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GEOLOGY OF THE LUNAR SMYTHII BASIN. R. S. Albach1,2 and H. M. Meyer1, 1Lunar and Planetary Institute, Universities Space Research Association, Houston, TX 77058, 2 Wellesley College Department of Geosciences,
Wellesley, MA, 02481 (ralbach@wellesley.edu)
Introduction: The Smythii basin is a multiring,
Pre-Nectarian impact basin on the Moon’s eastern limb.
Smythii has an absolute model age (AMA) of 4.26 Ga,
making it the fifth oldest on the Moon and ~200 Myr
older than the nearby Crisium basin [1]. Unfortunately,
the basin’s total extent is not well constrained due to
subsequent modification, but the observed rings have
diameters of ~350 km and ~910 km. The basin’s old age
makes it a unique location to study early basin formation
processes, crustal structure, and modification processes.
Smythii was last mapped using Clementine, Lunar
Prospector, and Apollo data [2]. Here, we present a new
geologic map based on recent, higher-resolution datasets produced by the Lunar Reconnaissance Orbiter
(LRO) and Kaguya to address remaining questions related to the basin deposits, such as the presence of ancient impact melt [2-3]. While previous maps focused
on Smythii’s central basin floor, the purpose of this
work is to provide a map at a scale of at least 1:2.5 million including both the basin interior and exterior to (1)
determine the geologic history of the basin, (2) investigate the crustal structure at the time of formation, and
(3) assess the possibility of impact melt exposures
within the basin [2].
Methods: Initial mapping of Smythii was completed in ArcMap 10.5.1 on the basis of morphology,
texture, and topography at a scale of 1:2.5 million, with
subsequent iterations at a scale of 1:300,000. Mapping
was conducted on the LRO Wide Angle Camera (WAC)
morphology basemap [4] and albedo mosaic [5]. Mapping was aided by a roughness map derived from the
standard deviation of slopes over baselines of 1000,
667, and 333 meters [6] and by a color hillshade, both
derived from the GLD100 DTM [7]. Kaguya Terrain
Camera images [8] were used in areas of ambiguity. After mapping the geologic units, stratigraphic relationships between units were determined. The stratigraphy
of the basin is presented in a correlation chart alongside
the map (Fig. 1). Compositional statistics for the individual map units were extracted from a Clementine FeO
map [9], Kaguya Multiband Imager (MI) mineral maps
[10], and an LROC WAC TiO2 map [11].
In addition to mapping and gathering compositional
information, areas of interest within the basin were explored using Mini Radio Frequency (Mini-RF) S-band
data [12]. Specifically, S-band circular polarization ratio (CPR), S1, opposite-sense (OC) and same-sense
(SC) returns, and mchi decompositions [13] were used

to investigate the subsurface composition of putative
melt deposits on the basin floor [2].
Observations: With the new geologic map, as well
as existing model ages for units within Smythii, we interpret the geologic history of the basin, review proposed impact melt, and briefly interpret the crustal
structure and composition when Smythii formed.
Geologic History and Stratigraphy: Recent AMAs
place Smythii’s formation at 4.26 Ga [1][14], early in
the Moon’s history. Prior to mare emplacement, several
craters within the central basin of Smythii formed, with
subsequent intrusions pushing up their floors. We interpret their floors as reflecting the composition of the
original feldspathic basin floor (Table 1). Dark halo craters (DHCs) in Smythii’s main basin indicate an early
mare infill which was resurfaced by basin or local impact ejecta, estimated to be at least 3.9 Ga [2][15]. The
low albedo, largely continuous mare unit to the NW has
AMAs of 3.48 and 3.14, suggesting multiple emplacement episodes [14]. Little surficial evidence, such as
flow fronts or compositional variations, exists to delineate between events. These (at least) two mare emplacement events were followed by episodes of explosive
volcanism, associated with floor fractured craters, draping nearby basin floor materials with low albedo, highiron, high-olivine pyroclastic deposits. Nearby craters
also excavate high-olivine deposits that may indicate the
presence of buried pyroclastic deposits or an older mare
of distinct composition.
Many processes, such as lateral mixing and ejecta
emplacement (e.g., Crisium and smaller events), modified the area outside Smythii’s central, inward facing
scarp. Light plains surround the basin, but many of these
deposits have ambiguous origins. Clustered light plains
on the eastern side of the basin do not have clear origins,
but are feldspathic and lack observable DHCs. However, the bulk of the light plains on the western side exhibit DHCs, suggesting the presence of cryptomaria.
Smooth plains, which are distinguished from light
plains and maria by their intermediate albedo, display a
more mafic composition, which may also indicate resurfaced basalts and compositional mixing.
Mare Marginis to the north lies within Smythii’s
outer ring. Mare Marginis exhibits at least two episodes
of mare emplacement: one around 3.88 Ga and another
at 3.38 Ga [16], with a cryptomare deposit of at least
3.88 Ga [13]. Mare Marginis and Mare Smythii both
embay the ejecta of Neper; however, there are no clear
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Unit Name

FeO

Cpx

Olivine

Opx

Plag

TiO2

Mare Smythii

14.57

20.8

10.0

19.9

49.1

2.02

Mare Marginis
Mare Undarum / Spumans
Mare Neper
Cryptomare

15.65
12.73
14.69
11.40

26.2
18.7
26.7
18.3

7.01
5.71
5.96
5.85

23.7
19.3
21.7
15.0

42.9
56.2
45.5
60.7

2.20
1.20
1.78
1.07

Pyroclastic Deposits

14.34

13.4

15.0

17.6

53.8

2.20

Post-Mare Crater Material

10.18

17.2

5.47

17.0

60.2

1.40

Pre-Mare Crater Material

11.28

18.1

7.34

1.28

61.6

1.39

Rim

7.34

11.3

4.16

6.6

77.8

1.01

Light Plains

7.93

11.0

4.03

8.9

75.9

1.00

Smooth Plains

10.15

14.3

3.43

15.4

66.7

1.02

Table 1: Compositional and mineralogical analysis results. FeO, Cpx (clinopyroxene), Opx (orthopyroxene) and Plag (plagioclase) weight % values were pulled from Kaguya Multiband Image maps [10] and TiO 2 weight % data came from LROC WAC
[11].

constraints for the age of Neper’s interior mare deposit.
Mare Undarum and Mare Spumans to the west, which
are compositionally indistinguishable,
flooded
Crisium’s ejecta, making them <4.07 Ga [1].
Proposed Impact Melt: Gillis and Spudis [2] proposed that fractured materials in the basin floor may be
basin impact melt. Further investigation using Kaguya
compositional data indicates that the composition of the
fractured material is indistinguishable from the surrounding mare deposit. In radar data, the proposed melt
deposit displays very low return and low CPR identical
to that of the adjacent mare. The fractures are morphologically crisp and display no compositional variation.
Nearby mare-flooded craters display similar polygonal
fracturing both crisp and subdued, indicating that the
fractures are a common regional feature. As such, the
proposed melt is likely mare basalt.
Crustal Structure and Composition: Mapped units
like the rim and pre-mare craters provide information
about the original crustal structure and composition of
Smythii. A portion of the inner ring is well preserved as
a topographic high around the southern half of the basin.
The ring’s composition, 7.34 wt.% FeO and 77.8 wt.%
plagioclase, indicates Smythii excavated feldspathic
crust. Observed compositional mixing due to proximity
to the mare and pyroclastic deposits likely contributed
to the measured FeO values. Within the basin center,
floor fractured craters have raised floors and rims which
are embayed by the surrounding mare. We posit that the
composition of the crater material represents the original composition of the basin floor. While the average
FeO content of these materials is 11.28 wt.%, some areas exhibit FeO contents of 5-6 wt.% and 84-85 wt.%

