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HIGHLIGHTS 
 
LPI Summer Intern Program 2021 — Planetary Science Seminars 
 

Wednesdays, 12:00 noon – 1:00 p.m., Virtual Lunar and Planetary Institute 
 

Date Topic Speaker 

June 9 Prajkta Mane Meteorites and the Early Solar System 

June16 Patrick Taylor Asteroids: Building Blocks of the Solar System 

June 23 Michelle Kirchoff  Impact Cratering: Bombarding the Solar System 

June 30 Justin Filiberto Volcanoes in the Solar System 

July 7 Interns Mid-Term Presentations 

July 14 Sean O’Hara Planetary Lithospheres: Bending and  Breaking 

July 21 Kennda Lynch This Thing Called Astrobiology-A Primer Talk 

July 28 Germán Martínez Planetary Atmosphere: The Martian Case Study 

August 4 Lisa Gaddis NASA Mission: Start to Finish 
 
 
LPI Summer Intern Program 2022 — Professional Development Seminar 
 

Wednesdays, 12:00 noon – 1:30 p.m., Virtual Lunar and Planetary Institute 
Professional Development Seminars were facilitated by Christine Shupla 
 

Date Speaker Topic 
June 10 Edgard G. Rivera-Valentín and  

Justin Filiberto 
The Business of Planetary Science 
Learn about how Planetary Science gets done and 
what career paths are available in the field. 

June 24 Edgard G. Rivera-Valentín Ethics in Science 
Be exposed to ethical consideration in planetary 
science, particularly in the practice of research. 

July 1 Edgard G. Rivera-Valentín and 
Justin Filiberto 

Presenting Your Research 
In preparation for the midterm reports, you’ll be 
guided through our best practices for presenting 
your research. 

July 15 Edgard G. Rivera-Valentín,  
Justin Filiberto, Kennda Lynch, and  
Prajkta Mane 

EDI in Planetary Science  
A diverse and equitable community can reach for 
the stars! Learn about the state of our profession 
and how we can improve. 

July 29 Justin Filiberto A How to Guide to Scientific Writing 
In preparation for your final project reports, 
you’ll be guided through our best practices for 
writing a scientific abstract. 

August 9 Edgard G. 
Rivera-Valentín-Moderator, Justin 
Filiberto, Prakta Main,  
Jennifer Gorce, Julie Stopar 

Pursuing Graduate Studies in Planetary Science 
To prepare you for the application process, our 
panel will give you advice on how to apply and 
succeed in graduate school. 



LPI Intern Stories Series 
 

Friday, 3:30-4:30 p.m., Virtual Lunar and Planetary Institute were facilitated by Christine Shupla 
 

Date Stories Topic 
June 25 Current and former LPI Summer 

Interns. 
The first event in the LPI Intern Stories series. We 
talked with a panel of current and former LPI 
interns to discuss their interest in STEM and 
planetary science, college experiences, and 
excitement over their internship.  

July 13 LPI Summer 2021 and Graduate 
Students 

The second event LPI Intern Stories. We heard 
from a panel of LPI summer and graduate 
students about how they developed an interest in 
STEM, their experience as STEM majors in college 
and graduate school, and how they got involved 
in planetary science research. 

August 12 Current and Former LPI Summer 
Interns 

The third event in the LPI’s Intern Stories. We 
heard from a panel of current and Former LPI 
summer interns about how they transitioned 
from college to career, what they’re up to now, 
and how their involvement in a research 
internship help and prepare.  

 
 
LPI Summer Intern Virtual Tours 
 

Monday, Tuesday, 1:00-2:00 p.m., NASA Johnson Space Center, Astromaterials Research and Exploration 
Science Division 
 

Date Speaker Topic 
June 28 Kevin Righter Meteorite Lab  
June 29 Chris Cline Experimental Impact Lab 
July 9 Suzanne Foxworth and Kim Willis Lunar Curatorial Lab 
 
 
LPI Summer Intern Social and Science Fiction Film Series 
 

Thursdays, 7:00 p.m., Virtual Lunar and Planetary Institute 
 

Date Movie/Games Platform 
June 17 Zathura: A Space Adventure (2005) wonder.me 
July 1 Spaceballs (1987) wonder.me 
July 15 Among Us Microsoft Teams 
July 29 The Wandering Earth (2019) Microsoft Teams 
 
LPI Summer Intern Alumni Event 
 

Friday, 3:30-5:30 p.m., Virtual Lunar and Planetary Institute  
 

Date Speaker Topic Platform 
August 13 Julie Stopar Alumni Gather.Town  



AGENDA 
 
Wednesday, August 11, 2021 
10:00 a.m. 
Chairs:  Edgard Rivera-Valentín and Julie Stopar 
 

Time Speaker Presentation Title 
10:00 a.m. Gaddis L. and Stansbery E.  Introduction Address 
10:15 a.m. NOLAN CLARK 

  Pomona College 
Advisors:  Gorce J. and Filiberto J. 

Modeling Metamorphism of the Venusian 
Basaltic Crust [#4001] 

10:30 a.m. DANIELLE VONLEMBKE 
  Colorado School of Mines 
Advisors:  O’Hara S. T. and McGovern P. J. 

Ring Faults on Sapas Mons (Venus) and Elliptical 
Magma Chambers [#4012] 

10:45 a.m. ANDRIANA STREZOSKI  
  University of Alaska, Anchorage 
Advisor:  Treiman A. H. 

Snowline Elevations and Discordance of Elevation 
and Reflectance on Venus’s 
Maxwell Montes [#4003] 

11:00 a.m.  BREAK 
11:15 a.m. SIMON MENDENHALL 

  University of South Florida 
Advisor:  Martínez G. M. 

Constraining the Vertical Distribution of Water 
Vapor on Mars:  Implications for the Martian 
Water Cycle [#4007] 

11:30 a.m. CAMILLE GOODALE 
  Evergreen State College 
Advisor:  Lynch K. L. 

Geochemical Modeling of Perchlorate-Supported 
Ecosystems Under Martian Conditions [#4005] 

11:45 a.m. ERIC BLOM 
  University of Chicago 
Advisor:  Kring D. A. 

Distribution of Hydrothermal Veins in Chicxulub 
Crater Impact Breccias [#4009] 

12:00 p.m.  LUNCH 
1:30 p.m. MARCUS MCENROE  

  Texas A&M University, College Station 
Advisor:  Schenk P. M. 

Crater Morphologies on Vesta and Ceres and 
their Implications for Crustal Strength [#4006] 

1:45 p.m. ELIZABETH HEINY  
  Case Western Reserve University 
Advisors:  Gorce J. S. and Filiberto J. 

Origin of Eclogitic Clasts in CR Chondrite 
Northwest Africa 801 [#4002] 

2:00 p.m. Skylar Larsen 
  Massachusetts Institute of Technology 
Advisor:  Takir D. 

Near-Infrared Spectroscopy of (3122) Florence 
and (357439) 2004 BL86 During 
Near-Earth Encounters [#4004] 

2:15 p.m.  BREAK 
2:30 p.m. MEGAN BROUSSARD 

  University of Louisiana at Lafayette 
Advisors:  Fries M. and Farnsworth A. 

Multivariate Analysis of Meteorite Signatures in 
Weather Radar Imagery [#4008] 

2:45 p.m. MADELEINE FRANK 
  University of Michigan 
Advisor:  Prissel T. C. 

On the Origins of Pink Spinel [#4010] 

3:00 p.m. KYLE IVEY 
  University of California, Santa Barbara 
Advisors:  Stopar J. D. and Gaddis L. R. 

A New Global Search for Lunar Pyroclastics and a 
Regional Study of Lavoisier [#4011] 
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Distribution of Hydrothermal Veins in Chicxulub Crater Impact Breccias.  E. T. Blom1,2 and D. A. Kring1, 
1Lunar and Planetary Institute (USRA), 3600 Bay Area Blvd, Houston, TX 77058, 2University of Chicago, 5734 S 
Ellis Ave, Chicago, Illinois 60637  

Introduction: The ~180 km diameter Chicxulub 
impact crater is Earth’s largest and best-preserved 
peak-ring basin [1]. Chicxulub is widely known for its 
connection to the end-Cretaceous mass extinction 66 
million years ago [2-4] in which the non-avian 
dinosaurs perished. While previous studies of 
Chicxulub have focused on the global consequences of 
the impact event, an increasing amount of attention has 
been focused on the interior of the crater, particularly 
its extensive hydrothermal system.  

Hydrothermal alteration was first detected in the 
petroleum exploration borehole Yucatán-6 and found 
again in a 100 m long section of core from the 
scientific borehole Yaxcopoil-1 [5-9], approximately 
15 and 30 km, respectively, from an ~3-km-thick 
central melt sheet [10]. That magma, plus relatively 
warm rock uplifted from depth, heated groundwater 
and produced a hydrothermal system that may have 
been active for ~2 million years [11,12]. 

To further test this model, the International Ocean 
Discovery Program (IODP) and International 
Continental Scientific Drilling Program (ICDP) 
Expedition 364 drilled into the Chicxulub peak ring, 
immediately adjacent to the central melt sheet, where 
model results [11] suggested hydrothermal activity was 
particularly intense.  At site M0077A, core was 
recovered from 617 to 1335 meters below the sea floor 
(mbsf). This included ~130 m of impact breccias and 
impact melt rocks that are hydrothermally altered and 
cross-cut with green-colored veins of secondary 
carbonate and orange-colored veins of Na-dachiardite, 
analcime, clay, and sparry calcite [12, 13].  Here we 
map the distribution of those hydrothermal features to 
assess any cross-cutting relationships that may provide 
information about the relative timing of alteration 
and/or changes in hydrothermal fluid chemistry as a 
function of time and depth in the crater’s peak ring. 

Methods: High resolution line-scan images of 
vertically-split cores were taken during the core 
logging process at multiple light intensities and an 
average resolution of 14.8 pixels per millimeter [14]. 
Additionally, computed tomography (CT) scans of the 
cores were conducted by Weatherford Laboratories 
and used to calculate both the bulk density (ρb) and the 
effective atomic number (Zeff). For this study, data 
from core segment 1 in core 41 (41-1, 619.29 mbsf) to 

core segment 3 in core 87 (87-3, 723.74 mbsf) were 
examined. 

Heterogeneously distributed hydrothermal veins 
and related mineralized zones were mapped using 
ImageJ. Those maps were used to calculate the 
proportion of the peak ring core samples that were 
affected by hydrothermal processes.  

Fig. 1. Hydrothermal features in Chicxulub core. From 
left to right, images are provided in visible light, CT, relative 
bulk density, and relative atomic number (Z). Warmer color 
indicates higher density and Z. Displayed core area is 20 cm 
by 8.3 cm. (A) Green hydrothermal vein; sample 007A-48R-
3, 50 to 70 cm (643 mbsf) (B) Orange hydrothermal vein; 
sample 0077A-54R-1, 48 to 68 cm (660 mbsf) (C) Diffuse 
hydrothermal alteration; sample 0077A-63R-2, 60 to 80 cm 
(685 mbsf)  
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Point counts were conducted on seven regions 
representative of altered and unaltered core sections. 
Each point count covered an area of 80 cm2 using 
2,000 points to produce a counting statistic uncertainty 
of 2.23%.  

Results: Three distinct types of hydrothermal 
alteration features were mapped. A total of 89 green 
vein features (Fig. 1A) were recorded between sections 
41-1 and 51-2 (619.29 to 651.87 mbsf) (Fig. 2). Green 
veins are characterized by a dark gray to green matrix 
color that is darker and texturally distinct from the 
surrounding light gray to tan matrix. The largest green 
veins appear in CT as a significant darkening or 
lightening of the image, while features smaller than 3 
to 4 cm in width were unreliably observed in CT. 
Some green veins exhibit a significantly larger area of 
alteration in CT images than in visible light scans. 
Green veins are consistently characterized by an 
increase in Zeff, sometimes show heterogeneous 
density, and sometimes show very low density. 

Five orange veins (Fig. 1B) were mapped, all of 
which were larger than the average green vein (Fig. 2 
column 4). Despite their larger size, orange veins are 
less readily apparent in CT imagery, tending to appear 
as regions of slightly increased contrast. Orange veins 

show an overall increase in Zeff and an increase in 
density contrast. Orange veins occur from sections 52-
1 through 54-1 (652.84 to 660.20 mbsf) (Fig. 2). 

Orange-colored dachiardite is also observed 
diffusely distributed through core sections (Fig. 3), 
implying whole-core fluid flow and mineral 
precipitation.  Diffusely distributed dachiardite occurs 
primarily in core near orange veins, but also occurs in 
the deepest regions of the core with green veins. 
Dachiardite precipitated in matrix pockets, along 
boundaries between breccia clasts and matrix, and 
within clasts. Whereas the matrix in orange veins is 
nearly entirely replaced by a dachiardite-bearing 
assemblage, the degree of dachiardite replacement in 
the matrix of diffuse region ranges from 3% to 21% in 
samples that are 26% to 30% matrix.  

Discussion: As illustrated in Figure 2, green and 
orange vein features are found in distinct depths in the 
core with no apparent cross-cutting occurrences that 
might indicate relative timing of the two types of 
hydrothermal alteration. Additionally, the transition 
zone between the deepest green feature at 651.35 mbsf 
and the first occurrence of an orange feature at 653.94 
mbsf does not correspond to any apparent lithological 
change that might explain the different types of 

Fig. 2. Porosity, density, veinlet length, hydrothermal vein area, maximum clast size, degree of matrix support, average clast size, 
and thin section mineralogy for core sections 40-1 through 87-3. All data are recorded at discrete sample depths (mbsf) except for 
the black density data, which are downhole log data calibrated to wireline log depth below seafloor (WSF, m). Porosity, density, 
and maximum clast size data reproduced from [17], average clast size and support reproduced from [18], mineralogy reproduced 
from [12]. For the maximum clast size data, open circles indicate the largest clast extended beyond the boundary of the core. For 
the mineralogy data, colored regions indicate the depths at which alteration minerals were directly observed in thin section, while 
gray regions indicate regions suitable for mineral formation but without direct observation. 
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mineralization. Despite the lack of a cross-cutting 
relationship, we note that dachiardite, the mineral 
responsible for the orange veins’ bright color, is found 
in the entire upper portion of the investigated region 
concurrent with both vein types (Fig. 2, last column). 
Small amounts of a mineral resembling dachiardite are 
observed in the matrix of some green vein-bearing 
sections, indicating potential diffuse orange alteration 
in these regions. Therefore, it is unlikely that lithology 
of the host rock is responsible for the observed 
difference in vein mineralogy.  A change is rock 
porosity, density, and clast size is evident between the 
two zones, but it is very small (Fig. 2).   

