
 

 

 

 

 

 

 

ï 1 ï 

 

INVESTIGATING VOLCANIC ENVIRONMENTS ON MARS AND EARTH USING 

RADAR 

 
 

by 
 

 

Emileigh S. Shoemaker 
 

 

__________________________ 
Copyright © Emileigh S. Shoemaker 2023  

 

 

A Dissertation Submitted to the Faculty of the 

 
 

DEPARTMENT OF PLANETARY SCIENCES 

 
 

In Partial Fulfillment of the Requirements 

 

For the Degree of 

 
 

DOCTOR OF PHILOSOPHY 
 

 

In the Graduate College 

 

 

THE UNIVERSITY OF ARIZONA 
 

 

 

 

2023 

 

 
 
 
 
 

 

 



 

 

 

 

 

 

 

ï 2 ï 

 
 

 

THE UNIVERSITY OF ARIZONA 

GRADUATE COLLEGE 

 
As members of the Dissertation Committee, we certify that we have read the dissertation 

prepared by: Emileigh S. Shoemaker 
titled: Investigating Volcanic Environments on Mars and Earth using Radar 

 

 

and recommend that it be accepted as fulfilling the dissertation requirement for the Degree of 

Doctor of Philosophy. 
 
 

 
Lynn Carter 

 
 

Shane Byrne 

 

Jack Holt 

Date: Jul 10, 2023 

 

Date: Jul 11, 2023  

 

Date: Jul 16, 2023 

 

Jacob Richardson  Jul 10, 2023 
Jacob Richardso n (Jul 10, 2023 10:15 EDT ) 

Jacob Richardson 

Kelsey Young  
Kelsey Young (Jul 10, 2023 10:27 EDT ) 

Kelsey Young 

Date:   

 

 

Date: Jul 10, 2023  

 

 

 

Final approval and acceptance of this dissertation is contingent upon the candidateôs submission 

of the final copies of the dissertation to the Graduate College. 

 

I hereby certify that I have read this dissertation prepared under my direction and recommend 
that it be accepted as fulfilling the dissertation requirement. 

 

 
 

 

Date: Jul 10, 2023 

Lynn Carter 

Lunar and Planetary Laboratory  
 



 

 

 

 

 

 

 

ï 3 ï 

Acknowledgments 
 

There are many people over the years that have helped me through the process of writing this 

dissertation deserving of acknowledgement. First and foremost, I want to thank my advisor, Lynn 

Carter. I met Lynn as an intern in 2016 when she took a chance on me as undergrad questioning 

where to go next in my education and research. Lynn quickly sparked my interest in Mars and 

radar remote sensing, and the rest is history. Thank you, Lynn, for our hours of discussion over 

the last seven years Iôve had the privilege to be your student and collaborator. I always looked 

forward to our weekly meetings. I also want to thank you for always encouraging me to pursue my 

own interests, giving me the space to make mistakes and guiding me back on course when I needed 

it. You have shown me what it takes to be an excellent scientist and educator. 

 

I also want to thank my undergraduate advisor Jennifer Scott. You were the first to show me how 

scientists conduct research and set such an excellent example as both a scientist and mentor. Thank 

you for that first trip to Greenbank Observatory ï your class inspired my passion for radio 

astronomy in all its forms. Iôm glad I took your advice about trying graduate school in a completely 

new environment. Iôm proud I followed in your footsteps and received my PhD from the University 

of Arizona (but Go Tigers!). 

 

To David Hollibaugh Baker, thank you for your mentorship over the years. You have always asked 

me the toughest questions about my science in the kindest way. You have challenged me to become 

a better scientist and critical thinker while reminding me to have fun and stay curious, and for that, 

Iôm extremely grateful. I have always looked up to your mentorship style, thank you for showing 

me the way. 

 

I would like to thank my committee members. A special thank you to Jacob Richardson for that 

first bit of Python code you wrote out on a napkin for me when you were a postdoc and I was a 

much quieter intern. You have been such an excellent mentor and scientist to look up to, thank you 

for sticking with me and making me into the field scientist I am today. I am glad to have you ñin 

my corner.ò Thank you to Jack Holt, for adopting me into your cohort of fellow radar students 

right away. I truly learned so much and I couldnôt have asked for a more kind or welcoming 



 

 

 

 

 

 

 

ï 4 ï 

adoptive lab. Iôd like to thank Shane Byrne for also asking the tough questions and really teaching 

me how to think critically both in classes and as a part of this committee; youôve always kept me 

on my toes. And lastly, Iôd like to thank Kelsey Young for helping me to become a field scientist 

and showing me how to be a gracious and fearless leader out in the field.  

 

I would also like to extend my thanks to my faculty mentor, Joe Giacalone. I truly appreciate your 

approachability and kindness. Iôve looked forward to and appreciated all of our conversations over 

the last five years. I really enjoyed your physics class, it was fun, informative, and made me 

comfortable with the sometimes-scary math associated with ñMagnetohydrodynamics.ò You made 

early morning graduate-level physics fun and something to look forward to. 

 

Thank you to my co-authors, the editors, and reviewers of the work contained in these chapters. I 

appreciate all of your contributions and the discussions that have improved the work presented 

here. Thank you to the members of the RIMFAX Team and the Mars 2020 Science Team for your 

support of and discussions about the work contained in Chapter 3. The work in Chapter 4 

conducted at Askja volcano in Iceland could not have been completed without the support and 

permission of the Vatnajökull National Park. I would also like the thank the Goddard Instrument 

Field Team members at NASA Goddard Space Flight Center for their support in the field and with 

the analyses that followed. Thank you to Patrick Whelley, Stephen Scheidt, Cherie Achilles, and 

Sarah Sutton for showing me the ropes in the field. You are some of the most admirable field 

scientists Iôve had the pleasure of working with. 

 

Thank you to my cohort of ñradaristas,ò namely, Brandon Tober, Tyler Meng, Nicole Bardabelias, 

Stefano Nerozzi, Michael Christoffersen, Indujaa Ganesh, Eric Petersen, Ali Bramson, Roberto 

Aguilar, and Rocío Jacobo. I could not have done the science that went in to this dissertation 

without your input and guidance over the years. Thank you all for all the cookouts, hangouts, and 

hours of laughter. Iôll miss our Sonett Basement community. I am especially grateful to Joana 

Voigt ï your friendship and advice was invaluable throughout graduate school. Thank you to all 

of the LPL graduate students for being such an excellent group of colleagues, it was an honor to 

be your grad rep. Thank you to Harry Tang for being such an excellent co-grad rep, office mate, 

and friend. Thank you to Amanda Stadermann for being an excellent colleague and for mentoring 



 

 

 

 

 

 

 

ï 5 ï 

me to be the best grad rep I could be. Thank you also to Hamish Hay, Cassandra Lejoly, Ben 

Sharkey, Zoe Wilbur, and Orion Hon for all of the fun hallway/office chats over the years, the 

lunchtime Pictionary, and tea and cake breaks. Thank you to my first roommates in Tucson, Rachel 

Fernandes and Zarah Brown. You both made me feel so welcome and helped make our house a 

home, especially during the pandemic. Thanks for all the fun! 

 

Iôd also like to acknowledge and thank my former lab mate, Indujaa Ganesh (again). Your 

mentorship over the years was truly instrumental in helping me survive graduate school. You set 

such an excellent example to look up to. Thank you also for your kindness, your friendship, ñThe 

One Where We Were Roommates,ò and our pizza dates.  

 

To my roommate, former officemate, and fellow grad student, Samantha Moruzzi, thank you for 

being such an excellent friend. Iôm grateful for our many hours of conversations and our mutual 

love of reality television. Iôm thankful for the many laughs, rants, and cries together over the last 

few years, youôve truly made this PhD experience pleasant.  

 

I also want to thank all of the LPL staff who have tirelessly answered my questions and listened 

to my requests. You have been instrumental to the completion of my dissertation. 

 

A special thank you to my hometown friends Jenni L., Brie S., and Amanda O. Iôm so glad weôve 

stayed in touch all these years. Thank you for being my cheerleaders during my defense and my 

steadfast friends for life. Iôm so thankful to have your support. 

 

To my loving parents Lee and Carol Shoemaker, thank you for encouraging me to pursue my 

dreams. You have shown me where hard work and tenacity can take you in life. Iôm so thankful to 

be your daughter. To my sister Kayleigh, ñSissy,ò thank you for being such a cool older sister. 

You blazed the trail for me so I didnôt have to. Iôve always admired your ñcan doò attitude and 

how you go after what you want in life. Youôve taught me how to truly never give up. Thank you 

for setting a great example to follow and for being my confidante and best friend. 

 



 

 

 

 

 

 

 

ï 6 ï 

And lastly, to Adam Thackston, Iôm grateful for your love, support, and patience over the last few 

years while I finished school. Iôm so proud of all of your achievements over the last couple of 

years. Iôm so glad Arizona brought us together. Thank you for all the drives back and forth between 

Tucson and Sierra Vista, no matter how early you had to get up for work the next day. I appreciate 

all the time you spent reading my drafts, listening to me talk about radar, and all the hours spent 

on the phone while we were apart when either one of us was in the field. I admire the patience and 

kindness you show those that you mentor, thank you for showing me what being a good leader 

looks like in all aspects of life. Thank you for consistently reminding me when things donôt work 

out the first time that, ñItôll buff, always does.ò 

 

 

 

 

 
 
 
 
 
 
 
 

 



 

 

 

 

 

 

 

ï 7 ï 

Dedication 
 
 

To my mother Carol, 

an exemplary mom and computer scientist. Thank you for showing me that you can be both. 

To my father Lee, 

the original ñRenaissance Man.ò Thank you for giving me your curiosity about the Universe. 

Per Aspera Ad Astra. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 



 

 

 

 

 

 

 

ï 8 ï 

Table of Contents 

List of Figureséééééééééééééééééééééééééééééééé12 

List of Tableséééééééééééééééééééééééééééééééé..14 

List of Abbreviationsééééééééééééééééééééééééééééé..15 

Abstractéééééééééééééééééééééééééééééééééé..17 

Chapter 1. Background and Motivationéééééééééééééééééééééé.18 

1.1 Orbital and In-Situ Radar Remote Sensing Techniques in Planetary 

Scienceéééééééééééééééééééééééééééé...18 

1.2 Volcanismééééééééééééééééééééééééééé..20 

1.3 Volcanism on Marséééééééééééééééééééééééé21 

1.3.1 The Tharsis Volcanic Provinceéééééééééééééééé...22 

1.3.2 Jezero Crater: An Open Basin Lake in a Regional Volcanic Settingéé.23 

1.4 Volcanism on Earthéééééééééééééééééééééééé25 

1.4.1 The Askja Volcano, Northern  Icelandééééééééééééé...26 

Chapter 2. New Insights into Subsurface Stratigraphy Northwest of Ascraeus Mons, Mars, Using 

the SHARAD and MARSIS Radar Soundersééééééééééééééé...28 

 2.1 Introductionééééééééééééééééééééééééééé28 

  2.1.1 The Tharsis Montes and Surrounding Volcanic Plainsééééééé...29 

  2.1.2 Investigating Volcanic Terrains Using Radar Soundingééééééé32 

 2.2 Methodséééééééééééééééééééééééééééé..33 

  2.2.1 Radar Sounding Dataéééééééééééééééééééé..33 

2.2.2 Regional Setting of SHARAD and MARSIS Subsurface Reflectorséé..37 

2.2.3 Measuring Dielectric Properties Using SHARAD and MARSISééé...39 

2.3  Resultsééééééééééééééééééééééééééééé44 

  2.3.1 Northern, Southern, and Western Flow Fieldsééééééééééé44 

  2.3.2 Lava Plainséééééééééééééééééééééééé.46 

 2.4  Discussionééééééééééééééééééééééééééé..48 

  2.4.1 Inferred Subsurface Stratigraphyéééééééééééééééé48 

  2.4.2 Controls on Where Reflectors are Foundééééééééééééé52 

   2.4.2.1 Dust Coverééééééééééééééééééééé.53 

   2.4.2.2 Surface Roughnesséééééééééééééééééé.56 



 

 

 

 

 

 

 

ï 9 ï 

   2.4.2.3 Other Possible Controlséééééééééééééééé..60 

 2.5 Conclusionsééééééééééééééééééééééééééé61 

Chapter 3. Investigating the Igneous Stratigraphy of Jezero Crater Floor using the RIMFAX 

Ground-Penetrating Radaréééééééééééééééééééééé...64 

3.1 Introductionééééééééééééééééééééééééééé64 

3.2 Setting of Sols 383 to 398ééééééééééééééééééééé...67 

3.3 Data and Methodséééééééééééééééééééééééé...70 

3.3.1 RIMFAX Ground-Penetrating Radar System and Data Processingééé70 

3.3.2 Measuring Dielectric Properties and Bulk Density of the Subsurfaceéé71 

3.3.2.1 Permittivity and Wave Velocityééééééééééééé.71 

3.3.2.2 Bulk Densityéééééééééééééééééééé...72 

3.3.3 Mapping and Characterizing Stratigraphy using In-Situ Imagery and 

RIMFAX Dataééééééééééééééééééééééé72 

3.4 Resultséééééééééééééééééééééééééééé..74 

3.4.1 Dielectric Permittivity, Radar Wave Velocity,                                                  

and Bulk Subsurface Densityééééééééééééééééé.74 

3.4.2 Observations of Surface Units During the Traverse  

from Navcam Imageryéééééééééééééééééééé75 

3.4.3 Map of the Máaz-S®²tah Interfaceééééééééééééééé...78 

3.4.4 Interpretations of Subsurface Layerséééééééééééééé..81 

3.4.4.1 Sol 384éééééééééééééééééééééé...82 

3.4.4.2 Sol 387éééééééééééééééééééééé...86 

3.4.4.3 Sol 389éééééééééééééééééééééé...89 

3.4.4.4 Sol 398éééééééééééééééééééééé...94 

3.5 Discussionééééééééééééééééééééééééééé..97 

3.5.1 Crater Floor Permittivity, Density, and Inferred Composition from 

RIMFAX Dataéééééééééééééééééééééé....97 

3.5.2 Inferred Stratigraphy for Sols 383 to 398ééééééééééééé99 

3.5.3 Map of the Regional Máaz-S®²tah Boundaryééééééééééé104 

3.5.4 Extent and Emplacement of Máaz Members for Sols 383-398éééé.105 

3.6 Conclusionséééééééééééééééééééééééééé..107 



 

 

 

 

 

 

 

ï 10 ï 

Chapter 4. Mapping Ice Buried by the 1875 and 1961 Tephra of Askja Volcano, Northern Iceland 

using Ground-Penetrating Radar: Implications for Askja Caldera as a Geophysical 

Testbed for In-Situ Resource Utilizationééééééééééééééééé109 

4.1 Introductionéééééééééééééééééééééééééé..109 

4.2 Askja Eruptions and Caldera Site Descriptionéééééééééééé.....110 

4.3 Methodséééééééééééééééééééééééééééé113 

4.3.1 Field Methodséééééééééééééééééééééé...113 

4.3.2 Quantifying Permittivity and EM Wave Velocityééééééééé114 

4.3.3 Mapping Ice and Tephra Thicknessesééééééééééééé..114 

4.3.4 Quantifying Losses to the Radar Signalééééééééééééé115 

4.4 Resultséééééééééééééééééééééééééééé..117 

4.4.1 Distribution of Ice and Tephra at Surveyed Sitesééééééééé..117 

4.4.1.1 Site 1 Observationsééééééééééééééééé...121 

4.4.1.2 Site 2 Observationsééééééééééééééééé...122 

4.4.1.3 Site 3 Observationsééééééééééééééééé...122 

4.4.2 Permittivity and Wave Velocityééééééééééééééé...123 

4.4.3 Calculated Losses to the Radar Signalééééééééééééé..128 

4.5 Discussionééééééééééééééééééééééééééé133 

4.5.1 Bulk Radar Losses as an Indicator of Buried Iceééééééééé...133 

4.5.2 Other Sources of Lossééééééééééééééééééé...135 

4.5.3 Insights on GPR Field Operations from the Askja Analog Siteéééé136 

4.6 Conclusionséééééééééééééééééééééééééé..138 

Chapter 5. Conclusions and Future Workééééééééééééééééééééé.139 

 5.1      Summaryéééééééééééééééééééééééééééé136 

 5.2 Future Workéééééééééééééééééééééééééé.142 

  5.2.1 Tharsis Volcanic Province, Marsééééééééééééééé..142 

5.2.2 In-Situ Resource Utilization Objectives with Radaréééééééé.143 

Appendix A: SHARAD Observation Numbers and Reflector Groupséééééééééé.145 

Appendix B: Layer Picks and Hyperbola Fits from RIMFAX Data for Sols 383-398éééé..148 
Appendix C: Uninterpreted RIMFAX Radargramsééééééééééééééééé..215 
Appendix D: Field Observations at Askja and the Vikrahraun Lava Flowééééééééé219 



 

 

 

 

 

 

 

ï 11 ï 

Referencesééééééééééééééééééééééééééééééééé225 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

ï 12 ï 

List of Figures 

Figure 2.1 Tharsis Volcanic Province Context and Previous Radar Sounding Studiesééé30 

Figure 2.2 Results of the SHARAD and MARSIS Radar Sounder Surveys Northwest of 

Ascraeus Monsééééééééééééééééééééééééé...31 

Figure 2.3 SHARAD Observation 1078601 of Northern Flow Field and Plainsééééé..35 

Figure 2.4 SHARAD Observation 2509402 Near the Ascraeus Fan-Shaped Depositééé.36 

Figure 2.5 MARSIS Observation 6191 in the Ascraeus Plainséééééééééééé37 

Figure 2.6 Compilation of HiRISE images of the Northern, Western, Central, and Southern 

Flow Field Marginséééééééééééééééééééééééé39 

Figure 2.7 Application of Depth Correction to SHARAD Radargramséééééééé...41 

Figure 2.8 Estimating Loss Tangent of Ascraeus Flow Fields and Plains from SHARAD 

Observationséééééééééééééééééééééééééé..45 

Figure 2.9 Sketches of Inferred Subsurface Stratigraphy Northwest of Ascraeus Monséé..50 

Figure 2.10 Context Camera Mosaic of the Southern Flow Field and Fan-Shaped Deposité.52 

Figure 2.11 SHARAD Surface Power Map Northwest of Ascraeus Monséééééééé55 

Figure 2.12 Arecibo S-band Backscatter Map Northwest of Ascraeus Monsééééééé57 

Figure 2.13 Map of Derived SHARAD Roughness Parameter Northwest of Ascraeus Mons...58 

Figure 3.1 Contextual Map of the Jezero Crater Floor, Western Fan Deposit, and Relevant 

Solséééééééééééééééééééééééééééééé.69 

Figure 3.2 Observations of Surface Pavers on Sols 383-398éééééééééééé...77 

Figure 3.3 Examples of Radar Facies from Selected RIMFAX Radargramséééééé...79 

Figure 3.4 The Máaz-Séítah Boundary Location and Paleotopography for Sols 383-398é...80 

Figure 3.5 Observations from RIMFAX Radargram and Images Collected on Sol 384éé...83 

Figure 3.6 Contextual Navigation Camera Mosaic Collected on Sol 384éééééééé85 

Figure 3.7 Observations from RIMFAX Radargram and Images Collected on Sol 387éé.87 

Figure 3.8 Contextual Mast Camera Zoom Mosaic Collected on Sol 387ééééééé..89 

Figure 3.9 Observations from RIMFAX Radargram and Images Collected on Sol 389éé..91 

Figure 3.10 Contextual Mast Camera Zoom Mosaic Collected on Sol 395 and Navigation 

Camera Image collected on Sol 389 of the Region of Interest on Sol 389ééé.93 

Figure 3.11 Observations from RIMFAX Radargram and Images Collected on Sol 398éé.95 



 

 

 

 

 

 

 

ï 13 ï 

Figure 3.12 Contextual Mast Camera Zoom Image Collected on Sol 388 of the Region of 

Interest on Sol 398éééééééééééééééééééééééé97 

Figure 3.13 Summary of Interpreted Stratigraphy for the Jezero Crater Floor Sols 383-398...103 

Figure 3.14 Estimated Subsurface Relief at the Máaz-Séítah Contactééééééééé.105 

Figure 4.1 Contextual Map of the Askja Volcano, its Caldera, the 196 Vikrahraun Lava Flow, 

and Ground-Penetrating Radar Surveys of the Three Caldera Sites of Interesté112 

Figure 4.2 Estimates of Ice Thickness Summarized at 400 MHz for the Three Caldera Sites of 

Interestéééééééééééééééééééééééééééé..118 

Figure 4.3 Representative Radargrams at Frequencies of 200 MHz, 400 MHz, and 900 MHz 

Collected at the Three Caldera Sites of Interestééééééééééééé120 

Figure 4.4 Summary of Estimated Loss Rates for the Three Caldera Sites of Interest and the 

1961 Vikrahraun Lava Flowéééééééééééééééééééé.132 

Figure 4.5 One-Way Loss Estimates versus Average Ice Thickness in the Askja Calderaé.134 

Figure B.1 Example of Surface Blocks and Corresponding Hyperbola Fits on Sol 387éé213 

Figure C.1 Sol 384 Uninterpreted RIMFAX Radargraméééééééééééééé215 

Figure C.2 Sol 387 Uninterpreted RIMFAX Radargraméééééééééééééé216 

Figure C.3 Sol 389 Uninterpreted RIMFAX Radargraméééééééééééééé217 

Figure C.4 Sol 398 Uninterpreted RIMFAX Radargraméééééééééééééé218 

Figure D.1 Askja Caldera Ice Thickness Map at 200 MHz, 400 MHz, and 900 MHzééé.221 

Figure D.2 Askja Caldera and 1961 Vikrahraun Lava Flow Field Photosééééééé.222 

Figure D.3 Estimated One-Way Loss Rates Compared to Literatureééééééééé.223 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

ï 14 ï 

List of Tables 

Table 2.1 Permittivity and Loss Tangent Estimates for Ascraeus Flow Field SHARAD 

Reflectorsééééééééééééééééééééééééééé...42 

Table 2.2 Permittivity and Loss Tangent Estimates for Near-Surface Ascraeus Plains 

SHARAD Reflectorsééééééééééééééééééééééé..47 

Table 2.3 Permittivity and Loss Tangent Estimates for Deeper SHARAD Reflectorséé..47 

Table 4.1 Fits to Generated Hyperbolas at Askjaéééééééééééééééé..125 

Table 4.2 Permittivity Derived from Trenches and Boreholes at Askjaéééééééé127 

Table 4.3 Summary of One-Way Loss Rates, Q, and Associated Uncertaintieséééé...130 

Table A.1 SHARAD Observation Numbers, Reflector Groups, and Associated Surface 

Unitsééééééééééééééééééééééééééééé.145 

Table B.1 Summary of the picked Máaz-Séítah boundary in the subsurface from RIMFAX 

radargramsééééééééééééééééééééééééééé148 

Table B.2 Hyperbola Fits for Sols 383-398éééééééééééééééééé...208 

Table B.3 Summary of Statistics for Hyperbola Fits on Sols 383-398éééééééé.212 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

ï 15 ï 

List of Abbreviations 

 

CTX     Context Camera 

dGPS    Differential GPS 

HiRISE    High-Resolution Imaging Science Experiment 

ISRU    In-Situ Resource Utilization 

DRE    Dense Rock Equivalent 

EM    Electromagnetic 

FSD     Fan-Shaped Deposit 

FFT    Fast Fourier Transform 

Ga    Billion years 

GHz    Gigahertz 

GIS    Geographic Information System 

GPR     Ground-Penetrating Radar 

GSSI     Geophysical Survey Systems Inc. 