plagioclase. We interpret the high average FeO content
as the result of post-mare mixing.
Conclusions: We present a new map of the
Smythii basin, which reveals the geologic history of the
basin in unprecedented detail. Our mapping indicates
that the basin excavated feldspathic materials. The interior floor was heavily modified by impacts and intrusive
volcanism before the emplacement of at least 3 episodes
of mare volcanism. Explosive volcanism may have begun prior to mare emplacement, but the observed deposits superpose the maria. Overall, at least 6 episodes of
mare emplacement occurred within Smythii. We also
identify previously unidentified cryptomare deposits in
the western region. Though we cannot exclude the possibility of buried impact melt, we find no evidence for
melt exposed at the surface and instead interpret the putative melt as mare.
References: [1] C. Orgel (2018) JGR Planets, 123, 3,
748–762. [2] J. J. Gillis and P. D. Spudis (2000) JGR,
105, 4217-4233. [3] R. A. Yingst and J. W. Head III
(1998) JGR, 103, 11,135-11,158. [4] R. Wagner et al.
(2015) 46th LPSC, Abstract #1473. [5] A. K. Boyd et al.
(2012) 43rd LPSC, Abstract #2795. [6] A. K. Boyd et
al. (2012) EPSC, Abstract #854. [7] F. Scholten et al.
(2012) JGR Planets, 117, 12. [8] J. Haruyama et al.
(2008) 39th LPS, Abstract #1308. [9] P. G. Lucey et al.
(2000) JGR Planets, 105, 20297-20305. [10] M.
Lemelin et al. (2016) 47th LPS, Abstract #2994. [11] H.
Sato et al. (2017) Icarus, 296, 216-238. [12] Nozette et
al. (2010), Space Science Reviews, Volume 150, Issue
1–4, pp 285–302. [13] R. K. Raney et al. (2012) JGR
Planets, 117, E00H21. [14] C. I. Fasset et al. (2012)
JGR, 112, E00H06. [15] J. L. Whitten & J. W. Head
(2015) Icarus, 247, 150-171. [16] H. Hiesinger et al.
(2010) JGR Planets, 115, E03003.
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Figure 1: (Top) Geologic map of Smythii, see the preliminary stratigraphic column (bottom) for unit names. Ages
for the stratigraphic column are on the right side: pN = pre-Nectarian, N = Nectarian, I = Imbrian, E = Eratosthenian, and C = Copernican. Both relative ages determined via stratigraphy, as well as AMAs from [13], [14] and [1]
were used to inform the stratigraphic column.

3

4

LPI Contribution No. 2192

MINERALOGY AND PETROLOGY OF FINE-GRAINED CALCIUM-ALUMINUM-RICH INCLUSIONS
FROM THE REDUCED CV3 CHONDRITE THIEL MOUNTAINS 07007. C. J. Anderkin1,2, J. Han1, L. P.
Keller3 1Lunar and Planetary Institute, USRA, 3600 Bay Area Boulevard, Houston, Texas, 77058 USA, 2Department
of Geological Sciences, University of Florida, 1843 Stadium Road, Gainesville, FL 32612, USA (anderkinc@ufl.edu), 3NASA Johnson Space Center, 2101 NASA Parkway, Houston, TX 77058, USA
Thermo-Fisher energy-dispersive x-ray spectrometer
Introduction: Calcium-Aluminum-rich inclusions
(EDS). Mg-Ca-Al RGB x-ray maps were collected with
(CAIs) are among the oldest solar system solids, and
EDS from three CAIs (FGI-011, FGI-010, and FGIconsiderations of these objects have played an essential
004) to better constrain their primary mineralogy.
role in developing an understanding of the chemical
Composite images were assembled with ImageJ. Quanand physical processes that initiated and characterized
titative analyses conducted on phases in the CAIs were
key events related to the solar system’s coalescence
obtained via wavelength-dispersive spectrometry
and evolution [1]. CAIs occur as μm to cm-sized inclu(WDS) on a JEOL JXA-8530F electron probe microsions in chondritic meteorites - particularly in carbonaanalyzer (EPMA).
ceous chondrites - and consist of various types of reFGI-011: FGI-011 is a zoned object with a corefractory silicates and oxides (e.g., melilite, spinel, Almantle structure. In this analysis, the core and mantle
Ti-rich diopside, hibonite, corundum, etc.) that are
are dealt with separately, and an additional mineralogic
predicted by thermodynamic models to be among the
outline of the spinel-rich nodules present in FGI-011 is
first solids to condense from a cooling gas of solar
provided here.
composition [2]. Fine-grained CAIs are preferable for
Core: The core of FGI-011 is dominated by gehlenprobing questions pertaining to volatility-driven proitic melilite (Ak6.7-9.6), with minor anhedral spinel and
cesses in the solar nebula, because past research has
accessory perovskite. Melilite is often greater than 30
established that fine-grained CAIs better reflect the
μm in width, which contrasts the average grain size of
products of condensation from nebular gases than do
spinel within the core, which, on average, is approxicoarse-grained CAIs [3], which are more likely prodmately 3 μm in width. Spinel is near end-member
ucts of igneous processes. In order to explore the nebuMgAl2O4, and there is little to no variation in the Mg#
lar history of these CAIs, a presentation of the mineral(100*Mg/(Mg+Fe2+)) of spinel throughout the core of
ogy and petrology that defines them is necessary. In
FGI-011 (Mg# = 99.0-99.8).
this research effort, we constrained the primary mineralogy and petrologic history of three CAIs from the
reduced CV3 Thiel Mountains 07007 with the aim of
evaluating their provenance as nebular condensates.

Fig. 2. False color x-ray map in Mg (red), Ca (green), Al (blue),
and Ti (yellow) of FGI-011 core. Sp = spinel, Mel = melilite, Fo =
forsterite, An = anorthite, Pv = perovskite, Diop = diopsidic fassaitediopside solid solution series.

Fig. 1. False color x-ray maps in Mg (red), Ca (green), and Al
(blue) of the CAIs used for this study. Boxes indicate imaged areas.
FGI-010 is imaged in Fig. 5 and is not included here.

Methods: Initial characterization of the sample’s
mineralogy and petrology was conducted on a JEOL
7600F field emission scanning electron microscope
(FE-SEM) using backscattered electron imagery and a

Mantle: The predominant mineral in the mantle is
anorthite (An99.3-99.9), followed by grossmanite and
spinel with lesser melilite and diopside present. Anorthite generally encloses spinel and diopside here, and
grains are on average around 4 μm wide. Grossmanite
grains are widespread, but are often between 0.5 and 1
μm in width, and aggregates of these grains fully enclose spinel. Spinel is often found as ovoid, circular
grains that are between 2 and 5 μm in width, and are
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rimmed by anorthite and grossmanite. Mg# in spinel
displays more variance here, ranging from 95.2-99.7.
Melilite manifests as mottled patchy zones, or as bands
that grade into diopside, and does not form the large
monomineralic zones it does in the core of the sample.
Additionally, a rim of diopsidic pyroxene manifests at
the perimeter of FGI-011.

content in this inclusion (Ak1.35-5.67), and analyses of
spinel yield a lower magnesium content (Mg# = 92.194.4) than the spinel in the other CAIs. Additionally,
spinel grains in FGI-010 contain higher V contents
(avg. = 0.60 wt% oxide) than the analyzed spinel crystals housed within the other CAIs (Fig. 7). Hibonite is
relatively consistent in its chemistry, displaying a small
range of compositions (MgO = 1.53-3.29 wt%, TiO2 =
2.89-6.83 wt%), and yields an average stoichiometric
formula of (Ca0.99Mg0.47Ti0.47Al10.93O19). The ratio of
Mg:Ti in hibonite is consistently 1:1.