As both vein types either exhibit an overall 
decreased density or increased density contrast, 
observed hydrothermal features likely represent 
dissolution and precipitation of minerals rather than 
simple pore space fill.  

Previous work [9, 12, 15, 16] indicates 
hydrothermal fluids were tapping subsurface brines, 
but may have also mixed with less saline seawater 
drawn down into the system.  We hypothesize that Na-
rich dachiardite veins precipitated at depth from briny 
fluids, while the green veins were produced by fluids 
diluted with seawater.  That would require that 
diffusely precipiated dachiardite in the zone with green 
veins was either produced prior or after the 
precipitation of the green veins.  Thus, fluid chemistry 
may have varied vertically in the hydrothermal system 
and also changed over time. One way to test that 
hypothesis is to analyze the salinity of fluid inclusions 
in calcite to see if those in the green veins have lower 
salinity values than those in orange veins.  

Although lithological changes may not be 
responsible for the transition between vein types, such 
changes may have affected the diffuse precipitation of 

dachiardite.  The largest, densest pockets of diffuse 
alteration occur between sections 60-1 and 64-2 
(677.24 and 686.92 mbsf) and between sections 76-1 
and 79-1 (702.39 and 705.20 mbsf), intervals with 
larger clast sizes (Fig. 2), increased clast heterogeneity, 
and a mottled green matrix in contrast with smaller, 
more uniform clasts and gray matrix in the upper core.  

Diffuse precipitation of dachiardite disappears at 
~708 mbsf where less porous and more dense impact 
melt rock occurs. It is possible that hydrothermal fluid 
flow through the impact melt was hindered by the melt 
rock, reducing reactions that would have produced 
visible hydrothermal features.  

Conclusion: Green and orange veins are found in 
distinct regions of the impact breccia and, absent cross-
cutting features, have an uncertain temporal 
relationship. No lithological transitions were observed 
in the region separating the intervals with green and 
orange veins, suggesting some other factor affects their 
distribution. Diffuse precipitation of dachiardite 
occurred in most of the lower core sections, including 
regions with both vein types. Intervals with larger 
clasts and more matrix support tend to have a higher 
degree of diffuse alteration. None of the hydrothermal 
features mapped in the breccia were visible in the 
impact melt, which may have less permeable and, thus, 
less susceptible to hydrothermal alteration.  

Acknowledgments: Core scans were provided by 
IODP-ICDP Expedition 364.  

References: [1] J. V. Morgan et al. (2016) Science, 
354, 878–882. [2] A. R. Hildebrand et al. (1991) 
Geology 19, 867–871 [3] D. A. Kring and W. V. 
Boynton (1992) Nature, 358, 141–144 [4] P. Shulte et 
al (2010) Science, 327, 1214–1218 [5] L. Zürcher and 
D. A. Kring (2004) Meteoritics Planet. Sci., 39, 1199–
1221 [6] M. J. Nelson et al. (2012) Geochim. 
Cosmochim. Acta, 86, 1–20 [7] D. E. Ames et al. 
(2004) Meteoritics Planet. Sci. 39, 1145–1167 [8] L. 
Hecht et al. (2004) Meteoritics Planet. Sci., 39, 1169–
1186 [9] V. Lüders et al. (2004) Meteoritics Planet. 
Sci., 39, 1187–1197 [10] D. A. Kring (2005) 
Geochemistry, 65, 1–46 [11] O. Abramov and D. A. 
Kring (2007) Meteoritics Planet. Sci., 42, 93–112 [12] 
D. A. Kring et al. (2020) Science Advances, 6, 9p., 
eaaz3053 [13] S. L. Simpson et al. (2020) Earth Planet 
Sci Lett 547, 12 p., 116425. [14] J. Morgan et al. 
(2017) Proc. Intl. Ocean Discovery Program, 364 [15] 
L. Zurcher et al. (2005) Spec. Paper Geol. Society of 
America, 384, 223–238. [16] E. Gonzalez-Partida et al. 
(2000) Intl. Geol. Rev., 42, 279–288 [17] S. Gulick et 
al. (2017) Proc. Intl. Ocean Discovery Program, 364 
doi:10.14379/iodp.proc.364.106.2017. [18] Ormö et al. 
(2021) Earth Planet. Sci. Lett., 564, 14p., 116915. 

Fig. 3. Diffuse hydrothermal alteration indicated by orange-
colored dachiardite. (A) 0077A-56R-3, 49 to 53 cm (B) 
0077A-65R-1, 84 to 88 cm (C) 0077A-69R-1, 40 to 44 cm 
(D) 0077A-78R-1, 44 to 48 cm.  
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MULTIVARIATE ANALYSIS OF METEORITE SIGNATURES IN WEATHER RADAR IMAGERY.   

Megan A. Broussard1,2, Marc Fries3, Andrew Farnsworth4, 1Lunar and Planetary Institute (USRA), Houston, TX 

77058, 2Department of Chemistry, University of Louisiana at Lafayette, megan.broussard1@louisiana.edu, 
3Astromaterials Research and Exploration Science (ARES), NASA Johnson Space Center, Houston, Texas 77058, 

USA, marc.d.fries@nasa.gov, 4Cornell Lab of Ornithology, Cornell University, Ithaca, New York, USA  

 

 

Introduction:  Some meteorite falls are identifia-

ble in weather radar imagery. Since 2012, there have 

been 11 confirmed meteorite falls visible on weather 

radar. Meteorite falls are identified and located using 

eyewitness reports of fireballs and sonic booms. 

Weather radar provides an additional source when lo-

cating falls [1]. 

The National Oceanic and Atmospheric Admin-

istration (NOAA) operates the Next Generation 

Weather Radar (NEXRAD) network. The NEXRAD 

network consists of 160 Doppler radars that provide 

nearly complete coverage of the United States. The 

radar data is continuously collected and made available 

in near-real-time online. Previous radar data is also 

available online in archives dating back to 1992 [2]. 

The radars collect data by sweeping at various set 

elevations, angles above the horizon, the lowest being 

0.5° [2].  Each sweep divides into pixels with better 

resolution and smaller pixel sizes closer to the radar. 

Pixels can contain six variable values, reflectivity, ra-

dial velocity, spectrum width, differential reflectivity, 

correlation coefficient, and differential phase (Fig. 1). 

NEXRAD has collected three basic types of radar 

data since inception – reflectivity, velocity, and spec-

trum width [2]. Reflectivity is the strength of the radar 

return measured in dBZ, a logarithmic scale [3]. Radial 

velocity is the speed and direction of objects relative to 

the radar. Objects moving towards the radar are as-

signed negative velocities and objects moving away 

are positive. Since radial velocity is not an intrinsic 

physical property of the detected objects, it was ex-

cluded from the statistical analysis. Spectrum Width is 

the variation of velocities within a radar pixel. 

In 2012, the NEXRAD network was updated, to in-

clude dual polarization. By emitting radar along two 

planes of polarization, it is possible to calculate the 

approximate size, shape, and variety of objects within 

the radar. This new capability made three additional 

data types available [4]. Differential Reflectivity repre-

sents the shape of the object. Wide objects are assigned 

large positive values, spherical objects are zero, and 

thin objects are negative. Correlation Coefficient is the 

consistency of the shapes and sizes within a pixel. A 

value of 1 represents uniformity, values less than one 

have a greater variety. Differential Phase is how much 

the horizontal and vertical pulses slow down compared 

to each other. 

 
Figure 1: Radar imagery showing the six radar prod-

ucts for the 2012 Battle Mountain meteorite fall. 

 

This project addresses the hypothesis that meteorite 

falls feature a unique signature, distinguishable math-

ematically from weather and other reflectors in 

NEXRAD weather radar data using Principal Compo-

nent Analysis (PCA) of five radar data products. If 

meteorite falls have a unique signature, then it can be 

used in the future to identify previously unknown falls 

in archived data and to automatically detect falls as 

they occur. The approach we adopted was to collect 

verified examples of all phenomena which regularly 

appear in radar data and compare them mathematically 

to signatures of meteorite falls. 

 Methods:  We created a data set containing the six 

weather radar products for examples of meteorites and 

common reflectors in weather radar (Radial Velocity 

was retained for completeness but was not used in the 
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analysis). The meteorite data was from ten meteorite 

falls that have occurred since the dual polarization up-

date in 2012. 

• Unnamed, AL (2012) 

• Battle Mountain, NV (2012) 

• Creston, CA (2015) 

• Dishchii'bikoh, AZ (2016) 

• Unnamed, AZ (2018) 

• Hamburg, MI (2018) 

• Mount Blanco, TX (2016) 

• Osceola, FL (2016) 

• Unnamed, WA (2018) 

• Sutter’s Mill, CA (2012) 

The eleventh fall to happen in this time frame, Viñales, 

Cuba (2019), was not used because it was too far from 

the radar to contain all six data products. 

The NOAA Weather and Climate Toolkit was used 

to download the Level II NEXRAD Dual Polarized 

weather radar data. The data was downloaded as CSV 

files using the Export option in the Data Selector win-

dow. Each file contained the values for one of the 

products at one elevation for all the pixels in the frame. 

One full sweep of radar contains hundreds of thou-

sands of pixels, so before downloading, only the pixels 

related to the meteorite fall were selected by zooming 

in. After all the files were downloaded, the data was 

combined into one excel file. 

Examples of other radar reflectors were download-

ed using the same process. They included migrating 

birds, bats, chaff (a radar decoy used by the Air Force 

[5]), haboobs (a type of dust storm), fog, hail, rain, 

tornados, and wintry mix containing snow, hail, and 

sleet. Three examples of each feature at three different 

elevations were downloaded by zooming into an area 

that contained approximately 200 pixels. Seven exam-

ples of possible, yet unconfirmed meteorite falls, and 

three examples of falling space debris were also down-

loaded. The space debris data were from Cosmos 2495 

(2014), Long March 7 (2016), and a SpaceX Falcon 9 

second stage (2021). 

Results:  Pixels that did not contain all five of 

these radar products were removed from the data set. 

Also, “Range folding” errors were removed, which are 

uncertain measurements assigned a value of 800 by the 

NEXRAD algorithm. The reduced data set was pro-

cessed using Principal Component Analysis (PCA). 

PCA is a statistical method that projects multivariate 

data so that the data can be simplified and graphically 

represented. The method works by creating new uncor-

related variables called principal components based on 

variance [6]. Orange Data Mining version 3.29.3 was 

used to conduct a PCA analysis of the radar data. 

There were eleven different categorical types; birds 

and bats, chaff, dust, fog, hail, meteorites, possible 

meteorites, rain, space debris, tornado, and wintry mix. 

In the PCA widget, the component selection was set to 

4 to achieve an explained variance of 90% which is a 

typical setting for PCA analyses. The option to normal-

ize variables was also selected. In the scatter plot 

widget, Orange’s “Find Informative Projections” func-

tion was used to rank the different axis combinations. 

The plot with the greatest separation had PC1 on the x-

axis and reflectivity on the y-axis.  

 

 

 
Figure 2: PCA plot of the radar data types. Both imag-

es are of the same plot showing different types in the 

foreground. The x-axis is PC1 and the y-axis is Reflec-

tivity. The magenta points in the bottom left of the plot 

are meteorite falls. 

 

Results of the PCA analysis show some differentia-

tion in data types (Fig. 2). The first step in the statisti-

cal treatment of the results was the determination of 

the standard deviation (SD) for each data type and dif-

ferences between means. Assuming a normal distribu-

tion of data points, for each data set 95% of all data 

points lie within two SD of the mean. To determine 

whether PCA products can be statistically differentiat-

ed by data type, we compared the difference between 

Reflectivity and PC1 values by comparing the mean + 

2 SD values between all data types. We chose this ap-

proach because for the very large data volume in-

volved in radar data, discriminating between data sets 

at the 0.95 level was estimated to be necessary to limit 
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false positives. This approach revealed that most data 

sets feature overlap at greater than 95% level. Strongly 

differentiated data sets with greater than 95% of the 

reflectivity data not overlapping were tornadoes versus 

meteorites, fog, space debris, and possible meteorites. 

For the PC1 data chaff, dust, birds and bats, and space 

debris were all differentiated from rain, tornadoes, hail, 

and wintry mix. Meteorites and possible meteorites 

had a differentiation of less than 95% meaning overlap 

exists between data types. The only data type com-

pletely statistically differentiated from meteorites for 

95% of all data points was tornadoes. The difference 

between the data sets of data are represented in figure 

3. A source of error in this statistical method was that 

the reflectivity and PC1 data sets did not all have 

Gaussian distributions. However, if the data was nor-

mally distributed it is not likely that any more separa-

tion would be apparent. 

 

 
Figure 3: Plot showing the reflectivity and PC1 means 

for the different radar data types. The error bars 

represent 2 SD. 

 

Discussion: PCA analysis did not indicate that ra-

dar data from meteorite falls produce unique signatures 

from other radar reflectors. Further avenues of investi-

gation are available. One approach is to logically re-

duce the dataset to promote detection of meteorite 

falls. Some data sets such as dust, birds, and bats are 

found at low altitudes. Reducing the data set to exam-

ine only higher altitudes should preserve most meteor-

ite signatures while excluding low-altitude signatures 

completely. Altitude can be constrained to only the 

range above clouds, which would exclude most weath-

er-related signatures while preserving identifiable 

amounts of meteorite fall signatures. Another possible 

difficulty lies in scatter noise near the radars, which 

can be excluded by reducing data to that outside of the 

relatively short-ranged volume where scatter noise 

predominates. Also, computation time and effort could 

be focused on times and places where meteor events 

are identified by eyewitnesses, drawing on data such as 

the publicly available database of eyewitness reports 

available through the American Meteor Society 

(www.amsmeteors.org). Finally, there is a portion of 

the reflectivity vs. PC1 graph where meteorite and 

possible meteorite signatures predominate (Fig. 4). A 

few data points from other data types lie within this 

region, and even though not all meteorite-related sig-

natures lie within the (approximately represented) box, 

all meteorite events appear to include data points with-

in the box. Further data reduction and rigorous statisti-

cal analysis may yield an automated method for rapid 

identification of meteorite falls. 