ICE-SAG   Ice and Climate Evolution Science Analysis Group (of MEPAG) 

IIR    Infinite Impulse Response 

LEAG    Lunar Exploration Analysis Group 

LIBS    Laser-Induced Breakdown Spectroscopy 

LWIMS   Lunar Water ISRU Measurement Study 

MARSIS    Mars Advanced Radar for Subsurface and Ionospheric Sounding 

MARSTHERM  Thermophysical Analysis Tools for Mars Research 

Mastcam-Z   Mast Camera Zoom (Perseverance Rover) 

MEPAG   Mars Exploration Program Analysis Group 

MHz    Megahertz 

MOLA    Mars Orbiter Laser Altimeter 

MRO     Mars Reconnaissance Orbiter 

Navcam   Navigation Camera (Perseverance Rover) 

NVZ    Northern Volcanic Zone (of Iceland) 

OEB    Octavia E. Butler Landing Site of the Perseverance Rover 

PPK     Post-Processing Kinematic 



 

 

 

 

 

 

 

ï 16 ï 

RADAN 7   GSSI radar processing software 

RAGU    Radar Analysis Graphical Utility software 

RIMFAX    Radar Imager for Marsô Subsurface Experiment 

SHARAD     Shallow Radar  

TES    Thermal Emission Spectrometer 

THEMIS   Thermal Emission Imaging System 

TI    Thermal Inertia 

UAS     Uncrewed Aerial System 

VIPER    Volatiles Investigating Polar Exploration Rover 

VSAT    Volatiles Specific Action Team (of LEAG) 

XRF    X-Ray Fluorescence 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

ï 17 ï 

Abstract 

 

Volcanic processes play 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 reshaped almost 60 percent of its 

surface. This activity later waned, leaving behind a record of these changes in the subsurface 

stratigraphy. Orbital and in-situ radar remote sensing techniques can penetrate into these units and 

unpack the stratigraphy and geologic history of volcanic regions on Mars and Earth. The work 

contained in this dissertation utilizes orbital and ground-penetrating radar remote sensing 

techniques to map and interpret stratigraphy in 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 science. The discussion of Earth volcanism will 

specifically discuss Icelandic styles as Chapter 4 focuses solely on deposits associated with the 

Icelandic highlands volcano, Askja. Chapters 2 and 3 are investigations utilizing orbital and 

ground-penetrating radar, respectively, to map and characterize emplaced materials in two 

primarily volcanic environments on Mars. In Chapter 2, we map lava flows and other deposits near 

the volcano Ascraeus Mons in the Tharsis Volcanic Province. We also examine the radar 

characteristics of these deposits to determine the primary drivers of successful subsurface sounding 

are in these terrains. In Chapter 3, we utilize similar analysis techniques characterize and map the 

subsurface stratigraphy the floor of Jezero crater using the ground-penetrating radar payload on 

the Perseverance rover. We infer a volcanic origin for the crater floor units we examined and 

discuss the stratigraphy there as revealed from the radar data. Chapter 4 focuses on how radar can 

be used to satisfy in-situ resource utilization objectives and strategies for interpreting returns from 

the subsurface for human exploration in similar terrains on Mars or the Moon. Volcanic 

environments are a known challenge for radar due to surface and internal scattering resulting from 

their rugged textures. We apply techniques currently used to analyze radar remote-sensing data to 

noninvasively and unambiguously identify ice buried by volcanic tephra and discuss the 

implication for future in-situ resource utilization objectives for surface exploration of the Moon 

and one 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 challenge faced by planetary science when studying the processes that shape the 

terrerstrial Solar System bodies is direct access to their surfaces and upper subsurfaces. Orbital 

and in-situ remote sensing techniques are the main methods used to study the upper tens of meters 

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 

ground-based methods from Earth to image the surfaces of other Solar System bodies. An 

additional technique employs the Earth as a terrestrial analog to test in-situ techniques and to 

compare geologic processes across terrestrial planets. The Moon is the only terrestrial body where 

human in-situ geologic investigations have taken place. This section will provide a broad 

introduction to orbital and in-situ radar remote sensing techniques. 

 

Radar has gained significant traction in recent decades as a popular remote sensing and in-situ 

technique both in planetary and Earth geology. Radar remote sensing employs the active 

transmission of electromagnetic (EM) waves. These waves scatter off of planetary surfaces and 

are collected by a receiver, oftentimes co-located 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 than visible 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 surface properties 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 structure of both 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 

throughout this dissertation are referred to as ñradargrams,ò where the round-trip time delay of the 

transmitted radar signal is measured by the spacecraft or rover as a function 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 utilize 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 heritage of use 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 

configurations include 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 and bed topography of Alaskan 

glaciers using airborne radar. Water is conductive and is therefore attenuating at radar wavelengths 

whereas water ice is relatively transparent at radar frequencies making detection of internal 

layering and bed topography of thick ice deposits simple for radar.  

 

Mars was selected as a target for orbiting radar payloads as its large polar ice caps and possibility 

for present-day subsurface water and water ice deposits made it a tantalizing target for this remote 

sensing technique, building off of its successes in studying these features on Earth (Picardi et al., 

2004; Seu et al., 2007). The Mars Advanced Radar for Subsurface and Ionospheric Sounding 

(MARSIS; Picardi et al., 2004) and Shallow Radar (SHARAD; Seu et al., 2007) systems were sent 

to investigate these deposits from orbit. Rover-mounted GPRs are now collecting in-situ 

subsurface data along with these orbital radar systems (called ñradar soundersò). Rover-mounted 

radar assets include the Radar Imager for Marsô Subsurface Experiment GPR (RIMFAX; Hamran 

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 proven quite useful for probing the subsurface in 
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volcanic environments1, penetrating beneath sequences of lava flows and other volcanic deposits 

(e.g., Carter et al., 2009a, 2009b; Ganesh et al., 2020; Simon et al., 2014; Voigt and Hamilton, 

2018; Shoemaker et al., 2022), which is the focus of Chapters 2 and 3 in this dissertation.  

 

Each of the chapters in this dissertation makes use of data collected by the various radar 

instruments discussed in this section in predominantly volcanic environments on Mars and Earth. 

In Chapters 2 and 3, we utilize the SHARAD and MARSIS radar sounders and the RIMFAX GPR 

onboard the Perseverance rover, 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 upper 10 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 address in-situ resource utilization (ISRU) 

objectives for radar systems operating in similar environments. The volcanic processes and 

environments relevant to the work in this dissertation are discussed in 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 material forms. 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 

their 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 rate of cooling (Wilson, 2009; Byrne, 

2020).  

 

 
1A major advantage of using radar sounding to investigate the volcanic deposits in Tharsis is the ubiquitous >1 m thick 

mantle of dust identified throughout the province, which obscures compositional measurements of deposits by other 

orbital instrumentation (Christensen, 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 SiO2, are lower viscosity 

and/or volatile-poor, and are typically associated with effusive-style 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 of SiO2, are of a higher viscosity, 

are typically enriched in dissolved volatiles, and are generally associated with explosive styles of 

volcanism. These more felsic lavas build the classical, steep-sided, ñcone shapeò associated with 

composite volcanoes and the exsolution of volatiles from these magmas upon ascent can generate 

some of the most violent kinds of explosive eruptions (see §1.3.1 summarizing activity at the 

Icelandic volcano, Askja). These escaping gases fragment the magma upon eruption from the vent 

producing finer-grained volcanic ash and coarser-grained 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 diversity driven by its active 

crustal recycling mechanism. We will next discuss the differences in volcanism between Mars and 

Earth and introduce the specific study regions investigated in Chapters 2-4. 

 

1.3 Volcanism on Mars 

The Martian geologic record is broken up into three major epochs. From oldest to youngest these 

are: the Noachian period (~4.1ï3.7 Ga), the Hesperian period (~3.7ï3 Ga), and the Amazonian 

period (~3 GaïPresent). Unlike Earth, Mars appears to lack plate tectonics and does not undergo 

regular crustal 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 Northern Lowlands (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 reshaped by effusive volcanic processes (Werner, 

2009). Analyses of Martian meteorites, photogeologic studies of the morphologies of the 

landforms on the surface of the planet, and in-situ observations supports the present interpretation 

that effusive processes and compositionally mafic magmas resurfaced a majority of the planet 

(Mouginis-Mark et al., 2022).  
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Volcanic activity persisted throughout much of Marsô geologic history. In the Noachian, volcanic 

activity was more widespread and the Tharsis Volcanic Province had 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 volcanic provinces (Carr and Head, 2010; Ehlmann and Edwards, 

2014). Early Noachian volcanism in the Southern Highlands may have been explosive with the 

effusive shield-building activity concentrated in Elysium and then Tharsis (Mouginis-Mark et al., 

2022). The following section discusses the later activity that formed the Tharsis Volcanic Province 

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. The region is dominated by the largest volcanic edifices in the Solar System, 

including the largest volcano, Olympus Mons (Mouginis-Mark, 2018), and the three Tharsis 

Montes which form a chain along a NE-SW 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 flank of each of the Tharsis Montes are the 

so-called ñfan-shaped deposits,ò (FSDs; Fastook et al., 2008; Kadish et al., 2014) resulting from 

glacial activity. Since Mars lacks plate tectonics, the shield-like Tharsis Montes were likely formed 

by multiple eruptions triggered by a major mantle upwelling, possibly from a single magmatic 

source  along the chain (Bleacher et al., 2007). Arsia Mons is suggested to be the most developed 

of the Tharsis Montes, possessing a large complex caldera (Crumpler and Aubele, 1978) and intra-

caldera shield fields, fissures, and lava flows, estimated to be Amazonian in age (Richardson et 

al., 2021. These deposits were studied using SHARAD by Ganesh et al. (2020); their results 

suggest that explosive volcanism in the caldera may predate the deposition of the intra-caldera 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 al., 2021). Near Ascraeus Mons, four major lava flow-fields (with some 

hundreds-of-km long lava flows; Garry et al., 2007) overlie flat lava plains. These small fissures 

and shield fields identified by Richardson et al. (2021) can be seen throughout the lava plains. 

Some ponded lava also appears to partially embay 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 southwest in the Southern Highlands. Jezero 

crater (diameter ~ 45 km) is classified as a valley-network 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 the basin and breached the rim (Goudge et al., 2015, 2017). Jezero also possesses 

a fan or delta deposit (we will refer to it as the ñwestern fan depositò or ñfanò for the purposes of 

this dissertation; Goudge et al., 2017). Jezero was selected as the landing site for the Mars 2020 

Perseverance rover 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 surrounding regions (Farley et al., 2020). NASAôs 

Perseverance rover 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 (Bhartia et al., 2021), the multispectral, stereoscopic imager Mast Camera 

Zoom (Mastcam-Z; Bell et al., 2020), a laser-induced breakdown spectroscopy (LIBS) and high-

resolution micro-imager (Wiens et al., 2020), multiple engineering cameras including the 

Navigation 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 the western fan and channels. However, it had been 

previously determined from orbit through multispectral and morphological investigations that the 

Jezero crater floor had likely undergone volcanic resurfacing in its recent past (Fassett and Head, 

2008a; Goudge et al., 2012; Horgan et al., 2020). Outside Jezero, a regional olivine-bearing unit 

and a circum-Isidis capping unit were identified to share both spectral and morphological 

similarities to the units identified and mapped on the Jezero crater floor, including a dark-toned, 

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 circum-Isidis crater retaining capping unit was 

identified as a possible pyroclastic deposit that predates 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/carbonate-bearing 

unit (Hundal et al., 2022). Hundal et al. (2022) do not rule out the possibility that this potential 

pyroclastic deposit could also be sourced from Syrtis Major. Radar remote sensing investigations 

using the SHARAD radar sounder were unsuccessful at analyzing any stratigraphy within Jezero 

due to its relatively small diameter compared to other open basin lakes. The rim of the crater 

generated off-nadir reflections that arrived at travel times comparable to any real radar returns 

arriving from the subsurface to the spacecraft (Shoemaker et al. 2018, basin number 45). Chapter 

3 discusses the Jezero crater floor units in further detail. 

 

In-situ studies of the crater floor stratigraphy from Perseverance utilizing multiple instruments 

including RIMFAX with additional context 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 a series of 

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., 2022a, 2022b; Liu et al. 2022; Udry et al., 2023). 

Several plausible volcanic edifices and source vents have been identified within and around Jezero, 

including the semi-conical ñJezero Monsò just outside the southwest rim of the crater (Horgan et 

al., 2022b). Furthermore, there is evidence for aqueous alteration of these crater floor units that 

indicates both episodic fluvial and volcanic activity within Jezero (Horgan et al., 2020; Farley et 
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al., 2022). Chapter 3 details the use of in-situ remote sensing methods such as RIMFAX coupled 

with available imagery to extend the knowledge of the stratigraphy across a broader region of the 

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

 

1.4 Volcanism on Earth 
The geologic record of Earth is exceedingly complex compared to Mars, due in large part to the 

multitude of currently active geologic and biologic 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 

also the only terrestrial planet in the inner Solar System with known, current volcanic activity2 

(Byrne, 2020). This activity on Earth is mostly controlled by plate tectonics, concentrating at 

divergent and convergent plate boundaries, in contrast to Mars, for example (Byrne, 2020). At 

divergent boundaries, such as mid-ocean 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 mid-ocean ridges, magma is of a mafic composition. This low 

viscosity lava forms low-sloping shield volcanoes at seafloor spreading centers.  Magma at 

convergent boundaries is relatively enriched in both silica and volatiles because of the subduction 

of the more silicic crust leading to a more felsic composition as melt travels upwards (Wilson, 

2009). Composite volcanoes formed by the resulting higher-viscosity lava are constructed in these 

regions as well as in intraplate settings and rift zones (Byrne, 2020). We turn 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 Mid-Atlantic Ridge and the Greenland-Iceland-Faeroe 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 resurfacing; the oldest rocks are ~14-16 million years old (Thordarson and 

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

 
2Evidence for extremely recent and ongoing volcanic activity on the surface of Venus was discovered after closer 

examination of Magellan spacecraft images. This has been posited previously, but had not been confirmed until this 

investigation was conducted. See Herrick and Hensley (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 the Northern 

Highlands of Iceland is the Northern Volcanic Zone (NVZ). Volcanic activity in these zones 

concentrates along fissure swarms that are sub-parallel to the zone. A central volcano becomes the 

largest edifice and focus of activity in these regions (Thordarson and 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 undergo explosive 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, Northern 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 Öskjuvatn, formed during the 

explosive 1875 eruption (Graettinger et al., 2013). The edifice itself was primarily constructed by 

basaltic hyaloclastites emplaced subglacially and later built up by subaerial post-glacial lava flows 

(Carey et al., 2008a). It has been the source of many other Holocene eruptions, mostly effusive. 

Recent effusive eruptions resulting in deposition of basaltic lava flows and tephra have taken place 

in 1921-22, 1929, 1931, and 1961. Two explosive eruptions have been documented at ~10 ka and 

in 1875 (Sigvaldason, 2002). 

 

We focus on the eruptions in 1875 and 1961 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 buff-colored, rhyolitic pumice across the caldera of 

Askja and throughout eastern Iceland, parts of Scandinavia, and parts of Germany (Sparks et al., 

1981; Carey et al., 2009). Magma-water interactions generated this particularly violent eruption at 

Askja, generating ~0.33 km3 dense rock equivalent volume of tephra (note that the ~10 ka eruption 

was an order of magnitude larger with a DRE volume of 1.2 km3; Carey et al., 2009; Sigvaldason, 

2002). In October-November 1961, vents at the rim of the caldera deposited a black-brown, 

basaltic lapilli throughout the caldera. Effusive 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 aggradation and 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 and potentially at 

Öræfajökull after its 1362 eruption (Helgason, 2000; Kellerer-Pirklbauer 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 subject of 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 planetary in-situ 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 Mars that may 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 payload for in-situ prospecting of resources on 

the surface of the Moon where water ice concentrations within the regolith are potentially 

extremely low (Neish et al., 2011) ï a relatively uncharacterized challenge for GPR systems on 

the surface  (Richardson et al., 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 non-invasive technique to accomplish in-situ resource utilization 

(ISRU) reconnaissance goals given the best-case-scenario. 
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CHAPTER 2. 
New Insights into  Subsurface Stratigraphy Northwest of 
Ascraeus Mons, Mars, Using the SHARAD and MARSIS Radar 
Sounders 
 

The contents of this chapter were published in the peer-reviewed 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 SHARAD and MARSIS Radar 

Sounders. Journal of Geophysical Research: Planets, 127(6), 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 of the evolution of the interior of a planet with time (Carr, 1974; Greeley and 

Spudis, 1981; Werner, 2009; Wilson and Head, 1983). Volcanism is extensive on Mars; it has been 

estimated that Ḑ60% of the Martian surface has been reshaped by effusive volcanic processes 

(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, covering Ḑ25% of its surface, and is host to its largest 

volcanoes, which share a striking similarity to basaltic shield volcanoes on Earth (Werner, 2009). 

Tharsis, as a center of volcanic activity, therefore provides a window into the long and complex 

volcanic history of Mars (Tanaka et al., 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 emplacement of these features on the 

surface in order to constrain their eruption conditions (e.g., Baloga and Glaze, 2008; Garry 

et al., 2007; Glaze and Baloga, 2006; Hauber et al., 2011; Hiesinger et al., 2007; Peters 

et al., 2021; Plescia, 2004). 

In this study, we investigate the subsurface of a region of interest near the Ascraeus Mons volcano 

in the Tharsis Volcanic Province using observations from the SHAllow RADar (SHARAD) 
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instrument onboard the Mars Reconnaissance Orbiter (Seu et al., 2007) and from the Mars 

Advanced Radar for Subsurface and Ionospheric Sounding (MARSIS) onboard Mars Express 

(McMichael et al., 2017; Picardi et al., 2004). Using radar sounding, we probe the subsurface to 

map the extent and thickness of the volcanic deposits that are present 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 complex 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 southwest-northeast line through the center of the province (Crumpler and Aubele, 1978). 

Their current surfaces are interpreted to be Amazonian in age (Tanaka et al., 2014). The Tharsis 

Montes are the source of laterally extensive lava flows that are tens to hundreds of kilometers in 

length (Figures 2.1 and 2.2) (Garry et al., 2007; Peters et al., 2021). Distal lava flows have been 

found to be older than those that are proximal to the main flanks and rift aprons of the Tharsis 

Montes (Bleacher et al., 2007). However, exact ages of individual flows are largely unknown, 

spanning from the mid-Hesperian through the late Amazonian (Ḑ3.7ï0.5 Ga) epochs (Tanaka 

et al., 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 extents 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 distributed-style volcanism (Richardson et al., 2021). Many of these vents 

cluster near the base of the Tharsis Montes as well as along their rift aprons, and contribute to 

younger, late Amazonian-aged (Ḑ0.5 Ga to present) deposits (Tanaka et al., 2014). Constraining 

the composition of the volcanic deposits in Tharsis from orbit is complicated as it is covered in a 

regional dust layer (Christensen, 1986; Rogers and Christensen, 2007) However, it has been 

inferred that erupted lavas throughout Tharsis and in the vicinity of Ascraeus Mons likely have a 

basaltic composition (e.g., Bleacher et al., 2007; Lang et al., 2009; Peters et al., 2021; Viviano 

et al., 2019; Warner and Gregg, 2003; Werner, 2009). 
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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 a southwest to northeast chain, they are called Arsia, Pavonis, and 

Ascraeus Mons. The black box indicates the region of interest in this study (Figure 2.2) 

investigated using the SHAllow RADar (SHARAD) and Mars Advanced Radar for Subsurface 

and Ionospheric Sounding (MARSIS) currently in orbit around Mars. The stars indicate a general 

region where multiple SHARAD or MARSIS detections of subsurface interfaces have been made 

by various workers (Carter, Campbell, Holt, et al., 2009; Ganesh et al., 2020; Simon et al., 2014; 

Shoemaker et al., 2019, 2020). Mars Orbiter Laser Altimeter hillshade map. 
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Figure 2.2. Results of our 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 interest to this study 

(black dashes; Mohr et al., 2018) and throughout the more homogenous surrounding lava plains. 

SHAllow RADar (SHARAD) results are shown in two-way time delay in ɛs where deeper shades 

indicate a longer time delay. Subsurface interfaces observed along the Mars Advanced Radar for 

Subsurface and Ionospheric Sounding (MARSIS) orbit tracks are similarly displayed. 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 available images. (a) Summary of the most near-surface 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 are along 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 shaping the 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 the ñfan-shaped depositsò (FSD) that are interpreted to be drop moraines formed by cold-based 

glacial activity (Fastook et al., 2008; Kadish et al., 2008, 2014; Scanlon et al., 2015; Tanaka 

et al., 2014). These deposits at Ascraeus Mons have been dated to be Ḑ220 Ma from crater-size 

frequency distribution analyses conducted by Kadish et al. (2014). These moraines appear to have 

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

et al., 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 Mars by measuring 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 (Campbell, 2002; Ulaby 

et al., 1988). Indeed, these parameters were measured for two lava flow fields in Tharsis (Carter, 

Campbell, Holt, et al., 2009; Simon et al., 2014) using the SHARAD sounder (Seu et al., 2007) on 

MRO. Both studies investigated two distinct flow fields (termed the ñnorthern and southern 

flowsò) northwest of Ascraeus Mons with estimated thicknesses between 30 and 70 m based on 

Mars Orbiter Laser Altimeter (MOLA; Smith et al., 2001) topography data (Carter, Campbell, 

Holt, et al., 2009). The two flow fields were inferred to be comprised of dense basalt (3.4ï3.7 g 

cmī3) corresponding to an average permittivity estimated between 7 and 13 (Carter, Campbell, 

Holt, et al., 2009; Simon et al., 2014). Two additional reflectors were identified near the rift aprons 

and flanks of Pavonis and Arsia Mons by Simon et al. (2014). Additional surveying by Shoemaker 

et al. (2019, 2020) of 487 SHARAD radargrams and 126 MARSIS radargrams proximal to the 

Tharsis Montes found that small clusters of reflectors corresponded to low-lying paleotopography 

that was later infilled. Other subsurface interfaces were identified within the Arsia Mons caldera 

and interpreted by Ganesh et al. (2020) to be pyroclastic deposits from past explosive activity. 

Locations of reflectors observed by orbital radar sounders are summarized in Figure 2.1. 

 

2.2 Methods 
2.2.1 Radar Sounding Data 
 

SHARAD is a chirped radar sounder that operates at a central frequency of 20 MHz with a 10 MHz 

bandwidth which translates to a vertical resolution of 15 m in free space. Subsurface resolution 

varies with the permittivity of different geologic materials present (Seu et al., 2007). MARSIS 

operates at lower central frequencies of 1.8, 3, 4, and 5 MHz each with a 1 MHz bandwidth in its 

subsurface sounding mode. At 1 MHz MARSIS has a vertical resolution of 150 m in free space or 

50ï100 m depending on the permittivity of the material (Picardi et al., 2004). MARSIS can 

penetrate deeper into the subsurface, but has a lower resolution than SHARAD as a result. 

SHARAD has a horizontal resolution of 0.3ï1 km along track and 3ï6 km in the cross-track 

direction while MARSIS has a horizontal resolution of 5ï10 km along track and 15ï30 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 (Campbell, 2002; Ulaby et al., 1988). SHARAD 

and MARSIS will detect interfaces in the 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 ñradargrams.ò Permittivity contrasts appear as bright horizons 

(reflectors) at a greater time delay than the initial, bright surface return (Figures 2.3 and 2.4, top 

and left panels and Figure 2.5, left panel). Reflectors may be obscured within SHARAD or 

MARSIS radargrams by cross-track 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 time delay comparable to that of a subsurface reflector 

(Figures 3.5 and 4.5, bottom panel and center panels and Figure 5.5, right panel). Clutter sources 

are identified by comparing the radargram to a simulation of cross-track echoes produced using 

MOLA topography data as well as maps of first-return echo locations of the radar signal 

(Choudhary et al., 2016; Holt et al., 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 are publicly available on the NASA Planetary 

Data System. All clutter simulations and reprocessed MARSIS radargrams (McMichael 

et al., 2017) used in our survey are available on the Colorado SHARAD Processing System (Putzig 

et al., 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: SHARAD radargram 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 fields outlined (black dashed lines; Mohr et al., 2018). The solid black lines are 

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

right panel. 
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Figure 2.4. SHAllow RADar (SHARAD) observation 2509402 with two reflectors (white arrows) 

identified within a lobe of lava in the plains. The extent of the upper reflector (U1) is shown in the 

rightmost panel near the Ascraeus Mons fan-shaped deposit as the solid black line. The extent of 

the lower reflector (L1) is not shown as it is overlapped by U1. Left panel: SHARAD radargram 

2509402. Center panel: associated clutter simulation produced 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; Mohr et al., 2018). 

North is up in the right panel. 
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Figure 2.5. Mars Advanced Radar for Subsurface and Ionospheric Sounding (MARSIS) 

observation 6191 at 5 MHz of a dipping reflector located in the eastern plains. MARSIS detects 

four dipping, near-surface 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 in the eastern plains 

are at time delays similar to deeper reflectors detected there by SHAllow RADar (see Figure 2.2b). 

 

 

2.2.2 Regional Setting of SHARAD and MARSIS Subsurface 
Reflectors 

 

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

Ḑ3 × 105 km2 (extent of Figure 2.2). This region is comprised of relatively flat volcanic plains 

overlain by the distal ends of four distinct lava flow fields visible in the MOLA topography data 

(dashed lines, Figure 2.2). These four flow fields are herein referred to as ñnorthern, western, 

central, and southern flows.ò The surrounding plains are a collection of lobes from other smaller 

https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2022JE007210#jgre21932-fig-0002
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lava flows and deposits from low-shields and fissures (Mohr and Williams, 2017; Mohr 

et al., 2018). We examined 94 SHARAD observations and 113 MARSIS observations across this 

region of interest and mapped the location of subsurface reflectors. Those reflectors are shown in 

Figure 2.2, with a color scale indicating the time delay of the subsurface interface relative to the 

surface reflection (see discussion in Section 2.3). 