Fig. 3. False color x-ray map in Mg (red), Ca (green), Al
(blue), and Ti (yellow) of FGI-011 mantle. Grm = grossmanite.

Spinel-rich nodules: Five spinel-rich nodules
occur along the interface between the core and mantle
of the inclusion (Fig. 4). Spinel within these nodules
manifests as elongate grains that coalesce into meshlike structures. Perovskite grains (1-2 μm in width) are
enclosed by the surrounding spinel lathes. Grains of
fassaitic diopside (3-4 μm in width) rim the spinel-rich
nodules. Compositions of melilite (Ak7.3-9.2) and spinel
(Mg# = 99.0-99.7) within the nodules do not differ
from those housed within in the core.

Fig. 5. False color x-ray map in Mg (red), Ca (green), Al
(blue), and Ti (yellow) of FGI-010. Hib = hibonite.

FGI-004: FGI-004 is an unzoned, porous
object that is composed of hundreds of small nodules
of refractory minerals that all share the structure of 1)
spinel cores, 2) melilite rims which infrequently enclose perovskite grains in contact with spinel, followed
by 3) interstitial diopside, anorthite, and forsterite. The
mineralogy here is similar to the FGIs described by [3].
Spinel is endmember MgAl2O4 (Mg# = 99.7-99.8).
There also exist multiple sets of structural flow features
present which are both concordant and discordant with
the laminations present within the matrix.

Fig. 4. False color x-ray map in Mg (red), Ca (green), Al
(blue), and Ti (yellow) of a spinel-rich nodule from FGI-011.

FGI-010: FGI-010 is a ~180 μm-wide object
that is composed predominantly of melilite and
hibonite, with minor spinel and perovskite. Spinel and
perovskite grains are in contact with and enclosed by
grains of hibonite in this inclusion, and range between
5 and 10 μm wide. Melilite exhibits a lower akermanite

Fig. 6. False color x-ray map in Mg (red), Ca (green), Al
(blue), and Ti (yellow) of FGI-004.

Discussion: Due to their fine-grained nature,
anhedral crystal forms, and irregular textural features,
these inclusions are interpreted as the products of nebular condensation processes. Moreover, the studied
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CAIs vary widely in their textures and modal mineralogies, owing to a host of equally diverse formation
mechanics. In order to explain the textural and mineralogical heterogeneities observed here, we call upon
the hypothesis that these CAIs experienced separate
nebular histories in compositionally distinct reservoirs.
In FGI-011, this history is better elucidated by examining the mantle of the object. It is interpreted that 1) the
mantle of the object is merely a reaction front, and 2)
that before incompletely reacting with a separate material reservoir which prompted a conversion of melilite
± spinel to anorthite ± spinel and grossmanite, the CAI
resembled something similar to the melilite-and-spinelrich object described by [4]. The ‘overgrowth’ of Tirich pyroxene on spinel has been noted by [5] to indicate a reaction between spinel and gaseous Ti. The
presence of grossmanite in the mantle indicates that the
gaseous reservoir which reacted with the CAI to form
this assemblage was highly reducing, allowing for Ti3+
to form. Additionally, there are displacements within
the CAI that post-date the timing of zonation, as the
phases within the core and mantle are contiguous with
one another upon reassembly of the displaced fragments (Fig. 8).

which V2O3, substituting for Al2O3, would not readily
oxidize to the less-compatible V2O5. The dependence
of V’s compatibility in spinel on oxygen fugacity was
experimentally validated by [7], and is interpreted as
evidence of a comparatively O2-poor environment
during the formation FGI-010’s spinel. In FGI-004, the
rimming of spinel with melilite represents a deviation
from the modeled equilibrium condensation sequence
[3], which previous workers [5] have attributed to crystallographically-controlled kinetic effects. Additionally, this object is interpreted as one that preserves a series of ductile deformation events, in that the spinelrich nodules are swirled and often arranged in arcuate
patterns, indicating that some level of shear stress was
applied to this object, possibly before its compaction.

Fig. 7: Graph depicting spinel compositions in all FGIs
analyzed in this study. Cation # = Cations/Formula unit.

Fig. 8. False color x-ray map in Mg (red), Ca (green),
and Al (blue), of FGI-011. Here, a fracture that postdates the coremantle formation is present, indicating that the formation reaction
had occurred before the sample’s compaction on its parent body.

In FGI-010, spinel grains are included in hibonite,
which indicates a deviation from the modeled
condensation sequence predicted for solids in the solar
nebula [2]. Previous workers [5] have attributed this to
the epitaxial nucleation of spinel over structurally
similar sites in the hibonite crystal lattice, due to the
lower free energy provided by this structural similarity.
Additionally, the hibonite in this inclusion appears to
have undergone a reaction in which a Mg and SiO-rich
gaseous phase has prompted a conversion to melilite, a
reaction that has been predicted by [6]. The elevated
abundance of V in spinel from this object is possibly
indicative of reducing formation conditions, under

Conclusions: An examination of the evidence
collected and presented within this study establishes
the following outcomes: 1) FGI-011 preserves evidence of a reaction with a gaseous reservoir that was
both reducing and Ti-rich, resulting in the formation of
grossmanite. This reaction is inferred to have occurred
prior to the object’s compaction on TIL07007’s parent
body. 2) FGI-010 exhibits possible crystallographic
controls on the nucleation of spinel over hibonite, as
well as reducing conditions during the spinel’s formation, due to the elevated V content in spinel. A reaction predicted by [6] (Hib + SiO(g) + Mg(g) ÙMel) was
observed in this object. 3) FGI-004 displays evidence
of disequilibrium condensation, as well as deformations that appear to be discordant from the surrounding matrix, possibly indicative of a deformation event
that predates its accretion onto its parent body.
References: [1] MacPherson, G. (2003).
Treatise on Geochemistry. 1. 201-246. [2] Grossman,
L. (1972). GCA 36, 597-619. [3] Krot A. N. et al.
(2004) MAPS 39, 1517-1553. [4] Yoshizaki, T. et al.
(2019). GCA 252, 39-60. [5] Han J. & Brearley A. J.
(2015) MAPS 50, 2121-2136. [6] Yoneda S. &
Grossman L. (1995) GCA 59, 3413-3444. [7] Horn et
al., (1994). CHEM GEO. 117. 193-218.
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EXPERIMENTALLY TESTING MODEL-PREDICTED CRYSTALLIZATION TRENDS OF THE LUNAR
HIGHLANDS MG-SUITE. M. F. Balemian-Spencer1,2,3 and T. C. Prissel1; 1Lunar and Planetary Institute,
Universities Space Research Association, Houston, TX 77058, 2Scripps College, Claremont, CA 91711,
3Geology Department, Pomona College, Claremont, CA 91711. (contact: megan.forest@hotmail.com;
mbalemia4849@scrippscollege.edu)