 

 
Figure 4: Portion of the reflectivity vs. PC1 graph 

where meteorite and possible meteorite signatures pre-

dominate.  
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Introduction: The igneous and metamorphic 

mineralogy of the Venusian crust and mantle are not 

well constrained. However, the mineralogical 

evolution of Venusian crustal rocks during 

metamorphism may have important implications for 

understanding crustal dynamics and possible crustal 

recycling mechanisms on Venus [1, 2]. Metamorphism 

results from changes in pressure and temperature and 

can have a significant effect on the geophysical 

properties of a rock. Thus, this study places constraints 

on the mineralogy of the crustal and mantle rocks of 

Venus along five geotherms at 5, 10, 15, 20, and 25 

°C/km. Density at depth was determined to infer how 

the crust and mantle may interact, including 

mechanisms for recycling the Venusian crust.  

Methods:  Here, we modeled stable mineral 

assemblages and their evolution to infer 

metamorphism of the Venusian crust using the 

thermodynamic software package Perple_X, which 

calculates stable phase equilibria over a range of 

conditions by means of a Gibbs free energy 

minimization [3]. An internally consistent 

thermodynamic dataset provides the basis for phase 

endmember calculations [4, 5].  Three whole-rock 

compositions were used for these models: an alkali 

basalt [6], basalt [6], and peridotite [7]. All models 

were done in the SiO2-TiO2-Al2O3-FeO-MgO-CaO-

Na2O-K2O chemical system and calculated at an 

oxygen fugacity fixed by a quartz-fayalite-magnetite 

(QFM) buffer. Activity models for minerals with solid 

solution were used for the following phases: garnet, 

clinopyroxene, orthopyroxene, olivine, spinel, and melt 

[8]; ilmenite [9]; augite [10]; feldspar and potassium-

feldspar [11].  

Phase diagrams for equilibrium mineralogy were 

calculated over pressure and temperature space. One-

dimensional equilibrium phase diagrams along five 

geotherms (5, 10, 15, 20, and 25 °C/km) were also 

calculated and rock density was extracted from the 

results. Along each path for the three bulk rock 

compositions, the densities were calculated and 

compared. Density for the residual mineralogy was 

calculated after removal of the melt.  

To estimate depth (h) from pressure (P), we use the 

following equation: h = P/𝜌g, with a gravity (g) value 

for Venus of 8.77 m/s2 and a crustal density (𝜌) of 

3000 kg/m3. Density changes as a function of depth, so 

calculated depths are approximations. 

Results: Figure 1 presents phase diagrams for the 

basalt, alkali basalt, and peridotite compositions. 

Additionally, Figure 2 illustrates the mineralogical 

evolution and density path of each rock type along two 

representative geotherms, 5 °C/km and 20 °C/km. 

These two are shown to highlight contrasts in 

mineralogy and density across all five geotherms.   

 

 

A 

B 
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Figure 1: Phase diagrams calculated for basalt (A), 

alkali basalt (B), and peridotite (C) compositions with 

each geotherm overlain. Abbreviations: Coe–coesite; 

Cpx–clinopyroxene; Gt–garnet; Ru–rutile; Qtz–quartz; 

Feld–feldspar; Ky–kyanite; Opx–orthopyroxene; Kf–

potassium-feldspar; Ilm–ilmenite; Aug–augite; Ol–

olivine. 

 

 

Basalt: Colder geotherms (e.g., 5 and 10 °C/km) 

pass through a field where garnet, clinopyroxene, and 

feldspar are stable (Figs. 1A, 2A). Densification occurs 

before the production of melt with densities reaching 

maxima at ~3600 kg/m3 at ~240 km depth and ~3200 

kg/m3 at ~79 km depth for 5 °C/km and 10 °C/km 

geotherms, respectively (Fig. 2A). In contrast, as the 

geotherm becomes hotter (e.g., 15, 20, 25 °C/km), the 

mineralogy is instead dominated by orthopyroxene and 

feldspar (Figs. 1A, 2D), and densification is a function 

of the residua after significant melting. 

Alkali Basalt: Garnet and clinopyroxene stability, 

along with minor feldspar, potassium-feldspar, 

kalsilite, nepheline, and ilmenite is observed along the 

5 °C/km geotherm (Fig. 2B). For hotter geotherms, the 

stability of clinopyroxene decreases as the stability of 

orthopyroxene and nepheline increase (Fig. 1B, 2E). 

The density reaches a maximum of ~3450 kg/m3 at 

~245 km depth for a 5 °C/km geotherm and decreases 

to ~2950 kg/m3 at ~35 km depth for a 20 °C/km 

geotherm (Fig. 2B, 2E). Similar to the results for the 

basaltic composition, maximum densities in the hotter 

geotherms occur after significant melting (~50% by 

volume) and thus are associated with melt residua.  

Peridotite: The mineralogy for both cold and hot 

geotherms does not vary considerably. Olivine 

consistently makes up roughly 60% of the modal 

     Figure 2: Modal Proportions of calculated equilibrium phases for all three compositions along 5 °C/km (A-

C) and 20 °C/km (D-F) geotherms with density as a function of depth overlain as a solid line. Note that depth 

axes vary per geotherm, and density axes vary per diagram.  

C 
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proportions (Figs. 2C, 2F). Clinopyroxene (10-25 vol 

%), orthopyroxene (10-25 vol %), and feldspar (~10 

vol %) make up the remainder of the major mineralogy 

with little variation in their proportions. Only the 5 and 

the 10 °C/km geotherms pass through the garnet 

stability field (Fig. 1C). Density maxima do not vary 

greatly, ranging from ~3360 kg/m3 (cold) to ~3200 

kg/m3 (hot), and occur at between 30 and 40 km of 

depth after significant melting. The only exception is 

the coldest geotherm which reaches its maximum 

density at ~290 km prior to melting. 

Discussion: Along a 5 °C/km geotherm, Venusian 

crustal rocks are predicted to have densities that 

surpass the density of a mantle-like rock at depth 

without significant melting (Fig. 3A). These results 

have implications for possible crustal recycling 

mechanisms on Venus. In such instances, this dense 

lower crust may be recycled by way of delamination, 

as proposed by [1]. For a basaltic composition, this 

density contrast is calculated to occur at ~53 km depth 

and for an alkali basaltic composition, this density 

contrast is calculated to occur at ~69 km. These depths 

are consistent with crustal thicknesses proposed by [1, 

2]. Based on density contrasts between metamorphosed 

crustal and mantle rocks, both metamorphosed basalt 

and alkali basalt should sink to depths of ~280 km 

before significant melting (~50% by volume) of the 

crustal material occurs. Along hotter geotherms, an 

inverted density is not predicted for the 

metamorphosed alkali basalt and peridotite. However, 

there is an anomaly along the 10 °C/km geotherm 

where the metabasalt becomes dense enough to 

delaminate at ~79 km depth before melting. More 

work is required to understand this result and its 

implications. 

In contrast, hotter geotherms produce more melt at 

shallower depths (Fig. 2D-F). Significant melting 

(>50% melt by volume) occurs at ~51 km depth or less 

along these hotter geotherms, suggesting that a hot, 

thin crust could recycle material via melting for both 

basaltic and alkali basaltic compositions. The mineral 

residua are dense enough to sink (Fig. 3B), but with 

such large amounts of melt produced most of the 

crustal material will be recycled from shallow depths.  

In conclusion, the results of this study indicate that 

along cold geotherms, Venusian crustal material may 

recycle via a delamination mechanism driven by a 

thicker, dense crust while hot geotherms may facilitate 

shallow melt ascension. By further constraining the 

Venusian geotherm and the mineralogical evolution of 

metamorphosed crustal material on the planet, the 

crustal dynamics of Earth’s neighbor may be inferred.  

 

 
Figure 3: Density profiles for all three 

compositional mineral residua along 5 °C/km (A) and 

20 °C/km (B) geotherms.  
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Introduction: Pink spinel is a rare mineral on the Moon 
which is found in both plutonic and impact melt rocks, 

and also observed in the remote sensing database [1,4]. 
In particular, Mg suite pink spinel troctolites (PST) 

contain the most forsteritic olivine among lunar samples 
and are therefore a valuable link to the most primitive 

mantle reservoir within the Moon. Indeed, Mg-suite 
melts were derived mainly from olivine-rich cumulates 

formed during the solidification of a global lunar 
magma ocean [1,2]. Mg-suite rocks are largely 

comprised of norites and troctolites (Fig. 1). Less 
common Mg-suite rocks are ultra-mafics and 

gabbronorites [2]. Troctolites are dominated by olivine 
and plagioclase and contain other minor mafic minerals. 

The PST differ from common lunar troctolites by 
containing endmember Mg-Al spinel, ([Mg,Fe]Al2O4), 

which can be a pink to blood red color [3]. This type of 
spinel was experimentally linked to spinel detected by 

Nasa’s M3 mission (Moon Mineralogy Mapper), which 
supplies high resolution minerology compositional data 

[4]. The broad distribution of spinel in the orbital 
database [4] suggests pink spinel formation, and by 

extension Mg-suite, was a global occurrence [4,5].  
The leading hypotheses for the origin of lunar pink 

spinel are impact melting or crustal assimilation e.g., 
1,3]. Previous work has criticized the crustal 

assimilation model for how much energy would have to 
be present for the melting of the lunar crust to take place, 

on a major formation scale. However, [1] demonstrated 
that the predominant rock assemblages of the Mg-suite 

are produced by crystallization of primitive mantle 
melts, without any assimilation. Only the pink spinel 

troctolites, with their high Mg#, ((MgO)/(MgOFeO) x 
100) require crustal assimilation. Since PST are a 

volumetrically minor component of Mg-suite (Fig. 1), 
this requires only extremely minor amounts of 

assimilation. 
Due to the extreme conditions required for 

anorthosite assimilation [3], constraining the physical 
parameters of this process has significant ramifications 

for the thermochemical evolution of the lunar crust. For 
these reasons, we revisit crustal assimilation on the 

Moon to determine the conditions most favorable to 
explain the minor production of pink spinel. 
 

 

 

 

 

 

Methodologies: 

Below, we describe the various thermodynamic 
parameters associated with crustal assimilation such as, 

crustal temperature, superheated magma, and the latent 
heat of crystallization [6,7]. We first calculate the 

energy of the melt using equation from [6,7]. 
qmelt = Cp

melt ΔTmelt + F Lol    (1) 

Where qmelt is the energy of the melt reported in calories 

per gram. Cp
melt is the heat capacity of the melt, for the 

Mg-suite melt this is reported to be =.41cal/g°C [7]. 

ΔTmelt is the difference between the liquidus and a 
temperature step of interest during crystallization. F is 

the total fraction of the melt crystalized where Lol is the 
latent heat of crystallization of olivine. We found the 

latent heat of crystallization, which is the heat that the 
melt gives off when it begins to crystallize for olivine is 

a range from 119 - 152 cal/g for fayalite and forsterite, 
respectively. Here we use a conservative estimate of 140 

cal/g for the purpose of this study [1,6,7]. 
Modifying equation (1), we calculate the different 

values of total energy  required to melt the crust [1,6,7]. 
qcrust = Cp

crust ∆Tcrust + Lcrust         (2) 

This equation is how much energy it would take to melt 
the crust qcrust.  For the initial temperature of the crust there 

are two different possible compositions for the lunar 
crust, pure anorthositic crust (melting temp 1450° 

Celsius and ferroan anorthositic crust (melting temp of 
1200° C [6].  

We report a range of heat capacities of the crust 
(Cp

crust) from .279-.30 cal/g°C  [7] and use this as a free 

parameter to test multiple scenarios. ∆Tcrust describes the 

Figure 1: Pie chart of the weight percent of the Mg-

suite rocks. The pink silver represents pink spinel 

troctolites which are volumetrically the least 

common rock type for the Mg-suite 
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difference between the initial temperature of the crust 
and its melting temperature. The initial temperature of 

the crust prior to Mg-suite intrusion could’ve been 
~800° C [8]. However, [7] suggest that the lunar crust 

could have been up to 1000 degrees Celsius during Mg-
suite magmatism if it occurred concurrently with the 

Lunar magma ocean crystallization (LMO). The Lcrust is 
the heat of fusion of the crust, and we consider the range 

of L=60 – 90 cal/g from [1,6,7]. 
Additionally, we consider the effects of a 

superheated magma. Superheated magmas are likely in 
the case of Mg-suite because there are estimated to have 

adiabatically risen from source depths of ~2.1 GPa [1]. 
The change in liquidus temperature from 1 atmosphere 

to 1 GPA = +80 degrees Celsius, with the superheat 
cooling 40 degrees for every GPA [7]. Therefore, at 2.1 

GPA it would be equal to ~84oC. 
Taken together, we explore the above parameter 

space constrained by recent geochemical modeling that 
demonstrated assimilation for Mg-suite must occur 

before 30% olivine crystallization which would still 
report Mg numbers of 92 [1]. In meeting these criteria, 

we define the initial conditions of the lunar crust at the 
time of Mg-suite magmatic emplacement. 

   
Results: 

The thermodynamic graphics showcase the energy 
that assimilation would need to be possible. We 

distinguished two best case scenarios where 
assimilation of the anorthositic crust into the Mg-suite 

magma is possible before 30% olivine crystallization 
(Figure 2 and 3) There are two curves reported for each 

graphic, where the dark pink is the original energy of 
the melt, and the light pink is the superheated magma 

that correlates to 2.1 GPA. We see two light blue 
horizontal lines which define the energy to melt pure 

anorthositic crust (PAN) and ferroan anorthositic crust 
(FAN). To retain the high Mg#s needed to explain PST, 

the melts would have to exceed the energy required to 
melt the crust before 30 percent crystallization (vertical 

dark blue line on Figs. 2, 3). We see this does happen in 
Figure 2 at F ~ 0.25 for the superheated melt while the 

original melt does not assimilate crust until F ~ 0.37. In 
Figure 3 demonstrates that the superheated magma does 

not gain the required energy until F ~ 0.33, while the 
original melt does not acquire the energy until F ~ 0.42. 

The difference between figure 2 and 3 is the value of L. 
When L= 60 cal/g crustal temperatures of ~950oC and 

above are needed for assimilation to occur considering 
a heat capacity of .279 cal/g°C.  When L=90 cal/g it is 

seen that the initial crustal temperature would have to 
have a hotter than 1000°C for assimilation to be 

possible.  
 