The origin of the southern flow (690 km long) is mapped to a source area on the southwest rift 

apron of Ascraeus Mons (Garry et al., 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 overlap from 

numerous other flows and Poynting crater (72 km diameter). Therefore, it is unclear if the flows 

are sourced from eruptions related to the Pavonis or Ascraeus Montes rift aprons. Figure 2.6 is a 

collection of High Resolution Imaging Science Experiment (HiRISE) images (A. S. McEwen 

et al., 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 (Figure 2.6, [panels d and e]) while the least distinct boundary 

is that of the western flow (Figure 2.6b). The southern flow is similarly lobate with well-defined 

margins but with a less distinct surface texture pattern than the central flow. The western and 

northern flows spread out laterally from their sources and appear thinner and more sheet-like than 

the southern and central flows (Bleacher et al., 2007; Carter, Campbell, Holt, et al., 2009). This 

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

images shown in Figure 2.6, (panels a and b). 
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Figure 2.6. Morphology and textures of the lava flow fields distributed throughout the region of 

interest northwest of Ascraeus Mons. Panels (aïc) 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. Panels (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_1965_RED, (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 SHARAD and 
MARSIS 

 

SHARAD and MARSIS observations can be used to measure the complex permittivity of 

emplaced volcanic materials (Ůǋ Ñ iŮǌ). The real component of the complex permittivity, which is 

also referred to as the dielectric constant or real relative permittivity (we refer to it here as 

permittivity for brevity), Ůǋ, can be calculated from the radar sounding data using Equation 1: 
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where h is the depth to the subsurface interface, ȹt is the two-way travel time between the surface 

and subsurface interfaces measured directly from the radargram, and c 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 script which 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, longitude, two-way travel time 

of the radar wave ȹt between the surface and subsurface interface, and relative power. Similar 

outputs are achieved for MARSIS using the Radar Analysis Graphical Utility reflector picking tool 

(Tober and Christoffersen, 2020). These outputs are combined into a shape file for each SHARAD 

or MARSIS observation for use in geographic information system software. These data can then 

be used to estimate permittivity using Equation 1 and quantify losses to the radar signal by 

estimating the loss tangent (see Equation 2). 

 

The unit thickness and permittivity can be simultaneously estimated using a depth correction 

technique. Figure 2.3 is an example 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 Equation 1 for thickness, h, we can convert the radargram time delay to depth by 

assuming reasonable values for permittivity, Ůǋ, and therefore the velocity of the radar wave 

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 outside its margin can be connected with a straight line 

(Carter, Campbell, Watters, et al., 2009). When the subsurface interface aligns with the 

surrounding plains (Figure 2.7), the corresponding permittivity value is recorded and the thickness 

of the flow is estimated from Equation 1. 
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Figure 2.7. We perform a depth correction on SHAllow 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 arrows) interpreted 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 not the best fit since the reflector is still not aligned with the plains on either 
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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 of permittivity and thicknesses. There 

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

ñflatò surface. We select pixels in the radargram corresponding to the plains unit on either side of 

the flow and assume they are coplanar 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 2ï3 pixels (maximum) above or below the true plains location. This translates to a 0.075ï

0.11 µs 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 thickness, h, of the lava 

flow that is calculated using Equation 2.1 and summarized in Table 2.1. Furthermore, if the 

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

be introduced. However, extending the 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 

Observation 

Number 

Reflector 

GroupÀ 
Permittivity 

( e ') 

Mean 

Flow 

Thickness, 

h (m) 

2, 3 Pixel 

Uncertainty

, h (m) 

Group 

tan (d) 

Group 

tan (d), 

1s 

Error 

Slope 

N 189901 30 11.2 19.8 3.36, 4.93 0.025 0.020-

0.031 

-3.15 

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-

0.025 

-2.96 

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-

0.055 

-5.44 

W 1375301 9 10.2 24.2 3.52, 5.17    

https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2022JE007210#jgre21932-disp-0001
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2022JE007210#jgre21932-tbl-0001


 

 

 

 

 

 

 

ï 43 ï 

ÀThere 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 radar wave 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 along-track distance by calculating the loss tangent (tan ŭ) of 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: 
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‗
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ÌÎὒ ρ ρ                         ςȢς 

 

where ɚ is the free space wavelength of the radar and L is the power loss per unit time, 

ȹt (Campbell et al., 2008). Each group of interfaces associated with a mapped flow field (e.g., 

Figure 2.2) 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 topographic boundaries 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 remove the effect of variations in noise, antenna gain, 

ionospheric absorption, and other factors between observations in a group prior to fitting. Using 

Equation 2.2, 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 

sounding 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 positive. There 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 tangent 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-

sided p-value where p Ó 0.05 confirms the null hypothesis. In cases where the fit does not have 

https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2022JE007210#jgre21932-bib-0005
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2022JE007210#jgre21932-fig-0002
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2022JE007210#jgre21932-disp-0002
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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 these sources of 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 interfacesðincluding those previously 

identified by Carter, Campbell, Holt, et al. (2009) and Simon et al. (2014)ðlie squarely within the 

margins of three lava flow fields (northern, southern, and western flows) visible in MOLA 

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 associated with these 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, Southern, and Western Flow Fields 
We average the recorded permittivity and determine thickness using Equation 2.1 and the depth 

correction method. Table 2.1 summarizes our results. In some cases, the contact between the flow 

and the surrounding plains was ambiguous, resulting in large errors in estimating the thickness of 

the flow and correspondingly unrealistic or impossible-to-measure permittivity values. We 

exclude those observations from our analysis of permittivity. We also calculate the loss tangent 

(tan ŭ) as described in Section 2.3. Computed loss tangents for these three flow fields indicate that 

they are consistently low-loss, similar to terrestrial basalts and the range of loss tangents measured 

for lunar basalts (Carrier et al., 1991). An example plot of normalized power versus time delay is 

shown in Figure 2.8, 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 in Table 2.1. 

 

https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2022JE007210#jgre21932-bib-0012
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2022JE007210#jgre21932-bib-0068
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2022JE007210#jgre21932-disp-0001
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2022JE007210#jgre21932-tbl-0001
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2022JE007210#jgre21932-sec-0070
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2022JE007210#jgre21932-bib-0011
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2022JE007210#jgre21932-fig-0008
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2022JE007210#jgre21932-tbl-0001
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Figure 2.8. Linear fits of normalized power versus round-trip time delay of reflectors 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 of that reflector when input into Equation 2.2. Panel 

(a) is a fit of reflector Group 24 within the margins of the southern flow field. Panel (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 the 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 density (ɟ) 

derived from laboratory measurements follows a power law given by 

 

‐ ρȢωφ             ςȢσ 

 

which can be inverted for density for each flow using the mean, computed permittivity (Ulaby 

et al., 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 3.52 ± 0.03, 3.36 ± 0.01, and 

3.20 ± 0.03 g cmī3, respectively. We propagate a conservative 2 pixel uncertainty in the flow 

thicknesses to the permittivity in order to obtain an uncertainty in the densities estimated from 

Equation 2.3. 

 

2.3.2 Lava Plains 
The remaining subsurface interfaces identified by both SHARAD and MARSIS are distributed 

throughout the plains northwest of Ascraeus Mons and are not associated with any distinct 

expression of surface topography (Figure 2.2). There are a multitude of lava flow lobes visible at 

the surface throughout the region, but subsurface interfaces within these ñplainsò are not confined 

to any obvious surface topography. An example of this is the highly uncertain bounds of the 

western flow (see Figure 2.2) where the margin becomes significantly less defined 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 but instead are found to be skirting its eastern margins in 

the adjacent plains (Figures 2.2a and 2.5c). 

Eight of these groups of SHARAD reflectors possess deeper interfaces below a shallow upper 

reflector. A single group possesses three distinct interfaces at different 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 2.2b). Since these interfaces lack correlation with a topographic surface 

expression, the permittivity and thickness of the layers cannot be independently determined. Loss 

tangent, can, however, still be estimated if the interface meets parameters described in 

https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2022JE007210#jgre21932-bib-0075
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2022JE007210#jgre21932-disp-0003
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2022JE007210#jgre21932-fig-0002
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2022JE007210#jgre21932-fig-0002
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Section 2.2 (i.e., sufficient change in depth along track). A plot of normalized power versus time 

delay is shown in Figure 2.8, panels (b and d) for reflector Group 22 and 15, respectively. We 

summarize the results for the most near-surface SHARAD interfaces in Table 2.2. Results of 

analyses of the deeper reflectors are summarized in Table 2.3 and their location and relative time 

delay is shown in Figure 2.2b. As in other cases, permittivity, thickness, and loss tangent could not 

always be estimated. 

Table 2.2. Loss tangents estimated for each group of near-surface reflectors identified in the 

Tharsis plains lava flows northwest of Ascraeus Mons. 

Reflector GroupÀ Group tan (d) Group  

tan (d), 1s Error  

 

Slope 

3 0.020 0.011-0.029 -2.51 

6 0.047 0.035-0.059 -5.87 

8 0.076 0.061-0.090 -9.49 

10 0.048 0.040-0.055 -6.00 

15 0.020 0.016-0.023 -2.49 

19 0.006 0.003-0.009 -0.74 

20 0.010 0.006-0.013 -1.23 

21 0.017 0.013-0.022 -2.17 

22 0.029 0.026-0.032 -3.64 

25 0.039 0.024-0.053 -4.84 

29 0.018 0.014-0.022 -2.24 

31 0.030 0.016-0.044 -3.78 
ÀGroups 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 reflectors.  

SHARAD 

Observation 

Numbers 

Reflector Group Group tan (d) Group tan (d), 1s 

Error  

 

Slope 

1347601 21 0.011 0.009-0.013 -1.38 

189901, 1326501 26 0.005 0.004-0.007 -0.67 

416701 32 0.018 0.012-0.024 -2.31 

 

For the five MARSIS observations (orbits 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 5 MHz, is shown in Figure 2.5. These interfaces did not yield meaningful loss 

https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2022JE007210#jgre21932-sec-0060
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2022JE007210#jgre21932-fig-0008
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2022JE007210#jgre21932-tbl-0002
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2022JE007210#jgre21932-tbl-0003
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2022JE007210#jgre21932-fig-0005
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tangents as they did not dip into the subsurface over long enough distances. All SHARAD 

observations and their associated groups are summarized in Table A.1 in Appendix A. 

 

2.4 Discussion 
2.4.1 Inferred  Subsurface Stratigraphy 
Material properties such as density, permittivity, and corresponding 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 between 2.5 and 3.5 (Campbell and Ulrichs, 1969; Carter, Campbell, Holt, 

et al., 2009; Morgan et al., 2015; Ulaby et al., 1988). We therefore interpret the measured deposits 

in this region to be basaltic lava flows based on our measurements (see Table 2.1), in good 

agreement with previous estimates of permittivity from two lava flows in this region of Tharsis by 

Carter, Campbell, Holt, et al. (2009) and Simon et al. (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 contact 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 produce a radar reflection 

(Kobayashi et al., 2010; Peeples et al., 1978). Morgan et al. (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 flow fields to be between 19.8 and 60.2 m (see Table 2.1). A recent investigation by 

Peters et al. (2021) examining eruption conditions found that lava flows in the Tharsis Province 

(including several in our region of interest) span a range of thicknesses, between 11 and 91 m. The 

Peters et al. (2021) investigation assumed a density of 2.7 g cmī3, 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 thickness estimates from the 

radar data are well within their range for their study sample. We estimated average bulk densities 

of 3.52 ± 0.03, 3.36 ± 0.01, and 3.20 ± 0.03 g cmī3, for the northern, western, and southern flows, 

respectively. Our average density estimates are much higher than the Peters et al. (2021) 

assumption but are within a range of densities suggested for martian lava flows by other workers 

https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2022JE007210#jgre21932-bib-0009
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2022JE007210#jgre21932-bib-0012
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2022JE007210#jgre21932-bib-0052
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2022JE007210#jgre21932-bib-0075
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2022JE007210#jgre21932-bib-0012
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2022JE007210#jgre21932-bib-0068
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2022JE007210#jgre21932-bib-0042
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2022JE007210#jgre21932-bib-0055
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2022JE007210#jgre21932-bib-0052
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2022JE007210#jgre21932-tbl-0001
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2022JE007210#jgre21932-bib-0056
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2022JE007210#jgre21932-bib-0056
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2022JE007210#jgre21932-bib-0056
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using a variety of measurement methods (e.g., Baratoux et al., 2014; Hiesinger et al., 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 of 2.89ï3.59 g 

cmī3, where this minimum density estimate is closer to that of a terrestrial basalt. Our higher 

densities could be the result of uncertainties in the method we employ to estimate the permittivity 

which is used to estimate density from Equation 2.3 (see Section 2.2). Alternatively, these 

densities could indicate basalt with a higher Fe content similar to lunar high-Fe and high Fe-Ti 

basalts (Kiefer et al., 2012; Meyer, 2005). 

Determining the source of the remaining reflectors located in the surrounding plains is difficult 

since we are unable to make an independent measurement 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 of lava 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 fraction of vesicles or a layer of ash, 

regolith, or some amount of weathering during a hiatus that creates a density contrast (Morgan 

et al., 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 the surface of Mars (e.g., Edgett, 1997; Ganesh et al., 2020; 

Hynek et al., 2003; Kerber et al., 2012; Mouginis-Mark and Zimbelman, 2020). Pyroclastic 

deposits could also be generated by the numerous low shield fields and fissures mapped by 

Richardson et al. (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 sketch of stratigraphic 

scenarios is summarized for the southern flow in Figure 2.9a. We consider the stratigraphic 

scenarios in Figure 2.9a to also be applicable to the observed reflectors beneath the northern and 

western flows as well as most of the observations in the plains.  

https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2022JE007210#jgre21932-bib-0002
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2022JE007210#jgre21932-bib-0035
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2022JE007210#jgre21932-disp-0003
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2022JE007210#jgre21932-sec-0040
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2022JE007210#jgre21932-bib-0041
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2022JE007210#jgre21932-bib-0082
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2022JE007210#jgre21932-bib-0052
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2022JE007210#jgre21932-bib-0023
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2022JE007210#jgre21932-bib-0026
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2022JE007210#jgre21932-bib-0037
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2022JE007210#jgre21932-bib-0040
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2022JE007210#jgre21932-bib-0054
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2022JE007210#jgre21932-bib-0062
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2022JE007210#jgre21932-fig-0009
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2022JE007210#jgre21932-fig-0009
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Figure 2.9. Sketches of possible stratigraphy associated with SHAllow RADar (SHARAD) 

reflectors detected at  the 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 field margin in contact 

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 a scenario where glacial sediment from the fan-shaped 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 different reflectors. 

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 (Figure 2.4, see right panel for reflector extents) correspond to a unit that is 

currently interpreted as ponded lava (Mohr et al., 2018) confined by the southern flow to the west. 

To the east of the southern flow is the FSD off the western flank of Ascraeus Mons. The 

morphologies that are present here are indicative of a glacial origin for the FSD (Kadish 

et al., 2008, 2014). This deposit is visible in Figure 2.2 and the right panel of Figure 2.4. A higher 

resolution mosaic of this deposit from the MRO Context Camera is shown in Figure 2.10 (Dickson 

et al., 2018; M. C. Malin et al., 2007). The edge of the FSD is defined by numerous ridged facies 

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 a source of sediment deposition (Kadish 

et al., 2008, 2014; Mohr et al., 2018). This ponded unit appears to embay and partially bury the 

FSD (Mohr et al., 2018). This glacially derived sediment, if it is present in the subsurface beneath 

this ponded lava, could be the source of the upper reflector along 2509402 (Figure 2.4, U1) and 

possibly the lower reflector as well (Figure 2.4, L1). The individual moraines visible in 

Figure 2.10 become more diffuse moving north and east, a likely result of their partial burial by 

the ponded lava unit (Mohr et al., 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 partially buried FSD informs our interpretation that they are likely sourced 

from glacially derived sediment. Figure 2.9b is a sketch of the stratigraphic scenarios discussed 

here for the upper reflector (U1) in SHARAD observation 2509402. 

 

https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2022JE007210#jgre21932-fig-0004
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Figure 2.10. The fan-shaped deposit (FSD) off the northwestern flank of Ascraeus Mons is the 

result of cold-based glacial activity during the late Amazonian (Fastook et al., 2008; Kadish 

et al., 2008, 2014; Scanlon et al., 2015; Tanaka et al., 2014). A unit mapped as ponded lava has 

embayed and partially buried the moraines of the FSD (Mohr et al., 2018). SHAllow 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 here. Context Camera mosaic (Dickson 

et al., 2018; Malin et al., 2007). 

 

2.4.2 Controls on Where Reflectors Are Found 
 

Reflectors in our 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 interfaces at their distal 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 
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made clear that this particular flow 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 that a 10ï60 cm deposit 

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 

et al., 2014). Dust cover is ubiquitous in Tharsis and deposits have been estimated to be >1 m thick 

in some places (Christensen, 1986). 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; Christensen et al., 2004) 

and the Thermal Emission Spectrometer (TES; Christensen et al., 2001). We used the 

MARSTHERM tool (Putzig et al., 2013) to output maps of thermal inertia (TI) for our region of 

interest. These combined observations indicated a moderate to low TI throughout the plains and 

within the margins of the lava flows in our region of interest with little variation between day and 

night TI. The average TI value for regions where SHARAD and MARSIS detect reflectors is 50 

tiu (thermal inertia units, J mī2 Kī1 sī1/2; Putzig and Mellon, 2007). Generally, this indicates the 

presence of loose, unconsolidated material such as dust, ash, or regolith on the surface. The wind 

streaks seen in Figure 2.6 show the active transport of dust in the region. Despite the likelihood of 

such a 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 mantling deposits could be lowering the 

bulk density of the near surface using SHARAD-derived reflectivity in our region of interest. 

We examined the SHARAD echoes received from the near surface (Ḑ5 m) which are a function 

of the Fresnel reflectivity for all night side observations within our region of interest (Morgan 

et al., 2021). This return serves as a proxy for near-surface density of the upper 5 m. 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 and 100 m which 
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is characterized by the SHARAD roughness parameter (see Campbell et al., 2013) and so the 

surface echo power values are normalized to this parameter. The surface reflectivity for our region 

of interest is shown in Figure 2.11. A mantling deposit of low-density 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. In our study 

region, SHARAD subsurface reflectors were identified in regions of both low and high SHARAD 

surface reflectivity (Figure 2.11). The groups of reflectors associated with the northern, southern, 

and western flow fields have mean relative power values of ī7.72, ī7.26, and ī5.48 dB, 

respectively. The mean for the entire region of interest is ī5.48 dB. These are generally moderate 

to high values of the SHARAD surface reflectivity. Based on lines of evidence discussed 

previously, it is likely a low-density mantling deposit is present atop the lava flows but it does not 

appear to be contributing substantially to lowering the near-surface 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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Figure 2.11. Surface power returns for nightside SHAllow RADar (SHARAD) orbits through the 

region of interest corrected for surface roughness (Campbell et al., 2013) and regional slope 

(Morgan et al., 2021). Reflectivity values here are a proxy for the bulk density of the near surface. 

Most SHARAD reflectors correspond to areas with moderate to high reflectivity. Lava flow fields 

with subsurface interfaces are outlined with black dashed lines (Mohr et al., 2018). Labels for 

specific lava flow fields are shown in Figure 2.2. SHARAD reflector locations are solid black 

lines. Overlaid on Mars Orbiter Laser Altimeter shaded relief. 
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2.4.2.2 Surface Roughness 
 

We next consider whether surface roughness in our region of interest may determine where 

subsurface reflectors are identified. Surface roughness has been shown to control where SHARAD 

detects subsurface interfaces (Campbell et al., 2013). Simon et al. (2014) suggested that the 

SHARAD detections are concentrated within ñradar darkò backscatter regions in ground-based S-

band (12.6 cm) Arecibo observations of Mars (Harmon et al., 2012). Indeed, Harmon et al. (2012) 

interpret these regions to be mantling deposits of low-density material. We compare a qualitative 

image from Figure 1 in Harmon et al. (2012) of the S-band observations to the mapped SHARAD 

reflectors (Figure 2.12). Most of the region of interest in this study appears, qualitatively, to have 

a nearly constant moderate backscatter. The 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 12.6 cm data (Figure 2.12). 
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Figure 2.12. SHAllow RADar (SHARAD) reflectors are distributed throughout both radar bright 

and radar dark ground-based, 12.6 cm S-band backscatter observations of the northern and western 

Ascraeus Mons region of interest (Harmon et al., 2012). Lava flows with subsurface interfaces are 

outlined with white dashed lines (Mohr et al., 2018). SHARAD reflectors are solid white lines. 

Labels for specific lava flow fields are shown in Figure 2.2. 

 

 

It is more relevant to examine 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. The S-band observations highlight topographic roughness at 
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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 Campbell et al. (2013). This SHARAD roughness parameter 

estimates the degree of roughness for features between 10 and 100 m, and has values that range 

from 2 (smooth) to 8 (rough). The resulting map is shown in Figure 2.13. 

 

 

Figure 2.13. Derived SHAllow RADar (SHARAD) roughness parameter for topographic features 

at 10ï100 m baselines for our region of interest after the methods detailed in Campbell 

et al. (2013). The SHARAD roughness parameter spans values from 2 (smooth) to 8 (rough). 

Generally rough 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 toward the margins of the lava 

flows with subsurface interfaces, outlined with black dashed lines (Mohr et al., 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 appears to have a moderate roughness parameter value 

when compared to the other outlined lava flows. Labels for specific lava flow fields are shown in 

Figure 2.2. 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 are also associated with lava flows of the plains 

where reflectors are found (Figure 2.13). However, elevated roughness parameter values appear to 

concentrate near the margins of the central flow field. It is, therefore, more likely that surface 

roughness at meter- to tens-of-meter scales is a main control of where reflectors are detected. The 

muting of surface topography of Tharsis lava flows (and therefore their surface roughness) through 

erosion and aeolian mantling was examined by Crown and Ramsey (2017) 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 

Ramsey, 2017; Crown et al., 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 Figure 2.6 highlights 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 the depth to their basal interfaces 

detected by SHARAD (Figure 2.6, [panels a and b]). The southern and central flow fields are 

lobate and indeed, the southern flow was measured to be much thicker (see Table 2.1) than its 

tabular counterparts (Figure 2.6, [panels cïe]). The northern and western flow fields appear to have 

overall 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 the result of a thicker 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 scales (10ï100 m). 

 

2.4.2.3 Other Possible Controls 
 

Surface properties like surface 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 thicker lava flow, 

where the radar wave would experience a greater two-way 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 the case 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 estimate this portion of the central flow to be 43 m thick. This thickness is 

within the range measured for the other flow fields with basal reflectors identified by SHARAD 

and the thicknesses calculated by Peters et al. (2021). 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, ŭp, using Equation 2.4 (Ulaby et al., 1984), 
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where ɚ is the free space wavelength. For a low loss tangent of Ḑ0.01 and a median relative 

permittivity of 9 for basalt (Campbell and Ulrichs, 1969; Ulaby et al., 1988), SHARAD could 

penetrate to a depth of Ḑ80 m. Equation 2.4 does not account for scattering losses which would 

reduce this estimated penetration depth. The loss tangents for the other major flow fields were 

estimated to be >0.02 making this ideal loss case (tan ŭ = 0.01) unlikely for the central flow field. 

Using a loss tangent like that of the southern flow (tan ŭ = 0.024) this penetration depth becomes 

Ḑ33 m. 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 base at its margins 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 non-detections. Our observations of even higher loss tangents (tan ŭ > 

0.04) were limited to a handful of SHARAD reflector groups (see Table 2.2). This could result 

from higher concentrations of radar absorbing minerals such as hematite (Fe2O3) in the deposits 

(e.g., Stillman and Olhoeft, 2008). Loss tangents approaching high values of 0.1 have been 

observed in lunar basalts where higher concentrations of another attenuating mineral, ilmenite, are 

concentrated (10%ï15% TiO2) (Carrier et al., 1991; Carter, Campbell, Holt, et al., 2009). This, in 

addition to other previously discussed factors, could be the case for the central flow field 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 smoother surface, 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 in 

these data. Laboratory measurements and field investigations using ground-penetrating 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 extensive volcanism 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 deposit thickness 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 of the 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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(Figures 2.3-2.5). MARSIS detected five near-surface reflectors where four in the eastern plains 

were at similar time delays to the deeper SHARAD reflectors (Figure 2.2b). Analyses of the 

dielectric properties of the SHARAD reflectors allowed for 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 martian basalts. These flows also demonstrate a fairly low loss with an estimated 

tan ŭ of 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 from 19.8 to 

60.2 m, thinner than previous estimates (Carter, Campbell, Holt, et al., 2009; Simon et al., 2014). 

In the plains, thickness and permittivity could not be independently determined since these 

reflectors were not correlated to any obvious surface units; however, loss tangent could be 

calculated in some cases. The average tan ŭ for the plains was 0.03. 

Dust is widespread throughout our study region and, along with erosion, likely provides SHARAD 

with a smoother target that promotes penetration into the subsurface. The low, meter-scale 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. We find that the 

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, Holt, et al., 2009). Recent and 

continued mapping by Mohr et al. (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 (ñplainsò) subsurface reflectors are likely revealing stratigraphy that was produced via 

several episodes of lava flow and/or pyroclastic material deposition. However, the stratigraphy is 

quickly complicated when moving eastward toward the southern flow field and the flank of 

Ascraeus Mons, where possible sediment deposited by glacial activity has been buried by ponded 

lava (Figures 2.9 and 2.10). Our survey using SHARAD and MARSIS has confirmed that 

detections of reflectors are not only 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 nonvolcanic origin. 
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SHARAD and MARSIS have been very successful at identifying regions of contrasts in density in 

the subsurface in our region of interest and elsewhere around the Tharsis Montes (Figure 2.1). 