Introduction: The lunar highlands Mg-suite is
among the most ancient (~4.3 Ga) and pristine
lunar suites, thus its petrogenesis informs us
about the earliest period of lunar magmatism [1].
Current models suggest that the Mg-suite formed
either by (1) partial melting of a shallow-level
hybridized source region, or (2) plagioclase
contamination into a MgO-rich melt; both models
imply a marked presence of pink-spinel troctolites
(PST) [2,3,4,5]. However, PSTs comprise less
than 2% of the troctolites found within the Mgsuite’s natural data collection, by mass [6].
As an explanation for the volumetrically minor
PSTs, we propose that the Mg-suite experienced
plagioclase contamination, as the second model
suggests, but with contamination is restricted to
the narrow margins of magma-wallrock
interactions [2,7]. The remaining 98% of Mg-suite
troctolites (common lunar troctolites, CLT),
therefore, being formed from crystallization of the
larger, uncontaminated regions of the same melt
[8].
SPICE (Simulating Planetary Igneous
Crystallization Environments) MATLAB codes
MAGPOX and MAGFOX model liquid lines of
descent for our hypothesis. Model outcomes
demonstrate that primitive melts can explain Fenorites and redefine which lithologies comprise
the Mg-suite (Fig. 1) [8]. This study tests modelpredicted crystallization trends and modeling
software through a series of experiments.
Experimental Methods:
Experimental composition. The primary melt
(PM) compositional powder used in this research
is taken from [8] and is derived from a terrestrial
primitive analogue, komatiite. PM composition
was attained by iteratively increasing Mg# (Mg#
= Fo# = cation fraction of Mg/(Mg+Fe)*100) until
the bulk composition is in equilibrium with Fo95
(Mg# ~95). Fo95 represents the most primitive
natural troctolite sample [2].
Experimental process. Conditioned PM
powders are pressed (dry) into pellets (~100-200
mg) and fastened to 0.25 mm diameter Re-wire
loops. The low (less than 15%) FeO-loss with Rewire at the experimental conditions explored here
is ideal for this study [10]. Fastened pellets are

Figure 1. Lunar highlands natural data samples plotted
with respect to the Mg# of the dominant mafic silicate
phase and the An# of the plagioclase present in the
sample. (Blue) arrows on the right side of the plot
outline model-predicted crystallization trends and
composition range for the Mg-suite (highlighted in blue).

then glassed at various temperatures (Fig. 2)
within a Deltech 1 atm vertical gas-mixing furnace
(CO-CO₂ continuous flow) at IW (Fe-FeO buffer).
PM1 was inserted at 1550oC and held for 3
hours before drop quenching into water [9]. PM8
and PM9 were inserted at 1500oC as a melting
step before cooling at 30o C/hr to the temperature
of interest (Table 1) and held for 36-48 hours
before drop quench. PMb2 was glassed at
1300oC for 3 hours, and PMb1 underwent a 3hour melting step at 1300oC before cooling at
30oC/hr to 1200oC. PMb1 was held for 36 hours
before drop quench.
Analytical methods. Experimental glass
analyses were performed using a JEOL 8530 and
CAMECA SX 100 Electron Microprobe Analyzer
(ARES), with a defocused beam, accelerating
voltage of 15kV, and beam current of 20nA.
Mineral phases were analyzed with a focused
beam. For fractional crystallization steps (Fig.2;
PMb-series), PM8 glass serves as the target
composition for synthetic PMb2. The PMb-series
then follows the process outlined above.
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Exp. Name

Target Comp.

PM1

PM9

PMb 2

PM8

PMb 1

Temp (˚C )
Phases
n
Oxide
SiO2
TiO2
Al2O3
Cr2O3
FeO
MnO
MgO
CaO
Na2O,
K2O

1563*
Wt %
S.D.
45.93
0.30
7.00
0.50
8.90
0.20
31.5
5.50
0.15
0.02
-

1550
Glass & Ol
30
Wt %
S.D.
46.1
0.3
0.30
0.03
8.1
0.1
0.50
0.03
10.4
0.1
0.20
0.02
28.5
0.2
6.20
0.08
0.03
0.02
BDL
-

1350
Glass & Olivine
11
Wt %
S.D.
50.1
0.4
0.51
0.03
12.0
0.2
0.57
0.05
9.8
0.2
0.27
0.04
16.9
0.2
9.7
0.2
0.04
0.02
BDL
-

1300
Glass
42
Wt %
S.D.
51.5
0.5
0.63
0.05
14.6
0.4
0.40
0.07
8.0
0.2
0.21
0.06
11.8
0.2
11.7
0.2
0.22
0.03
0.03
0.02

1250
Glass, Ol, & Sp
37
Wt %
S.D.
51.8
0.7
0.6
0.1
14.8
0.1
0.38
0.04
8.0
0.2
0.24
0.04
11.9
0.1
11.7
0.1
0.08
0.02
BDL
-

1200
Gl, Ol, OPX, & Sp
117
Wt %
S.D.
52.3
0.5
0.67
0.05
15.4
0.6
0.25
0.05
7.9
0.3
0.21
0.06
9.8
0.4
12.5
0.2
0.22
0.03
0.03
0.02

100.00
86.3

100.39
83.0

99.89
75.6

99.09
72.5

99.50
72.7

Total
Mg #

-

0.2

0.4

0.6

0.4

99.28
68.7

0.7

Table 1. Glass data from experiments PM1, PM8, PM9, PMb1, PMb2, and “target composition” (taken from [8]) organized
by decreasing temperature. “Phases” information indicates minerals and melt presence (Gl=glass, Ol=olivine,
Sp=chromium spinel, and OPX=orthopyroxene), while “n” indicates the number of data points collected for a given
experiment. Reported Mg# is taken from glass analyses. Standard deviation is reported in 2σ.
*Predicted liquidus temperature for “target composition”

Figure 2. Backscatter electron (BSE) images of
experiments PM1 (a), PM9 (b), PM8 (c), and PMb1
(d). Olivine is present in all experiments, while
orthopyroxene crystallized only in experiment
PMb1. Chromium spinel crystallized in PM8 and
PMb1 but is not featured in the BSE images above.

Results: Experimental glass is visually and
chemically homogenous (Fig. 2, Table 1). Glass
in the simulated fractional crystallization step