 

 

 

 

Discussion:  

Based on our calculations it is shown that 

assimilation of the lunar crust can take place when the  
initial temperature of the crust is above 950°C while 

giving us the high Mg#s that are found in lunar pink 
spinel troctolites. Although assimilation can occur when 

the crust is less than 1000°C it is beyond 30 % olivine 
fractionation and therefore the Mg# will be too low to 

explain the formation of pink spinel troctolites. It is 
thought that the formation of the Mg-magma suite could 

have happened concurrently with the formation of the 
crust during the lunar magma ocean [8]. This would 

explain a hotter initial crustal temperature because the 
crust would be hottest directly after it crystallizes 

[1,3,5]. Furthermore, superheated magma of 84°C 
would be just as likely due to the Mg-suite melt rising 

Figure 3: Figure 3 shows the amount of energy that it 

would take to melt the lunar crust at 1000° C, heat 

capacity = .279 cal/g°C, L=90 cal/g. The dark blue line 

at .30 fraction of crystallization shows where 

crystallization must take place to acquire Mg# of 92 

 

Figure 2: shows the amount of energy that it would take 

to melt the lunar crust at 1000° C, heat capacity = .279 

cal/g°C and L=60 cal/g. The dark blue line at .30 cal/g°C 

fraction of crystallization shows where crystallization 

must take place to acquire Mg# of 92 
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2.1 GPA to interact with the crust in the assimilation 
process. If assimilation did occur as a minor process to 

form lunar pink spinel, this leads us to hypothesize that 
the ancient lunar crust would have had a crustal 

temperature of at least 1000°C (or hotter), L=60 cal/g, 
and Cp=.279 cal/g °C. 
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Introduction:  Environments on Mars have been 

proposed as sites for potential discovery of terrestrial 

life due to evidence of habitable conditions which 

continue to emerge. The detection of perchlorates on the 

surface of Mars by the 2008 Phoenix Lander mission [1] 

lent further credibility to previous geological evidence 

of liquid water and opened new discussions for how the 

Red Planet might meet the energetic demands of 

potential extant or ancient microbial life. Perchlorate 

and chlorate salts are important compounds to be 

studied and measured in planetary bodies such as Mars 

as they can keep water in a liquid state down to ~204 K, 

[2]. With eutectic temperature well below the average 

Martian surface temperature, perchlorate and chlorate 

(also known as (per)chlorates) likely play a primary role 

in maintaining water in a liquid state despite the existing 

environmental extremes. Previous work done modelling 

chemical disequilibrium on Mars due to rock 

weathering has shown that basalt aquifers are likely the 

most habitable Martian environments for 

chemolithoautotrophic microbes [3]. These 

environments likely offer sufficient oxidants and 

reductants to support the redox demands of microbial 

metabolisms. Of the oxidants available on Mars for 

chemolithotrophs, perchlorate offers a significant 

energetic reward due to its high redox potential and 

known perchlorate reducing microbes on earth have 

been shown to successfully reduce perchlorate using 

reductants available on Mars such as methane, hydrogen 

and sulfide [4, 5, 6]. 

Previous work focused on setting energetic 

constraints on a potentially perchlorate-driven 

ecosystems within the terrestrial Martian analog site 

Pilot Valley in Utah [7]. The Pilot Valley playa is a post-

depositional paleolake basin, making it a useful analog 

for potentially habitable environments on Mars such as 

Gale Crater which is thought to have previously held 

standing water [8, 9].  The naturally perchlorate-rich 

brines of Pilot Valley were analyzed for their potential 

to support biological perchlorate reduction and a 

thermodynamic analysis based on in-situ chemical 

condition revealed that perchlorate was energetically 

the most useful oxidant for microbial respiration.  

For a thermodynamic analysis of biological 

perchlorate reduction feasibility on Mars, Gale Crater 

was chosen as a study environment for a potentially 

habitable subsurface aquifer. The Mars curiosity Rover 

was deployed to Gale Crater with the objective of 

assessing habitability and searching for biosignatures.  

The rover has traversed and studied 400 m of elevation 

with stratigraphically distinct rock assemblages that 

have been characterized using a variety of instruments, 

making Gale Crater the best-studied depositional 

environment on Mars [10]. There is strong evidence for 

perchlorate enrichments in Gale Crater sediments [11] 

that indicate there could have also been dissolved 

perchlorate salts in subsurface fluids, much like Pilot 

Valley brines. 

The work presented here focuses on estimating the 

thermodynamic favorability of known biological 

perchlorate reduction pathways within a simulated Gale 

Crater groundwater environment using 

hydrogeochemical computer modelling. Characterizing 

potentially habitable environments for perchlorate 

reducers on Mars will inform future missions to the Red 

Planet and help set constraints on extraterrestrial 

perchlorate-driven ecosystems elsewhere in the solar 

system. 

Methods:  The first step in determining reaction 

favorability in Martian subsurface fluids involved 

characterizing the fluid chemistry in terms of aqueous 

ion abundances. The availability of aqueous oxidants 

and reductants are important parameters needed to 

determine real-world Gibbs free energy change relative 

to standard conditions. Gale Crater groundwater was 

assumed to have evolved from an initial basaltic fluid 

resulting from water interacting with Martian crust. 

From there, a series of fluid interactions with Mount 

Sharp assemblages moving up stratigraphically was 

proposed based on the assumption that groundwater 

upwelling played a role in Gale Crater groundwater 

evolution [12]. 

Gale Crater geochemistry Martian basalt composition 

were taken from McSween et al. (2004) [13], with 

Adirondack class basalt taken as a representative 

sample. Mineral assemblages of Gale Crater sample 

sites were characterized using data from the Chemistry 

and Minerology (CheMin) instrument on the Mars 

Curiosity rover. CheMin characterizes minerology 

quantitatively using a transmission X-ray diffractometer 

(XRD) and X-ray fluorescence (XRF) spectrometer. From 

major mineral phases, a solid solution of specific 

minerals and endmembers was compiled based on 

relative amounts of major phase constituents [14] for the 

Cumberland, Mojave, and Duluth sample sites. 

Elemental data from Curiosity’s Alpha Particle X-ray 

Spectrometer (APXS) was used to interpret relevant oxide 

content in rocks. Sulfate and perchlorate concentrations 

were extrapolated form reported oxide wt.% and 

included in solid assemblages as salts. The Cumberland 
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site was chosen as a representative rock composition for 

the Yellowknife Bay formation which rests at a 

stratigraphically low elevation within Mount Sharp and 

is characterized by higher (per)chlorate content [11]. 

Mars atmospheric gas compositions were taken from the 

literature [15, 16]. 

PHREEQC Hydrogeochemical Modelling 

PHREEQC is a geochemical modeling software 

developed by the USGS and publicly available from the 

USGS website. PHREEQC version 3, was used for 

batch-reaction calculations involving aqueous 

solutions, solid mineral assemblages, and gas chambers 

based on Martian conditions. PHREEQC can perform 

speciation calculations for effective aqueous ion 

concentrations using ion-association or specific-ion-

interaction aqueous models. PHREEQC batch reactions 

simulate reactions occurring in a beaker and liquids, 

solid solutions and gas phases are brought into 

equilibrium. The Pitzer specific-ion-interaction aqueous 

model can be used with PHREEQC for modelling high 

salinity solutions. An expanded Pitzer database was 

developed in in previous work [7] to allow the software 

to run experiments for environments that can support 

perchlorate ecosystems which are often briny 

subsurface environments. This database was updated 

with Gale Crater mineral definitions, reactions and 

thermodynamic data. Mineral phases unlikely to 

precipitate under Martian temperature and pressure 

conditions were removed from the database [17].  

Dissolution products of minerals were also added as 

new aqueous species. 

Batch reactions were modelled using a dilute initial 

solution composition containing species of interest, a 

solid solution of 0.1-0.001 kg of mineral assemblage, 

and a gas chamber of 0.08-1atm. Modelling was also 

performed excluding solid solutions from batch 

reactions for a simplified simulation. For these purely 

aqueous runs, initial solution compositions were defined 

with the assumption that various masses (0.1-0.001 kg) 

of the defined mineral assemblage dissolved completely 

in 1 L of pure water. Solutions were speciated 

individually and then mixed sequentially to simulate 

fluid evolution. 

Thermodynamic calculations The feasibility of 

biological perchlorate reduction in simulated Gale 

Crater groundwater was evaluated by calculating the 

thermodynamic favorability of dissimilatory reduction 

pathways using the available reductants in solution. 

Dissimilatory perchlorate reduction occurs by a three-

step process [18]. 

ClO4
- + 2H+ + 2e- → ClO3

- + H2O   1.1226 V      (1) 

ClO3
- + 2H+ + 2e- → ClO2

- + H2O    1.130 V      (2) 

ClO2
- 
→ Cl- + O2        (3) 

The first two steps (energy-yielding steps) were 

summed for the total Gibbs free energy change of each 

metabolic pathway evaluated. Balanced microbial redox 

reactions for perchlorate reduction using various 

electron donors available in simulated Gale Crater 

groundwater are summarized in Table 1. 

 
Table 1: (Per)chlorate reduction reactions and corresponding 

standard Gibbs free energy changes (kJ per reaction) 
 

Reaction Pathway 
 
ΔG⁰ (kJ) 

CH ₄ + 4ClO₄⁻ → 4ClO ₃⁻ + 2H ₂O + CO ₂ -1139.2 

CH ₄ + 4ClO ₃⁻ → 4ClO ₂⁻+ 2H ₂O + CO ₂ -1065.1 

H ₂ + ClO₄⁻ → ClO ₃⁻ + H ₂O  -317.61  

H ₂ + ClO ₃⁻ → ClO ₂⁻ + H ₂O   -299.09  

2Fe ²⁺+ 2H+ + ClO ₄⁻ → ClO ₃⁻ + H ₂O + 2Fe ³⁺  -197.977 

2Fe ²⁺+ 2H+ + ClO ₃⁻ → ClO ₂⁻ + H ₂O + 2Fe ³⁺   -179.45  

 

The standard Gibbs free energy change (ΔGo ) of each 

redox reaction was calculated from the change in 

standard redox potential: 

ΔGo=-nFΔEo  (1) 

Reaction stoichiometry and calculated species 

abundances were then used to determine the 

thermodynamic favorability of each reaction under the 

geochemical conditions of Gale Crater groundwater by 

solving for the real-world ∆G:  

∆G = ΔGo + RTlnQ (6) 

Results:  Batch reaction simulations including solid 

solutions failed to converge to a numerical solution 

when Aluminum-bearing minerals were included in the 

assemblage. Final aqueous solution compositions of 

solid solution batch reactions also produced 

unreasonably high pH values (13-16). Initial solution 

speciation results for a basaltic fluid composition and a 

Cumberland fluid composition are shown in Table 2. 

 

Table 2: Major aqueous ion content of simulated basalt and 

Cumberland fluids assuming 0.01 kg of initially dissolved 

mineral assemblage. * 

Ion Basalt Fluid Cumberland Fluid 
Al(OH) ₄ ⁻ 2.16E-01 1.65E+00 

Ca ²⁺ 1.42E-01 1.11E+00 

Cl ⁻ 8.74E-01 4.81E+00 

Cr ³⁺ 4.02E-03 1.34E-02 

Fe ²⁺ 5.61E-02 6.31E-02 

Fe(OH) ²⁺ 3.24E-02 4.96E-01 

Mg ²⁺ 2.92E-01 1.42E+00 

Na ⁺ 8.69E-02 6.41E-01 

HPO ₄ ²⁻ 7.03E-03 2.34E-02 

ClO ₄ ⁻ 9.05E-04 4.68E-02 

SO ₄ ²⁻ 3.12E-03 1.84E-01 

*Batch reaction run at 0 degrees C. Abundances reported in molality. 
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Figures 1 and 2 utilize data from batch reaction 

simulations excluding a solid solution (described in 

methods). Solutions used were modelled groundwater 

fluid resulting from interactions with Martian basalt and 

a Cumberland assemblage. The calculated 

thermodynamic favorability of dissimilatory 

perchlorate reduction using various electron donors for 

different solution concentrations are shown in Figure 1 

and the effects of varying temperature are shown in 

Figure 2. 

 

 
Figure 1: Estimated real-world favorability of dissimilatory 
perchlorate reduction in simulated Gale Crater groundwater for 

various temperature conditions, using 0.01 kg of initially dissolved 

solids and 1atm pressure. 
 

 
Figure 2: Estimated real-world favorability of dissimilatory 

perchlorate reduction in simulated Gale Crater groundwater for 
various masses of initially dissolved solids, using 0 °C and 1atm 

pressure conditions. 
 

Discussion:  From an energetic standpoint, under 

the conditions modelled, biological perchlorate 

reduction is thermodynamically feasible.  

Program errors and unusual data output for batch 

reactions involving solid solutions of Mars mineral 

assemblages indicate that further troubleshooting must 

be done to effectively model fluid chemistry via 

simulated rock-water interactions. Improvements to the 

model will continue to be made by adjusting software 

input parameters and exploring alternative calculation 

sequences. 
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Introduction: Chondritic parent bodies are 

undifferentiated asteroids that accreted early in solar 
system history, approximately 500 million years before 
proto-Earth. They are thought to have been small (10s-
100s of km in diameter), with relatively low internal 
pressures [1]. The discovery of several eclogitic clasts 
in NWA 801, a CR2 chondrite, has challenged those 
hypotheses [2], because on Earth eclogites are 
associated with the higher pressures of subduction zone 
metamorphism [3]. Previous Pressure-Temperature (P-
T) estimates for these clasts were made using a 
conventional set of geothermobarometers [2]. Here, we 
apply thermodynamic modelling techniques and a wider 
array of geothermobarometers to better constrain 
formation conditions. Based on our P-T results, we 
estimate the size of the required parent, assuming the 
conditions of formation are a function of lithostatic 
pressure.      

Methods: Model Parameters.  Phase diagrams were 
calculated with the software Perple_X 6.8.6, which uses 
a Gibbs free energy minimization to predict stable 
mineral assemblages and their properties [4]. We used 
the internally consistent thermodynamic dataset of 
Holland and Powell, [5] with the 2011 update [6] and 
the following activity models that describe mixing for 
minerals with solid solution: Omph [7], Augite [8], 
Gt(WPPH) [9], Mica(CHA) [10, 11],  cAmph [8], Opx 
[12], Chl [12], Ilm [13], feldspar [14], O [5], M [5], 
oCcM [15]. To provide a constraint on the oxidation 
state of the system, a carbon component was considered 
instead of a CO2 component. However, an oxygen 
buffer was not imposed on the system due to modelling 
limitations. For phase diagrams calculated with wet 
conditions, H2O was listed as a saturated phase, and 
fluid properties were defined according to a 
Compensated-Redlich Kwong equation of state [16].   