However, without independent measurements of unit thickness or material properties, radar 

sounding can present 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 concentration of reflectors 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 examining 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 been successful 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 et al., 2021). In volcanic regions on Earth, surface roughness and 

scattering within the subsurface appear to drive where reflectors are found and contribute 

significantly to attenuation (e.g., Grimm et al., 2006; Heggy et al., 2006). Volcanic deposits are 

nearly ubiquitous on Mars. Missions to Mars and other terrestrial bodies utilizing orbital radar 

sounders and GPRs is increasing (e.g., Fan et al., 2021; Hamran et al., 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, characterizing these 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 et al., 2020). Future modeling efforts would benefit greatly from the 

integration of observations from field campaigns to geophysically analogous volcanic 

environments on Earth using GPR. 
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CHAPTER 3. 

Investigating the Igneous Stratigraphy of the Jezero Crater 
Floor using the RIMFAX Ground-Penetrating Radar 
The contents of this chapter are planned to be submitted to the Journal of Geophysical Research: 

Planets. 

3.1 Introduction  
Jezero crater (D ~ 45 km) is classified as a valley network-fed open basin lake that was active 

between the late-Noachian-to-early-Hesperian epochs of Mars (Fassett and Head, 2005; Fassett 

and Head, 2008a, 2008b; Goudge et al., 2015, 2017). It is 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., 2020). Perseverance 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 were mapped in Jezero from orbit by Stack et al. (2020): the Crater 

Floor Fractured Rough (Cf-fr) and the Crater Floor Fractured 1 (Cf-f-1) and 2 (Cf-f-2). 

Perseverance has traversed the Cf-fr and Cf-f-1 units during its crater floor campaign. Cf-fr is 

stratigraphically higher than Cf-f-1 and has been informally named Máaz; Cf-f-1 has been 

informally named Séítah. Multispectral observations from orbit have identified an olivine 

signature associated with Séítah while Máaz exhibits a pyroxene signature (Horgan et al., 2020).  

Based on these spectral signatures and morphological observations around and within Jezero, it 

was proposed that Séítah may be the manifestation of a regional olivine-bearing unit that is draped 

by the crater-retaining circum-Isidis capping unit with a pyroxene signature, which could be 

represented by the Máaz formation inside Jezero crater (Sun and Stack, 2020; Hundal et al., 2022). 

Perseverance confirmed these distinct olivine and pyroxene signatures for Séítah and Máaz, 
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respectively (Bell et al., 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 on the in-situ 

observations of igneous lithologies by Perseverance. Séítah is interpreted to be an olivine-rich 

cumulate sourced from a differentiating magma body while the overlying Máaz unit is posited to 

be a series of lava flows or part of a larger, layered igneous body with Séítah (Farley et al., 2022; 

Hamran et al., 2022; Wiens et al., 2022; Horgan et al., 2022a; Alwmark et al. 2023; Horgan et al., 

2022b; Udry et al., 2023). Máaz consists of four to five morphologically distinct members (Horgan 

et al., 2022b; Crumpler et al., 2023; Alwmark et al., 2023). Máaz members have been grouped into 

the ñupperò and ñlowerò members where Upper M§az includes the members Chôağ and Nataani 

(simplified from the Navajo term Naat'áanii) while Lower Máaz includes the members Rochette 

and Artuby (see Crumpler et al., 2023 and Horgan et al., 2022b for detailed descriptions of 

individual members). Another morphologically distinct Máaz member called Roubion is 

stratigraphically ambiguous. Horgan et al. (2022b) interpreted Roubion to rest between Lower and 

Upper Máaz members. Crumpler et al. (2023) offer the alternative interpretation that Roubion may 

be located within the Lower Máaz stratigraphy. Roubion shares many similarities to Lower Máaz 

in terms of bulk chemistry, but it also possesses some features of and shares a similar extent as 

Upper Máaz, namely Nataani (Horgan et al., 2022b; Crumpler et al., 2023). Both are noted to be 

coarse-grained, low-relief, polygonal-shaped pavers in outcrop (Crumpler et al., 2023). Crumpler 

et al. (2023) also note that these pavers possess some features associated with inflated basaltic 

sheet flows.  

Substantial morphological evidence, in addition to geochemical evidence, from in-situ 

Perseverance observations support a lava flow and/or magmatic origin of the Lower and Upper 

Máaz members (Horgan et al., 2022a; Alwmark et al., 2023; Horgan et al., 2022b). Additionally, 

estimates of dielectric parameters and bulk density of the subsurface from the Radar Imager for 

Marsô Subsurface Experiment (RIMFAX) ground-penetrating radar (GPR) data collected from 

drives over Máaz and Séítah support the presence of coherent rock, most likely mafic in 

composition (Hamran et al., 2022; Eide et al., 2022; Casademont et al., 2023). Horgan et al. 

(2022b) proposed several local and regional source vents for such lava flows. These possible vents 

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 in the north and southwest are noted by 

Horgan et al. (2022b), with the northern edifice, which is upslope from Máaz, selected as the most 

plausible lava flow source if its origin is volcanic (see their Figure 15). Orbital imagery of the 

entire Jezero crater floor shows an embaying relationship between Máaz and Séítah (Goudge et 

al., 2012, Schon et al., 2012; Goudge et al., 2015; Shahrzad et al., 2019; Annex and Ehlmann., 

2023). Perseverance observations have helped to bolster this hypothesis that Lower Máaz (e.g. 

Rochette and/or Artuby) form the lobate margins of the ñdark-toned floor unitò (Horgan et al., 

2022b). Some debate exists as to whether certain members of Máaz are actually a part of this 

circum-Isidis capping unit; this regional unit is interpreted to be of 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 an in-depth discussion). 

Perseverance has found the rocks on the crater floor to be aqueously altered, supported by the 

presence of Fe-Mg carbonates found in Séítah and sulfates and perchlorates occupying void spaces 

in Máaz (Farley et al., 2022). The presence of the fan deposit and the alteration of Séítah and Máaz 

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 crater floor units can be indicative of their 

origin and emplacement mechanism. Orbital radar investigations have tried to address these 

questions about the Jezero floor units since the crater was identified as a potential landing site for 

Perseverance (e.g., basin 45 in the supplemental material of Shoemaker et al., 2018), but this 

proved challenging due to its relatively small diameter generating off-nadir radar returns from the 

rim that obfuscated the subsurface. The RIMFAX GPR (Hamran et al., 2020) has been successfully 

collecting in-situ soundings of the Jezero crater floor and fan units since Sol 15 (at OEB). We use 

a combination of in-situ imagery and RIMFAX observations from Perseverance taken on 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 Máaz and Séítah formations 

in the subsurface as Perseverance traversed from OEB to the Artuby ridge, an ~900-m-long scarp 

that represents the contact between these units (Alwmark et al., 2023; Hamran et al., 2022). It has 

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. 

Our investigation seeks to address questions about the stratigraphy, composition, and origin of the 

crater floor Perseverance traversed on sols 383-398 prior to investigating the fan deposit. This 

region of crater floor is challenging to analyze as no samples or abrasions were taken and in-situ 

imagery is relatively limited. RIMFAX is particularly useful to address our questions here since it 

continuously imaged the subsurface stratigraphy for the entire ~2,300 m rover traverse and bulk 

composition and other physical properties can be inferred directly from the GPR data without other 

parallel observations. We combine RIMFAX observations with available in-situ imagery for 

additional local and regional context about units present at the surface. From the GPR data, we 

infer the composition of materials emplaced there, which members of the Máaz formation are 

present if it is indeed continuous, how thick the overlying Máaz formation is and therefore, the 

paleosurface and subsequent relief of the top of the Séítah formation at depth (if present). We also 

investigate whether any of the local subsurface stratigraphy has been disrupted by the field of 

impact craters Perseverance traverses through on these sols. Our investigation here provides 

important context for understanding the sequence of fluvial and/or volcanic resurfacing events that 

have shaped the crater floor.  

 

3.2 Setting of Sols 383 to 398 
This ~2,300 m section of the crater floor traversed by Perseverance is key to linking the 

stratigraphy observed at the southern margin of Séítah to that observed at its northern and western 

margins. Sols 383-398 also reveal what Máaz members could be beneath the western fan deposit 

(Paige et al., 2022; Horgan et al., 2022a; Horgan et al., 2022b; Russell et al., 2023). A contextual 

High-Resolution Imaging Science Experiment (HiRISE; McEwan et al., 2007) mosaic of the 

western Jezero fan and this section of the crater floor is shown in Figure 3.1. RIMFAX was 

continuously sampling the subsurface as Perseverance rapidly traversed northwest around the 

Séítah formation toward the fan, driving on what is interpreted to be Máaz material (Stack et al., 

2020; Alwmark et al., 2023; Horgan et al., 2022b; Crumpler et al., 2023). A continuation of an 
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escarpment less well-defined than Artuby ridge (Figure 3.1), possibly the result of erosion and/or 

impact cratering, delineates the boundary between Máaz and the underlying Séítah unit. 

Perseverance also traversed through a field of fairly well-preserved 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 blocks are visible around and 

beneath Perseverance in 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 Séítah.  

Despite limited in-situ imagery and the lack of samples and abrasions along this traverse section, 

the abundant observations and stratigraphy analyzed for both Séítah and Máaz near the Artuby 

ridge and at OEB are informative for later sols (Hamran et al., 2022; Casademont et al., 2023; 

Alwmark et al., 2023; Horgan et al., 2022a; Horgan et al., 2022b). Mapping 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 sols 383-398. We can tie these observations 

from one side of Séítah 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., 2022; Casademont et al. 2023). 
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Figure 3.1. Perseverance traversed across the Jezero crater floor units southeast of the western 

fan deposit (see inset; extent of panel (b) is boxed in white dashes). Séítah is surrounded by the 

Máaz unit on the crater floor. This boundary is loosely interpreted to be a slight ridge that runs 

along the edge of Séítah. This ridgeline 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 Séítah and Máaz. The black line is the traverse that Perseverance took from the 

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

in both the inset and larger map. The black line is the rover traverse from the start-of-mission to 

Sol 398. Sols of interest are labeled along the traverse in panel (b) and indicated by the buff-colored 

points. 

 

3.3 Data and Methods 
3.3.1 RIMFAX Ground-Penetrating Radar System and Data 
Processing 
RIMFAX is a frequency-modulated 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 and recorded in the 

frequency domain. Soundings are obtained in three frequency sub-bands within the full bandwidth 

of RIMFAX, referred to as the ñsurface,ò ñshallow,ò and ñdeepò modes, which can be stitched 

together in post-processing to reach depths of ~15 m (material dependent) with a resolution of 

~0.15 m in free space (Hamran et al., 2020). These individual soundings collected along 

Perseveranceôs traverse are combined into images of the subsurface (radargrams) where the two-

way travel time of returns from the subsurface soundings are shown as a function of the along-

traverse distance (see radargram figures throughout §3.4). Each sounding is assigned an (X, Y, Z) 

coordinate within a Site frame, or scientifically interesting region of interest (Ali et al., 2005). The 

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 converted from the frequency to the time 

domain using an FFT or Fast Fourier Transform. A background removal, per-trace Hamming 

window, and a compensatory gain function to account for attenuation are applied. A simple low 

pass filter is also used to ñequalizeò the three frequency modes when combined. Lastly, a time cut 

to the two-way travel times at the antenna feed point at ~20 ns is applied. Two-way travel times 

are later converted to depth using methods described in the following sections and the subsequent 

radargram is corrected for surface topography to produce a more accurate representation of the 

position and shape of subsurface reflections observed by RIMFAX. Additionally, sharp turns of Ó 

35º were removed from the output images for clarity. Few sharp turns were taken on 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 
The real dielectric permittivity (Ůǋr;  hereafter, permittivity for brevity) of the subsurface is related 

to the radar wave propagation velocity, v,  in the subsurface as in Equation (1): 

ὺ                            (1) 

where c is the speed of light. In order to calculate 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 point-like source in the subsurface as the RIMFAX antenna 

traverses aboard Perseverance toward, over, and away from that scatterer. The transmitted wave 

from RIMFAX originates ~75 cm above the surface allowing for hyperbolic forms 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 

Perseverance is passing over ejecta, which was seen from orbit in this region of the crater floor. 

 

3.3.2.2 Bulk Density 
Laboratory measurements of the permittivity of rock samples have demonstrated an empirical 

relationship between permittivity and bulk density. This relationship generally takes the form of  

‐ ͯ ς              (2) 

where ɟ is the bulk density (Ulaby and Long, 2015). Bulk density derived directly from 

permittivity is likely an overestimate, but is indicative of the physical nature of the materials in the 

subsurface (an example 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 porous and/or 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. 

 

3.3.3 Mapping and Characterizing Stratigraphy using In-Situ  
Imagery and RIMFAX Data 
We examined stereo, low-resolution, black and white Navcam images utilized by Perseveranceôs 

auto-navigation routines to determine what members of the Máaz 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 subsurface observations 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 Mastcam-Z images and where features were not resolvable in the 

mosaicked color Navcam images. Black and white stereo-pairs 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 large-scale reflection boundary between Séítah and Máaz 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 the two-way travel time of the radar wave to depth. 

This is calculated by assuming a spatially uniform and depth-independent velocity estimated using 

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

For the first method, we map the Máaz-Séítah boundary in terms of two-way travel time in 

nanoseconds. This boundary is determined using the morphological characteristics of reflectors 

previously identified to be associated with the Séítah formation (see Hamran et al., 2022). 

Additionally, we use our interpretations of  layers identified in available in-situ imagery or inferred 

from radargrams and similar context on surrounding sols to determine where the base of the Maaz-

Seitah if these reflector morphologies are subtler on an intervening sol. We show examples of 

radar ñfaciesò associated with the Séítah formation in §3.4.3 when discussing results of this 

subsurface mapping effort. Using 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 depth in meters of the Máaz-Séítah boundary relative to the surface. Equation 

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

Ὤ                   (3) 

where ȹt is the two-way travel time of the radar 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, two-way travel times of the radar wave in nanoseconds, corresponding along-traverse 

distance for that particular sol, the estimated depth to the top of Séítah 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 Máaz-Séítah boundary is demonstrative of the subsurface topography of Séítah 

prior to the emplacement of Máaz. 

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 

interpret 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 

also detail characteristic radar ñfaciesò associated with the Máaz and Séítah formations that can be 

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.g., 

Hamran et al., 2022; Horgan et al., 2022a; Horgan et al., 2022b). We closely analyze sols with 

abundant in-situ imagery taken by Perseverance to aid in our interpretations of the subsurface 

stratigraphy RIMFAX imaged in collected radargrams.  

 

3.4 Results 
3.4.1 Dielectric Permitti vity, Radar Wave Velocity, and Bulk 
Subsurface Density 
We estimated the permittivity from fitting 145 hyperbolic forms. Fits are achieved for hyperbolic 

forms at a range of depths along the traverse and are not limited to either the Máaz or Séítah 

formations. We find a mean permittivity of 9.1 and a median permittivity of 9.0 from fits to 105 

hyperbolas in the subsurface (excluding surface blocks with a permittivity of 1). From Equation 1, 

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

of the depths of subsurface interfaces result from assuming spatially-uniform and depth-

independent bulk velocity estimate of 0.1 m/ns derived from the mean permittivity. Additionally, 

this mean permittivity of 9.1 yields an estimated bulk density of ~3.2 g cm-3 from Equation (2). A 

summary of the locations and two-way travel times of apexes of the matched hyperbolas for Sol 

383 to 398 are included as Table B.2 in Appendix B. We provide a summary of statistics for 
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selected hyperbolic forms, derived permittivity, and velocity as well as their associated errors as a 

standard deviation in Table B.3 in Appendix B. 

 

3.4.2 Observations of Surface Units During the Traverse 
from  Navcam Imagery  
From Sol 383 to 398, we observed low-relief, polygonal pavers to be outcropping beneath 

Perseverance. These pavers were previously observed by Horgan et al. (2022b) and Crumpler et 

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 earlier sols. For example, Roubion 

and Nataani are given an identical field description by Crumpler et al. (2023).  Horgan et al. 

(2022b) interpreted the Máaz member closest to the rover traverse southwest of OEB (sols 112-

123) to be Roubion using in-situ imagery 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 Máaz members within their constructed cross sections near 

OEB and Artuby Ridge. Some alternative interpretations align with stratigraphic interpretations 

for those sites made by Horgan et al. (2022b) while others differ.  Due to these discrepancies in 

interpretation around OEB in particular (e.g., Sol 379), we refer to these pavers in our subsequent 

observations as ñRoubion-like.ò They share the most similarities with what has been identified as 

Roubion by both Horgan et al. (2022b) and Crumpler et al. (2023) from in-situ imagery. Other 

Máaz members such as Rochette are described by these studies as massive, pitted blocks of basaltic 

lava typically observed at the scarp separating Máaz and Séítah. We observe these blocks in images 

taken of this scarp in Navcam mosaics and Mastcam-Z images and mosaics discussed in later 

sections. 

We observe these Roubion-like pavers to be particularly prominent on sols where the rover drove 

close to or on the slight topographic rise separating Máaz from Séítah. These polygonal pavers are 

visible in the HiRISE mosaic of Jezero near this boundary (Figure 3.1). Indeed, from Sols 383 to 

387, Perseverance can be seen driving directly over these polygonal, Roubion-like pavers exposed 
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at the surface in available Navcam images. These pavers then appear to be buried beneath regolith 

at the end-of-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). Roubion-like pavers were again observed emerging from the regolith at the 

surface at the mid- to end-of-drive on Sol 388. Sol 389 to 397 show variations in exposure of the 

Roubion-like pavers at the surface beneath a thin regolith cover with some visible aeolian 

bedforms. Sol 389 shows an increase in surface blocks as Perseverance traverses through the ejecta 

blanket of a nearby small crater. Perseverance passes 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 Máaz 

(Horgan et al., 2022b; Alwmark et al., 2023). These outcrops are not well resolved in these Navcam 

images, but are more visible in Navcam mosaics on these sols. Roubion-like pavers are again 

visible beneath Perseverance on Sol 398, where the rover drove parallel to this boundary between 

Máaz and Séítah (see Figures 3.1 and 3.2). This traverse was the last close approach to Séítah 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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Figure 3.2. The low-relief, polygonal, Roubion-like 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 Figure 3.1 for sol locations. The 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 al., 2022b) The intermediate sols show an increase in regolith cover 

with a resurgence of the pavers at the surface toward Sol 398. Navcam images in (a): 

VgncRawLeft_0701031436-18618-1_rectified, (b): VgncRawLeft_0701033362-52605-

1_rectified, (c): VgncRawLeft_0701117231-18646-1_rectified, and (d): 

VgncRawLeft_0702273503-35592-1_rectified. 
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3.4.3 Map of the Máaz-Séítah Interface 

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

contact with the Séítah formation. The Máaz-Séítah 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 Séítah often appear to dip away from the Máaz -Séítah contact on 

portions of drives that are orthogonal to this boundary. This is similar to previous observations of 

Séítah by RIMFAX from OEB to Artuby ridge, where the dipping reflectors were observed when 

driving orthogonal to the Séítah formation (Hamran et al., 2022). These reflectors associated with 

Séítah that we observe are subtler than the bright, steeply dipping layers observed by Hamran et 

al. (2022) directly imaged on the Séítah formation on Sols 201 and 202. Where visible, these 

dipping reflectors associated with Séítah assist in determining which subsurface layer is most 

likely the Máaz-Séítah contact at depth.  

 

We picked this boundary, where visible, across every radargram collected from Sol 383 to 398. 

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 §3.4.1 (Figure 3.1). The overlying Máaz formation is 

thinner near the beginning (Sol 383; A) and end (Sol 398; Aǋ) of this section of traverse. An 

upwards slope of the surface occurs from the SW to the NE sides of Séítah, and the picked Séítah 

paleosurface follows this regional slope (red profile, panel c of Figure 3.4).  
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Figure 3.3. Examples of radar facies from Sols 383, 386, 387, and 398. The lowermost bright 

return with dipping layers on orthogonal drives is interpreted to be the top of Séítah in contact with 

the base of Máaz. Two other layers are visible above the deepest layer, likely to be members of 

the overlying Máaz formation. 

 

After picking the Máaz-Séítah contact across each sol, we created the first continuous map of the 

overlying Máaz formation thickness on the Jezero crater floor (Figure 3.4a), the resultant 

paleosurface topography (Figure 3.4b), and a comparison of profiles of the overlying surface 

topography (Figure 3.4c, black line) and the paleotopography (Figure 3.4c, red line). We report a 

mean thickness of 4.09 ± 0.85 m of the overlying Máaz formation given the standard deviation of 

our measured thicknesses from A to Aǋ in Figure 3.4. 
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Figure 3.4. Mapping the location of the Máaz-Séítah interface in RIMFAX radargrams along the 

traverse from Sol 383 to 398 revealed that the overlying Máaz unit thickens away from the slight 

ridge that separates it from the exposed Séítah unit. There is likely some contribution from a layer 

of regolith, however Roubion-like pavers are seen at the surface through this material.  Panel (a) 

is the estimated thickness of Máaz from Sols 383-398. Máaz is thinnest when Perseverance 

approaches this ridge. The boundary between the base of Máaz and top of Séítah follows the 

increasing slope of the crater floor toward the fan as shown in the topographic profile from A (Sol 

383 start) to Aǋ (Sol 398 end) in panel (c). The paleotopography of the underlying Séítah unit is 

generated in panel (b) by subtracting the estimated thicknesses of the overlying Máaz unit in panel 

(a) from the surface topography along the traverse in panel (c). This subsurface topography is 

shown in red on the profile in panel (c).   
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3.4.4 Interpretations  of Subsurface Layers 
It is likely that the uppermost unit observed in the radargrams is the Máaz member Roubion based 

on the observations from the auto-navigation Navcam images showing Perseverance consistently 

driving directly over the polygonal pavers with interspersed regolith cover. There is no obvious 

evidence from the in-situ Navcam auto-navigation images that Perseverance drove directly on the 

Rochette member, which is described by Crumpler et al. (2023) to be tens-of-cm-to-m-scale basalt 

slabs as compared to the low relief pavers of Nataani/Roubion. Roubion was interpreted to directly 

overlie the Séítah formation by Horgan et al. (2022b) at Polygon Valley through a combination of 

in-situ imagery, sampling, and RIMFAX observations. Horgan et al. (2022b) also demonstrated a 

case at OEB where Roubion is possibly underlain by Rochette with a possible layer of sediment 

or eroded material deposited on top of the Séítah formation. This is interpreted in the RIMFAX 

radargrams there as a pocket of low-reflectivity. From Sol 383 to 398, we typically observe two to 

three distinct layers characterized by high reflectivity packets of reflectors often separated by a 

low reflectivity region in RIMFAX radargrams (see 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 stratigraphy from four selected sols 

between 383 and 398. These Sols had an abundance of in-situ imagery that informs our 

interpretations of collected RIMFAX subsurface observations.. For 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 contextual in-situ black and white auto-

navigation Navcam images and/or color images from Navcam or Mastcam-Z that further inform 

our interpretations. The interpretations of subsurface layers included as colored lines on each of 

the radargrams in this section indicates the top of that layer. The uninterpreted section of radargram 

for each sol discussed is included in Appendix C (Figures C.1-C.4). We synthesize our 

observations and interpretations from each of these sols, including models of inferred stratigraphy 

in the discussion in §3.3.5.  
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3.4.4.1 Sol 384 
Sol 384 is a section of traverse nearly parallel to Séítah (Figure 3.4a). Layers can be seen to be 

dipping upward in the radargram, parallel to the scarp separating Máaz from Séítah 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 follow the slight upward slope as the rover begins to traverse northward on Máaz between 

Séítah 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 both dipping and 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 which members of Máaz could be present at the rim from in-situ 

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 Roubion-like pavers 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 Máaz formation in contact with Séítah below (Figure 3.5d, magenta 

line). To the west lies the scarp that separates Máaz and Séítah. There are dark, pitted blocks we 

interpret to be Rochette along with a small outcrop of pavers that are visible in a left-eye Navcam 

image looking back at this scarp at the end-of-drive 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 Máaz 

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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Figure 3.5. Layers along the first 80 m (B to Bǋ) of the traverse on Sol 384 are characterized by 

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 HiRISE mosaic 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 Séítah formation directly to the west. Perseverance traversed 

a narrow strip between these two features atop members of the Máaz 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 Roubion-like pavers crop out at the surface around 50 m 

and Perseverance traverses over several of these outcrops to Bǋ. La Orotava is seen on the right 

with blocks of Máaz material distributed up to the crater rim. (d) RIMFAX radargram showing the 

dipping reflectors. Since Roubion-like pavers are 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 Máaz from 

Séítah to 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 Máaz base. 