(PMb2) is within 2σ standard deviation of the
target glass composition (PM8).
Olivine in experiments PM1, PM8, PM9, and
PMb1 range in size from 10-200 μm. Most olivine
is euhedral, however, olivine in experiment PMb1
has a subhedral, skeletal texture. Additionally,
some olivine crystals in experiments PM1, PM9,
and PMb1 have a pitted texture on exposed faces
(Fig 2a, b, d). Mg# ranges from 93.8-87.1 for the
experiments reported here (Fig. 3d).
Pyroxene in experiment PMb1 (first fractional
step) has lengths ranging from 600-1,000 μm and
widths ranging from 125-145 μm. The pyroxene
has a pitted texture much like the olivine crystals
in experiments PM1, PM9, and PMb1(Fig. 2d).
Mg#=87.2 (± 0.5) for the pyroxene analyzed.
Pyroxene in experiment PMb1 is of low-Ca
variety with an average CaO weight percent of
2.5 ± 0.2.
Trace amounts of chromium spinel present in
experiments PM8 and PMb1 (Table 1) have not
yet been analyzed. Data will be collected in the
near future.
Testing
for
equilibrium.
The
Fe-Mg
olivine/orthopyroxene-melt equilibrium exchange
coefficient, Kߥ = [Fe/Mg]ol/opx *[Mg/Fe]liquid), for
olivine ranges from 0.32-0.34, and for
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orthopyroxene Kߥ= 0.32 ± 0.02. These results are
consistent with previous experimental studies,
[13,14,15].
Discussion: Experimentally determined
liquid lines of descent align well with model
results (Fig. 3). Figure 3a, b, and c show that
experiments PM1, PM9, and PM8 follow
equilibrium liquid lines of descent closely, while
PMb1 (first fractional step) plots closer to
fractional trends. Thus, SPICE program codes
MAGPOX and MAGFOX accurately predict the
experimental outcomes within the reported
experimental range.
Olivine compositions also closely follow
modeled data (Fig. 3d) and show that primitive
melt compositions can crystallize large quantities
of olivine while retaining high Mg#, contrary to
previous petrogenetic models [8]. Experimental
data therefore supports conclusions drawn by [8]
that CLTs can be explained by crystallization of
primitive mantle melts.
Because experimental data so closely
resembles model data, further experimentation is
warranted to test plagioclase crystallization and
composition. Future work will continue exploring
the experimental fractional crystallization
methods.
Establishing an accurate petrogenetic
narrative of the Mg-suite will provide a deeper
understanding of the lunar magma ocean, timing
and global extent of cumulate mantle overturn,
and can potentially redefine current differentiation
trends [8].
References: [1] R.W. Carlson et al. (2014)
Phil. Trans. Royal Soc. A, 372 [2] T.C. Prissel et
al. (2016) Am. Min., 101, 1624-1635 [3] J. Longhi
et al. (2009) Geochim. Cosmochim. Acta, 74,
784-798 [4] S.M. Elardo et al (2011), Geochim.
Cosmochim. Acta, 75, 3024-3045 [5] J. Gross
and A. Treiman (2011), J. Geophys. Res., 116 [6]
C.K. Shearer et al. (2015) Am. Min., 100, 294-325
[7] T.C. Prissel et al. (2014) Earth Planet. Sc. Lett.,
403, 144-156 [8] T.C. Prissel and J. Gross (2019)
50th LPSC, Abstract #3106 [9] A. Borisov and J.H.
Jones (1999) Am. Min., 84, 1528-1534 [10] M.
Gavrilenko (2019) Am. Min. 104, 936-948 [11] K.
Mibe et al. (2006) Geochim. Cosmochim. Acta,
70, 757-766 [12] J. Filiberto et al. (2011) Earth
Planet. Sc. Lett., 304, 527-537. [13] A.K. Matzen
et al., (2011) J. Pet., 52, 1243-1263.

Figure 3. Model-predicted liquid-lines of descent
for equilibrium (solid, blue lines) and fractional
(long-dashed, grey lines) crystallization alongside
experimental data (dotted, orange lines). Data is
arranged with respect to CaO (a), Al₂O₃ (b), and
SiO₂ (c) weight percentages, and olivine Mg# (d).
Note that data is organized by decreasing
temperature and error bar values show 2σ standard
deviation (Table 1). Green, shaded region (d)
shows the range of Mg# for CLTs (Fo# 80-89), and
the dashed, green line is the average Mg# for these
rocks (Mg#=86.5). Vertical lines highlight modelpredicted plagioclase crystallization temperatures
for equilibrium (solid, blue line) and fractional
(dashed, grey line) crystallization trends.
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REACTIONS OF FUNGAL ISOLATES WITH H5 METEORITIC MATRICES. K.S.R. Barbre1,2, R. Davis3, A.
Regberg4. 1Lunar and Planetary Institute, Universities Space Research Association, Houston, TX 77058, 2Earlham
College, 801 National Rd W, Richmond, IN 47374, ksrbarbre1997@gmail.com. 3Jacobs, JETS Contract, NASA
Johnson Space Center, 2101 E NASA Pkwy, Houston, TX 77085, richard.e.davis-1@nasa.gov. 4Astromaterials
Research and Exploration Science Division, NASA Johnson Space Center, 2010 E NASA Pkwy, Houston TX 77085,
aaron.b.regberg@nasa.gov.
Introduction: The goal of this project is to study
the extent to which fungal isolates may weather
meteorite matrices under anaerobic conditions. Fungal
contamination in curational facilities for meteoritic,
lunar, and Martian rocks is a growing concern for
samples stored in anoxic containers. This is pertinent
for missions like OSIRIS-REx, whose reliance on
small samples from distant asteroids like Bennu makes
contamination disastrous for research. Recovery rates
of microbial sampling in the Astromaterials Meteorite
and Lunar Curatorial Labs at Johnson Space Center
have been found to be 0.33 and 0.42 respectively [1].
To date, 35 different fungal isolates have been
isolated from the Astromaterials Curatorial Labs,
including Fusarium oxysporum which has been
isolated from soils and plant-associated rhizomes, and
is able to grow under both anoxic and oxic conditions.
We incubated this isolate in contact with H5 chondrite
thin sections to analyze the biogeochemical
weathering that takes place. We expected to see some
weathering of crystal and amorphous structures within
our samples, with fungal cells attacking and boring
into preexisting cracks and fissures [2].
Materials and Methods:
Selection of Samples. This study used samples
loaned by the Lunar Curation and Sample Laboratory
from a selection of five H5 chondrites. We utilized H5
chondrites for this study because of the abundance of
mineral states and are among the most commonly
recovered samples from terrestrial environments,
making up 72% of all meteorites and therefore

Figure 1: (a) ALHA-78085 displaying a fusion crust, Fe-Ni
inclusions (white) and sulfides (yellow); (b) RKPA-79004 with Fe(a)
Ni inclusions and spherical chondrules seen throughout.

representative of the Antarctic meteorite collection [3,
4]. Of these five thin sections, we selected ALHA78085 and RKPA-79004 (see Fig. 1a and b). Both
samples were collected in the Antarctic in 1978 and
1979 respectively, and thin sections of each were
adhered with polymer to circular glass plates at an
unknown time for use. Both samples were placed in a
WITec alpha300 R imaging Raman microscope and
mapped under reflected and 488nm blue light (633 nm
red light for RKPA-79004) to determine their
petrology prior to incubation with F. oxysporum.
Experimental Design and Process. We prepared
Sabouraud (SAB) media for this study. The media’s
slightly acidic pH (~5.6) and high sugar content
(40g/L dextrose) should allow rapid fungal growth. A
minimal media was also prepared with different sugar
types (glucose and Na-pyruvate) to determine what
conditions F. oxysporum would grow. The decision to
use Sabouraud media for this experiment was
predicated on the knowledge that F. oxysporum was
able to grow in SAB media under anoxic conditions,
and it was unknown whether the fungi would exhibit
the same growth in the glucose or Na-pyruvate media.
Once we scanned both thin sections using reflected
light, Raman, and JEOL 8530F Electron Probe
Microanalysis (EPMA) for mineral and elemental
mapping, they were placed in sterile liquid sample
containers with the SAB media, and ALHA-78085
was inoculated with F. oxysporum. We placed the
samples within a 90%N2-5%H2 glove box with gentle
mixing on a mini orbitron shaker for 13 days while the
fungi grew in 30˚C. After the incubation period, the
thin sections were removed from the solution, scanned
with the Raman microscope, and then cleaned with
ethanol before a final EPMA scan.
Results: Fe is a limiting nutrient for cellular growth
in most terrestrial environments and would likely have
a higher rate of biogeochemical weathering through
fungal cycling; F. oxysporum does have the potential
to reduce sulfur within the matrix depending on the
oxidation state of S [5]. The Raman spectra prior to
fungal exposure were consistent with S-occurring astroilite (FeS), and Fe in different oxidation states of
troilite, magnetite, and Fe-Ni alloy ( Fe(II), Fe(III) and
Fe). See Fig. 2.
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(a)

(b)

Figure 2: Mg+S+Fe maps of (a) ALHA-78085 and (b) RKPA79004 prior to incubation period; Mg (red), S (green), Fe (blue).
We paid close attention to the changes in oxidation state for Fe
and S in this study.