Modal mineral abundances [17,2] and representative 
mineral compositions [2] were combined to determine 
bulk compositions of the graphite-bearing lithology 
(GBL) and graphite-free lithology (GFL), respectively. 
The chemical system SiO2-TiO2-Al2O3-FeO-MgO-
CaO-Na2O-K2O was used for the GFL; the GBL 
chemical system included all components of the GFL 
plus C. P2O5 and Cr2O3 were excluded due to their 
relatively low overall abundances (< 0.50 wt%). Phase 
diagrams were calculated for both compositions for 
H2O-saturated and H2O-free conditions. 

Garnet and Pyroxene Geothermobarometry. The 
composition of garnet is sensitive to both pressure and 

temperature and therefore can be used as a 
geothermobarometer [18]. To constrain the P-T 
conditions of metamorphism for GBL and GFL clasts, 
we compared measured garnet compositions [2] with 
the thermodynamically predicted mole fraction of major 
2+ cations in garnet (XMg, XCa, XFe, and XMn) under both 
H2O-saturated and H2O-free conditions. We also 
compared measured omphacite chemistry with the 
thermodynamically stable jadeite component in 
pyroxene [19] to further constrain peak P-T estimates. 
The intersection of lines of equal composition 
(isopleths) based on the garnet and omphacite were used 
to estimate the peak P-T conditions [e.g., 20].   

Parent Body Size Calculations. Pressure estimates 
determined via garnet geothermobarometry were used 
to constrain the size of the clasts’ parent body assuming 
metamorphism under lithostatic conditions [21]. For 
simplicity, we assumed a homogeneous density of the 
parent body for each metamorphic pressure calculated. 
In the first set of parent body size estimates, we used a 
density of 3.0 g/cm3 (the average density of CR 
chondrites) [22] and in the second set of calculations, 
we used a density determined based on the clasts’ 
composition and the estimated formation pressure. 
These density endmembers were used to estimate the 
minimum and maximum parent body diameters 
required to obtain a certain lithostatic pressure 
following: r2= R2 – P*(2/3πρ2G)-1 [23]. Where r is the 
depth to the target pressure, R is the asteroid radius, P 
the target pressure, ⍴ the asteroid density, and G the 
gravitational constant. 

Results: Figure 1 shows the estimated P-T 
formation conditions for: GFL H2O-saturated (Fig. 1a),  
GBL H2O-saturated (Fig. 1b), GFL H2O-free (Fig. 1c), 
GBL H2O-free (Fig. 1d). Assuming H2O-saturated 
conditions (0.141 wt% H2O in the rock), we estimate 
that the GBL formed at 3.3 ± 0.2 GPa and 825 ± 50ᵒC 
(uncertainties defined based on [24]). The predicted 
stable phases at 3.3 GPa and 825ºC agree reasonably 
well with petrologic observations [2,17] and (by vol%) 
include: ol (60.36), opx (24.16), omph (6.01), amph 
(6.99), gt (1.20), gph (0.98), phl (0.28), ilm (0.02). 
Assuming H2O-saturated conditions (0.336 wt% H2O in 
the bulk rock), we estimate that the GFL formed at 5.2± 
0.2 GPa and 1000 ± 50ᵒC. The predicted stable phases 
at 5.2 Gpa and 1000ºC also agree well with petrologic 
observations and (by vol%) include: ol (70.11), opx 
(1.56), omph (15.41), gt (2.06), phl (9.50), ilm (0.63), 
melt (0.74). For the H2O-free scenario, we estimate that 
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both the GFL and GBL clasts formed at approximately 
the same P-T conditions, 1.5 ± 0.2 GPa and 750 ± 50ᵒC. 
For the GBL, predicted stable phases agree with 
petrologic observations and include (by vol%): ol 
(62.58), opx (24.83), omph (10.45), gt (0.77), ilm  
(0.07), mic (0.28), gph (1.01). For the GFL, predicted 
stable phases agree with petrologic observations and 

include (by vol%): ol (70.65), omph (15.31), gt (2.07), 
ilm (0.63), mic (3.18), kls (2.25).   Microcline and 
kalsilite are not observed in the GFL results.  

Figure 2 shows the estimated parent body sizes 
required to produce a lithostatic pressure equal to the 
pressures determined for clast formation at a range of 
depths within the parent body. We assumed that the 
GFL and GBL came from the same asteroid, therefore, 
the minimum parent body size is constrained by the 
maximum pressure required to produce either lithology 
for the same set of modeling parameters. In the H2O-
free scenario, the calculated pressure of 1.5 GPa is the 
same for both lithologies. Minimum asteroid diameters, 
determined using the assumption that the sample is 
derived from the center of a parent body, are ~1900-
2200 km (depending on ⍴ = 3.0-3.45 g/cm3).  If the 
sample was derived from a more realistic depth of 20-
50% [21] of the parent body radius, diameters range 
from ~2200-2500km. In the H2O-saturated scenario, the 
calculated pressure differs for the two lithologies, with 
a maximum pressure estimated at 5.2GPa (GFL) 
corresponding to minimum asteroid diameters ranging 
from ~3400-4100km (⍴ = 3.0-3.615 g/cm3), or as large 
as 3900-4700km if the clast did not form in the center 

Figure 1: Phase relations as a function of composition and H2O content. Gt and omph coexist in blue-shaded 
regions, and calculated gt (XMg: blue, XCa: orange, XMn: purple, XFe: green) and pyx (Xjad: yellow) compositional 
contours intersect in red-shaded region. 

Figure 2: Parent body size as a function of material 
density and calculated pressure.  
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of the body. While previous work has preferred a 
lithostatic pressure model to impact shock [17], we are 
currently modeling whether these pressures could have 
occurred during an impact.  

Discussion and Conclusions: Previous P-T 
estimates for clast formation range between 2.8–4.2 
GPa and 940–1080°C based on a set of conventional 
geothermobarometers involving coexisting olivine, 
pyroxenes, and garnet [2]. Assuming H2O-saturated 
conditions, the results of our thermodynamic modelling 
for the GBL (Figure 1b: ~3.3GPa, 825°C) 
approximately agree with previous work; those for the 
GFL (Figure 1a: ~5.2GPa, 1000°C) differ significantly 
in terms of pressure. Assuming H2O-free conditions, the 
results of our thermodynamic modelling for both the 
GFL and GBL (Figure 1c,d: ~1.5GPa, 750°C) are 
significantly below previous P-T estimates.   

 The significant difference between our P-T results 
at H2O-free and H2O-saturated conditions emphasizes 
the importance in determining the timing of aqueous 
alteration of the sample. If we assume that phlogopite, a 
hydrous mineral phase, is part of the peak metamorphic 
mineral assemblage, our estimates for the formation 
pressure of the two lithologies differ by ~2 GPa and 
~175°C (Figure 1a,b). However, the clasts have nearly 
identical mineral compositions, which suggests that 
they formed at similar P-T conditions [17] -- a condition 
that is only satisfied assuming an H2O-free environment 
for both lithologies during peak metamorphism. In 
terrestrial systems, phlogopite commonly replaces peak 
minerals during retrograde metamorphism [e.g., 25].  

The GFL contains significantly more phlogopite 
than the GBL (~12 vol% vs > 0.5 vol%), and both clasts 
contained no other hydrous phases. We assume that the 
water contained in the GFL phlogopite represents a 
maximum volume of water present during aqueous 
alteration and use that to calculate a water/rock ratio of 
0.006 during phlogopite formation. After peak 
metamorphism, a possible reaction involved the 
formation of phlogopite at the expense of alkali feldspar 
and kalsilite at relatively low P-T conditions (< 0.1GPa, 
400°C; Figure 3). It is reasonable to assume that 
equilibrium was not achieved due to kinetic 
impediments at low temperature during a later 
metamorphic event [26], so the mineral assemblages in 
phase diagrams calculated at lower P-T conditions need 
not precisely reproduce those observed in the clasts.  

While the P-T estimates of the H2O-free scenario are 
substantially lower than those of the H2O-saturated 
scenario, they are significantly higher than those 
expected for a chondritic parent body (Figure 1c,d). To 
produce a lithostatic pressure of 1.5 ± 0.2 GPa and 
temperature of 750 ± 50°C, given the more reasonable 
asteroid density of 3 g/cm3, the minimum parent body 
diameter required is 2200 km and a more realistic 2600-

3600 km (Figure 2). Estimates of typical carbonaceous 
chondrite parent body sizes are < 100km in diameter [1], 
though recent work on an amphibole-bearing xenolith in 
AhS 202 has suggested a parent body ~640-1800 km in 
diameter [21]. Xenoliths, such as the eclogitic clasts in 
NWA 801, therefore corroborate the conclusion by [21] 
that the diversity of parent asteroids is likely much 
greater than previously understood. 
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Figure 3: Predicted phl vol% at 400ᵒC for 0-1wt% 
H2O.  
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Introduction: The lunar dark mantling deposits 

(DMDs) are mafic pyroclastics exhibiting a strong glass 
spectral signature in the near-IR and are the result of ex-
plosive volcanic eruptions [1,2]. The deposits are distin-
guished by their relatively low-albedos, smooth appear-
ances, and high iron contents [1,3]. DMDs subdue the 
subjacent terrain and are thought to consist of ballisti-
cally emplaced volcanic glass, crystallized beads, 
and/or rock and mineral fragments [1,3-4]. DMDs pre-
sent a range of compositions attributed to their eruptive 
style with glass-rich compositions trending towards a 
higher volatile content [5]. They are also thought to 
have mineralogies that reflect the deep lunar mantle ow-
ing to rapid ascent in dikes and conduits [6]. 

DMDs are often associated with the peripheries of 
large basins where crustal thinning from impactors, 
might have facilitated the rise of gas-rich magma and 
sill formation under crater floors [7-10]. The sills ex-
erted an upward force resulting in either a doming or 
piston-like uplift of the crater floor [e.g., 7]. Doming is 
more typical for smaller craters (diameters < 40 km), 
while larger craters (diameters > 40 km) including La-
voisier crater, are uplifted and present flatter floor pro-
files and concentric fractures [2,11]. Localized DMDs 
such as those more central to Lavoisier crater are 
thought to have formed from a more explosive vulca-
nian-style eruption due to gas buildup away from the 
crater rim within the solidifying magma intrusion [2]. 
The composition and morphology of any volcanic ma-
terials such as pyroclastics and lava can reflect mag-
matic processes and dynamics prior to eruption [e.g., 6]. 
The characterization of these deposits is significant to 
understanding the magmatic history of the Moon as well 
as regional magmatic events [12]. Furthermore, pyro-
clastic materials also offer a potentially abundant source 
for the extraction of oxygen and other essential metals 
[e.g., 13].  

In this study, we used recently available data to 
search for previously unrecognized DMDs as well as to 
update previous identifications. Then we focused on 
characterizing the DMDs within the region around La-
voisier crater to investigate the range in eruptive styles  
and compositions seen at one locality.  

Methods:  To locate potential DMDs, to determine 
their mantling extents, and to characterize their geologic 
settings, we utilized data in the NASA Planetary Data 
System (PDS), Annex, and Jaxa Archives, including the 
Lunar Reconnaissance (LRO) Wide Angle Camera 
(WAC), LRO’s Narrow Angle Camera (NAC), the high 

resolution lunar topography (SLDEM2015), and Ka-
guya/SELENE’s Terrain Camera (TC) image mosaics. 
The Kaguya/SELENE MI mineral abundance maps pro-
vided wt% estimates for FeO, pyroxenes, olivine, and 
plagioclase, as well as the derived optical maturity 
(OMAT) at a resolution of ~60 m/pixel [14]. Titanium 
(TiO2) abundance maps were derived [15-16], and used 
along with Clementine UVVIS TiO2 and WAC TiO2 
maps [16-17]. Data scales range from ~0.5 m/p (NAC) 
to ~200 m/p (Clementine UVVIS). 

Global DMD Distribution:  This work updates the 
database of known pyroclastic deposits [e.g., 18-23] to 
a total of 213 localities (Fig. 1). We mapped 34 previ-
ously unmarked deposits in areas of both unknown and 
recognized pyroclastics. Each was assigned a confi-
dence factor, integers 1-5, with a value of  5 represent-
ing the highest confidence level. 

 
Fig. 1. Revised global distribution of DMDs (cylindri-
cal projection -75°S to 75°N). 

Lavoisier Region (centered at (39.0°,-80.0°), 
~27800 km2):  Within the Lavoisier craters, 18 potential 
vent localities were identified and coupled with a confi-
dence factor, updating previous maps [24]. The Lavoi-
sier region pyroclastics are low-albedo, mantling, Fe-
enriched deposits and are located within floor-fractured 
craters Lavoisier, and Lavoisier F, H, and E (Fig. 2). 
The floor-fractured craters have been dated as Nectarian 
to Pre-Nectarian in age and occur along the mare-high-
lands boundary [25]. Dating of the mare flow ~38 km 
east provides an age of ~2.9 Ga [26]. Regional stress 
trends in the maria display NE to SW compression, sup-
ported by the evidence of wrinkle ridges and gravity 
models [27,7].  

Lavoisier:  The fractures in Lavoisier crater manifest 
as two distinct concentric structures in relative proxim-
ity to the rim, similar to those in Oppenheimer [2]. Po-
tential pyroclastic material close to the crater wall is 
mapped at a lower confidence due to its lack of clear 
mantling relationship. The volcanic deposits (mare and 
potential pyroclastics) associated with the outer frac-
tures would have erupted during crater floor uplift [10-
11]; however, Lavoisier crater exhibits negative topo-
graphic relief toward its center, which is not anticipated 
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by models [11]. Current models of crater uplift by mag-
matic intrusions suggest that the outermost deposits 
would be less pyroclastic and dominated by lava and 
mare effusions. We also observed a possible spatter 
cone in Lavoisier, which suggests a range of lower vol-
atility eruptions [28]. 

 
Fig. 2. Lavoisier regional map including features and 
pyroclastics (Kaguya MI TC Evening map). 

Lavoisier E: DMDs lacks a notable titanium signa-
ture (~1 wt%) which is comparable to the regolith of the 
Lavoisier crater floors (Fig. 3). The unique chemical 
signature of the large (~230 km2) deposit central to this 
crater (Fig. 2, orange polygon), along with a lack of dis-
tinct mantling, could suggest a phase of effusive volcan-
ism. There is also a positive Bouguer gravity anomaly 
associated with the low-albedo deposits east of the cen-
tral peak. 

