

57.24
57.63
59.28
60.51
62.09
63.01
64.67
65.47
66.95
67.75
68.49
69.18
69.74
74.55
74.98
75.35
75.84
76.60
77.33
78.19
79.01
79.63
80.11
80.67
81.53
82.20
82.91
83.42
84.50
85.32
86.31
87.04
87.82
88.40
89.54
90.73
91.63
92.58
93.25
93.65

3.08
3.08
3.08
2.94
3.03
2.92
2.94
2.87
2.75
2.64
2.47
2.45
2.43
2.42
2.42
251
2.51
2.58
2.60
2.60
2.64
2.66
2.77
2.93
3.06
3.19
3.32
3.32
3.36
3.50
3.54
3.47
3.58
3.61
3.65
3.65
3.61
3.61
3.54
3.56

-2571.63
-2571.62
-2571.46
-2571.27
-2571.23
-2570.98
-2571.03
-2570.99
-2570.87
-2570.76
-2570.58
-2570.57
-2570.54
-2570.27
-2570.34
-2570.41
-2570.33
-2570.31
-2570.35
-2570.27
-2570.28
-2570.34
-2570.44
-2570.62
-2570.69
-2570.82
-2570.95
-2570.91
-2570.82
-2570.88
-2570.90
-2570.80
-2570.95
-2570.88
-2570.74
-2570.62
-2570.51
-2570.48
-2570.39
-2570.38

0.85
0.85
0.85
0.71
0.80
0.70
0.71
0.64
0.52
0.42
0.24
0.22
0.20
0.20
0.20
0.28
0.28
0.35
0.37
0.37
0.42
0.44
0.55
0.70
0.83
0.96
1.09
1.09
1.14
1.27
1.31
1.25
1.36
1.38
1.42
1.42
1.38
1.38
1.31
1.33

I 1561



384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384

904
911
915
922
932
937
946
953
962
969
976
987
997
1004
1014
1025
1039
1049
1058
1070
1082
1091
1098
1107
1116
1123
1134
1149
1160
1166
1175
1193
1200
1204
1211
1219
1224
1237
1242
1248

-2566.79
-2566.72
-2566.70
-2566.66
-2566.63
-2566.61
-2566.59
-2566.57
-2566.53
-2566.52
-2566.51
-2566.47
-2566.47
-2566.44
-2566.39
-2566.40
-2566.39
-2566.36
-2566.37
-2566.37
-2566.39
-2566.39
-2566.40
-2566.40
-2566.37
-2566.40
-2566.44
-2566.49
-2566.52
-2566.55
-2566.56
-2566.63
-2566.64
-2566.64
-2566.66
-2566.67
-2566.68
-2566.69
-2566.67
-2566.66

70.80
72.99
74.30
75.61
78.24
79.11
80.43
83.05
84.36
83.93
84.36
84.80
83.49
83.49
81.30
79.99
80.86
81.30
81.30
79.11
78.24
79.11
79.55
80.43
82.61
82.18
84.36
86.55
87.86
86.11
82.61
79.99
77.36
74.74
74.30
76.49
78.24
77.36
75.61
73.86

93.98

94.80

95.21

95.89

96.97

97.51

98.35

99.17
100.05
100.81
101.52
102.64
103.69
104.45
105.44
106.64
108.11
109.12
110.07
111.27
112.59
113.51
114.16
115.15
116.08
116.79
117.99
119.50
120.64
121.27
122.22
124.09
124.80
125.27
126.01
126.74
127.30
128.61
129.20
129.84

3.54
3.65
3.71
3.78
3.91
3.96
4.02
4.15
4.22
4.20
4.22
4.24
4.17
417
4.07
4.00
4.04
4.07
4.07
3.96
3.91
3.96
3.98
4.02
4.13
411
4.22
4.33
4.39
4.31
4.13
4.00
3.87
3.74
3.71
3.82
3.91
3.87
3.78
3.69

-2570.33
-2570.37
-2570.41
-2570.44
-2570.54
-2570.56
-2570.61
-2570.72
-2570.75
-2570.71
-2570.72
-2570.71
-2570.64
-2570.62
-2570.46
-2570.40
-2570.43
-2570.42
-2570.44
-2570.32
-2570.30
-2570.35
-2570.38
-2570.42
-2570.50
-2570.51
-2570.66
-2570.81
-2570.92
-2570.85
-2570.69
-2570.63
-2570.51
-2570.38
-2570.38
-2570.49
-2570.59
-2570.56
-2570.45
-2570.35