This base layer is discontinuous. Scattering in the subsurface may dissipate the signal rapidly here. 

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

this zone. Navcam auto-navigation image in (b): VgncRawLeft_0701030773-29422-1_rectified. 

Navcam auto-navigation image in (c): VgncRawLeft_0701028130-18124-1_rectified. 
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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 far left. Perseverance clearly drove directly 

over this outcrop. Panel (b) zooms in on the top right portion of this mosaic looking at the ridge 

that bounds Séítah to the right. We interpret these blocks to be associated with Rochette 

outcropping along this ridge. While these blocks were not directly in the path of Perseverance, 

they have been found to underlie what we interpret as Roubion at nearby earlier sols where 

Perseverance traversed back through OEB (e.g., Sol 379; Horgan et al., 2022b). Navcam mosaic: 

NLF_0384_0701042414_477RZS_N0132448NCAM02384_0A0195J01 
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3.4.4.2 Sol 387 
Perseverance encountered more diverse terrain on this sol and Sol 386. A series of bowl-shaped 

depressions are visible in the HiRISE mosaic toward the Máaz-Séítah contact, which are likely 

degraded impact craters (Figure 3.7a). These features partially obscure the Máaz-Séítah contact, 

typically delineated by a scarp observed to be formed by the Rochette member of Máaz (from what 

has been visible in in-situ imagery in the region). There are also massive blocks closer to the rover 

traverse that may have been excavated earlier by these impacts. 

The radargram for this Sol 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-

scale layering within the uppermost layer, complicating interpretation of its layer boundary in 

some cases. Navcam images of the traverse show pavers covered by regolith (Figure 3.7b). The 

uppermost layer in the radargram is interpreted to be Roubion with some regolith cover (Figure 

3.7c, cyan line). The massive, pitted blocks in this region appear similar to various examples of 

Rochette in outcrop (Horgan et al., 2022b). The pavers transition to these blocks on the left side 

of the Navcam image toward Séítah (Figure 3.7c). An example of larger blocks are seen in the 

foreground of Figure 3.8 taken by Mastcam-Z. Some 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, green line). The deepest layer (Figure 3.7c, magenta line) is interpreted to be the base 

of Máaz.  
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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 context. La Orotava crater is to the southeast 

of the traverse with the Séítah formation directly to the southwest. Perseverance traversed a region 

that appears to have multiple degraded craters on this sol. The first 140 m (C to Cǋ) of the traverse 

crosses through 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). Séítah is to the left in this image. (c) The first 140 of the RIMFAX 

radargram shows three nearly horizontal layers. Since Roubion-like pavers 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 surfaces at the paver outcrops seen in the Navcam auto-navigation 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 toward the 

Máaz-Séítah contact (see Figure 3.8). The base of Máaz is indicated with the magenta line. Navcam 

image in (b): NRF_0386_0701218619_682RZS_N0141176NCAM03386_0A0195J01. 
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Figure 3.8. Massive, pitted blocks that are characteristic of Rochette are visible toward the Máaz-

Séítah 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  Mastcam-Z mosaic: 

QZCAM_SOL0387_ZCAM08415_L0_Z110_SEITAH_MAAZ_EASTERN_CONTACT_LA_O

ROTAVA_PDI_E01.  

 

3.4.4.3 Sol 389 
Perseverance drove past a larger, degraded crater (D ~ 60 m) and a small, unnamed crater (D ~ 33 

m) on Sol 389 that exhumed blocks of Máaz material from the subsurface 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). 

Perseverance drove directly over some of these blocks on the surface that generated hyperbolas in 

the radar data as was discussed in §3.3.2. 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 visible in the 120 m section of this radargram (Figure 3.9d, D to Dᾳ). They 

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 are likely sourced from the D ~ 60 m 

degraded crater to the southeast of the traverse. It is difficult to attribute these blocks to a particular 

Máaz member since they have been disturbed by the impact and are no longer in place. Blocks of 

ejecta are the only visible surface rocks. There is no direct evidence that Perseverance traversed 

directly over any Roubion-like pavers here due to regolith cover. These pavers are visible in the 

HiRISE mosaic of the crater floor closer to the scarp associated with the Máaz-Séítah contact 

(Figures 3.1 and 3.9a). The only in-situ 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 Mastcam-Z mosaic taken on Sol 395 looking back at these two craters and the traverse 

(Figure 3.10a), and a Navcam image of the D ~ 33 m crater from this solôs traverse is shown in 

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 Máaz base as interpreted from radargrams collected on either side of 

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

some of these Máaz members. 
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Figure 3.9. The first 120 m of the northwest traverse on Sol 389 (D to Dᾳ) pass by a larger degraded 

crater to the southeast before Perseverance traversed 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 both of these craters are seen between the 

rover tracks indicating Perseverance traversed 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 regions 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 with the Máaz base between 

~4 and 5 m depth. Navcam image in (b) and (c): 

NLF_0389_0701487117_614RZS_N0160000NCAM02389_0A0195J01. 

 

 



 

 

 ï 93 ï 

Figure 3.10. (a) This Mastcam-Z 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 images what members of Máaz 

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 image highlighting some of the ejecta that was driven over by the 

rover. Mastcam-Z mosaic in (a): 



 

 

 ï 94 ï 

QZCAM_SOL0395_ZCAM08419_L0_Z110_SANTA_CRUZ_E02. Navcam image in (b): 

NRF_0389_0701486911_429RZS_N0160000NCAM02389_0A0195J01. 

 

3.4.4.4 Sol 398 
Sol 398 is the last sol where Perseverance drove close to the scarp at the Máaz- Séítah boundary. 

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 and the black and 

white auto-navigation 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 Máaz in contact with Séítah. The 

topmost reflector (Figure 3.11d, cyan line) we again interpret to likely be Roubion with some 

regolith cover at the start of the drive. Navcam auto-navigation images show Perseverance 

traversing several outcrops of these Roubion-like pavers at the surface (Figure 3.11b and c). We 

interpret the intervening layer to be Rochette (Figure 3.11d, green line) based on a section of a 

Mastcam-Z mosaic taken on Sol 388 looking west across S®²tah at the scarp between E and Eᾳ 

(Figure 3.11a) with the western fan front in the background (Figure 3.12). As Perseverance 

approaches the Máaz-Séítah contact orthogonally, the layer interpreted to be Rochette shallows.  

This layer never crops out at the surface as Perseverance then begins traversing parallel to the 

Máaz-Séítah contact at ~50 m. The Roubion-like pavers are exclusively observed here. The 

Rochette layer is thinnest at this location. As Perseverance starts to turn away from the contact, 

the Rochette layer begins to descend further into the subsurface (Eᾳ). The interpreted M§az base 

(magenta line) does not show any obvious steeply dipping reflectors that dip away from Séítah as 

was noted by Hamran et al. (2022) on orthogonal drives along the route to Artuby ridge. An 

uninterpreted version of this radargram section is shown in Figure C.4 in Appendix C.  
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Figure 3.11. Layers along the first 100 m (E to  Eᾳ) of the traverse on Sol 398 are nearly horizontal 

in the subsurface. (a) is a section of the HiRISE mosaic centered on the Sol 398 traverse in red. A 

solid black line and dashed black line are overlaid on the red traverse. The solid line corresponds 

to the perpendicular section of the traverse toward the Máaz-Séítah contact and the dashed line 

corresponds to the parallel section from E to Eǋ. The Séítah formation lies to the southeast. 

Perseverance made a close approach to the Máaz-Séítah contact 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 Roubion-like pavers crop out at 

the surface around 50 m and Perseverance traverses over several of these outcrops to Eǋ. (d) 

RIMFAX radargram showing each of the three visible layers. Since Roubion-like pavers are 

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 Máaz from Séítah imaged on Sol 388 by Mastcam-Z (see Figure 

3.12). The lines at the bottom of the radargram correspond with those in panel (a) from E to Eǋ.  

Navcam image in (b) VgncRawLeft_0702271042-18115-1_rectified. Navcam image in (c) 

VgncRawLeft_0702273503-35592-1_rectified.  
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Figure 3.12. This Mastcam-Z viewshed was taken on Sol 388 looking westward across the Séítah 

formation in the center at the Máaz-Séítah contact where Perseverance made its last close approach 

to on Sol 398. In the foreground, the Máaz-Séítah contact is partially obscured by an eroded impact 

crater and aeolian bedforms. The western Máaz-Séítah contact along the scarp is visible where the 

closest approach to this contact is taken on Sol 398 (E to  Eᾳ in Figure 3.11a). We interpret the 

topmost, black-brown, planar rocks to likely be Rochette (see Horgan et al., 2022b their Figure 4a 

and c for comparison to another Rochette outcrop).  

 

3.5 Discussion 
3.5.1 Crater Floor Permittivity,  Density, and Inferred  
Composition from  RIMFAX Data 
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Our mean permittivity estimate of 9.1 and corresponding bulk density of ~3.2 g cm-3 from 

hyperbolic forms fit on sols 383-398 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. Casademont et al. (2023) found a mean bulk density of 3.1 g cm-3. We cannot tie our estimates 

of permittivity or bulk density to any in-situ sampling or abrading, but our estimates of permittivity 

and density align well with previous estimates for the crater floor (Casademont et al., 2023), which 

leads us to conclude that subsurface layers observed on sols 383-398 are likely mafic in 

composition. Our permittivity estimate is within identified ranges for mafic material estimated by 

previous investigations of Martian lava flows using orbital radar sounding techniques (e.g., Carter 

et al., 2009; Simon et al., 2014; Shoemaker et al., 2022) where permittivities of ~7-11 were 

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 Máaz that have been interpreted to be lava flows 

(e.g., Horgan et al., 2022a, 2022b; Alwmark et al., 2023; Crumpler et al., 2023). Observations of 

Máaz members in outcrop range from massive, pitted basalt blocks to the low-relief 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 regolith, which we observed at the surface in most of the radargrams and 

in-situ imagery presented in §3.4.4. 

Hyperbola matching methods such as those presented in Casademont et al. (2023) carry some 

inherent assumptions and uncertainties related to user identification and 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 permittivity is observed with increasing hyperbola apex location in two-way travel 

time. First and foremost, the interpretation of a subsurface hyperbolic form is user-dependent and 

assumes a hyperbolic form is real. We consider symmetric shapes with an aperture of at least 1 m 

for permittivity estimation here. Hyperbola matches are also sensitive to the goodness-of-fit of the 

theoretical shape to the apex and tails of the true form, and whether that form is truly a hyperbola 

(Giannakis et al., 2022). False identifications 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 

velocities estimated from hyperbola matching assuming a simplified one-layer model, commonly 
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used in Earth-based 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 corresponding to 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 Sols 383 to 398 
Based on the stratigraphy we map from the radargrams and contextual 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 Máaz. These two Máaz members in addition to the contact with 

the Séítah formation at 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 on sols 384, 387, 389, 

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 corresponds to regions 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 ñradar transparentò zones above and beneath what is interpreted to be the Roubion 

member that overlies Rochette (green layer). Where in-situ imagery is limited or we infer the 

presence of the Roubion or Rochette layer from sols before or after the shown traverse section, we 

indicate our uncertainty with a ñ?ò in the legend of the interpreted radargrams in §3.4.4. Our 

observations and subsequent interpretation of the presence of these three layers and low reflectivity 

regions agree with observations by Horgan et al. (2022b) at OEB and Polygon Valley. For the low 

reflectivity zones in the subsurface, 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 some finer-scale layering. Characterizing this finer 

layering was outside of the scope of this present effort. The lowermost layer and material beneath 

that reflection boundary is interpreted to be the Séítah formation (magenta layer). There were 

dipping reflectors associated with this layer. These dipped away from the Máaz-Séítah 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 (B to Bǋ) and at its end on Sol 398 (E to Eǋ). The dipping layers observed on Sol 384 

are shown in the topmost stratigraphic model. Roubion, Rochette, and the underlying Séítah 

formation dip uniformly along this section. The dips could 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 385-386 also appear to dip as the rover passes by La Orotava. In-situ images show what appear 

to be blocks of Máaz material near the crater rim and closer to the rover traverse location between 

the rim and the Séítah formation. If these blocks are from Maaz, then it is likely that the La Orotava 

impact postdates the emplacement of the Máaz formation. It could also be the case that the 

paleosurface was uplifted prior to the emplacement of Máaz and this local topographic rise in 

addition to the disturbance by the crater yields the dipping 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 layers appear nearly horizontal again. In the stratigraphic model from C to Cǋ 

Roubion is 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 and Mastcam-Z images to be 

outcropping at the Máaz-Séítah contact (Figures 3.7 and 3.8). We interpret the Séítah formation to 

underlie Rochette here. 

On Sol 389 the two craters proximal to the traverse emplaced ejecta directly in the roverôs path. 

The disturbances 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. The Roubion-like pavers are not 

seen at the surface here, instead there is a definitive layer of regolith visible in the in-situ imagery 

and in the RIMFAX radargram. The Roubion member is likely buried beneath this regolith cover. 

Perseverance drove directly over 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 these blocks in the 

stratigraphic model in Figure 3.13 from D to Dǋ. It is similarly difficult to attribute these disturbed 

blocks or ejecta to any particular member of Máaz. However, we can estimate the approximate 
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excavation depths for these simple craters using their final rim diameters. The smaller, fresh crater 

has a final diameter of ~33 m. The more degraded, larger crater has a final diameter of ~60 m. 

Melosh (2011) and Osinski et al. (2012) provide a summary of the derived relationships between 

the final rim diameters and the depths of excavation for simple and complex craters. For simple 

craters, the relationship derived by Shoemaker (1963) using the simple Barringer crater on Earth 

should be sufficient to estimate this value for the two craters here. The depth of excavation, dexc, 

is generally related to the final rim diameter, D as dexc ~ 0.1D. From this relationship we estimate 

that the D ~ 33 m crater excavated ~3.3 m of material in the subsurface and the D ~ 60 m crater 

excavated ~ 6 m of material. If Roubion is the topmost layer, this smaller diameter crater toward 

the end of the Sol 389 traverse is likely to have excavated material from Roubion and Rochette. 

The larger diameter crater between D and Dǋ could have potentially excavated material to the base 

of the Máaz formation here, 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 Máaz-Séítah contact by Perseverance on the Jezero crater floor. 

From E to Eǋ, Perseverance approaches the Máaz-Séítah contact orthogonally and then traverses 

parallel to this scarp. For the orthogonal portion of the drive, reflectors within the interpreted Séítah 

formation (Figure 3.13, magenta layer) dip away from Séítah. These reflectors appear nearly 

horizontal while driving parallel to the Séítah 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 Séítah here (Figure 3.12). Navcam auto-navigation images show Perseverance 

driving directly over the Roubion-like pavers. There may be some pavers cropping out of the 

regolith closer to point E. Roubion is then continuously observed at the surface toward Eǋ for the 

traverse section parallel to the Máaz-Séítah contact. 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 Máaz members Roubion, Rochette, and the underlying Séítah 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 most in-situ imagery available for additional context to more 

thoroughly interpret the RIMFAX observations. We discuss the thickness and subsequent 
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estimated subsurface relief and discuss the Máaz 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 the map 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 §4.4 

using the RIMFAX radargrams and available in-situ imagery. Each yellow section of the traverse 

in the left 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 members of the Máaz formation and 

the Séítah formation are shown at the top right. Subsurface layers are nearly horizontal except for 

Sol 384 (B to Bǋ) where reflectors follow a local slope near the rim of the La Orotava impact crater 

and Sol 398 (E to Eǋ) where the interpreted Roubion and Rochette members thin upwards toward 

the Máaz-Séítah contact. 

 

3.5.3 Map of the Regional Máaz-Séítah Boundary 
The Séítah paleosurface follows a regional increase in elevation toward the western fan deposit 

(Figure 3.4b and c).  The Máaz formation thins at start and end of the traverse, likely a consequence 

of the proximity of Perseverance to the boundary between Máaz and Séítah along with the 

influence of the La Orotava impact crater on sols 384-386. Máaz then thickens at intervening sols 

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

Hamran et al. (2022) and Horgan et al. (2022b) both suggest that there was substantial erosion of 

Séítah, 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 Séítah that was later overlain by Máaz, which is what 

we observe in Figures 3.4b and 3.4c. In order to better visualize the relief associated with the top 

of the Séítah formation, we must remove the slope associated with the topographic profiles in 

Figure 3.4c. We detrend the topographic profiles by subtracting the minimum Máaz thickness of 

2.23 m from the estimated along-traverse thickness of Máaz. The resultant profile in Figure 3.14 

is an estimation of the relief at the Máaz-Séítah contact in the subsurface.  
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Figure 3.14. The relief of the Máaz-Séítah contact in the subsurface is the difference in the 

elevation of the surface and subsurface and detrended by subtracting the minimum Máaz 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. This indicates that substantial erosion of Séítah may have taken place prior to the 

later emplacement of the Máaz formation. Similar estimates of relief could be generated using 

RIMFAX data for earlier sols along the crater floor traverse. This would be informative about the 

variation in relief of the paleosurface at the Máaz-Séítah contact from one side of the Séítah 

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

3.5.4 Extent and Emplacement of Máaz Members for Sols 
383 to 398 
At Polygon Valley and OEB, Horgan et al. (2022b) observed the Nataani and Chôağ members to 

be present in Mastcam-Z images of the surrounding areas, particularly east of the traverse, but not 

necessarily present in all cases in RIMFAX data or directly in the path of the traverse. Near the 

traverse on sols 383-398 we cannot say with confidence that either of these Máaz 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 §4.4. Regolith cover and some localized fields of ejecta from small impact craters and 
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the Port Angeles crater rather than the Roubion-like pavers are observed at the surface. The rougher 

surface where the Nataani and Chôağ members were observed at Polygon Valley and OEB is absent 

here.  

Similarly, we also cannot make the argument that the Artuby member is present here. Horgan et 

al. (2022b) find that past Polygon Valley, the Artuby member is not visible. Especially toward Sol 

379 just past OEB. Horgan et al. (2022b) instead find the M§az members Chôağ , Nataani, Roubion, 

and Rochette to overlie Séítah there. There is no obvious evidence supporting the presence of the 

Artuby member for sols 383-398. It may be present at the Máaz-Séítah boundary and simply not 

visible with the available in-situ imagery. However, there is no layer visibly overlying what is 

interpreted to be the Séítah formation in the radargrams. It could share dielectric properties similar 

enough to the underlying Séítah 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 Roubion-like pavers (Figure 

3.2) with some regolith cover based on the morphology of these units that have been described in 

previous sections and by Horgan et al. (2022b) and Crumpler et al. (2023). It is possible Nataani 

could also be present and is misinterpreted as Roubion in some locations. As previously noted it 

is difficult to differentiate between the two with the imagery that is available on the sols we 

examined. Horgan et al. (2022b) also point out that Roubion and Nataani both show a weathering 

profile and these 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 to Horgan et al. (2022b), we interpret these lower reflectivity regions to be 

regolith at the 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 Máaz members were emplaced later. Shoemaker et al. (2022) observed a similar 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 successive lava flows that make up the 



 

 

 ï 107 ï 

Máaz formation overlying Séítah. 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 Conclusions 
Observations from in-situ imagery and the RIMFAX GPR indicate that Perseverance primarily 

drove over a mixture of regolith cover of a varying thickness and the Roubion member of the Máaz 

formation at the surface from Sol 383 to Sol 398 (Figures 3.1 and 3.2, A to Aǋ). A mean permittivity 

of 9.1 and bulk density of 3.2 g cm-3 estimated 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 supported by similar measurements made by Casademont et al. (2023) up to 

Sol 379 on the crater floor using RIMFAX. There is some inherent bias to the data discussed here, 

since the traverse paths are chosen primarily by the rover autonavigation routines that 

preferentially select the safest and therefore smoothest regions for Perseverance to drive over. The 

low-relief Roubion-like pavers we observed along the traverse offer such a path. The frequency at 

which we encounter the Roubion member is likely the consequence of this. Therefore, our 

stratigraphic interepretations should be considered to be fairly local (on the order of a few tens of 

meters), and not necessarily representative of the entire crater floor (e.g., extrapolated across many 

hundreds of meters). Another example is the lack of evidence to support the presence of the 

Nataani and Chôağ members near the traverse in in-situ images, but our intepretations are limited 

by the additional context that is available. These Máaz members could be present further away 

from the traverse, perhaps they were eroded, or they could be entirely 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 across the crater floor to the fan deposit and that there 

could have been some accumulation of low-density or unconsolidated material between deposition 

of successive lava flows (i.e., regions of low reflectivity separating each member). If sediment 

eroded off of the 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 explain why it is not present at the current crater floor surface. This intervening material 

could also be from other sources within Jezero, or simply an accumulation of regolith. A sequence 
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of successive lava flows of varying densities is also an equally likely source of the low reflectivity 

regions overlying the higher reflectivity regions since GPR is most sensitive to density contrasts. 

It is difficult to determine their precise source in the subsurface from the RIMFAX GPR data alone. 

If material indeed accumulated on the top of each lava flow after emplacement, the presence of 

this material suggests that significant periods of time passed between the emplacement of each of 

the observed Máaz members indicating volcanic activity was likely fairly intermittent. 

Furthermore, the aqueous alteration of these igneous crater floor units suggests a complex interplay 

between of 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 Caldera as a Geophysical Testbed for 
In-situ Resource Utilization  
The contents of this chapter have been submitted for publication in the Journal of Geophysical 

Research: Planets. 

4.1 Introduction  
Ground-penetrating radar (GPR) is a widely employed instrument in periglacial and glacial 

settings on Earth to characterize the subsurface physical properties of ice, soil, and sediment in the 

upper 10s to 100s of meters of the subsurface. Due to its non-invasive and easily deployable nature, 

GPR has also been identified as an important tool for measurements of the regolith and the 

subsurface of ice-containing sites on the Moon and Mars (e.g., Grimm et al., 2006; Heggy et al., 

2006a; 2006b; Boisson et al., 2011; MEPAG ICE-SAG 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; Shoemaker et 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; Plaut et al., 2009; 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., 2020; Li et al., 2022). There is much interest in including a 

GPR system as part of a future in-situ 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 



 

 

 ï 110 ï 

properties of subsurface regolith and ice for future ISRU campaigns (Dinwiddie et al., 2005; 

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 

(Etzelmüller et al., 2007; Czekirda et al., 2019; Etzelmüller et al., 2020) that has been uniquely 

influenced by its regional volcanic activity and historical deposits of tephra (Kellerer-Pirklbauer 

et al., 2007). Askja provides a geophysical testbed to probe shallow (0-10 m) ice deposits like 

those on Mars or the Moon 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 ambiguous results 

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 similar reflector 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 subsurface 

water ice when compared to ice-free 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 Volcano located in the Northern Icelandic 

Highlands (Figure 4.1a).  

 

τȢς  Askja Eruptions and Caldera Site Description 
The Askja central volcano is located in the Northern Volcanic Zone (NVZ) of Iceland (Figure 4.1a, 

inset). Askja was the source 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., 2013; Hartley et al., 

2016). The youngest and current caldera is Öskjuvatn (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 eruption produced 0.33 km3 dense rock equivalent 

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

2009). The caldera tephra deposit is a coarse, sub-angular, rhyolitic pumice. In October-November 
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1961, vents near the northern rim of the caldera deposited a black-brown, 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 

blanketed and preserved a layer of seasonal snowpack that later densified into massive ice (an 

extensive layer comprised mostly of lithic-poor ice) (Helgason, 2000; Carey et al., 2009). This 

permafrost aggradation process initiated via snowpack burial and preservation by volcanic 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 Öræfajökull preserved by ash from its eruption in 

1362 (Helgason, 2000; Kellerer-Pirklbauer 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 (Figure 4.1b, 

white boxes). We chose these sites because they possess morphologic evidence that buried ice is 

present and represent the major tephra deposits and near-surface stratigraphy observed within this 

region of the caldera. Figure 4.1c-e show each of these three 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 of 1961 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, ice thickness, and 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. 

Ground-penetrating radar (GPR) surveys were conducted within the caldera and at the toe of the 

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

two main regions: within the 1961 tephra deposit to the north (panel c) and a zone where 1961 

tephra transitions to 1875 pumice (panels 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 ArcGISÊ software. 
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τȢ3 Methods 
τȢ3.1 Field Methods 
We conducted two GPR field campaigns within the Askja caldera in July-August 2019 and in 

August 2021 on rain-free 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 a Geophysical Survey Systems Inc. 

(GSSI) SIR 4000 GPR system with three shielded antennas operating at center frequencies of 200, 

400, and 900 MHz for surveys. Cross-sectional images of the subsurface (radargrams) were 

collected as a series of individual traces along 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 displayed as two-way travel times 

(or depth) of returned radar wave amplitudes as a function of along-traverse distance (Figure 4.3). 