 
Fig. 3. The DMDs at Lavoisier E represent a composi-
tionally distinct group among the Lavoisier craters (see 
Gaddis et al. Fig. 7.) [19]. 

Lavoisier F and H: There is a single identified pyro-
clastic deposit in Lavoisier F. The Lavoisier F and H 
DMDs are distinct in their TiO2 signatures of ~6% in 
contrast to Lavoisier’s deposit average of 3-4%. These 
variances are roughly correlated with the spatial rela-
tionship of the craters to the nearby maria in Oceanus 
Procellarum (avg. TiO2 of 4.2%). 

Summary:  The Lavoisier DMDs are a result of vol-
canism associated with floor-fractured cratering. These 
deposits occur at irregular intervals along fractures pro-
duced during magmatic intrusion followed by crater 
floor uplift. Regional structures related to impact crater-
ing causing crustal thinning facilitate these intrusions. 
This study characterizes deposits found within the La-
voisier craters in attempts to better understand eruptive 
styles ranging from  more effusive mare-like deposits to 
presumably glass-rich explosive deposits. 
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Introduction:  The near-Earth asteroids (NEAs) 

(3122) Florence and (357439) 2004 BL86 flew by Earth 
in 2017 and 2015, respectively.  During each fly-by, we 
conducted near-infrared (NIR) spectroscopic 
observations of each NEA to investigate their surface 
compositions, particularly for traces of water/hydroxyl. 

Florence is an S-type asteroid with an average 
diameter of 4.35 km and two small moons [1, 2].  As an 
S-type asteroid, Florence is rich in silicates and has a 
moderate albedo of approximately 0.23 ± 0.05 [3].  
Florence displays small/moderate absorption features at 
wavelengths 1 μm and 2 μm (typical of S-types), 
suggesting the presence of pyroxene and olivine 
minerals on its surface [4] (Figure 1).  Additionally, 
Florence’s spectra is similar to spectra of the 
Chelyabinsk meteorite, an ordinary chondrite [5]. 

(357439) 2004 BL86, compared to Florence, is a 
smaller asteroid with approximately 0.29 km in 
diameter and with one moon [6, 7].  2004 BL86 is a V-
type asteroid and is thought to be a fragment of asteroid 
4 Vesta [7].  The geometric albedo of 2004 BL86 is 
approximately 0.40 ± 0.08 [7].  2004 BL86 exhibits 
deeper spectral features at wavelengths of 1 μm and 2 
μm, indicating significant abundance of pyroxene, as 
expected of a V-type asteroid [7]. 2004 BL86’s 
pyroxene levels are consistent with non-cumulate 
eucrites (a class of achondritic stony meteorites) [7] 
(Figure 1). 
 

Figure 1. Spectra of Florence and 2004 BL86 measured with 
Prism mode (~0.6-2.50 μm) of NASA IRTF’s SpeX 
instrument [7].  
 

NEAs are widely thought to be the source of water 
and organics delivered to early Earth.  Additionally, 
some NEAs, including Florence and 2004 BL86, are 
considered potentially hazardous objects (PHOs), and 
they could make threateningly close approaches to 
Earth.  Our hypothesis is that Florence and 2004 BL86 
are featureless in the 3-μm band and do not possess 
features indicating water; as S-type and V-type 
asteroids, they are seemingly not carbonaceous or 
primitive objects. 

 
Methods:  Observational Techniques.  We used the 

Infrared Telescope Facility (IRTF) located at Mauna 
Kea, Hawaii to measure the long-wavelength cross-
dispersed (LXD : 1.67-4.2 μm) spectra of both Florence 
and 2004 BL86 with the SpeX instrument.  The 
measured spectra wavelength range includes the 3-μm 
feature attributed to water/hydroxyl detection.  Table 1 
shows some of the observing parameters for Florence 
and 2004 BL86.  We used spectra of G-dwarfs with 
solar-like colors to remove telluric water vapor 
absorption features and to correct for the solar spectrum.  
The raw data were processed and reduced using 
Spextool, an IDL based spectral reduction program 
provided by the IRTF. 

 
Observed 
Object 

Calibration 
Star 

YYYY-MM-
DD 
UTC (midfile) 

Data 
Set 

3122 
Florence 

HD 191022 2017-09-08 
9:33 

1 

3122 
Florence 

HD 191022 2017-09-08 
10:08 

2 

(357439) 
2004 
BL86 

SAO 
174719 

2015-01-25 
11:23 

1 

(357439) 
2004 
BL86 

SAO 
174719 

2015-01-26 
11:47 

2 

Table 1. Observational parameters of Florence and 2004 
BL86. 
 

Thermal Modeling Correction.  The measured LXD 
data contain two flux sources: reflected energy (light 
reflected off the surface of the asteroid) and thermal 
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energy (radiation emitted from the surface of the 
asteroid).  To model and correct the data’s thermal 
emission component (beyond 2.5 μm) and isolate the 
desired reflected flux component, we used the Near-
Earth Asteroid Thermal Model (NEATM) [8, 9] as 
shown in Figure 2.  We fitted the measured thermal 
excess with the NEATM model excess that was then 
subtracted from the measured relative flux spectra of 
Florence and 2004 BL86. 
 

 
Figure 2. Thermally uncorrected data compared with 
thermally corrected data (2004 BL86 Set 2). Notice how the 
curve caused by thermal energy flattens after correction, 
leaving only the desired reflected emission component. 
 

Band-Depth Analysis.  After thermal correction, the 
data were normalized at 2.2 μm (this value was 
arbitrarily chosen because 2.2 μm is the center of the K-
band atmospheric transmission window).  After 
continuum removal, the band depth at approximately 
2.9 μm was calculated and used as a proxy to whether 
water/hydroxyl was present.  Additionally, the band 
depth at 2.0 μm was measured to detect the amounts of 
other minerals such as pyroxene and olivine.  All 
calculations were implemented in Python version 3.8.8.  
The band depth Dλ, where λ is the wavelength, is 
defined as 

𝐷! =	
𝑅" −	𝑅!
𝑅"

, 

where 𝑅! is the reflectance of data at wavelength λ and  
𝑅" is the reflectance of the continuum at the same 
wavelength λ [10]. 

If 𝑅# =	𝑅" − 𝑅!, the uncertainty of each band depth 
measurement is  

𝛿𝐷! =	𝐷! 	 ∗ 	)*
𝛿𝑅#
𝑅#

+
$

+	*
𝛿𝑅"
𝑅"

+
$

	, 

where 
𝛿𝑅# =	-(𝛿𝑅")$ +	(𝛿𝑅!)$. 

 

Variables 𝛿𝑅" and 𝛿𝑅! were calculated during the data 
reduction process by Spextool software [10]. 

 
Results:  Table 2 shows the calculated band depths 

and uncertainties of each data set for Florence and 2004 
BL86.  Figure 3 shows Sets 1 and 2 of each asteroid. 
 

Name Set Band Depth at 2.9 μm 

3122 Florence 1 10.1 ± 9.1 % 

3122 Florence 2 8.6 ± 7.6 % 

2004 BL86 1 -3.3 ± 9.5 % 

2004 BL86 2 -1.0 ± 6.3 % 

Table 2. Band depths and uncertainties sorted by asteroid and 
data set.  A spectroscopic feature at 2.9 μm indicates the 
presence of water/hydroxyl in some form. 
 

 
 

 
Figure 3. The top graph depicts Sets 1 and 2 of Florence 
plotted together, and the bottom graph shows Sets 1 and 2 of 
2004 BL86.  Each data set is normalized around 2.2 μm. 
 

4004.pdf36th Annual Summer Intern Conference (2021)

22



Discussion:  As shown in Table 3, the band depth 
(𝐷!) is greater than 2𝛿𝐷!  for both sets of Florence data, 
meaning that Florence exhibits a 3-μm band feature 
indicating the presence of water/hydroxyl on its surface.  
Meanwhile 2004 BL86 lacks this feature in both data 
sets.  The presence of water/hydroxyl on Florence is 
unexpected and relevant; trace amounts water may be 
found on objects never considered suitable to host this 
volatile. 

There are multiple possible and/or theorized 
explanations for the detection of water/hydroxyl on 
small solar system objects, including the presence of 
endogenic hydrated minerals on their surfaces, and 
exogenic sources such as solar wind implantation and 
carbonaceous impactors [1].  V-type and S-type 
asteroids are known to be rich in dehydrated silicates, 
meaning the presence of abundant hydrated minerals on 
Florence is unlikely.  Due to Florence’s proximity to the 
Sun, solar winds interacting with Florence’s surface and 
producing water/hydroxyl is arguably the most 
plausible scenario.  To be completely certain, we would 
need additional (preferably space-based) observations. 

Observations were ground-based and hindered by 
atmospheric interference as a result.  For example, the 
Earth’s atmosphere is opaque between 2.5-2.8 μm, and 
data within this region were omitted as noise.   
Atmospheric interference also caused a mild source of 
noise at approximately 1.8 μm; this region was left in. 

Figure 4 depicts Set 1 of Florence and Set 1 of BL86 
compared with data from the Bells meteorite [11] and 
the far side of the Moon [12], both shown to contain 
water/hydroxyl in some form. 

 

 
Figure 4. Florence and 2004 BL86 spectra place alongside 
spectra from the carbonaceous chondrite Bells (green) and the 
far side of the Moon (blue). Florence’s 3-μm feature is 
comparable in shape to the Lunar spectrum’s feature.   
 

Conclusions: With NASA IRTF telescope, we 
measured spectra data of Florence and 2004 BL86 
during the asteroids’ close encounters with Earth in 

2017 and 2015, respectively. The measured data showed 
that the surface of Florence contains water/hydroxyl, 
which is unexpected for an S-type asteroid.  Florence’s 
water signature is possibly due to solar wind 
interactions.  Meanwhile, 2004 BL86 does not exhibit 
the same signature, indicating an absence of 
water/hydroxyl- an expected result for a V-type 
asteroid. 
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Introduction: The Dawn mission visited the large 

asteroids Vesta and Ceres in 2011 and 2015, 

respectively, two bodies with strikingly similar 

gravities, but distinct compositions. Vesta is dry and 

basaltic in nature, while Ceres is ~80% ice-clathrate, 

with the remaining 20% made up of assorted 

carbonates, evaporites, and clays [1].  

Vesta is notable for the presence of numerous 

“asymmetrical” craters [2]. These have a section of rim 

that is rounded and rubbly, with the rest consisting of a 

sharp scarp indicating rim failure (Fig. 1a, b). They are 

mostly found on the slopes which abound on Vesta [2]. 

It has been proposed that the rounded section is the 

“original” morphology of the rim, and that the scarped 

section forms shortly after the impact as the rim 

collapses under its own weight [3]. In asymmetrical 

craters, the scarped rims are almost always upslope 

from the rounded ones. This leaves the scarped rim 

higher with respect to the crater floor than the rounded 

one, resulting in more overburden pressure to cause the 

collapse [3]. 

 

 
Figure 1a: Examples of simple craters on Vesta. 

(a) rounded rim (diameter = 1.4 km), (b) asymmetrical 

rim (diameter = 4.8 km), (c) scarped rim (diameter = 

22.3 km) 

 

 
Figure 1b: Examples of simple craters on Ceres. 

(a) rounded rim (diameter = 0.57 km), (b) 

asymmetrical rim (diameter = 2.76 km), (c) scarped 

rim (diameter = 22.36 km) 

 

The final phases of the Dawn mission mapped 

Ceres at a 3.5 meter resolution, resolving the presence 

of numerous asymmetrical craters. These are ten times 

smaller than the ones observed on Vesta, suggesting 

that the weaker ice-rich crust on Ceres has a 

pronounced effect on crater morphology [3], and the 

formation of asymmetrical craters in particular. In this 

abstract, we catalog and compare the crater 

populations of Ceres and Vesta to investigate this 

hypothesis. 

Methods: We used ArcGIS Pro 2.8.1 to create 

crater catalogs for our two targets. The global digital 

elevation models (DTMs) and image mosaics of Vesta 

are the mapping products archived in the Planetary 

Data System, and our Ceres image mosaic was a Dawn 

project preliminary mosaic. The Vesta mosaic and 

DTM is derived from 21 m/pixel imagery, and the 

Ceres mosaic from 3.5-8 m/pixel imagery. 

We divided Vesta into four equatorial quadrants 

(extending to ±50° latitude), and catalogued two of 

them as completely as possible (Figure 2a). High 

northern latitudes were not catalogued due to extreme 

shadowing. On Ceres, due to the limited coverage of 

the 3.5-8 m scale low-altitude imagery and the much 

higher resolution, we only catalogued two narrow 

strips, but at a much higher crater density (Fig. 2b). 

 
Figure 2a: Global cylindrical map showing the 

distribution of craters catalogued on Vesta. 

 

 
Figure 2b: Global cylindrical map showing the 

distribution of craters catalogued on Ceres. 
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For each mapping area, we first recorded crater 

location, rim type, rim percentages, and preservation 

state; rejecting craters too degraded to retain their 

original morphology. We divided craters into three 

types of rim- rounded, asymmetrical, and scarped. 

Rounded craters were those whose rims were already 

round after formation, i.e. not softened by erosion. 

Scarped craters had a clear scarp for 100% of their 

circumference; asymmetrical craters had sections with 

both types of rim, and we recorded what percent each 

one made up. 

On the second pass, we corrected the classification 

as needed, and then used the Measure tool to 

determine diameters (in km). For circular craters, two 

near-perpendicular measurements were taken and 

averaged; for non-circular craters, we traced the rim, 

then divided the circumference by π. 

On Vesta, we took a third pass to collect elevation 

data (in km); this was impractical on Ceres as only one 

crater was large enough to appear on the global 35 m 

DTM (since no DTM has been made from the higher 

resolution extended mission data yet). We used the 

DTM to estimate the highest and lowest point on the 

rim, then used the Stack Profile tool to take a profile 

going through those two points and the center of the 

crater. We then used the profile to measure the highest 

and lowest rim elevations, and the floor elevation. We 

converted these to rim elevations with respect to the 

floor, and calculated the difference between the rim 

elevations. 