1.31
1.42
1.49
1.55
1.68
1.73
1.79
1.93
1.99
1.97
1.99
2.01
1.95
1.95
1.84
1.77
1.82
1.84
1.84
1.73
1.68
1.73
1.75
1.79
1.90
1.88
1.99
2.10
2.17
2.08
1.90
1.77
1.64
151
1.49
1.60
1.68
1.64
1.55
1.47

T 1571



384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384

1256
1268
1271
1277
1283
1291
1298
1304
1308
1315
1323
1329
1335
1345
1352
1360
1366
1374
1379
1387
1392
1400
1412
1418
1432
1446
1451
1459
1469
1478
1485
1492
1493
1500
1506
1514
1522
1529
1537
1545

-2566.62
-2566.64
-2566.63
-2566.63
-2566.65
-2566.66
-2566.66
-2566.67
-2566.67
-2566.67
-2566.63
-2566.65
-2566.62
-2566.58
-2566.62
-2566.62
-2566.61
-2566.61
-2566.62
-2566.67
-2566.63
-2566.54
-2566.60
-2566.64
-2566.66
-2566.65
-2566.70
-2566.70
-2566.75
-2566.82
-2566.89
-2566.91
-2566.92
-2566.96
-2566.99
-2567.01
-2567.03
-2567.06
-2567.08
-2567.12

72.99
74.30
74.74
73.86
71.24
69.92
70.36
71.67
72.11
68.61
67.30
66.86
66.86
68.17
70.80
72.99
73.42
72.99
72.99
74.30
73.42
73.86
74.30
74.74
76.49
77.80
77.80
78.68
79.99
79.99
80.86
82.61
83.62
85.50
85.87
84.37
82.87
80.99
82.87
83.24

130.68
131.89
132.17
132.79
133.40
134.24
134.99
135.59
136.04
136.80
137.64
138.20
138.87
139.90
140.59
141.41
142.03
142.87
143.39
144.25
144.83
145.59
146.81
147.46
148.99
150.41
150.95
151.77
152.78
153.69
154.48
155.22
155.30
156.02
156.69
157.43
158.31
158.99
159.83
160.67

3.65
3.71
3.74
3.69
3.56
3.50
3.52
3.58
3.61
3.43
3.36
3.34
3.34
3.41
3.54
3.65
3.67
3.65
3.65
3.71
3.67
3.69
3.71
3.74
3.82
3.89
3.89
3.93
4.00
4.00
4.04
4.13
4.18
4.27
4.29
4.22
4.14
4.05
4.14
4.16

-2570.27
-2570.36
-2570.36
-2570.32
-2570.21
-2570.16
-2570.18
-2570.26
-2570.28
-2570.10
-2570.00
-2570.00
-2569.96
-2569.99
-2570.16
-2570.26
-2570.28
-2570.26
-2570.27
-2570.39
-2570.30
-2570.23
-2570.31
-2570.38
-2570.48
-2570.54
-2570.59
-2570.63
-2570.75
-2570.82
-2570.93
-2571.04
-2571.10
-2571.24
-2571.28
-2571.23
-2571.18
-2571.11
-2571.22
-2571.28

1.42
1.49
1.51
1.47
1.33
1.27
1.29
1.36
1.38
1.20
1.14
1.12
1.12
1.18
1.31
1.42
1.44
1.42
1.42
1.49
1.44
1.47
1.49
151
1.60
1.66
1.66
1.71
1.77
1.77
1.82
1.90
1.95
2.05
2.07
1.99
1.92
1.82
1.92
1.94

T 1581



384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384

1551
1555
1560
1569
1576
1585
1596
1602
1611
1620
1627
1633
1644
1659
1676
1687
1697
1706
1714
1722
1734
1742
1752
1760
1773
1778
1790
1799
1806
1813
1822
1830
1837
1843
1848
1853
1857
1863
1870
1877

-2567.18
-2567.20
-2567.26
-2567.33
-2567.35
-2567.40
-2567.44
-2567.46
-2567.49
-2567.53
-2567.55
-2567.58
-2567.61
-2567.67
-2567.76
-2567.80
-2567.85
-2567.89
-2567.91
-2567.96
-2568.00
-2568.03
-2568.06
-2568.06
-2568.09
-2568.10
-2568.11
-2568.14
-2568.17
-2568.19
-2568.22
-2568.26
-2568.30
-2568.32
-2568.33
-2568.35
-2568.36
-2568.35
-2568.34
-2568.33