Strong contrasts in dielectric constant, or the real relative permittivity (proportional to density), 

between subsurface materials will appear as a distinct, bright boundary, 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 high-resolution aerial surveys of the caldera floor using a small uncrewed 

aerial system (UAS) DJI Mavic Pro. Traverses were georegistered and terrain-corrected using a 

Trimble Geo7x Handheld GPS attached to the GPR unit with a tens-of-centimeter-to-meter-scale 

position accuracy. UAS 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 orthomosaics (Figure 4.1c-e) 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 at < 6 cm/pixel. UAS data products were georegistered to a horizontal and vertical 

precision < 5 cm/pixel with a post-processing kinematic (PPK) dGPS survey conducted at 

stationary markers laid out in the UAS Survey area. Additionally, we drilled boreholes and dug 
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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 the top of the 

ice table at survey sites, and note changes in moisture 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 number: e* 

= e¡ - ie±.  The ratio of the imaginary component, e±, which describes losses to the propagated 

radar signal, and the real component, e', is the loss tangent, tanŭ. This quantity is, in turn, related 

to the attenuation of the radar signal (see Section 4.3.4).  Relative permittivity is given by er = e/e0 

where e0 is the permittivity of free space. The real component of the relative permittivity, er¡, (or 

dielectric constant; hereafter ñpermittivityò for brevity) is related to the radar wave propagation 

through a medium which is given by 

ὺ  ὧ ‐ϳ              (4.1) 

where v is the bulk velocity of the radar wave through the medium and c is the speed of light in 

vacuum. er¡ of subsurface layers was estimated at different sites using two methods. First, we 

estimated the velocity and calculated permittivity (Equation 4.1) from trench measurements of 

tephra thickness and the one-way travel times from radar picks at the tephra-ice interface. Second, 

we estimated bulk velocity by fitting theoretical hyperbolas to hyperbolic forms that are generated 

by the motion of the GPR system toward, 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 

above 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 time-zero correction and an exponential gain to the radargrams 
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prior to picking. This gain was applied only for visualization purposes 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 an ESRI shapefile, including radar amplitudes, latitude and 

longitude, two-way 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 

shapefile 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 Losses to the Radar Signal 
Total losses to the radar signal are sourced 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 semilogarithmic 

decay in amplitude with time given by eī2ŬR, for  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 behavior has been observed in seismology (e.g., Jin et al., 

1994; Farrokhi et al., 2016) and in both cases, this constant decay is referred to as Q where Q-1 = 

tanŭ = Ŭɚ/ ,́ where tan ŭ is loss tangent, Ŭ is the attenuation coefficient, and ɚ is 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 and Q from the amplitudes at each GPR antenna frequency, 

we first applied a series of processing steps to the GPR data, including (in order): 1) time-zero 

correction, 2) horizontal background filter to remove sources of coherent backscatter, 3) Hilbert 

transform to obtain the magnitude of collected traces and to further reduce signal variation, and 4) 

amplitude-normalization 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 were constant in 

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 are described by the radar equation (Annan and Davis, 1977; Skolnik, 2008), the ratio 
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of the reflected power to the transmitted power: 

 

 Ὡ             (4.2)   

 

where G is antenna gain, ɚ is the radar wavelength, ɝ is the backscatter cross-section, Ŭ is the 

intrinsic attenuation coefficient, and R is the distance to the reflecting target. After correcting the 

relative amplitudes for these 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 cross-section, ɝ:  1) a smooth, planar reflector 

where ɝ = ˊR2ũ where ũ is the power reflection coefficient, therefore, PR/PT  θ1/R2,  2) GPR 

returns are integrated over the diameter of the first Fresnel zone (ЍςɚR) (e.g., a rough, planar 

reflector) and ɝ  =  ˊɚRũ/2 yielding PR/PT  θ1/R3, and 3) a collection of Rayleigh scatterers, or 

subwavelength-sized spheres, yielding ɝ = ˊ5D6ũ/ɚ where D is the radius of the sphere yielding 

PR/PT  θ1/R4 (Annan and Davis, 1977). 

We applied all three models to correct the trace averages, however, the rough reflector and 

Rayleigh scatterer models overcorrected the data, which generated an unrealistic, positive slope. 

We therefore applied a model-dependent gain function of the form 1/R2 to the average trace, where 

R is depth in meters. Round-trip travel times are converted to depth using a three-layer 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 temperatures at 

or around 0ºC 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 layer permittivity). One-way loss rates in dB/m 

are estimated from linear least-squares 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 the noise floor (see Figure 4.4a-d). We used the slope from our fits to estimate 

loss tangent where tanŭ-1 = Q. 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 where ice is absent from the 

stratigraphy.  

Estimates of losses, Q , and loss tangent were made using open-source Python code developed by 
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Shoemaker (2023).This code depends on the open-source Python software readgssi (Nesbitt et al., 

2022) and functions from the open-source Python software RAGU to read in and auto-detect 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) were identified 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 average, the 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 a single frequency (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 and at all frequencies 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 true mostly for 200 MHz observations where 

the tephra layer is thin compared to the antenna resolution.
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Figure 4.2. We mapped massive ice buried by tephra using ground-penetrating 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 thickest at Site 2, panel 

(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 marked in red. (a) Site 1 

massive ice deposits are relatively thin in the west 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 the less compact tephra.  (b) Site 2 has more ablation features than Site 1 (e.g., tension 

cracks and depressions). Massive ice here is likely resting on an older ash or tephra deposited prior 

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

south along the hiking trail. (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 melting of snow 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 

Supplemental 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 to A' where 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 tephra. (b) Site 2 radargrams summarized here correspond 

to panel (b) of Figure 4.2. Section B to Bô is a 900 MHz observation with relatively thin ice (~50 

cm) preserved by ~33 cm of 1961 tephra taken in 2021. Section C to C' is repeat 400 and 200 MHz 

observations taken 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 cm-to-dm-sized clasts of pumice are visibly more scattering 

than the sub-wavelength 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 GSSI RADAN 7 software using a vertical infinite 

impulse response (IIR) filter, a five-point exponential gain, and corrected for variations in surface 

topography. 

 

4.4.1.1 Site 1 Observations 
Site 1 contains GPR observations primarily taken during the 2021 field season. 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 properties such as appearance, grain size, porosity, and compaction 

along each survey line. Tephra in the southernmost portion of Site 1 is slightly finer-grained, 

having been remobilized to form ripples or aeolian bedforms. In radargrams, this area of ripples is 

associated with multiple reflections within the tephra deposit interpreted to result from internal 

layering and moisture differences. The ice deposit is thickest (~1.4ï2.8 m thick) in the south 

(beneath these bedforms) and east (toward the hiking trail). The 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 flow and 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. The mm-to-cm-sized 

clasts of lapilli generated little scattering visible in the radargrams, as compared to Site 3 (see 

Section 4.1.3) where most of the ice is buried by the cm-to-dm-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 scattered 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 melt-related features are more widespread here than at Site 1, observed 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 subsurface ice and abutting lava outcroppings. Surveys were taken 

along the trail and in a region west of the trail where melting has generated several ñislandsò of 

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 thin as 9 cm 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 ablation features compared to Site 1. The massive ice layer in each radargram shows 

very little scattering or internal reflectors, implying low lithic content and/or dispersed, entrained 

sediment of small grain size. This is consistent with ice samples retrieved from boreholes and 

trenches at this site.  
4.4.1.3 Site 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 along the banks 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 top of 1875 ash and pumice. On the eastern bank ~3 m of massive 

ice was buried beneath ~40 cm of cm-sized 1875 pumice clasts. Both ice deposits had little 

entrained sediment and closed, mm-sized gas bubbles/pore space. Images of these deposits can be 

viewed in Figure 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 cm-to-dm-sized clasts of 1875 pumice. In contrast to the minimal scattering by the 

1961 basaltic lapilli, the 1875 pumice 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 radargrams suggesting 

fairly uniform ice with little entrained sediment or bedding at wavelength-scale, 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 Velocity  
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 MHz. Hyperbola 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 1961 basaltic 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 Site 2: 11.9 (0.086 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 permittivity of 18.3 (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 m/ns). Hyperbola measurements from the 1875 pumice were much more uncertain. 

These permittivities are elevated compared to typical values of 2-4 for a dry, low-density 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. We estimate an 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 permittivity values 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 depends greatly on user identification of a true hyperbolic form and manual fitting 

of that shape. It is also highly sensitive to the goodness-of-fit of that of the theoretical hyperbola 

apex and tails to the true form, if that hyperbola is, in fact, real in the collected subsurface data 

(Giannakis et al., 2022). In particular, conventional hyperbola-fitting carries significant error when 

subsurface media are truly inhomogeneous (Giannakis et al., 2021). Fits to a false hyperbolic form 

yield elevated, unrealistic 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 Mertens et al. (2016). 

Furthermore, these hyperbola-fitting 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 estimates, which highlights the limitations of conventional 

hyperbola-fitting. 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 at each 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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package. See Section 3.2 in the main text for descriptions on the method. 

Year Traverse 

Number 

Freq. 

(MHz) 

Stratigraphic 

Interpretation 

Layer Velocity 

(m/ns) 

Real Dielectric 

Permittivity 

(Bulk) 

x position, 

peak (m) 

y 

position, 

peak 

(ns) 

Site 

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 5.41 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 

Festoon 

0.096 9.72 84.20 5.50 1 

2021 30 900 Base of Scoria Layer 0.115 6.80 6.30 5.71 1 

2021 30 900 Base of 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 Basalt Festoon 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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2021 32 400 Base of Scoria Layer 0.087 11.85 1.30 8.63 1 

2021 32 400 Base of Ice Layer 0.121 6.16 51.42 15.18 1 

2021 33 400 Base of Ice Layer 0.122 5.99 21.62 9.24 1 

2021 33 400 Base of Scoria Layer 0.094 10.21 68.12 10.21 1 

2021 34 200 Base of Scoria Layer 0.082 13.26 37.52 13.02 1 

2021 34 200 W/in Scoria Layer 0.095 9.98 57.70 7.91 1 

2021 34 200 Base of Scoria Layer 0.085 12.48 189.36 14.66 1 

2021 35 200 Below Ice Base 0.107 7.79 86.36 25.70 1 

2021 36 200 Scoria Layer 0.105 8.16 21.36 7.91 1 

2021 36 200 Base of Scoria Layer 0.075 16.06 82.72 21.61 1 

2019 6 400 Base of Scoria Layer 0.095 9.99 16.47 4.98 2 

2019 8 400 Base of Scoria Layer 0.094 11.85 42.24 4.84 2 

2019 8 400 Base of Scoria Layer 0.089 11.34 48.76 4.84 2 

2019 10 400 W/in Tephra? 0.086 12.12 10.85 18.57 2 

2019 10 400 Possibly w/in Ice Layer 0.048 38.62 59.96 20.95 2 

2019 11 400 Base of Scoria Layer 0.097 9.47 14.36 6.07 2 

2019 11 400 Base of Scoria Layer 0.096 9.75 18.65 6.16 2 

2019 17 400 Base of Scoria Layer 0.094 10.19 2.39 5.95 3 

2019 18 400 Base of Scoria Layer 0.069 19.08 5.84 5.16 3 

2019 18 400 Base of Scoria Layer 0.075 16.21 10.43 4.90 3 

2019 22 400 Possibly W/in Pumice 

Layer 

0.053 32.11 12.49 9.93 3 

2019 25 200 Possibly W/in Pumice 

Layer 

0.082 13.49 3.99 6.43 3 

2019 30 400 Base of Pumice Layer 0.076 15.66 10.21 11.05 3 

2019 35 400 W/in Bedded Scoria 0.113 7.04 4.38 10.31 1 

2019 35 400 W/in Bedded Scoria 0.125 5.72 6.83 9.73 1 

2019 35 400 Base of Scoria Layer 0.101 8.89 29.24 5.51 1 

2019 35 400 Base of Scoria Layer 0.091 10.79 30.79 5.43 1 

2019 35 400 Base of Scoria Layer 0.110 7.44 32.52 4.69 1 

2019 35 400 Base of Scoria Layer 0.105 8.12 34.96 4.93 1 

2019 35 400 Base of Scoria Layer 0.110 7.44 37.96 5.02 1 

2019 35 400 Base of Scoria Layer 0.096 9.77 47.29 5.51 1 

2019 36 400 Base of Scoria Layer 0.091 10.79 1.35 5.13 1 

2019 36 400 Base of Scoria Layer 0.085 12.42 3.07 5.44 1 

2019 36 400 Base of Bedded Scoria 

Layer 

0.091 10.79 19.68 9.27 1 

2019 36 400 Base of Bedded Scoria 

Layer 

0.100 9.00 26.77 12.37 1 

2019 36 400 Base of Bedded Scoria 

Layer 

0.090 11.40 29.70 11.75 1 

2019 36 400 Base of Scoria Layer 0.100 9.00 52.05 5.03 1 

2019 36 400 Base of Scoria Layer 0.085 12.42 59.58 5.13 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 trenches were dug to the top of the ice table. 

Year Traverse 

Number 

Freq. 

(MHz) 

Permittivity Position 

Along Track 

(x, m) 

Ice Table 

Position 

(ns) 

Overburden 

Thickness 

(cm) 

Tephra 

Cover 

Method Site 

2019 14 200 2.59 11.25 5.37 50 1961 Lapilli 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 

1875/1961 

Trench 3 

2021 12 400 11.75 50.62 9.60 42 Mixture 

1875/1961 

Trench 3 

2021 13 200 12.99 70.26 6.85 30 Mixture 

1875/1961 

Trench 3 

2021 15 200 8.79 40.96 8.30 42 Mixture 

1875/1961 

Trench 3 

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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4.4.3 Calculated Losses to the Radar Signal 
Based on our observations at each site, we assume a median permittivity 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 perform a multilayer depth-correction 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 contribute to a higher bulk 

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 corrected average trace (Figure 4.4a-d, 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 the 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 ice-free case. This is due to the fitting depth range of 

the corrected trace that spans from the sub-ice or sub-pumice layers to the noise floor. The 

overlying tephra and ice contribute to the total loss, but likely to a lesser degree. We find average 

one-way total loss rates of 2.69 dB/m at 200 MHz, 3.08 dB/m at 400 MHz, and 4.55 dB/m at 900 

MHz in ice-rich 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 average one-way loss rates of 1.52 

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

the 1875 pumice-mantled 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 attenuation for several representative 

ice-rich and ice-free radargrams in Figure 4.4a-d at each of the antenna center frequencies. Table 

4.3 summarizes individual loss rate calculations.  

The one-way total loss rates are similar, even at ice-free sites such as the 1961 Vikrahraun lava 

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 
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flow. The finer-grained, 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 and 400 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 increase in one-way loss 

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 slope for these 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 one-way 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 trace. The higher variances 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 variances are result from variations in goodness-of-fit 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 from a semilogarithmic 

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 uncertainties 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. Other quantities summarized 

are the traces fit over (x1 to x2), Q value, loss tangent, p-value for the slope, linear correlation coefficient (r), variance in the slope (s2), and the 

standard deviation (s). We also include the permittivity for the two-layer (1961 Vikrahraun lava flow case) and three-layer (all caldera sites) depth 

corrections performed prior to fitting. Reliable fits for Site 2 radargrams could not be obtained. See Sections 4.3.4 and 4.4.3 in the main text for 

descriptions of the methods and summary of results. 

Year Traverse Site Freq. 

(MHz) 

Tephra 

Cover 

Ice 

(Y/N) 
e1¡ 

Source 

e2¡ e3¡ x1 x2 Slope Fit Depth 

Interval 

(z1-z2, m) 

One-

way 

Losses 

(dB/m) 

Q tan ŭ Slope p-

value 

r  s2  s 

2019 17 3 400 1961 

Lapilli  

Y Trench 

(Table 

S2) 

3.20 3.00 70 343 -7.05 0.97-2.58 3.53 10 0.101 9.15E-127 0.85 8.90 2.98 

2019 19 3 400 1961 

Lapilli  

Y Trench 

(Table 
S2) 

3.20 3.00 781 1191 -5.85 0.97-2.82 2.93 12 0.085 1.02E-127 0.81 6.91 2.63 

2019 20 3 400 1961 

Lapilli  

Y Trench 

(Table 

S2) 

3.20 3.00 64 306 -5.51 0.99-3.20 2.76 12 0.087 4.36E-149 0.80 3.84 1.96 

2019 25 3 200 1875 
Pumice 

Y Trench 
(Table 

S2) 

3.20 3.00 0 1233 -2.10 2.21-5.34 1.05 18 0.056 1.95E-58 0.50 2.96 1.72 

2019 28 3 200 1961 

Lapilli  

Y Trench 

(Table 

S2) 

3.20 3.00 70 343 -6.15 1.30-3.42 3.08 6 0.177 1.81E-143 0.80 4.74 2.18 

2019 29 3 200 1961 

Lapilli  

Y Trench 

(Table 

S2) 

3.20 3.00 205 694 -6.87 1.27-3.67 3.44 6 0.174 6.87E-207 0.86 5.01 2.24 

2019 30 3 400 1875 

Pumice 

Y Trench 

(Table 
S2) 

3.20 3.00 0 1380 -3.33 2.07-2.97 1.67 21 0.048 1.79E-35 0.56 55.10 7.42 

2019 31 3 200 1875 

Pumice 

Y Borehol

e 

(Table 
S2) 

3.20 3.00 0 1400 -3.98 1.86-3.46 1.99 11 0.093 2.34E-75 0.77 12.90 3.59 

2021 28 1 900 1961 

Lapilli  

Y Trench 

(Table 

S2) 

3.20 9.00 7526 8014 -8.91 1.55-2.38 4.46 21 0.048 4.06E-57 0.66 14.66 3.83 

2021 29 1 900 1961 
Lapilli  

Y Trench 
(Table 

S2) 

3.20 9.00 2274 2522 -9.30 1.39-2.06 4.65 20 0.051 2.20E-45 0.70 33.07 5.75 
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2021 32 1 400 1961 

Lapilli  

Y Trench 

(Table 
S2) 

3.20 9.00 2143 2391 -6.21 1.20-2.98 3.11 14 0.074 8.84E-79 0.76 7.17 2.68 

2021 34 1 200 1961 

Lapilli  

Y Trench 

(Table 

S2) 

3.20 9.00 7163 7748 -4.40 1.57-5.00 2.20 9 0.107 4.00E-175 0.87 1.51 1.23 

2021 34 1 200 1961 
Lapilli  

Y Trench 
(Table 

S2) 

3.20 9.00 4631 5215 -4.97 1.52-4.24 2.49 8 0.122 2.91E-137 0.88 2.22 1.49 

2021 35 1 200 1961 

Lapilli  

Y Trench 

(Table 

S2) 

3.20 9.00 2204 2452 -4.51 1.36-5.04 2.26 9 0.109 5.57E-131 0.75 0.51 0.71 

2019 1 1961 

Lava 

Flow 

400 1875 

Pumice 

N Literatu

re 

(Campb

ell and 

Ulrichs, 
1969) 

9.00 N/A 0 1000 -5.38 1.76-4.60 2.69 17 0.060 1.15E-298 0.92 3.47 1.86 

2019 8 1961 

Lava 

Flow 

200 1875 

Pumice 

N Literatu

re 

(Campb

ell and 
Ulrichs, 

1969) 

9.00 N/A 0 1000 -4.00 1.77-4.84 2.00 11 0.090 1.82E-117 0.93 5.59 2.36 
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Figure 4.4. We fit sections of semilogarithmic decay of trace averages at various sites and 

frequencies across the Askja caldera (a-c) and from the 1961 Vikrahraun basalt lava flow mantled 

with 1875 pumice (d). The average trace (solid black line) is corrected for geometric 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 and d). Thicknesses 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. One-way loss in dB/m calculated from the slope of the 

fit (blue-dashed line), Q, and the loss tangent (tan ŭ) are shown. (e) One-way attenuation generally 

increases with increasing frequency. One-way losses at 200, 400 and 900 MHz are summarized. 

There is significant spread in the losses associated with each deposit at each frequency. 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 Losses as an Indicator  of Buried Ice 
The main 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, low-density materials such as regolith or volcanic tephra 

and ash overlap, typically ranging from 2-4 (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 that arise 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 low-loss signal can be isolated at our field location, and 

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

Measured loss rates between ice-rich sites and the ice-free comparison site share much overlap in 

magnitude (Figure 4.4e), especially considering their associated formal errors (see Table 4.3). This 

makes it challenging to uniquely identify the characteristic low-loss 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 rates.  As discussed in Section 4.3, to achieve a reliable slope measurement, our 

one-way 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 material that is below the ice (e.g., lava flow or older tephra layers) may contribute 

more greatly to the loss. Indeed, we find that one-way losses decrease with increasing average ice 

thickness across all frequencies, though the trend of increasing loss rate with 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.  

 

Figure 4.5. One-way losses as a function of average ice thickness along sections of GPR traverses 

comprising the average trace at each site. There is a trend of decreasing one-way loss with 

increasing average ice thickness and increasing loss with increasing frequency. The trendline for 
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the 200 MHz is the 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 characteristic of the signature of 

ice at depth for each individual frequency, particularly at 900 MHz. 

However, additional data points are needed to fully evaluate the relationship between one-way 

losses and average ice thicknesses. The trends in Figure 4.5 are biased by the higher total number 

of loss rate fits that were able to be obtained at 200 and 400 MHz. (Figure 4.5). For regions such 

as the lunar South Pole where water ice concentrations may be extremely low, the trend in Figure 

4.5 indicates that estimates of loss might not be particularly helpful to uniquely indicate the 

presence of water ice. 

 

4.5.2 Other Sources of Loss 
Total losses are comprised of contributions from both absorption and scattering. Without a full 

characterization these effects, it is difficult to determine if losses are simply driven by the different 

scattering regimes created by the different tephra clast sizes (mm-scale 1961 lapilli vs. cm-scale 

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 larger cm-to-dm-scale 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 scattering became 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, absorption 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 thickness (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 effects of scattering and absorption.  
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4.5.3 Insights on GPR Field Operations from the Askja Analog 
Site  
Askja Volcano is an excellent geophysical analog for operational and in-situ instrumentation 

testing given its striking similarity to the surfaces of the Moon and Mars and unvegetated terrain. 

Unsurprisingly, the ambiguity associated with GPR returns from the 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 successfully 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 (substantial coverage 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 higher frequencies. These ice thickness maps at all 

frequencies are compared side-by-side 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 deposits were easily resolved. At 900 MHz, there was much difficulty mapping 

subsurface ice at Site 3 due to scattering from the cm-to-dm sized clasts of 1875 pumice. We 

therefore were unable to map ice thickness at that frequency for Site 3. The 900 MHz also struggled 

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 from the cm-to-

dm-sized clasts of 1875 pumice, especially at Site 3. All three center frequencies performed 

exceptionally well when taking data over the mm-sized 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 900 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 high-quality radargrams. The finer 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 where higher amounts of scattering in the regolith may be a 

concern, lower frequencies will likely be more favorable, unless the characterization of very-near 

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 pore-ice 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 radargrams. To 

test GPRôs ability to characterize changes in ice concentration for future planetary science and 

ISRU applications, more suitable analog sites should be sought. This will be important for future 

interpretation of Mars ground data and especially for the Moon, since ice in the form of pore-filling 

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

The Askja caldera tephra deposits are not precisely compositionally analogous to lunar or martian 

regolith but 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 GPR investigations 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 and Ulrichs, 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 to isolate any 

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 depth at each 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 the high Andes or the Antarctic Dry Valleys. Despite these shortfalls and 

complexities, the Askja caldera deposits offer variation in clast sizes, intra-grain and intergrain 

porosities, varying ice thicknesses, and ice burial by a low-density overburden. This diversity 
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makes Askja an ideal testbed for GPR and geophysical field methods that seek to feed-forward to 

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

 

4.6 Conclusions 
We conducted the first ground-penetrating 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 subsurface layers that 

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 thicknesses of 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 thickness was 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 lower total attenuation 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 frequency 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 different ice-containing sites and ice-free 

sites revealed 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 radar signal may 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 ground-penetrating 

radar observations at the Moon and Mars.  Additional 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 dissertation is an examination of volcanic environments and analysis 

of their deposits utilizing orbital and in-situ radar remote sensing techniques on Mars and at an 

Earth analog environment. This dissertation aimed to highlight the strengths of radar remote 

sensing in volcanic environments on Mars and feed that forward to examine its potential strengths 

as a non-invasive tool for in-situ resource utilization (ISRU) reconnaissance of water ice buried in 

a volcanic setting at a planetary analog site on Earth. Our objectives included: (1) Determine the 

extent and thickness of Hesperian- and Amazonian-aged lava flows and other volcanic deposits on 

Mars using orbital radar sounding and in-situ ground-penetrating radar, (2) Characterize the 

advantages and limitations of radar in rough 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 Hesperian-Amazonian volcanic activity at Ascraeus Mons 

in the Tharsis volcanic province on Mars in Chapter 2. We 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 studies (Carter 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 throughout the surrounding plains. We found that surface roughness and thickness of 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 surface roughness were 

mantled with a substantial amount of dust, but that one major flow-field 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 accumulate as thick 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 2020 Perseverance rover in Chapter 3. RIMFAXôs proximity to the surface and range 

of frequencies allowed 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 demonstrated with SHARAD at 

Ascraeus Mons. Shoemaker et al. (2018) were unable to detect any layers within Jezero crater from 

orbit with SHARAD, but subsurface layering is visible from the Perseverance rover 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 exposed Séítah formation that is buried by 

members of Máaz 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 consistent with a mafic composition for the crater floor. This 

finding coupled with our mapping and use of available in-situ imagery from Perseveranceôs 

Navcam and Mastcam-Z cameras indicated that the units we encountered on this section of crater 

floor were likely lava flows (Máaz members) emplaced over the potentially magmatic body, 

Séítah. RIMFAX showed that each of these layers overlying the Séítah formation to be highly 

reflective separated by a low-reflectivity region several-to-tens-of-cm thick. These low-reflectivity 

regions could be regolith, eroded material, or sediment. It is hypothesized that Jezero underwent 

several episodes of fluvial activity, as the crater floor units have also been shown to be aqueously 

altered (Horgan et al., 2020; Farley et al., 2022). It is also likely that these regolith or sediment 

layers similarly reduce surface roughness of the deposits, as occurs with the dust mantle in Tharsis. 