It has been proposed that rim failure in these craters 

is triggered on the high rim crest by the exceeding of 

the effective strength of the disrupted rim material [3], 

and that this is due to the greater relative height and 

resulting overburden pressure of the upper rim. The 

overburden pressures (in N) for the highest and lowest 

points on the rim were calculated with the expression 

ρgh [1], with ρ being the crustal density (2900 kg/m
3
 

for Vesta), g being gravitational acceleration (0.22 

m/s
2
), and h being rim elevation. In addition, the bulk 

slope, or slope of the land the crater was emplaced in, 

was estimated by dividing the difference in elevation 

by the diameter. Rim-to-floor slopes were 

approximated (pending derivation of slope maps) by 

dividing the rim-to-floor elevation by the radius (half 

of the diameter). 

Results: Due to the much higher resolution on 

Ceres, and the much smaller area covered, many of the 

craters in that population are significantly smaller than 

those on Vesta (Figs. 3, 4). Asymmetrical craters were 

much more common on both bodies than scarped ones 

in the diameter range sampled, and both appeared 

down to the limits of image resolution. Very few 

rounded craters were found, and all were relatively 

small compared to the overall dataset, with the fewer 

largest craters being exclusively scarped. 

 
Figure 3: Histogram of rounded, asymmetrical, 

and scarped classifications for Vesta. 

 
Figure 4: Histogram of rounded, asymmetrical, 

and scarped classifications for Ceres. Note scale of y 

axis. 

 

The approximate rim slopes associated with each 

morphology in asymmetrical craters on Vesta show a 

sharp divide at 23° with almost all of the rounded 

shallow rims below this threshold and the scarped deep 

rims above (Fig. 5a). We note that approximate rim 

slopes in scarp-dominated craters are nearly all on or 

above the threshold (Fig. 5b). (Once again, these 

values are approximate, pending the derivation of 

slope maps for both bodies). 
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Figure 5a: Diameter versus rim slope for 

asymmetric craters on Vesta. Blue slopes are for upper 

rim crests with scarp morphology, and red are for 

lower rim crests with rounded morphology. Note the 

differentiation. 

 
Figure 5b: Diameter versus rim slope for fully-

scarped craters on Vesta. Blue points are for upper 

rim crests, and red points for lower. Note the inclusion 

of several rounded craters in green. 

 

There was also a clear divide between the 

overburden pressures at the shallowest and deepest 

rims (again, corresponding to rounded and scarped in 

the asymmetrical craters; Figs. 6a, b). This trend 

continues down to the smallest diameters in our 

survey. 

 
Figure 6a: Diameter versus estimated overburden 

pressure for shallow (red) and deep (blue) rim 

segments in asymmetrical craters on Vesta. 

 

Discussion: The presence of a clear divide between 

the slopes of rounded and scarped rims in 

asymmetrical craters (Figs. 5a, b) indicates that 

effective slope is likely a trigger for failure on the 

higher rim segment. However, the data do not reveal 

any obvious lower diameter cut-offs for scarp 

formation, a point below which all rims are too low to 

fail. Completely rounded craters that did not fail are 

extremely rare, and asymmetrical and fully-scarped 

craters coexist to the smallest discernable diameters. 

 

 
Figure 6b: Diameter versus overburden pressure 

for shallow (red) and deep (blue) rim segments in 

scarped craters on Vesta. The small green points at the 

bottom are the rounded rim craters. 

 

This indicates that local slope conditions dominate 

rim failure and that the inherent strength of the 

material has a more limited role to play, perhaps in the 

larger apparent transition to completely scarped simple 

craters observed on Vesta. High-resolution elevation 

data on Ceres corresponding to the 3.5 m extended 

mission data is not yet complete but will be useful in 

verifying the preliminary Vesta findings. 

Conclusion: Our initial hypothesis that the very 

different material strengths of Ceres and Vesta 

influence the morphologies and formation of 

asymmetric craters was only partially borne out in the 

apparently larger threshold to all-scarp morphologies 

in such craters. The different rim morphologies of 

rounded and rubble-strewn versus sharp scarps 

indicative of failure appear to be controlled more by 

the local slope conditions. Future work includes more 

precise slope measurements and a survey of rim failure 

in asymmetrical craters on the Moon, which has a 

similar dry silicate composition to Vesta but higher 

surface gravity, as well as icy bodies such as the 

Saturnian satellites. 
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Introduction:  Current understanding of the verti-

cal water vapor profile of the Martian atmosphere is 

incomplete due to limitations in both ground-based and 

orbital measurements. In situ measurements, such as 

those obtained by the Phoenix (PHX) Thermal and 

Electrical Conductivity Probe (TECP), or those ob-

tained by the Mars Science Laboratory (MSL) Rover 

Environmental Monitoring Station (REMS), are lim-

ited to the surface [1-3]. In contrast, orbital data do not 

allow for diurnal coverage or resolution of the lower 

layers of the atmosphere due to geometry and the tran-

sient nature of these measurements [4]. Filling this gap 

is essential, as understanding the vertical distribution 

of water vapor provides insight into the role of rego-

lith-atmosphere interactions. The extent to which the 

Martian surface plays in the diurnal exchange of at-

mospheric water vapor is not well known, however, 

there is general agreement that this interchange has an 

impact on the vertical water vapor profile. Previous 

studies have shown that water vapor is not well mixed 

at the surface, with the layer that exchanges diurnally 

with the regolith at around 0.5-1 km [2]. This indeed 

suggests a surface interaction that affects the vertical 

distribution of water vapor at the lowest layers of the 

atmosphere. 

Understanding the near-surface Martian environ-

ment is important for current and future missions to the 

red planet, including aspects such as in situ resource 

utilization, climate, and habitability. Specifically, the 

vertical water vapor profile is necessary in determining 

the stability of ground ice and water ice clouds [5]. 

Such knowledge of the formation conditions and diur-

nal/seasonal evolution of water vapor will ultimately 

aid in a future human presence on Mars.  

Objective: The main goal of this study is to deter-

mine the water vapor profile at PHX and MSL by uti-

lizing ground-based and satellite measurements in 

combination with the University of Helsinki 1D Mars 

(SCM) model [6]. By tuning certain key SCM parame-

ters, we match these measurements to ensure an 

agreement between simulated and measured values. 

We then simulate vertical profiles of water vapor and 

analyze net water transport between the atmosphere 

and regolith. 

Data:  We use in situ data from the PHX and MSL 

missions, as well as collocated measurements from the 

ExoMars Trace Gas Orbiter (TGO). 

Recalibrated measurements from PHX/TECP were 

obtained from the Planetary Data System (PDS). The 

data included diurnal measurements of relative humidi-

ty (RH) and derived water vapor pressure (e). Air tem-

perature at a height of 2 meters along with air pressure 

were obtained from the Meteorological Station (MET) 

instrument. Data was collected from PHX for 152 sols, 

from Ls 78° to Ls 148°, or during the early northern 

summer [7]. 

Diurnal ground and air temperature, pressure, and 

RH measurements were obtained from MSL/REMS. 

MSL was not able to collect reliable diurnal measure-

ments of e [1]. Instead, few nighttime and daytime 

water vapor volumetric mixing  ratios (VMR) were 

obtained by both REMS and ChemCam respectively, 

and values of e were calculated for each sol.  

Orbiter measurements from TGO were used at se-

lected Ls where there were in situ operations overlap. 

TGO measurements included the tangential altitude 

above the Martian surface and VMR for the duration of 

the overhead pass. 

Processed TGO measurements are currently only 

available between Ls 162° and 345° in Martian Year 34 

(MY34), therefore there is no overlap in Ls with PHX 

operations. Collocated with MSL, 3 retrievals are 

available at Ls 233°, 242°, and 296°, corresponding to 

sols 2145, 2159, and 2244. 

Methodology: We used SCM to simulate the verti-

cal water vapor profile in the Martian atmosphere. The 

model was initially constrained using key parameters 

obtained from surface measurements at Gale crater 

such as ground temperature, surface pressure, dust 

aerosol opacity, surface albedo, precipitable water con-

tent (PWC), and VMR. The best-fit parameters were 

found by matching in situ REMS/ChemCam tempera-

ture, RH and VMR measurements to corresponding 

simulated values of the model output, ensuring that 

good agreement was found between simulations and 

surface measurements.  After achieving a good match 

with in situ data, the vertical profile of water vapor for 

each Ls was produced.  

Figure 1 shows the diurnal evolution of measured 

and simulated ground temperature (a), RH (b), and e 

(c) for Ls 296° of the MSL mission. The vertical water 

vapor profile of Ls 296° at Gale crater was produced 

using the set of best-fit parameters from Figure 1 and 

were compared to TGO measurements from the same 

Ls and Local Mean Solar Time (LMST). Vertical pro-
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files were then created for various times to show how 

water vapor levels near the surface change throughout 

the day. 

Results: Figure 2 shows the diurnal evolution of 

the vertical water vapor profile at seven hours of the 

day for Ls 296°, with simulated mass mixing ratio val-

ues extending from the surface up to 40 km in altitude. 

The model agrees with TGO measurements retrieved at 

18:00 LMST (blue crosses) at a height of around 20 

km, with water vapor well mixed above 4.5 km, as 

well as between 3.5 km and 200 m. Simulations for Ls 

233° and 242° also yielded good agreement with collo-

cated TGO data at corresponding LMST. 

Below 200 m, water vapor is not well mixed. For 

the early morning and nighttime hours (4:00, 8:00, 

18:00, 20:00, 24:00 LMST) atmospheric water vapor 

decreases below 200 meters, following adsorption of 

water onto the ground. During midday conditions 

(12:00 and 16:00 LMST) the amount of water vapor 

increases below 200 m, due to higher ground tempera-

tures that release adsorbed water into the atmosphere. 

This behavior indicates that surface-atmosphere inter-

actions drive net water transfer in the first few hundred 

meters of the Martian atmosphere. 

 
Figure 1: (a) Diurnal ground temperature (b) diur-

nal RH at 1.6 m (c) 1D model of water vapor pressure 

versus two calculated in situ measurements at 7:00 and 

10:30 LMST using VMR data from REMS/ChemCam. 

 

Conclusion: The 1D model shows that water vapor 

is not well mixed in the lowest few hundred meters, 

showing that a regolith-atmosphere interchange occurs 

during the early morning hours and late evening. Dur-

ing midday when the surface temperature is higher, 

simulated values show that water vapor is released 

from the ground into the atmosphere, eventually reach-

ing the mixing altitude.  

These results agree with PHX simulations per-

formed by Savijärvi et al. (2010) [8], demonstrating a 

decrease in water vapor in the lowest 500 meters of the 

atmosphere for early morning and night hours, as well 

as an increase during midday.  

 
Figure 2: Simulated vertical water vapor profiles 

(red, blue, light-blue, black lines) at various times of 

day for Ls 296° using parameters obtained from 

REMS/ChemCam measurements at Gale crater. TGO 

measurements at 18:00 LMST shown in blue. 

 

By studying the behavior of water vapor in the 

lowest layers of the atmosphere, we were able to pro-

vide insight into the role of the surface in diurnal water 

exchange. This regolith-atmosphere interchange of 

water vapor ultimately has implications for the Martian 

water cycle and present-day climate. 

Future Work: We plan to perform simulations of 

vertical water vapor profiles for various sols apart of 

the PHX mission once in situ data is obtained. We also 

plan to submit an abstract of our results to the LPSC, 

along with a final paper containing an in-depth analy-

sis using the University of Helsinki 1D model.  
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Introduction: One of the striking discoveries of 

the Magellan radar mission to Venus was that Venus’s 

highest mountains have strikingly different radar 

properties than the rest of the planet. We find that these 

properties vary with latitude, and (to some degree) 

with location. The Magellan spacecraft mission to 

Venus lasted from 1990 to 1994, with the objective to 

map more than 70% of Venus’s surface at a resolution 

greater than 300 m per pixel [1]. The three types of 

data retrieved with Magellan are synthetic-aperture 

radar (SAR) imaging (left and right looking, although 

limited), altimetry, and radiometry (Fresnel reflectivity 

and emissivity). Visible light cannot penetrate through 

the opaque and dense atmosphere on Venus, so radar 

imaging at a 12.6 cm wavelength and horizontal 

polarization (HH) was used to map the surface instead 

[1]. Altimetry measures the altitude of the surface 

relative to the center of the planet. Reflectance is a 

material property affected by chemical composition 

and surface roughness of the rocks, and refers to the 

proportion of radar energy that are reflected back to the 

probe (i.e., similar to how a black piece of paper will 

absorb more light than a white piece of paper). 

Emissivity is the approximate inverse of reflectivity, 

and is nearly independent of surface orientation] 

While most of Venus’s lowland plains have low 

radar backscatter (i.e., appear dark in SAR images), 

many highlands appear anomalously bright. Highlands 

display an abrupt change in radar properties (SAR 

backscatter, emissivity, reflectivity) at an averaged 

critical elevation of 5 km [2-4]. This critical elevation 

is especially distinct on Maxwell Montes (60–68°N), at 

about 4.5 km in elevation, and is referred to as a 

‘snowline’ because above that elevation the surfaces 

appear very bright in SAR images (i.e., have high radar 

reflectance). The explanation for the snowline is still 

under debate [5-10], though the main hypotheses are 

that semiconductor compounds (pyrite, magnetite, etc.) 

are formed by the atmosphere reacting with the rocks 

[6, 8], or that metallic frosts are precipitating from the 

atmosphere and overlaying the rocks (Te, Pb, Bi, etc.) 

[5, 7, 9, 11]. 

Here, we test these hypotheses by studying the 

spatial arrangement of the changes in radar properties 

across Maxwell Montes. 

Methodology: All the data used here was from the 

public record of the Magellan spacecraft mission  

(1990-1994). We used: SAR left-look imagery (spatial 

resolution as great as 75 m per pixel), Fresnel 

 
Figure 1. (a) Left-look SAR image of general study area on Maxwell Montes. Blue, red, yellow, and green lines represent 

individual sections of the snowline edge. Each line segment has a corresponding section in profile graph (b), respectively. 

North is up. (b) Profile graph of the snowline on Maxwell Montes. Elevation is plotted against distance. *Distances in 

ArcMap are about twice the actual distance.   

 

b) 

 

a) 

* 
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reflectivity, emissivity, and altimetry.  

Mosaics of each dataset were provided by and 

available on the Astrogeology USGS website [12]. 

These data were imported to ArcGIS©, in which most 

processing was done. We initially created scatterplots 

of elevation versus emissivity to compare and verify 

the observations of [3, 4]. Sections of distorted or 

missing emissivity data (i.e., artifacts) were carefully 

eliminated from the data set and the graphs generated 

from them.  