79.86
77.23
75.72
76.10
76.10
77.60
78.36
79.11
79.48
79.11
76.10
73.09
74.97
75.72
74.97
70.84
67.45
65.95
64.82
62.19
61.81
61.06
59.18
59.93
62.57
62.94
62.57
61.06
58.06
57.30
55.80
55.80
58.81
60.69
62.19
62.94
64.45
65.20
67.45
67.45

161.37
161.72
162.25
163.21
163.95
164.87
165.96
166.66
167.60
168.50
169.28
169.87
170.96
172.56
174.34
175.51
176.54
177.44
178.32
179.10
180.33
181.21
182.21
183.01
184.43
184.98
186.21
187.11
187.85
188.61
189.47
190.39
191.05
191.74
192.17
192.75
193.14
193.81
194.51
195.27

3.99
3.86
3.79
3.80
3.80
3.88
3.92
3.96
3.97
3.96
3.80
3.65
3.75
3.79
3.75
3.54
3.37
3.30
3.24
3.11
3.09
3.05
2.96
3.00
3.13
3.15
3.13
3.05
2.90
2.87
2.79
2.79
2.94
3.03
3.11
3.15
3.22
3.26
3.37
3.37

-2571.17
-2571.06
-2571.05
-2571.13
-2571.16
-2571.28
-2571.35
-2571.41
-2571.46
-2571.49
-2571.36
-2571.23
-2571.36
-2571.46
-2571.51
-2571.35
-2571.22
-2571.18
-2571.16
-2571.07
-2571.09
-2571.08
-2571.02
-2571.05
-2571.22
-2571.25
-2571.24
-2571.19
-2571.07
-2571.06
-2571.01
-2571.05
-2571.24
-2571.35
-2571.44
-2571.50
-2571.58
-2571.61
-2571.71
-2571.70

1.77
1.63
1.56
1.58
1.58
1.65
1.69
1.73
1.75
1.73
1.58
1.43
1.52
1.56
1.52
131
1.15
1.07
1.01
0.88
0.86
0.83
0.73
0.77
0.90
0.92
0.90
0.83
0.68
0.64
0.56
0.56
0.71
0.81
0.88
0.92
1.00
1.03
1.15
1.15

T 1591



384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
384
385
385
385
385
385
385
385
385
385
385

1882
1887
1893
1899
1905
1913
1919
1923
1930
1935
1945
1958
1961
1968
1974
1980
1985
1992
1998
2005
2011
2015
2021
2028
2035
2042
2052
2059
2068
2075

10
18
24
35
40
47
52
57
61

-2568.30
-2568.30
-2568.30
-2568.30
-2568.29
-2568.30
-2568.30
-2568.30
-2568.35
-2568.35
-2568.42
-2568.49
-2568.51
-2568.52
-2568.54
-2568.56
-2568.56
-2568.57
-2568.58
-2568.59
-2568.59
-2568.60
-2568.61
-2568.62
-2568.64
-2568.65
-2568.68
-2568.70
-2568.72
-2568.76
-2568.78
-2568.75
-2568.72
-2568.72
-2568.71
-2568.72
-2568.74
-2568.77
-2568.77
-2568.79

68.96
70.84
71.59
71.21
70.84
70.84
71.59
71.59
72.34
71.96
68.21
63.69
64.82
65.57
63.32
61.44
61.06
60.69
61.44
62.57
64.45
65.57
67.83
69.33
69.71
68.58
66.33
65.20
65.20
65.57
65.90
66.48
69.10
71.13
72.88
73.17
75.20
76.36
78.69
80.72

195.72
196.25
196.89
197.52
198.10
198.98
199.55
200.03
200.78
201.26
202.34
203.63
203.94
204.66
205.35
205.99
206.50
207.22
207.81
208.53
209.19
209.58
210.19
210.93
211.63
212.34
213.47
214.17
215.09
215.87

0.05

0.77

1.44

1.93

2.79

3.24

3.81

4.17

4.58

491

3.45
3.54
3.58
3.56
3.54
3.54
3.58
3.58
3.62
3.60
3.41
3.18
3.24
3.28
3.17
3.07
3.05
3.03
3.07
3.13
3.22
3.28
3.39
3.47
3.49
3.43
3.32
3.26
3.26
3.28
3.29
3.32
3.45
3.56
3.64
3.66
3.76
3.82
3.93
4.04