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 Iceland. In 

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 the low-density lunar regolith or 

compositionally similar Martian pyroclastic deposits (Blasizzo et al., 2022). We conducted GPR 

surveys at three frequencies across three sites within the caldera and several at an ice-free control 
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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 the overlying 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 between ice-rich 

and ice-free sites, where ice-free 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 between icy and ice-free sites. We did find a 

correlation between thicker slabs of ice and a lower attenuation rate at frequencies of 200 and 400 

MHz. 900 MHz was not as conclusive, a result of fewer successful estimates of loss rate at this 

frequency. However, we concluded that more data points both from ice-rich and ice-free 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 revealed that a 

potentially accelerated decline in the amount of preserved massive ice at depth is occurring. GPR 

may be well-suited to monitor these changes in high mountain permafrost at Askja and other 

similar Icelandic sites. Our investigation also found that the Askja 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 has provided 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 exploration. These chapters 

have highlighted the strengths of these radar remote sensing techniques in volcanic environments, 

overcoming surface and internal roughness of these deposits and demonstrated its capabilities of 

noninvasively detecting thicker ice deposits. There are still several outstanding questions that 

remain from these studies. The 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 as a tool to prospect 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, constrained the thickness 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 terrain on Mars and the ages of lava flows and other deposits are not well 

constrained ï 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 stratigraphy across greater Tharsis. 

 

A natural follow-on 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) and several interfaces 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 opportunity also 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 northwest 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 some of the deposits relative to one 

another. It could also indicate a period of relative quiescence. This effort could assist in 



 

 

 ï 143 ï 

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 examining tens-of-cm-thick 

massive ice deposits at 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 Pole (e.g., VIPER; 

Colaprete, 2021). 

 

The Artemis program will begin establishing a sustained human presence on the Moon with the 

Artemis III landing at one of thirteen candidate sites at the lunar South Pole. It is critical to locate 

and access resources such as water ice for fuel and life support (i.e., in-situ resource utilization, 

ISRU) and consider the subsurface structure of the lunar regolith at proposed landing sites that will 

support future infrastructure. Therefore, the capability to map the shallow (0-10 m) structure of 

the subsurface is necessary (LEAG 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 formation, evolution, and structure of the lunar 

regolith are of high scientific priority (Jawin, 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 structure noninvasively at tens-

of-centimeter-scale resolutions (LWIMS Report, 2020; Richardson et al., 2020; Shoemaker et al., 

2022). This capability has been demonstrated on Mars (Hamran et al., 2020; Li et al., 2022) and 

the Moon (Fang et al., 2014; Li et al., 2020) by rover-mounted GPRs. On Earth, GPR has readily 

detected water ice deposits beneath low-density, low-loss volcanic tephra, ash, and soil 

(Shoemaker et al., 2022). Orbital remote sensing, including orbiting synthetic aperture radar (SAR) 

has yielded somewhat ambiguous results regarding subsurface water ice concentrations (LWIMS 

Report, 2020; Neish et al., 2011), but studies concluded that up to ~10 wt% water ice persists in 

the shallow subsurface within permanently shadowed regions (PSRs) near the candidate landing 
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sites (Colaprete et al., 2010; Neish et al., 2011; Thomson et al., 2012). More concentrated, thicker, 

and possibly deeper deposits may also exist (Nozette et al., 2001; Spudis et al., 2013; Sielger et 

al., 2015). GPRôs ability to detect water ice at low concentrations in regolith continues to be 

debated in the scientific community (Richardson et al., 2020; Shoemaker et al., 2022). Current 

lunar GPRs are located in ice-free mare regions, and so this question remains open (Lai et al., 

2019). An additional open question is what form sequestered water ice may be in at the South Pole. 

These major unknowns leave substantial room for modeling GPR responses to mixtures of regolith 

and water ice at various concentrations and configurations. The open-source finite-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 regolith. As 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 

Observation 

Group Number Unit Name 

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 18 Plains 

1064101 19 Plains 

1255303 19 Plains 

1312001 19 Plains 

1623201 19 Plains 

1064101 20 Plains 

1312001 20 Plains 

1623201 20 Plains 

3690802 20 Plains 

423301 21 Plains 

1234201 21 Plains 

1290901 21 Plains 

1347601 21 Plains 

1404302 21 Plains 

423301 22 Plains 

1064101 22 Plains 

1255303 22 Plains 

1290901 22 Plains 

1623201 22 Plains 

1234201 23 Plains 

1347601 23 Plains 

423301 24 S Flow 

814901 24 S Flow 

1078601 24 S Flow 

1234201 24 S Flow 

1290901 24 S Flow 

1347601 24 S Flow 

1829003 24 S Flow 

3690802 24 S Flow 

814901 25 Plains 

189901 26 Plains 

1078601 26 Plains 

1326501 26 Plains 

2395901 26 Plains 

2473803 26 Plains 

2530401 26 Plains 

1078601 27 Plains 

1326501 27 Plains 

2473803 28 Plains 

189901 29 Plains 
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814901 29 Plains 

1234201 29 Plains 

1326501 29 Plains 

189901 30 N Flow 

814901 30 N Flow 

1234201 30 N Flow 

1078601 31 Plains 

1326501 31 Plains 

416701 32 Plains 

1822401 33 Ponded 

Lava 

2452701 33 Ponded 

Lava 

2509402 33 Ponded 

Lava 

2389301 34 Plains 

2395901 35 Ponded 

Lava 

2473801 35 Ponded 

Lava 

2530401 35 Ponded 

Lava 
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APPENDIX B: Layer Picks and Hyperbola Fits from RIMFAX 
Data for Sols 383-398 
 
This Appendix summarizes the picks of the Máaz-Séítah contact in the subsurface and the 

hyperbolic forms fit in the RIMFAX data. The picks of the Máaz-Séítah contact are summarized 

in Table B.1. Hyperbolic forms in RIMFAX radargrams are generated by both surface 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 3 (383-398). 

The mean permittivity derived from this fitting effort 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 beneath the Perseverance rover 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 available surface 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 Máaz-Séítah boundary in the subsurface from RIMFAX 

radargrams collected on sols 383-398.   
Sol Sounding z (m) Travel 

Time (ns) 

Traverse 

Distance (m) 

depth zPaleo (m) Relief (m) 

383 2 -2570.48 102.91 0.20 5.15 -2575.62 2.92 

383 14 -2570.50 102.91 1.43 5.15 -2575.64 2.92 

383 20 -2570.49 103.35 2.09 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 5.47 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 14.98 4.95 -2575.72 2.72 

383 182 -2570.86 98.09 18.56 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 4.90 -2575.96 2.68 
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383 241 -2571.12 95.46 24.57 4.77 -2575.89 2.55 

383 257 -2571.22 92.39 26.17 4.62 -2575.84 2.39 

383 280 -2571.34 94.14 28.52 4.71 -2576.04 2.48 

383 304 -2571.40 97.21 31.03 4.86 -2576.26 2.63 

383 323 -2571.44 98.09 32.97 4.90 -2576.34 2.68 

383 327 -2571.44 98.96 33.34 4.95 -2576.39 2.72 

383 349 -2571.46 100.72 35.60 5.04 -2576.50 2.81 

383 362 -2571.48 98.96 36.92 4.95 -2576.42 2.72 

383 387 -2571.50 98.53 39.47 4.93 -2576.43 2.70 

383 406 -2571.50 97.21 41.37 4.86 -2576.36 2.63 

383 424 -2571.49 95.46 43.22 4.77 -2576.26 2.55 

383 428 -2571.49 95.44 43.63 4.77 -2576.26 2.54 

383 451 -2571.47 97.62 46.03 4.88 -2576.35 2.65 

383 471 -2571.48 96.75 48.09 4.84 -2576.32 2.61 

383 487 -2571.48 95.44 49.68 4.77 -2576.25 2.54 

383 530 -2571.43 98.93 54.02 4.95 -2576.37 2.72 

383 569 -2571.42 98.05 58.02 4.90 -2576.32 2.68 

383 591 -2571.41 95.87 60.27 4.79 -2576.21 2.57 

383 621 -2571.41 92.38 63.39 4.62 -2576.03 2.39 

383 640 -2571.41 86.28 65.29 4.31 -2575.72 2.09 

383 672 -2571.41 84.97 68.56 4.25 -2575.66 2.02 

383 696 -2571.40 80.61 70.96 4.03 -2575.43 1.80 

383 712 -2571.38 78.11 72.59 3.91 -2575.29 1.68 

383 718 -2571.37 81.17 73.21 4.06 -2575.43 1.83 

383 728 -2571.35 83.79 74.28 4.19 -2575.54 1.96 

383 737 -2571.34 82.92 75.17 4.15 -2575.48 1.92 

383 750 -2571.34 79.42 76.51 3.97 -2575.31 1.74 

383 757 -2571.33 78.11 77.17 3.91 -2575.24 1.68 

383 766 -2571.33 77.68 78.12 3.88 -2575.21 1.66 

383 774 -2571.32 77.24 78.95 3.86 -2575.18 1.63 

383 782 -2571.32 78.55 79.82 3.93 -2575.25 1.70 

383 789 -2571.31 78.11 80.53 3.91 -2575.22 1.68 

383 798 -2571.32 74.18 81.41 3.71 -2575.02 1.48 

383 804 -2571.32 73.31 82.02 3.67 -2574.99 1.44 

383 817 -2571.33 79.86 83.33 3.99 -2575.32 1.77 

383 831 -2571.32 86.41 84.73 4.32 -2575.64 2.09 

383 840 -2571.33 92.09 85.68 4.60 -2575.94 2.38 

383 852 -2571.32 96.03 86.87 4.80 -2576.12 2.57 

383 859 -2571.31 94.72 87.63 4.74 -2576.05 2.51 

383 866 -2571.32 92.53 88.34 4.63 -2575.95 2.40 
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383 878 -2571.29 96.90 89.61 4.84 -2576.13 2.62 

383 883 -2571.28 95.15 90.12 4.76 -2576.04 2.53 

383 898 -2571.26 90.78 91.57 4.54 -2575.80 2.31 

383 907 -2571.25 88.16 92.48 4.41 -2575.66 2.18 

383 920 -2571.25 89.04 93.81 4.45 -2575.70 2.22 

383 926 -2571.25 84.67 94.50 4.23 -2575.49 2.01 

383 937 -2571.25 85.10 95.61 4.26 -2575.50 2.03 

383 944 -2571.25 87.72 96.32 4.39 -2575.64 2.16 

383 955 -2571.25 89.04 97.41 4.45 -2575.71 2.22 

383 969 -2571.24 91.22 98.80 4.56 -2575.80 2.33 

383 981 -2571.23 89.47 100.10 4.47 -2575.71 2.25 

383 997 -2571.23 87.72 101.67 4.39 -2575.62 2.16 

383 1011 -2571.23 81.61 103.12 4.08 -2575.31 1.85 

383 1029 -2571.23 75.93 105.00 3.80 -2575.03 1.57 

383 1039 -2571.23 78.11 105.99 3.91 -2575.13 1.68 

383 1047 -2571.23 77.68 106.82 3.88 -2575.11 1.66 

383 1059 -2571.22 79.86 108.05 3.99 -2575.22 1.77 

383 1067 -2571.22 80.30 108.86 4.01 -2575.23 1.79 

383 1081 -2571.22 83.36 110.25 4.17 -2575.39 1.94 

383 1094 -2571.21 86.85 111.59 4.34 -2575.55 2.12 

383 1102 -2571.21 87.72 112.44 4.39 -2575.60 2.16 

383 1113 -2571.21 87.72 113.51 4.39 -2575.60 2.16 

383 1119 -2571.22 86.85 114.13 4.34 -2575.56 2.12 

383 1125 -2571.22 87.72 114.72 4.39 -2575.60 2.16 

383 1130 -2571.22 89.04 115.30 4.45 -2575.67 2.22 

383 1134 -2571.22 85.98 115.70 4.30 -2575.52 2.07 

383 1138 -2571.21 85.98 116.07 4.30 -2575.51 2.07 

383 1144 -2571.21 84.23 116.67 4.21 -2575.42 1.98 

383 1150 -2571.20 83.79 117.35 4.19 -2575.39 1.96 

383 1159 -2571.20 81.61 118.23 4.08 -2575.28 1.85 

383 1164 -2571.20 78.55 118.69 3.93 -2575.13 1.70 

383 1175 -2571.20 81.61 119.87 4.08 -2575.28 1.85 

383 1186 -2571.19 84.23 120.96 4.21 -2575.40 1.98 

383 1193 -2571.20 85.98 121.68 4.30 -2575.50 2.07 

383 1201 -2571.18 85.54 122.46 4.28 -2575.46 2.05 

383 1207 -2571.19 85.54 123.10 4.28 -2575.47 2.05 

383 1214 -2571.19 84.67 123.84 4.23 -2575.42 2.01 

383 1222 -2571.19 87.29 124.60 4.36 -2575.55 2.14 

383 1229 -2571.18 88.16 125.33 4.41 -2575.59 2.18 

383 1234 -2571.18 87.72 125.92 4.39 -2575.57 2.16 
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383 1245 -2571.19 86.85 127.01 4.34 -2575.53 2.12 

383 1250 -2571.18 87.72 127.56 4.39 -2575.57 2.16 

383 1258 -2571.19 88.60 128.34 4.43 -2575.62 2.20 

383 1265 -2571.19 90.78 129.03 4.54 -2575.73 2.31 

383 1269 -2571.19 91.66 129.46 4.58 -2575.77 2.36 

383 1275 -2571.17 92.97 130.07 4.65 -2575.81 2.42 

383 1279 -2571.18 91.66 130.48 4.58 -2575.76 2.36 

383 1284 -2571.18 91.66 130.96 4.58 -2575.77 2.36 

383 1361 -2571.17 78.55 138.83 3.93 -2575.10 1.70 

383 1368 -2571.17 77.68 139.52 3.88 -2575.05 1.66 

383 1373 -2571.17 77.24 140.02 3.86 -2575.03 1.63 

383 1379 -2571.16 76.80 140.64 3.84 -2575.00 1.61 

383 1386 -2571.18 78.11 141.39 3.91 -2575.08 1.68 

383 1392 -2571.19 77.68 142.04 3.88 -2575.07 1.66 

383 1399 -2571.19 74.18 142.72 3.71 -2574.90 1.48 

383 1401 -2571.19 73.74 142.96 3.69 -2574.88 1.46 

383 1407 -2571.19 71.12 143.56 3.56 -2574.75 1.33 

383 1412 -2571.21 68.50 144.05 3.43 -2574.64 1.20 

383 1417 -2571.18 67.63 144.53 3.38 -2574.57 1.15 

383 1423 -2571.16 68.94 145.14 3.45 -2574.61 1.22 

383 1428 -2571.17 68.50 145.64 3.43 -2574.60 1.20 

383 1435 -2571.16 70.69 146.36 3.53 -2574.70 1.31 

383 1442 -2571.17 72.87 147.11 3.64 -2574.81 1.42 

383 1449 -2571.14 75.93 147.78 3.80 -2574.94 1.57 

383 1456 -2571.16 75.05 148.51 3.75 -2574.91 1.53 

383 1462 -2571.17 73.74 149.16 3.69 -2574.86 1.46 

383 1466 -2571.17 73.74 149.53 3.69 -2574.86 1.46 

383 1476 -2571.17 72.43 150.53 3.62 -2574.79 1.39 

383 1483 -2571.17 72.87 151.27 3.64 -2574.82 1.42 

383 1492 -2571.18 71.56 152.21 3.58 -2574.76 1.35 

383 1497 -2571.19 70.69 152.71 3.53 -2574.72 1.31 

383 1503 -2571.21 71.12 153.31 3.56 -2574.77 1.33 

383 1509 -2571.19 69.81 153.95 3.49 -2574.68 1.26 

383 1511 -2571.19 71.23 154.10 3.56 -2574.76 1.33 

383 1520 -2571.21 75.14 155.02 3.76 -2574.97 1.53 

383 1525 -2571.22 77.31 155.60 3.87 -2575.08 1.64 

383 1536 -2571.22 77.75 156.69 3.89 -2575.11 1.66 

383 1544 -2571.22 76.88 157.54 3.84 -2575.07 1.62 

383 1559 -2571.24 74.27 159.01 3.71 -2574.95 1.49 

383 1568 -2571.24 74.27 159.90 3.71 -2574.95 1.49 
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383 1576 -2571.24 74.27 160.80 3.71 -2574.95 1.49 

383 1585 -2571.23 74.27 161.71 3.71 -2574.95 1.49 

383 1589 -2571.23 75.14 162.07 3.76 -2574.99 1.53 

383 1598 -2571.24 78.18 163.05 3.91 -2575.15 1.68 

383 1607 -2571.24 79.92 163.92 4.00 -2575.24 1.77 

383 1617 -2571.25 77.75 164.97 3.89 -2575.14 1.66 

383 1624 -2571.26 76.44 165.67 3.82 -2575.09 1.60 

383 1630 -2571.27 74.27 166.31 3.71 -2574.98 1.49 

383 1639 -2571.27 79.05 167.18 3.95 -2575.22 1.73 

383 1649 -2571.28 79.92 168.20 4.00 -2575.28 1.77 

383 1654 -2571.30 81.66 168.76 4.08 -2575.38 1.86 

383 1661 -2571.29 83.40 169.43 4.17 -2575.46 1.94 

383 1669 -2571.27 85.14 170.27 4.26 -2575.53 2.03 

383 1671 -2571.27 86.01 170.49 4.30 -2575.57 2.07 

383 1677 -2571.26 86.44 171.06 4.32 -2575.59 2.10 

383 1681 -2571.29 86.44 171.48 4.32 -2575.61 2.10 

383 1692 -2571.32 86.01 172.57 4.30 -2575.62 2.07 

383 1700 -2571.31 86.44 173.38 4.32 -2575.64 2.10 

383 1707 -2571.32 86.44 174.10 4.32 -2575.65 2.10 

383 1717 -2571.32 88.62 175.12 4.43 -2575.76 2.20 

383 1724 -2571.31 90.36 175.87 4.52 -2575.83 2.29 

383 1732 -2571.34 90.79 176.67 4.54 -2575.87 2.31 

383 1739 -2571.33 89.05 177.35 4.45 -2575.79 2.23 

383 1742 -2571.35 89.92 177.75 4.50 -2575.84 2.27 

383 1756 -2571.33 94.27 179.17 4.71 -2576.04 2.49 

383 1767 -2571.35 96.88 180.25 4.84 -2576.19 2.62 

383 1775 -2571.34 97.75 181.02 4.89 -2576.23 2.66 

383 1783 -2571.35 98.62 181.87 4.93 -2576.28 2.70 

383 1792 -2571.34 98.62 182.75 4.93 -2576.27 2.70 

383 1803 -2571.36 99.05 183.90 4.95 -2576.32 2.73 

383 1813 -2571.36 100.79 184.99 5.04 -2576.40 2.81 

383 1820 -2571.36 100.79 185.69 5.04 -2576.40 2.81 

383 1830 -2571.35 97.75 186.71 4.89 -2576.24 2.66 

383 1837 -2571.35 96.44 187.39 4.82 -2576.17 2.60 

383 1848 -2571.34 96.88 188.50 4.84 -2576.18 2.62 

383 1855 -2571.35 96.44 189.20 4.82 -2576.17 2.60 

383 1860 -2571.35 93.83 189.77 4.69 -2576.04 2.46 

383 1869 -2571.33 90.79 190.62 4.54 -2575.87 2.31 

383 1875 -2571.33 89.05 191.31 4.45 -2575.78 2.23 

383 1880 -2571.34 87.75 191.80 4.39 -2575.73 2.16 
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383 1889 -2571.33 82.53 192.69 4.13 -2575.46 1.90 

383 1897 -2571.35 78.62 193.55 3.93 -2575.28 1.70 

383 1905 -2571.36 77.75 194.34 3.89 -2575.25 1.66 

383 1913 -2571.36 77.31 195.13 3.87 -2575.22 1.64 

383 1921 -2571.36 76.88 195.96 3.84 -2575.20 1.62 

383 1930 -2571.35 77.75 196.86 3.89 -2575.23 1.66 

383 1940 -2571.33 76.44 197.94 3.82 -2575.15 1.60 

383 1950 -2571.33 76.44 198.96 3.82 -2575.15 1.60 

383 1961 -2571.32 75.14 200.03 3.76 -2575.08 1.53 

383 1970 -2571.32 76.88 200.91 3.84 -2575.17 1.62 

383 1972 -2571.30 79.49 201.11 3.97 -2575.28 1.75 

383 1979 -2571.29 80.36 201.89 4.02 -2575.31 1.79 

383 1988 -2571.30 82.53 202.76 4.13 -2575.43 1.90 

383 1998 -2571.31 82.53 203.84 4.13 -2575.43 1.90 

383 2011 -2571.31 89.92 205.18 4.50 -2575.80 2.27 

383 2021 -2571.33 93.40 206.11 4.67 -2576.00 2.44 

383 2031 -2571.34 96.01 207.22 4.80 -2576.14 2.57 

383 2044 -2571.36 94.27 208.48 4.71 -2576.07 2.49 

383 2053 -2571.36 90.36 209.39 4.52 -2575.88 2.29 

383 2061 -2571.36 88.18 210.27 4.41 -2575.77 2.18 

383 2068 -2571.35 85.57 210.94 4.28 -2575.63 2.05 

383 2083 -2571.34 82.53 212.52 4.13 -2575.46 1.90 

383 2094 -2571.32 76.88 213.64 3.84 -2575.16 1.62 

383 2106 -2571.30 72.10 214.80 3.60 -2574.90 1.38 

383 2113 -2571.28 72.97 215.55 3.65 -2574.93 1.42 

383 2121 -2571.25 69.92 216.32 3.50 -2574.75 1.27 

383 2127 -2571.23 69.05 216.99 3.45 -2574.68 1.23 

383 2135 -2571.21 69.49 217.83 3.47 -2574.69 1.25 

383 2144 -2571.20 64.70 218.70 3.24 -2574.43 1.01 

383 2146 -2571.18 63.40 218.95 3.17 -2574.35 0.94 

383 2149 -2571.17 62.53 219.17 3.13 -2574.30 0.90 

383 2162 -2571.14 62.10 220.59 3.10 -2574.25 0.88 

383 2172 -2571.15 60.79 221.58 3.04 -2574.19 0.81 

383 2177 -2571.15 58.62 222.08 2.93 -2574.08 0.70 

383 2187 -2571.15 60.36 223.13 3.02 -2574.17 0.79 

383 2195 -2571.12 62.53 223.94 3.13 -2574.25 0.90 

383 2204 -2571.11 65.57 224.82 3.28 -2574.39 1.05 

383 2213 -2571.09 67.75 225.72 3.39 -2574.47 1.16 

383 2220 -2571.08 67.31 226.42 3.37 -2574.44 1.14 

383 2229 -2571.05 65.14 227.33 3.26 -2574.31 1.03 
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383 2237 -2571.03 63.84 228.19 3.19 -2574.22 0.96 