For an H5 chondrite, ALHA-78085 had a
significant multi-molecular carbon (MMC) content
within its matrix and clusters of olivine and pyroxene.
Both samples show moderate-severe rustiness (B-C
weathering degree) [6, 7, 8]. Due to an issue of
fluorescence under red and blue light, a precise scan
on RKPA-79004 was unattainable.
RKPA-79004
Results.
RKPA-79004
was
contaminated by an unknown bacterium and is not
useful as a negative control. Four days after the
incubation period started, we observed the SAB media
turning cloudy, which is indicative of microbial
growth. Initial concern upon discovery was that the
bacterium also contaminated ALHA-78085 and was
growing alongside F. oxysporum. A small sample of
each inoculation was stained and observed under a
microscope. RKPA-79004 was contaminated by a
filamentous bacterium that was not observed in
ALHA-78085. The section also separated from its
glass slide. We suspect that Superglue was used as an
adhesive when the thin section was first mounted
rather than epoxy.
ALHA-78085 Results. ALHA-78085 started
showing fungal growth within a day after the start of
incubation. Fungal growth could easily be seen in the
media, making the solution cloudy as it used up the
sugars and nutrients available. Seven days after the
start of incubation, the fungus started forming into a
large clump as the hyphae quickly grew intertwined
and we suspect that it excreted polysaccharides [9, 10].
This behavior had not been observed when the fungus
was growing aerobically in the SAB, glucose, and Napyruvate medias.
After 13 days of incubation, ALHA-78085
exhibited substantial fungal growth on both the glass
slide and thin section itself. A large concentration of
hyphae was viewed under reflected light opposite side
of the fusion crust, growing towards the center from
the edge of the slide (see Fig. 3, left side of image).
Initial pinpoint scan in the Raman microscope showed
Fe oxidation in parts of Fe-Ni metal and magnetite

11

patches. Hyphae coverage was measured by the
fluorescence it generated during its Raman scan under
488nm.
Raman Results of ALHA-78085. The second trial of
Raman microscopy had issues with fluorescence due
to fungal cell coverage and damage from the previous
electron-beam scan. A high energy setting was used in
the initial electron-beam scan and caused physical
damage to the sample, including burning off the
underlying polymer and exposing parts of the glass
surface. The wavelength (fluorescence with C-H
stretching peak at 3600 1/cm) used to detect fungal
coverage in the Raman scan was obtained from the
dense cluster of hyphae (Fig. 3).

Figure 3: ALHA-78085 after exposure to fungus. 40% increase in
brightness due to hyphae coverage and residual carbon coating.
Grid lines in polymer are the result of electron-beam damage.

The Raman microscope was unable to detect
mineral phases in ALHA-78085 due to high
background fluorescence. However, detection of
partial coverage by hyphae and the presence of fungal
cells within larger cracks was possible (See Fig. 4).
Electron imaging taken at 430x showed 10 μm fungal
structures following along the edges of mineral grains,
along with spiderweb-like structures of extra-cellular
polysaccharides (EPS) (See Fig. 5).
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Figure 5: ALHA-78085 electron imaging under 430x magnitude.
Fungal cells are visible across mineral grains and along edges
(white arrows).

EPMA Results of ALHA-78085. Elemental maps of
ALHA-78085 provided substantial evidence of Fe
oxidation and fungal cell coverage. The hyphae cluster
appeared to only be resting on top of the thin section
rather than growing into preexisting cracks, but others
throughout the matrix showed significant branching
within fissures as seen in C mapping. Comparison of
before and after images for Fe showed several Fe spots
either decreased or absent within both Fe-Ni alloy and
magnetite.
Discussion: Observing the difference in growth
patterns of F. oxysporum in anoxic versus oxic
indicates that this fungus has a higher likelihood of
weathering a sample throughout the fissures and
cracks present in the absence of O2. F. oxysporum
growth proliferates to a higher degree under anaerobic
conditions, which we did not expect during our shorter
incubation time. SAB media is a rich media for
maximum F. oxysporum cellular growth, however, use
of minimal media with glucose or Na-pyruvate would
be useful for observing differences in growth patterns
under more controlled conditions.
For future experiments, the use of new samples as
thick sections is necessary for quality control and
minimizing damage from the electron-beam. In
addition, a longer incubation period may increase the
likelihood of the fungus burrowing deeper into
preexisting cracks and fissures within the matrix. Our
exposure experiment lasted 13 days and we suspect
resulted in small areas of Fe disappearing via
oxidation, with little to no change in S compounds.
Even small changes brought about by fungi through

biogeochemical weathering are substantial and prompt
further investigation into the lab conditions needed to
replicate fungal contamination on fresh meteoritic
rock.
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MODELING LOW-GRADE METAMORPHIC PHASES OF SEDIMENTARY ROCKS AT GALE CRATER,
MARS. S. Benaroya1,2 and J. Semprich1, 1 Lunar and Planetary Institute, Universities Space Research Association,
Houston, TX 77058, 2 Department of Earth and Planetary Science, Rutgers University, Piscataway, NJ 08854.
Introduction: The majority of hydrous minerals
present on Mars [e.g., 1, 2] are associated with surficial
processes [1]. However, phases detected from orbit such
as prehnite, epidote, and serpentine are indicative of
low-grade metamorphic conditions [1]. The higher temperatures required for the formation of these minerals
could either derive from an elevated geothermal gradient or be the result of volcanic- or impact-induced hydrothermal systems [e.g., 3,4]. A better understanding
of the formation conditions of alteration phases is crucial to identify areas with high water activity and hence
possible habitable environments on Mars.
Previous studies applied metamorphic phase diagrams and phase equilibria models to reproduce the detected minerals at low-grade metamorphic conditions
for basaltic and ultramafic conditions [4,5]. Here, we
study low-grade mineral assemblages for a larger compositional range using three bulk rock compositions
from the Curiosity rover at Gale Crater. While rocks at
Gale Crater have not been exposed to higher-grade conditions, these compositions could be representative for
hydrothermal alteration of sedimentary rocks elsewhere
on Mars. We investigate the effects of variations in pressure, temperature, water content, oxygen fugacity, and
H2O-CO2 fluids on mineral formation and mineral assemblages.
Methods: Phase diagrams were calculated using the
Gibbs free energy minimization software Perple_X
6.8.6 [6] and an internally consistent thermodynamic
data set [7]. MnO, P2O5, Cr2O3, SO3, and Cl were not
considered due their relatively low abundances and/or
incomplete set of solid solution models. The sum of all
considered oxides is normalized to 100 % by Perple_X.
We computed phase equilibria for three different starting compositions (see section below), so called pseudosections in the range 0-0.5 GPa and 150 °C – 450 °C.
Fluid is either treated as pure H2O or as a mixture of
H2O and CO2. All fluid properties are defined by a Compensated-Redlich-Kwong equation of state [7]. The
amount of Fe3+ is represented by the O2 content, which
was varied from 0.15 – 0.5 to account for differences in
oxidation state. The mineral solid solutions included in
the model are: Actinolite, White Mica, Stilpnomelane,
Pumpellyite [8], Clinopyroxene, Orthopyroxene, Magnesite, Dolomite, Olivine [7], Epidote [9], Chlorite [10],
Spinel [11], K-feldspar [12], Plagioclase [13], Biotite
[14], Serpentine [15], and Ilmenite [16]. Talc was
treated as ideal solution while analcime, laumonite, stil-