-2571.75
-2571.84
-2571.88
-2571.86
-2571.83
-2571.84
-2571.88
-2571.88
-2571.97
-2571.95
-2571.83
-2571.68
-2571.75
-2571.80
-2571.70
-2571.63
-2571.62
-2571.60
-2571.65
-2571.71
-2571.81
-2571.88
-2572.00
-2572.09
-2572.13
-2572.08
-2571.99
-2571.96
-2571.98
-2572.04
-2572.07
-2572.07
-2572.18
-2572.28
-2572.36
-2572.38
-2572.50
-2572.58
-2572.71
-2572.82

1.22
131
1.35
1.33
1.31
131
1.35
1.35
1.39
1.37
1.18
0.96
1.01
1.05
0.94
0.84
0.83
0.81
0.84
0.90
1.00
1.05
1.16
1.24
1.26
1.20
1.09
1.03
1.03
1.05
1.07
1.10
1.23
1.33
1.42
1.43
1.53
1.59
1.71
1.81
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385
385
385
385
385
385
385
385
385
385
385
386
386
386
386
386
386
386
386
386
386
386
386
386
386
386
386
386
386
386
386
386
386
386
386
386
386
386
386
386

65
74
83
93
101
107
116
124
130
139
145

10
16
23
29
38
45
59
68
78
91
110
123
134
143
158
170
183
195
206
222
228
232
242
253
261
270
276
285

-2568.80
-2568.82
-2568.84
-2568.85
-2568.85
-2568.84
-2568.82
-2568.81
-2568.78
-2568.77
-2568.79
-2568.11
-2568.11
-2568.10
-2568.11
-2568.08
-2568.06
-2568.05
-2568.04
-2568.06
-2568.09
-2568.11
-2568.16
-2568.21
-2568.30
-2568.32
-2568.44
-2568.54
-2568.58
-2568.61
-2568.62
-2568.65
-2568.68
-2568.70
-2568.73
-2568.74
-2568.78
-2568.82
-2568.82
-2568.85

82.18
85.38
84.79
88.86
90.32
91.19
92.35
93.81
94.68
96.42
98.17
99.96
100.40
100.40
99.52
98.65
98.21
99.08
99.96
99.52
98.65
97.34
95.15
93.84
92.53
92.09
92.53
92.53
89.91
88.60
87.29
86.85
85.98
84.67
84.23
83.79
83.36
82.92
82.92
82.05

5.20
5.99
6.68
7.52
8.17
8.58
9.37
10.00
10.44
11.19
11.69
0.76
1.07
1.66
2.38
2.97
3.87
461
6.03
6.95
7.92
9.32
11.20
12,51
13.69
14.52
16.12
17.28
18.63
19.84
21.04
22.64
23.18
23.60
24.67
25.79
26.62
27.49
28.15
29.05

411
4.27
4.24
4.44
4.52
4.56
4.62
4.69
4.73
4.82
4.91
5.00
5.02
5.02
4.98
4.93
4.91
4.95
5.00
4.98
4.93
4.87
4.76
4.69
4.63
4.60
4.63
4.63
4.50
4.43
4.36
4.34
4.30
4.23
4.21
4.19
4.17
4.15
4.15
4.10

-2572.91
-2573.09
-2573.08
-2573.29
-2573.36
-2573.40
-2573.44
-2573.50
-2573.51
-2573.59
-2573.70
-2573.10
-2573.13
-2573.12
-2573.09
-2573.02
-2572.97
-2573.01
-2573.04
-2573.04
-2573.02
-2572.98
-2572.92
-2572.91
-2572.92
-2572.93
-2573.06
-2573.17
-2573.07
-2573.04
-2572.98
-2572.99
-2572.97
-2572.94
-2572.94
-2572.93
-2572.95
-2572.96
-2572.96
-2572.95

1.88
2.04
2.01
2.22
2.29
2.33
2.39
2.46
251
2.59
2.68
2.77
2.79
2.79
2.75
2.71
2.68
2.73
2.77
2.75
271
2.64
2.53
2.47
2.40
2.38
2.40
2.40
2.27
2.20
2.14
2.12
2.07
2.01
1.98
1.96
1.94
1.92
1.92
1.88
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