Results: Snowline Elevation: One of our objectives 

was to determine the relationship between the snowline 

edge and elevation. In Figure 1, we traced the 

perimeter of the snowline, then plotted elevation 

against the length of the line. Our Snowline elevation 

plot reveals a NW-SE trend of a decreasing snowline 

elevation. Figure 1 shows our trace of the Maxwell 

snowline, as it appears on the published SAR mosaic, 

and a graph of the snow line’s elevation (Magellan 

altimetry) around Maxwell. The line is in four color 

segments to allow easier correlation between map and 

graph. From Figure 1, it is clear that Maxwell’s snow 

line is not at a constant elevation. This result from 

SAR backscatter is verified in both Magellan 

emissivity and reflectance – the sharp change in all 

these properties is not at a constant elevation around 

Maxwell.  

First, it appears that there is a strong latitudinal 

control on the elevation of the snow line, from ~4.2 km 

elevation in the SE of Maxwell to ~8 km in the NW. 

Second, there are significant local variations in the 

elevation of the snow line. The huge variations (Fig. 

1b) in the blue part of the line (WNW) could represent 

poor registration between elevation and backscatter 

along Maxwell’s sharp western front. However, the 

snowline elevation also varies significantly on its 

eastern edge (against Fortuna Tessera) and to a lesser 

extent on its northern edge.  

Discordance of Elevation & Reflectance: To 

understand whether radar properties were affected by 

local topography and/or geology, we also plotted 15 

linear profile graphs across Maxwell Montes (general 

study area, 60–68°N) correlating reflectivity, 

emissivity, and elevation against distance. Two of said 

profile graphs are presented in Figure 2. The expected 

trends of reflectivity and emissivity are that they plot 

inversely of each other across at any given area. Note 

that emissivity data has a lower resolution than 

reflectivity and may not always plot as an exact inverse 

to reflectivity across a shorter distance (i.e., emissivity 

does not match smaller spikes in reflectivity). 

Reflectivity has a direct relationship with elevation, so 

it’s expected to trend similarly to the elevation profile 

line (i.e. as elevation increases, so does reflectance).   

We observe the inverse relationship of radar 

properties on Maxwell Montes; however, we also 

observe anomalous decreases in reflectivity at the 

highest elevations. On Profile 1 (Fig. 2), starting at 

~700 km in distance, reflectivity does not increase at a 

similar rate of elevation (~9km elevation), and remains 

relatively low until ~1100 km in distance, just past the 

highest elevations.  

On Profile 2, we observe a similar discontinuity 

between reflectivity and elevation. At ~600 km 

distance, reflectivity increases with elevation then 

rapidly drops past ~7 km of elevation. Past the highest 

elevations, when elevation drops to ~7km (~1300 km 

distance), reflectivity follows the elevation trend once 

again.  

Discussion: Snowline Elevation: We have three 

hypotheses for the origin of Maxwell’s snowline. 

1) Snowline represents a current process related to 

specific temperatures: If the snowline represents an 

isotherm [5-8] then northern Maxwell has higher 

temperatures by ~30 K, assuming that the equatorial 

mean lapse rate of ~7.7 K/km at altitudes below 60 km 

can be applied to peripolar mountainous terranes [13]. 

Note that the Pioneer Venus North probe landed just 

south of Maxwell, and showed essentially the same 

temperature structure and wind speeds as the other 

probes at lower latitudes [13]. 

2) Snowline represents a current process but is not 

related to a specific temperature: The NW-SE 

decreasing elevation of the snowline could indicate 

winds blowing up the southern side of Maxwell, 

precipitating ‘snow’ out of the atmosphere, and leaving 

a ‘snow shadow’ in the NW region. We do not have 

evidence of S-N wind streaks in the SAR data mosaic. 

However, the global climate model (GCM) of [14] 

suggest that winds across Maxwell run SE to NW in 

the day and at night.  

Alternatively, rock types on Maxwell Montes could 

vary from SE to NW, such that the reaction between 

atmosphere and rock happens at higher elevation 

(lower temperature) to the NW.  

3) Snowline represents a past process, relict of 

older process(es): Maxwell is described as a fold and 

thrust belt trending NNE-SSW [15] that may still be 

undergoing tectonic uplifting. The difference of 

snowline elevation from NW to SE is roughly ~4 km 

across ~850 km. At an earlier point in time, the 

snowline could have been an isothermal or iso-

elevational feature formed by compounds precipitating 

from the atmosphere [5, 7, 9, 11] or atmosphere-rock 

reactions [6, 8] before significant tectonic events 

occurred in the region.  

Discordance of Elevation & Reflectance: The drop 

in reflectivity at the highest elevations in Figure 2 
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suggests a lack of semiconductors (i.e., pyrite, 

hematite, etc.) in the rocks. Provisionally, we interpret 

this discrepancy to indicate that Maxwell is composed 

of multiple rock types.  
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Figure 2. (a) Map of profile lines. North is up. (a, b) Profile graphs of emissivity, reflectivity, and elevation plotted against 

distance from (a) 6o 17’ 53.7” W, 66o 45’ 6.5” N to 11o 30’ 33.4” E, 65o 35’ 21.4” N and (b) 5o 33’ 16.7” W, 64o 21’24.3” N to 

13o 58’ 15.5” E, 64o 21’ 12.8” N. Emissivity and reflectivity values are scaled such that EMISSIVITY=(actual value*10 000)+1 

and REFLECTIVITY=((actual value*200)+1)*50. Equations are from [j]. *Distances in ArcMap are about twice the actual 

distance.   

a) 
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Introduction:  Sapas Mons is a large volcano on 

Venus with topographic radius 125-150 km and with 

flow units emanating to more than 300 km from the 

summit [1, 2]. Magellan radar imagery shows that the 

summit is surrounded by a series of sets of 

circumferential extensional faults (graben) and 

fractures. These features (Fig. 1) most likely delineate 

the outer boundary of the subsurface magma chamber. 

   
Figure 1: Image of Sapas Mons from the NASA 

Magellan mission [3]. The image is a 650 km square 

that has been cropped to about a 163 km square. 

Arrows indicate circumferential faults, fractures, and 

pit systems. 

The flexural stress state for a volcanic edifice tends 

to result in compressional stresses near the summit, 

contrary to the extensional nature of these observed 

faults (Fig. 1). We are investigating how to model a 

stress state that is consistent with the observed graben 

without creating large enhanced compressional stresses 

elsewhere. To discover the conditions that lead to the 

observed faulting, we implemented models of the 

volcanic edifice in the COMSOL multi-physics 

package. 

Methods:  In COMSOL we calculated stresses and 

strains in edifice-loaded elastic substrates in 

axisymmetric geometry [e.g., 4-6]. The models 

consisted of an edifice and an elliptical magma 

chamber of varied depths embedded in the substrate. 

The models produced the horizontal normal stresses in 

the plane of the model (r, the “radial” stress) and 

perpendicular to the plane (, or the “hoop” stress), 

and also the vertical normal stress  . We also 

calculated the “proximity to failure” (Pf) parameter, a 

measure of how close a given stress state is to failure 

according to a Mohr-Coulomb failure criterion: a value 

of 1 indicates that faulting is expected to happen at that 

location. We displayed these stress-related quantities in 

the plate’s cross-section and also plotted along the 

surface of the edifice and lithosphere (the latter 

corresponding to the base of the volcanic edifice).  

We investigated two different types of substrates 

supporting the edifice. A volcano the size of Sapas 

Mons would be expected to induce lithospheric 

flexure, so we created models of edifices flexurally 

loading a lithosphere of thickness 20-50 km. However, 

models with flexure induce large amounts of horizontal 

compressive stress that may render it difficult to see 

signs of extensional stress at the surface of the model. 

Thus, we also constructed models of a “half-space” 

model in which vertical deflections from loading and 

horizontal compressive stresses in the edifice are 

small. Such a case may correspond to support of 

volcanoes by be dynamic forces in the mantle, related 

to plume upwellings, which counteract the effects of 

flexure. 

We also investigated two cases for edifice loading: 

an instantaneous model, meaning it was one slab 

placed on top of the lithosphere, and an incremental 

model where the edifice was emplaced in successive 

layers.  

The magma chamber variables we studied were 

chamber depth and values of overpressure. We used 

negative overpressure values because we are 

investigating the collapse of the chamber following 

eruption. The distance parameters used were edifice 

size, chamber depth, flexure, and lithosphere thickness 

Te. 

In the preliminary phase of our studies, we tested a 

COMSOL model of flexure by comparing it to results 

of an analytical thick-plate flexure model [7] using 

MATLAB. The COMSOL model and analytical model 

(Fig. 2) matched well so we are therefore confident in 

our ability to create a COMSOL model with flexure. 

 
Figure 2: Comparison of analytical model 

(MatLab) and benchmark model (COMSOL). We 

adopt the convention that extensional stress is positive.  

Results: 
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 Half-space model. From the half-space model, we 

were able to output a cross-sectional differential stress 

plot (Fig. 3, a) and proximity to failure plot (Fig. 3, b). 

 

 
Figure 3: Cross-section of upper portion of the 

half-space model, with 5km chamber depth. (a) 

Differential stress with a color scale of x108. (b) 

Proximity to failure (Pf). 

Note that in practice there is usually a narrow zone 

of proximity of failure greater than or equal to 1 at the 

surface between r = 0 and the chamber edge, indicating 

failure in the compressive regime. However, 

compressional features on volcanic edifices often have 

length scales that are small [8] and in this case they are 

definitely unresolved in the Magellan topography 

dataset and quite unlikely to be resolved in the 

Magellan Synthetic Aperture Radar (SAR) imaging 

dataset. Thus, the prediction of this narrow zone of 

compressional faulting does not necessarily lead to 

disqualification of the model.  

In the half-space models, we adjusted the 

overpressure in order to produce a pattern in the 

proximity to failure (Pf) function that showed 

enhanced extensional failure above the chamber 

margin (corresponding to the location of the observed 

circumferential faults and fractures on Sapas Mons), 

and minimal enhancement of compressive failure 

elsewhere. We varied the depth of the chamber, and we 

demonstrated that the magnitude of the overpressure 

required to produce predicted fracturing above the 

chamber edge increases with increasing depth of the 

chamber. Our criterion for establishing this condition 

is qualitative at this time, so no major significance 

should be attributed to deviations from a smooth line 

or curve. 

 

 
Figure 4: Normal stresses (r, ,and z) and 

proximity to failure (Pf) for a half-space model with a 

5 km chamber depth. (a) At edifice surface. (b) At 

lithosphere surface (base of volcano for r<200 km). 

 
Figure 5: Chamber overpressure versus chamber 

depth. 

Flexure model. The models with chambers 

embedded in an edifice-loaded lithosphere (“flexure 

model”) showed high compressional stresses along the 

top of an instantaneously emplaced edifice, which 

strongly inhibits because the formation of extensional 

features. To better characterize the combined edifice 

and chamber loading stress states, we created plots of 

at the surface of the edifice (Fig. 6). 
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Figure 6: Normal stresses (r, ,and z) and 

proximity to failure (Pf) for a flexure model with Te = 

40 km and 5 km chamber depth at edifice surface.  

Discussion:   

Half-space model. In half-space models spanning a 

range of chamber depths, there is a maximum in Pf and 

positive (extensional) values of r at the radial distance 

of the observed fractures, and generally small values of 

Pf elsewhere (Figures 3 and 4), findings consistent 

with the observed extensional fractures at Sapas Mons. 

At the edifice surface (Figure 4a) the vertical stress 

is intermediate between two horizontal stresses r and 

,, and the former of these is strongly positive 

(extensional). These findings indicate strike-slip faults 

or tensile cracks, respectively, not graben (which are 

shear, not tensile, features) as observed at Sapas Mons. 

However, at the base of the volcano (or “lithosphere 

surface”), the vertical stress is more compressive than 

the horizontal normal stresses, indicating a normal 

faulting state (Figure 4b). This finding is consistent 

with rock mechanics theory showing the increasing 

importance of overburden pressure in controlling 

fault/fracture expression.  

Flexure model. Failure (Pf = 1) is predicted along 

the surface of the edifice because of the high level of 

compressional stresses, and also along the surface 

beyond the edifice with high levels of extensional 

stresses. Comparing Pf at the edifice surface and the 

base of the volcano, the difference is small. However, 

there is a slight change in the radial distance at where 

the strike-slip state occurs (i.e., where the vertical 

stress curve crosses that for one of the horizontal 

stresses) and there is a difference in the magnitude of 

compressional stresses at r=0. It is not possible to 

demonstrate extensional failure at the surface of an 

instantaneous edifice model with flexure, in conflict 

with the observations at Sapas Mons.  

Model Evaluation. The half-space model is the 

most successful, and represents a case with minimal 

downward deflection (and resulting compressive 

stress) from loading, in contrast to the flexure case. 

This finding suggests that Sapas Mons currently 

benefits from some sort of flexure-offseting 

topographic support, such as could result dynamically 

from the mantle plume that supplies the volcano with 

magma. Further, Sapas appears to be emplaced atop a 

broader topographic swell, which is also consistent 

with mantle dynamic support.   

Conclusion: We have learned that magma 

deformation can show fractures, but only a few of our 

models were successful. The half-space model with an 

instantaneous edifice is the most successful due to the 

topography and dynamic support on Sapas Mons. We 

are working on making a flexural model with time 

dependent edifice emplacement that we hope will 

reduce the extreme compression seen at the edifce 

surface and therefore also be successful to show a 

possible origin for fractures on Sapas Mons. 
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June 28, 2021. The Meteorite Laboratory. The curation and collection of Antarctic meteorites is a U.S. 

funded, cooperative effort among NASA, the National Science Foundation, and the Smithsonian Institution. 

Meteorites of greater interest and undergoing detailed study are kept at JSC for distribution to the scientific 

community, but irons are sent directly to the Smithsonian Institution. 

11111......._ 
June 29, 2021. The Experimental Impact Laboratory (Ell). The Ell has three different accelerators, each of 

which is used in its own way to simulate the effects of impact and shock on planetary surfaces and materials. 

Impacts in the Ell typically occur under near-vacuum conditions (pressures well below 1 torr). 

July 9, 2021. The Sample Laboratory Facility is a repository and laboratory facility at NASA's Lyndon B. John

son Space Center in Houston, Texas, opened in 1979 to house geologic samples returned from the Moon 

by the Apollo program missions to the lunar surface between 1969 and 1972. 
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