bite, wairakite, prehnite, titanite (sphene), quartz, lawsonite, and nepheline were added as pure phases. Vesuvianite and garnet end-members were excluded.
Protolith compositions. We calculated mineral assemblages for the starting compositions of three analyses from MSL Curiosity in Gale crater on Mars (Table
1) with highly variable oxide contents: Windjana [17],
Mount Remarkable [18] and Bucksin [19]. Buckskin
(BK) is a light-colored fine to medium grade mudstone/siltstone [19]. The Windjana (WJ) sample is a
clastic sedimentary rock with a dominant grain size of
<125μm and therefore a very fine sand-, silt- or mudstone [17]. The Mount Remarkable (MR) sample has
been identified as a massive coarse sandstone [18].
From here on these compositions will be referred to as
BK, WJ, and MR, respectively.
Table 1: Bulk Compositions
Windjana[16]
SiO2
TiO2
Al2O3
FeO
MgO
CaO
Na2O
K2O

39.3
1.15
5.69
26.50
12.67
4.91
0.4
3.65

Mount Remarkable[17]
47.1
0.8
11.4
19.4
8.4
5.9
1.7
5.3

Buckskin[18]
68.1
1.51
6.1
4.4
3.45
3.87
2.2
0.82

Figure 1: P-T pseudosection for Mount Remarkable
composition at water saturated conditions from 150-450
qC and 0-0.5 GPa. Small fields are not labelled. Mineral
abbreviations in appendix; bulk composition in Table 1.
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Results:. Pseudosections were computed for all
three compositions. Figure 1 illustrates the stable mineral assemblages for the water-saturated Mount Remarkable composition. Pumpellyite in MR is stable
from 150-250 °C at all pressures, whilst prehnite is present at higher temperatures (200-250 °C) and is restricted to pressures below 0.25 GPa. In WJ serpentine
is stable only at temperatures below 300 °C, but at all
pressures. In BK pumpellyite is restricted to temperatures of 200-250 °C and pressures of 0.25-0.45 GPa
whilst zeolites are stable at all pressures but restricted to
lower temperatures (150-250 qC). At temperature conditions exceeding the zeolite and prehnite-pumpellyite
facies (>250 qC), epidote is stable at all pressures.
Effect of water on mineral stabilities. Figure 2 shows
the modal abundances of representative phases modeled
as a function of water content at a temperature of 250
°C (and corresponding pressure of ~0.2 GPa) along a 13
°C/km geotherm. The WJ composition is dominated by
olivine and clinopyroxene at low water content before
transitioning to biotite, actinolite, and serpentine at
higher water contents. MR is primarily K-feldspar, clinopyroxene and olivine at water-poor conditions. Actinolite, chlorite and small amounts of prehnite occur at
higher water contents. The BK composition is dominated by quartz and K-feldspar with chlorite, epidote
and actinolite appearing at water-rich conditions.
With increasing water content zeolites form in both
BK and MR, however, in BK they require ≥2.2 wt.%
H2O, whilst in MR analcime requires ≥5.5 wt.% H2O
and temperatures below 200 °C. Geotherms of 10
°C/km and 20 °C/km were also considered; however
there are few differences in mineralogy. In MR, pumpellyite and prehnite are stable only at low temperatures
and prehnite replaces pumpellyite at higher temperatures along the 10 °C/km and 13 °C/km geotherms and
requires at least 1.3 wt.% H2O to precipitate. In addition
analcime is present in small amounts at low temperatures for all geotherms at >5.3 wt.% H2O. The stability
of serpentine is largely unaffected by differing geotherms in WJ. In BK zeolites are present only at low
temperatures and require >2.6 wt.% H2O.
Oxidation state. Variations in oxidation state were
modeled by setting the value of O2 to 0.15, 0.3, and 0.5
wt.%. There are significant differences between 0.15
and 0.3; however, few between 0.3 and 0.5. In Windjana
increasing O2 leads to decreasing volume of serpentine.
Higher O2 leads to an increase in the volume % of epidote and a reduction in pumpellyite in MK. Pumpellyite
is also reduced in volume with increasing O2 in BK.
Variation with CO2. A small amount of CO2 added
to the fluid (Fig. 3) leads to the precipitation of a significant amount of carbonates in all compositions. In WJ,

Figure 2: Mineral abundances (vol%) along a 13qC/km geotherm for the Windjana (A), Mount Remarkable (B) and Buckskin (C) compositions with H2O 0-6 wt.% at 250 qC. Mineral abbreviations in appendix; bulk compositions in Table 1.

35th Annual Summer Intern Conference (2019)

Figure 3: Mineral abundances (vol.%) along a 13qC/km
geotherm for the Mount Remarkable composition at
XCO2 varied from 0-0.005 at 250 qC. Mineral abbreviations in appendix; bulk compositions in Table 1.