383 2250 -2570.99 64.70 229.49 3.24 -2574.23 1.01 

383 2263 -2570.92 65.57 230.86 3.28 -2574.20 1.05 

383 2266 -2570.92 63.84 231.18 3.19 -2574.11 0.96 

383 2278 -2570.91 65.14 232.39 3.26 -2574.17 1.03 

383 2283 -2570.90 65.14 232.92 3.26 -2574.16 1.03 

383 2288 -2570.90 68.18 233.38 3.41 -2574.31 1.18 

383 2297 -2570.88 74.27 234.29 3.71 -2574.60 1.49 

383 2303 -2570.88 76.01 234.88 3.80 -2574.68 1.57 

383 2312 -2570.86 77.31 235.85 3.87 -2574.72 1.64 

383 2318 -2570.84 76.88 236.43 3.84 -2574.68 1.62 

383 2330 -2570.81 76.01 237.69 3.80 -2574.61 1.57 

383 2337 -2570.80 72.97 238.41 3.65 -2574.45 1.42 

383 2342 -2570.78 69.05 238.93 3.45 -2574.24 1.23 

383 2352 -2570.75 66.88 239.92 3.34 -2574.10 1.12 

383 2360 -2570.72 70.36 240.69 3.52 -2574.23 1.29 

383 2368 -2570.71 74.70 241.59 3.74 -2574.45 1.51 

398 2370 -2570.71 74.70 241.80 3.74 -2574.44 1.51 

384 3 -2570.70 114.33 0.33 5.72 -2576.42 3.49 

384 7 -2570.69 113.61 0.72 5.68 -2576.37 3.45 

384 14 -2570.68 112.54 1.41 5.63 -2576.31 3.40 

384 17 -2570.65 111.83 1.80 5.59 -2576.24 3.36 

384 22 -2570.63 111.47 2.33 5.57 -2576.20 3.35 

384 25 -2570.62 112.18 2.65 5.61 -2576.23 3.38 

384 30 -2570.60 115.04 3.17 5.75 -2576.36 3.52 

384 37 -2570.59 117.54 3.83 5.88 -2576.47 3.65 

384 39 -2570.56 118.26 4.06 5.91 -2576.47 3.69 

384 41 -2570.56 118.97 4.23 5.95 -2576.51 3.72 

384 43 -2570.56 121.11 4.47 6.06 -2576.61 3.83 

384 52 -2570.52 123.61 5.38 6.18 -2576.71 3.95 

384 56 -2570.53 124.33 5.78 6.22 -2576.74 3.99 

384 65 -2570.52 127.90 6.75 6.39 -2576.91 4.17 

384 71 -2570.49 127.19 7.42 6.36 -2576.85 4.13 

384 80 -2570.49 130.40 8.30 6.52 -2577.01 4.29 

384 87 -2570.49 130.76 9.07 6.54 -2577.02 4.31 

384 93 -2570.46 130.76 9.69 6.54 -2577.00 4.31 

384 102 -2570.46 130.76 10.66 6.54 -2577.00 4.31 

384 110 -2570.47 130.76 11.47 6.54 -2577.01 4.31 

384 120 -2570.43 127.54 12.45 6.38 -2576.81 4.15 

384 130 -2570.42 124.68 13.51 6.23 -2576.66 4.01 
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384 140 -2570.40 124.33 14.56 6.22 -2576.62 3.99 

384 150 -2570.36 123.61 15.58 6.18 -2576.54 3.95 

384 164 -2570.30 125.04 17.07 6.25 -2576.55 4.03 

384 174 -2570.26 127.90 18.06 6.39 -2576.65 4.17 

384 185 -2570.22 130.04 19.25 6.50 -2576.72 4.28 

384 195 -2570.16 127.90 20.30 6.39 -2576.56 4.17 

384 203 -2570.12 126.66 21.06 6.33 -2576.45 4.11 

384 211 -2570.07 120.33 21.99 6.02 -2576.08 3.79 

384 223 -2569.94 115.41 23.19 5.77 -2575.71 3.54 

384 233 -2569.84 112.60 24.27 5.63 -2575.47 3.40 

384 248 -2569.73 111.55 25.75 5.58 -2575.31 3.35 

384 264 -2569.65 110.49 27.49 5.52 -2575.17 3.30 

384 273 -2569.60 107.68 28.37 5.38 -2574.99 3.16 

384 285 -2569.53 103.46 29.63 5.17 -2574.71 2.95 

384 294 -2569.49 103.81 30.62 5.19 -2574.68 2.96 

384 306 -2569.44 103.81 31.81 5.19 -2574.63 2.96 

384 312 -2569.42 105.92 32.47 5.30 -2574.72 3.07 

384 324 -2569.37 102.76 33.72 5.14 -2574.51 2.91 

384 329 -2569.36 101.70 34.23 5.09 -2574.44 2.86 

384 339 -2569.31 99.60 35.23 4.98 -2574.29 2.75 

384 348 -2569.29 100.65 36.17 5.03 -2574.32 2.81 

384 356 -2569.23 101.35 37.07 5.07 -2574.30 2.84 

384 364 -2569.23 98.54 37.89 4.93 -2574.16 2.70 

384 372 -2569.17 95.38 38.71 4.77 -2573.94 2.54 

384 381 -2569.17 89.75 39.59 4.49 -2573.65 2.26 

384 387 -2569.13 86.24 40.30 4.31 -2573.44 2.08 

384 398 -2569.08 81.67 41.41 4.08 -2573.16 1.86 

384 409 -2569.07 77.45 42.55 3.87 -2572.95 1.65 

384 418 -2569.03 74.64 43.48 3.73 -2572.76 1.50 

384 428 -2568.98 71.48 44.54 3.57 -2572.56 1.35 

384 434 -2568.97 69.72 45.18 3.49 -2572.46 1.26 

384 449 -2568.93 68.31 46.73 3.42 -2572.34 1.19 

384 463 -2568.89 67.61 48.16 3.38 -2572.27 1.15 

384 471 -2568.87 69.37 49.00 3.47 -2572.34 1.24 

384 480 -2568.78 69.37 49.96 3.47 -2572.25 1.24 

384 496 -2568.73 69.37 51.64 3.47 -2572.20 1.24 

384 509 -2568.66 69.72 52.94 3.49 -2572.15 1.26 

384 518 -2568.63 68.66 53.86 3.43 -2572.06 1.21 

384 531 -2568.60 66.91 55.18 3.35 -2571.95 1.12 

384 540 -2568.58 63.04 56.20 3.15 -2571.73 0.92 



 

 

 ï 156 ï 

384 550 -2568.55 61.63 57.24 3.08 -2571.63 0.85 

384 554 -2568.54 61.63 57.63 3.08 -2571.62 0.85 

384 570 -2568.37 61.63 59.28 3.08 -2571.46 0.85 

384 582 -2568.33 58.82 60.51 2.94 -2571.27 0.71 

384 597 -2568.20 60.58 62.09 3.03 -2571.23 0.80 

384 606 -2568.06 58.47 63.01 2.92 -2570.98 0.70 

384 622 -2568.09 58.82 64.67 2.94 -2571.03 0.71 

384 629 -2568.11 57.42 65.47 2.87 -2570.99 0.64 

384 644 -2568.13 54.96 66.95 2.75 -2570.87 0.52 

384 651 -2568.12 52.85 67.75 2.64 -2570.76 0.42 

384 659 -2568.11 49.33 68.49 2.47 -2570.58 0.24 

384 665 -2568.12 48.98 69.18 2.45 -2570.57 0.22 

384 671 -2568.11 48.63 69.74 2.43 -2570.54 0.20 

384 717 -2567.85 48.48 74.55 2.42 -2570.27 0.20 

384 721 -2567.91 48.48 74.98 2.42 -2570.34 0.20 

384 724 -2567.90 50.23 75.35 2.51 -2570.41 0.28 

384 729 -2567.82 50.23 75.84 2.51 -2570.33 0.28 

384 736 -2567.73 51.54 76.60 2.58 -2570.31 0.35 

384 743 -2567.75 51.98 77.33 2.60 -2570.35 0.37 

384 752 -2567.67 51.98 78.19 2.60 -2570.27 0.37 

384 760 -2567.64 52.86 79.01 2.64 -2570.28 0.42 

384 766 -2567.68 53.29 79.63 2.66 -2570.34 0.44 

384 770 -2567.67 55.48 80.11 2.77 -2570.44 0.55 

384 776 -2567.70 58.54 80.67 2.93 -2570.62 0.70 

384 784 -2567.63 61.17 81.53 3.06 -2570.69 0.83 

384 790 -2567.63 63.80 82.20 3.19 -2570.82 0.96 

384 797 -2567.63 66.42 82.91 3.32 -2570.95 1.09 

384 802 -2567.59 66.42 83.42 3.32 -2570.91 1.09 

384 812 -2567.45 67.30 84.50 3.36 -2570.82 1.14 

384 820 -2567.38 69.92 85.32 3.50 -2570.88 1.27 

384 830 -2567.36 70.80 86.31 3.54 -2570.90 1.31 

384 837 -2567.33 69.49 87.04 3.47 -2570.80 1.25 

384 844 -2567.36 71.67 87.82 3.58 -2570.95 1.36 

384 850 -2567.28 72.11 88.40 3.61 -2570.88 1.38 

384 861 -2567.09 72.99 89.54 3.65 -2570.74 1.42 

384 872 -2566.97 72.99 90.73 3.65 -2570.62 1.42 

384 881 -2566.91 72.11 91.63 3.61 -2570.51 1.38 

384 890 -2566.87 72.11 92.58 3.61 -2570.48 1.38 

384 896 -2566.85 70.80 93.25 3.54 -2570.39 1.31 

384 900 -2566.82 71.24 93.65 3.56 -2570.38 1.33 



 

 

 ï 157 ï 

384 904 -2566.79 70.80 93.98 3.54 -2570.33 1.31 

384 911 -2566.72 72.99 94.80 3.65 -2570.37 1.42 

384 915 -2566.70 74.30 95.21 3.71 -2570.41 1.49 

384 922 -2566.66 75.61 95.89 3.78 -2570.44 1.55 

384 932 -2566.63 78.24 96.97 3.91 -2570.54 1.68 

384 937 -2566.61 79.11 97.51 3.96 -2570.56 1.73 

384 946 -2566.59 80.43 98.35 4.02 -2570.61 1.79 

384 953 -2566.57 83.05 99.17 4.15 -2570.72 1.93 

384 962 -2566.53 84.36 100.05 4.22 -2570.75 1.99 

384 969 -2566.52 83.93 100.81 4.20 -2570.71 1.97 

384 976 -2566.51 84.36 101.52 4.22 -2570.72 1.99 

384 987 -2566.47 84.80 102.64 4.24 -2570.71 2.01 

384 997 -2566.47 83.49 103.69 4.17 -2570.64 1.95 

384 1004 -2566.44 83.49 104.45 4.17 -2570.62 1.95 

384 1014 -2566.39 81.30 105.44 4.07 -2570.46 1.84 

384 1025 -2566.40 79.99 106.64 4.00 -2570.40 1.77 

384 1039 -2566.39 80.86 108.11 4.04 -2570.43 1.82 

384 1049 -2566.36 81.30 109.12 4.07 -2570.42 1.84 

384 1058 -2566.37 81.30 110.07 4.07 -2570.44 1.84 

384 1070 -2566.37 79.11 111.27 3.96 -2570.32 1.73 

384 1082 -2566.39 78.24 112.59 3.91 -2570.30 1.68 

384 1091 -2566.39 79.11 113.51 3.96 -2570.35 1.73 

384 1098 -2566.40 79.55 114.16 3.98 -2570.38 1.75 

384 1107 -2566.40 80.43 115.15 4.02 -2570.42 1.79 

384 1116 -2566.37 82.61 116.08 4.13 -2570.50 1.90 

384 1123 -2566.40 82.18 116.79 4.11 -2570.51 1.88 

384 1134 -2566.44 84.36 117.99 4.22 -2570.66 1.99 

384 1149 -2566.49 86.55 119.50 4.33 -2570.81 2.10 

384 1160 -2566.52 87.86 120.64 4.39 -2570.92 2.17 

384 1166 -2566.55 86.11 121.27 4.31 -2570.85 2.08 

384 1175 -2566.56 82.61 122.22 4.13 -2570.69 1.90 

384 1193 -2566.63 79.99 124.09 4.00 -2570.63 1.77 

384 1200 -2566.64 77.36 124.80 3.87 -2570.51 1.64 

384 1204 -2566.64 74.74 125.27 3.74 -2570.38 1.51 

384 1211 -2566.66 74.30 126.01 3.71 -2570.38 1.49 

384 1219 -2566.67 76.49 126.74 3.82 -2570.49 1.60 

384 1224 -2566.68 78.24 127.30 3.91 -2570.59 1.68 

384 1237 -2566.69 77.36 128.61 3.87 -2570.56 1.64 

384 1242 -2566.67 75.61 129.20 3.78 -2570.45 1.55 

384 1248 -2566.66 73.86 129.84 3.69 -2570.35 1.47 



 

 

 ï 158 ï 

384 1256 -2566.62 72.99 130.68 3.65 -2570.27 1.42 

384 1268 -2566.64 74.30 131.89 3.71 -2570.36 1.49 

384 1271 -2566.63 74.74 132.17 3.74 -2570.36 1.51 

384 1277 -2566.63 73.86 132.79 3.69 -2570.32 1.47 

384 1283 -2566.65 71.24 133.40 3.56 -2570.21 1.33 

384 1291 -2566.66 69.92 134.24 3.50 -2570.16 1.27 

384 1298 -2566.66 70.36 134.99 3.52 -2570.18 1.29 

384 1304 -2566.67 71.67 135.59 3.58 -2570.26 1.36 

384 1308 -2566.67 72.11 136.04 3.61 -2570.28 1.38 

384 1315 -2566.67 68.61 136.80 3.43 -2570.10 1.20 

384 1323 -2566.63 67.30 137.64 3.36 -2570.00 1.14 

384 1329 -2566.65 66.86 138.20 3.34 -2570.00 1.12 

384 1335 -2566.62 66.86 138.87 3.34 -2569.96 1.12 

384 1345 -2566.58 68.17 139.90 3.41 -2569.99 1.18 

384 1352 -2566.62 70.80 140.59 3.54 -2570.16 1.31 

384 1360 -2566.62 72.99 141.41 3.65 -2570.26 1.42 

384 1366 -2566.61 73.42 142.03 3.67 -2570.28 1.44 

384 1374 -2566.61 72.99 142.87 3.65 -2570.26 1.42 

384 1379 -2566.62 72.99 143.39 3.65 -2570.27 1.42 

384 1387 -2566.67 74.30 144.25 3.71 -2570.39 1.49 

384 1392 -2566.63 73.42 144.83 3.67 -2570.30 1.44 

384 1400 -2566.54 73.86 145.59 3.69 -2570.23 1.47 

384 1412 -2566.60 74.30 146.81 3.71 -2570.31 1.49 

384 1418 -2566.64 74.74 147.46 3.74 -2570.38 1.51 

384 1432 -2566.66 76.49 148.99 3.82 -2570.48 1.60 

384 1446 -2566.65 77.80 150.41 3.89 -2570.54 1.66 

384 1451 -2566.70 77.80 150.95 3.89 -2570.59 1.66 

384 1459 -2566.70 78.68 151.77 3.93 -2570.63 1.71 

384 1469 -2566.75 79.99 152.78 4.00 -2570.75 1.77 

384 1478 -2566.82 79.99 153.69 4.00 -2570.82 1.77 

384 1485 -2566.89 80.86 154.48 4.04 -2570.93 1.82 

384 1492 -2566.91 82.61 155.22 4.13 -2571.04 1.90 

384 1493 -2566.92 83.62 155.30 4.18 -2571.10 1.95 

384 1500 -2566.96 85.50 156.02 4.27 -2571.24 2.05 

384 1506 -2566.99 85.87 156.69 4.29 -2571.28 2.07 

384 1514 -2567.01 84.37 157.43 4.22 -2571.23 1.99 

384 1522 -2567.03 82.87 158.31 4.14 -2571.18 1.92 

384 1529 -2567.06 80.99 158.99 4.05 -2571.11 1.82 

384 1537 -2567.08 82.87 159.83 4.14 -2571.22 1.92 

384 1545 -2567.12 83.24 160.67 4.16 -2571.28 1.94 



 

 

 ï 159 ï 

384 1551 -2567.18 79.86 161.37 3.99 -2571.17 1.77 

384 1555 -2567.20 77.23 161.72 3.86 -2571.06 1.63 

384 1560 -2567.26 75.72 162.25 3.79 -2571.05 1.56 

384 1569 -2567.33 76.10 163.21 3.80 -2571.13 1.58 

384 1576 -2567.35 76.10 163.95 3.80 -2571.16 1.58 

384 1585 -2567.40 77.60 164.87 3.88 -2571.28 1.65 

384 1596 -2567.44 78.36 165.96 3.92 -2571.35 1.69 

384 1602 -2567.46 79.11 166.66 3.96 -2571.41 1.73 

384 1611 -2567.49 79.48 167.60 3.97 -2571.46 1.75 

384 1620 -2567.53 79.11 168.50 3.96 -2571.49 1.73 

384 1627 -2567.55 76.10 169.28 3.80 -2571.36 1.58 

384 1633 -2567.58 73.09 169.87 3.65 -2571.23 1.43 

384 1644 -2567.61 74.97 170.96 3.75 -2571.36 1.52 

384 1659 -2567.67 75.72 172.56 3.79 -2571.46 1.56 

384 1676 -2567.76 74.97 174.34 3.75 -2571.51 1.52 

384 1687 -2567.80 70.84 175.51 3.54 -2571.35 1.31 

384 1697 -2567.85 67.45 176.54 3.37 -2571.22 1.15 

384 1706 -2567.89 65.95 177.44 3.30 -2571.18 1.07 

384 1714 -2567.91 64.82 178.32 3.24 -2571.16 1.01 

384 1722 -2567.96 62.19 179.10 3.11 -2571.07 0.88 

384 1734 -2568.00 61.81 180.33 3.09 -2571.09 0.86 

384 1742 -2568.03 61.06 181.21 3.05 -2571.08 0.83 

384 1752 -2568.06 59.18 182.21 2.96 -2571.02 0.73 

384 1760 -2568.06 59.93 183.01 3.00 -2571.05 0.77 

384 1773 -2568.09 62.57 184.43 3.13 -2571.22 0.90 

384 1778 -2568.10 62.94 184.98 3.15 -2571.25 0.92 

384 1790 -2568.11 62.57 186.21 3.13 -2571.24 0.90 

384 1799 -2568.14 61.06 187.11 3.05 -2571.19 0.83 

384 1806 -2568.17 58.06 187.85 2.90 -2571.07 0.68 

384 1813 -2568.19 57.30 188.61 2.87 -2571.06 0.64 

384 1822 -2568.22 55.80 189.47 2.79 -2571.01 0.56 

384 1830 -2568.26 55.80 190.39 2.79 -2571.05 0.56 

384 1837 -2568.30 58.81 191.05 2.94 -2571.24 0.71 

384 1843 -2568.32 60.69 191.74 3.03 -2571.35 0.81 

384 1848 -2568.33 62.19 192.17 3.11 -2571.44 0.88 

384 1853 -2568.35 62.94 192.75 3.15 -2571.50 0.92 

384 1857 -2568.36 64.45 193.14 3.22 -2571.58 1.00 

384 1863 -2568.35 65.20 193.81 3.26 -2571.61 1.03 

384 1870 -2568.34 67.45 194.51 3.37 -2571.71 1.15 

384 1877 -2568.33 67.45 195.27 3.37 -2571.70 1.15 



 

 

 ï 160 ï 

384 1882 -2568.30 68.96 195.72 3.45 -2571.75 1.22 

384 1887 -2568.30 70.84 196.25 3.54 -2571.84 1.31 

384 1893 -2568.30 71.59 196.89 3.58 -2571.88 1.35 

384 1899 -2568.30 71.21 197.52 3.56 -2571.86 1.33 

384 1905 -2568.29 70.84 198.10 3.54 -2571.83 1.31 

384 1913 -2568.30 70.84 198.98 3.54 -2571.84 1.31 

384 1919 -2568.30 71.59 199.55 3.58 -2571.88 1.35 

384 1923 -2568.30 71.59 200.03 3.58 -2571.88 1.35 

384 1930 -2568.35 72.34 200.78 3.62 -2571.97 1.39 

384 1935 -2568.35 71.96 201.26 3.60 -2571.95 1.37 

384 1945 -2568.42 68.21 202.34 3.41 -2571.83 1.18 

384 1958 -2568.49 63.69 203.63 3.18 -2571.68 0.96 

384 1961 -2568.51 64.82 203.94 3.24 -2571.75 1.01 

384 1968 -2568.52 65.57 204.66 3.28 -2571.80 1.05 

384 1974 -2568.54 63.32 205.35 3.17 -2571.70 0.94 

384 1980 -2568.56 61.44 205.99 3.07 -2571.63 0.84 

384 1985 -2568.56 61.06 206.50 3.05 -2571.62 0.83 

384 1992 -2568.57 60.69 207.22 3.03 -2571.60 0.81 

384 1998 -2568.58 61.44 207.81 3.07 -2571.65 0.84 

384 2005 -2568.59 62.57 208.53 3.13 -2571.71 0.90 

384 2011 -2568.59 64.45 209.19 3.22 -2571.81 1.00 

384 2015 -2568.60 65.57 209.58 3.28 -2571.88 1.05 

384 2021 -2568.61 67.83 210.19 3.39 -2572.00 1.16 

384 2028 -2568.62 69.33 210.93 3.47 -2572.09 1.24 

384 2035 -2568.64 69.71 211.63 3.49 -2572.13 1.26 

384 2042 -2568.65 68.58 212.34 3.43 -2572.08 1.20 

384 2052 -2568.68 66.33 213.47 3.32 -2571.99 1.09 

384 2059 -2568.70 65.20 214.17 3.26 -2571.96 1.03 

384 2068 -2568.72 65.20 215.09 3.26 -2571.98 1.03 

384 2075 -2568.76 65.57 215.87 3.28 -2572.04 1.05 

385 1 -2568.78 65.90 0.05 3.29 -2572.07 1.07 

385 10 -2568.75 66.48 0.77 3.32 -2572.07 1.10 

385 18 -2568.72 69.10 1.44 3.45 -2572.18 1.23 

385 24 -2568.72 71.13 1.93 3.56 -2572.28 1.33 

385 35 -2568.71 72.88 2.79 3.64 -2572.36 1.42 

385 40 -2568.72 73.17 3.24 3.66 -2572.38 1.43 

385 47 -2568.74 75.20 3.81 3.76 -2572.50 1.53 

385 52 -2568.77 76.36 4.17 3.82 -2572.58 1.59 

385 57 -2568.77 78.69 4.58 3.93 -2572.71 1.71 

385 61 -2568.79 80.72 4.91 4.04 -2572.82 1.81 



 

 

 ï 161 ï 

385 65 -2568.80 82.18 5.20 4.11 -2572.91 1.88 

385 74 -2568.82 85.38 5.99 4.27 -2573.09 2.04 

385 83 -2568.84 84.79 6.68 4.24 -2573.08 2.01 

385 93 -2568.85 88.86 7.52 4.44 -2573.29 2.22 

385 101 -2568.85 90.32 8.17 4.52 -2573.36 2.29 

385 107 -2568.84 91.19 8.58 4.56 -2573.40 2.33 

385 116 -2568.82 92.35 9.37 4.62 -2573.44 2.39 

385 124 -2568.81 93.81 10.00 4.69 -2573.50 2.46 

385 130 -2568.78 94.68 10.44 4.73 -2573.51 2.51 

385 139 -2568.77 96.42 11.19 4.82 -2573.59 2.59 

385 145 -2568.79 98.17 11.69 4.91 -2573.70 2.68 

386 7 -2568.11 99.96 0.76 5.00 -2573.10 2.77 

386 10 -2568.11 100.40 1.07 5.02 -2573.13 2.79 

386 16 -2568.10 100.40 1.66 5.02 -2573.12 2.79 

386 23 -2568.11 99.52 2.38 4.98 -2573.09 2.75 

386 29 -2568.08 98.65 2.97 4.93 -2573.02 2.71 

386 38 -2568.06 98.21 3.87 4.91 -2572.97 2.68 

386 45 -2568.05 99.08 4.61 4.95 -2573.01 2.73 

386 59 -2568.04 99.96 6.03 5.00 -2573.04 2.77 

386 68 -2568.06 99.52 6.95 4.98 -2573.04 2.75 

386 78 -2568.09 98.65 7.92 4.93 -2573.02 2.71 

386 91 -2568.11 97.34 9.32 4.87 -2572.98 2.64 

386 110 -2568.16 95.15 11.20 4.76 -2572.92 2.53 

386 123 -2568.21 93.84 12.51 4.69 -2572.91 2.47 

386 134 -2568.30 92.53 13.69 4.63 -2572.92 2.40 

386 143 -2568.32 92.09 14.52 4.60 -2572.93 2.38 

386 158 -2568.44 92.53 16.12 4.63 -2573.06 2.40 

386 170 -2568.54 92.53 17.28 4.63 -2573.17 2.40 

386 183 -2568.58 89.91 18.63 4.50 -2573.07 2.27 

386 195 -2568.61 88.60 19.84 4.43 -2573.04 2.20 

386 206 -2568.62 87.29 21.04 4.36 -2572.98 2.14 

386 222 -2568.65 86.85 22.64 4.34 -2572.99 2.12 

386 228 -2568.68 85.98 23.18 4.30 -2572.97 2.07 

386 232 -2568.70 84.67 23.60 4.23 -2572.94 2.01 

386 242 -2568.73 84.23 24.67 4.21 -2572.94 1.98 

386 253 -2568.74 83.79 25.79 4.19 -2572.93 1.96 

386 261 -2568.78 83.36 26.62 4.17 -2572.95 1.94 

386 270 -2568.82 82.92 27.49 4.15 -2572.96 1.92 

386 276 -2568.82 82.92 28.15 4.15 -2572.96 1.92 

386 285 -2568.85 82.05 29.05 4.10 -2572.95 1.88 