a value of XCO2 = 0.0005 is sufficient to precipitate carbonates at the expense of biotite and serpentine. In MR,
the last phases to disappear are analcime and clinopyroxene at ~0.001 XCO2. Once XCO2 reaches 0.0004 in
BK, zeolites disappear. For all compositions, a higher
temperature (250 °C) increases the stability of hydrous
mineral phases at higher XCO2. However past 0.02 XCO2,
the stable assemblage consists of carbonates, quartz,
mica, and K-feldspar.
Discussion and conclusions:
Limitation of our model. Our calculations assume
complete equilibrium, which is not always achieved in
geological processes, in particular at low temperatures.
All mineral phases described here are therefore reflecting completely altered assemblages while the Martian
rocks may have only partially reacted to lower-grade
metamorphic assemblages depending on water availability and temperatures.
Mineral stabilities. While we considered a larger
compositional range than basaltic and ultramafic rocks,
we report the same hydrous phases as in previous lowgrade metamorphic studies [4,5]. However, their abundance and assemblages vary. For example, WJ has silica
contents comparable to ultramafic rocks but also increased K2O and is therefore dominated by biotite and
serpentine at high water content.
Prehnite forms only in MR (which is compositionally similar to Martian basalts) and requires >3.5wt.%
H2O, as well as >250qC. The formation of prehnite is
therefore strongly dependent on composition, temperature, and water content. Pumpellyite is found at low
temperatures >1 wt.% H2O in BK and >3 wt.% H2O in
MR. Pumpellyite is difficult to detect spectroscopically
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on Mars because its spectrum is similar to that of chlorite [1]. However, particularly for lower geotherms
(10qC/km and 13qC/km) our models predict pumpellyite to be present rather than prehnite, which is in
agreement with results from basaltic compositions [5].
Zeolites are present in the BK and MR compositions at
lower temperatures. However zeolites form at variable
water content ( >2.7 wt.% H2O in BK;>5.2 wt.% H2O in
MR). Serpentine requires at least 3 wt.% H2O in our
model but is only stable in WJ due to its silica-poor
composition. Epidote forms in both MR and BK in the
range of 0.6-6 wt.% H2O depending on temperature and
is therefore not only present at greenschist facies conditions. Actinolite is a major phase in all modeled compositions and is stable at varying water contents. Actinolite
has only been identified in one spectral study [20].
However, it has spectral features that may make it difficult to be detected from orbit [e.g., 5].
Effect of CO2 . In accordance with previous studies
[4, 21], we find that even small amounts of CO2 in metamorphic fluids alter the mineralogy and stabilize carbonates, feldspar, quartz, and mica at the expense of
other hydrous minerals. The presence of prehnite and
zeolites hence implies that they formed in a CO2-poor
environment either not in contact with the Martian atmosphere or during early Mars.
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Appendix: Mineral abbreviations: anl – analcime, Act – actinolite, Atg – antigorite (serpentine), Bt – biotite, cal – calcite, Chl – chlorite, Cpx – clinopyroxene, Dol – dolomite, Ep – epidote, Ilm – ilmenite, lmt – laumontite, kls – kalsilite, Kfsp – K-feldspar, Mgs – magnesite, Ms – muscovite, nph – nepheline, Ol – olivine, Opx – orthopyroxene, Pl – plagioclase, Pmp – pumpellyite, prh – prehnite, qz –
quartz, rt – rutile, Sid – siderite, stlb – stilbite, Spl – spinel, Stp –
stilpnomelane, ttn - titanite. Capitalized: solid solution; lower case:
pure phases.
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SEARCHING FOR IMPACT MELT IN THE EJECTA OF OCCATOR CRATER, CERES. A. J. Blance1,2,
H. M. Meyer1, P. M. Schenk1, J. D. Stopar1. 1 Lunar and Planetary Institute, Universities Space Research Association, Houston, TX 77058, USA. 2 School of Earth and Environmental Sciences, University of Manchester, Manchester, M13 9PL, UK.
Introduction: Impact melt morphologies resulting
from hypervelocity impacts are best constrained on the
Moon [1,2,3,4,5,6], due to prevalent fresh impact craters and the availability of high resolution images and
topography. In contrast to the well-studied impact melt
of the Moon, impact melting processes remain enigmatic on large asteroids and icy bodies of the outer
Solar System.
For example, Ceres’ crustal layers are thought to be
primarily composed of phyllosilicates, carbonates, salt,
and water ice [7,8,9,10]. The lower impact velocity at
Ceres (~5km/s) [11] implies that any melt generated by
an impact will be liquid water not silicate melt [12,13].
Therefore, any morphological features on Ceres suggestive of melt are likely a result of an “impact mud”, a
mixture of liquid water with dissolved solid particles
and suspended debris [14,15], rather than the silicate
melts common to the inner Solar System.
Previous work documenting the geology of Occator
crater, a relatively fresh cerean complex crater (92km
diameter, ~1.6-63.7Ma [16]), suggests that the criteria
used to identify melt on the Moon may be useful for
Ceres. For example, Occator crater contains lobatetextured fill material, reminiscent of the impact-melt
rich [2] fill materials within lunar complex craters [14].
However, there has been limited study of Occator’s
continuous ejecta, a location where impact melt is frequently found at lunar craters. Thus, the objective of
this study is to investigate whether any morphologies
around Occator crater are suggestive of impact melt.
To do this we compare Occator’s crater deposit morphologies to common lunar impact melt morphologies
at Jackson crater, Moon (71km diameter, ~147Ma
[17]), a fresh complex crater. Any notable differences
between the observed morphologies are used to investigate the role of composition and, later, pre-impact
topography and surface gravities in the production and
distribution of impact melt.
Method: Criteria for identifying lunar impact melt
features are well established (eg. [1,2]). Morphologic
features interpreted as impact melt deposits include
ponds, veneers, flows and crater fill materials. Ponds
are relatively low-albedo, topographically confined,
low-lying features with a flat surface that is smooth at
the meter scale. Ponds often exhibit polygonal grooves
or fractures, are populated with small irregular impact
craters, and have distinct lobate margins. Ponds are
thought to form from the settling of molten melt into

topographic lows, where super-heated melt can reach
an equipotential surface before it solidifies. Veneers
are also relatively low albedo and smooth at the meter
scale, but mantle the underlying topography, have surfaces strewn with boulders, and occasionally exhibit
distinct erosional margins. Veneers likely form from
thin sheets of melt that solidify to hard rock. In contrast, lunar impact melt flows can have significant relief
when compared to veneers, and are identified by channel morphologies and lobate flow margins. Crater fill
material is characterized by an undulating hummocky
topography, with large-scale gently sloping grooves
and ridges – a ‘rope’ like lobate texture – in addition to
varying amounts of boulders and debris, and well defined linear cracks that cut across the surface. Crater
fill material is interpreted as thick accumulations of
impact melt and mixed debris.
For comparison with morphological features at Occator crater, we assessed the morphologies, topography, and slopes at Jackson crater. Jackson was chosen
due to its abundant fresh impact melt morphologies,
both within and outside the crater rim. We used the
Lunar Reconnaissance Orbiter (LRO) Wide Angle
Camera (WAC) morphologic basemap mosaic (~100
mpp) [18], and the LRO Lunar Orbiter Laser Altimeter/Kaguya SELENE Terrain Camera derived digital
elevation model (DEM) (~60 mpp horizontal, 3-4m
vertical accuracy) [19] in ArcGIS, along with LRO
Narrow Angle Camera (NAC) images (0.5-1 mpp)
[20] for more detailed morphologic characterization.
Occator crater was chosen due to the availability of
high resolution images (down to ~3 mpp) taken by the
Dawn mission. For the basemap, the Dawn Low Altitude Mapping Orbit (LAMO) clear filter mosaic (~35
mpp) [21] was used, as well as a LAMO derived regional DEM (~35 mpp horizontal, 1.5m vertical accuracy) [21], both of which were brought into ArcGIS.
The highest resolution images available for Occator
[22] (~3-15 mpp) were used for detailed observations
of the crater interior and the near-rim area to the south.
Jackson Crater, Moon: All of the main lunar impact melt morphologies defined by Howard and Wilshire (1975) [2] were identified at Jackson crater.
Crater fill material, ponds, flows and veneers were
identified within the crater interior, and ponds and veneers were identified outside the crater rim, where the
identifying criteria of each feature could usually be
applied consistently. Ponds display very low slopes,
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generally between 1.5° and 2.5°. Melt is not typically
found on slopes over ~30°, the angle of repose, as beyond this they tend to erode to blocks. The position of
erosional margins on veneers correlate with where
slopes reach above this value. Impact melt flows can be
channel-like, and were observed to extend from the
crater wall terraces down into the crater interior. In
contrast, crater fill material occasionally exhibited lobate margins facing outwards towards the crater walls,
appearing to travel up-slope, suggestive of a ‘sloshing’
type emplacement. Spatial relationships between morphologies were evident. For example, veneers are frequently found adjacent to ponds, and lobate flows are
often adjacent to crater fill material. Beyond the crater
rim, veneer morphologies appeared to be correlated
with radial-trending ejecta features, though some veneers and ponds appeared isolated relative to other
features.
Occator Crater, Ceres: Using the criteria defined
for the Moon [2] as a guide, there were no observed
features outside the crater rim that corresponded well
with one particular impact melt morphology. While this
might be expected for such compositionally distinct
material, the Occator crater fill material fit the criteria
for lunar crater fill material [14], and observations of
flowing and ponding material within the crater interior
imply that impact melt morphologies may follow the
lunar model. Lobate flows are observed outside the
crater rim at Occator, as well as topographically confined, relatively flat, and smooth deposits near the
southwestern rim. This topographically confined unit
may be an analogue to lunar melt ponds; however, the
small-scale criteria for lunar ponds of polygonal cracking, distorted craters, and consistent distinct margins
are not observed. Additionally, these deposits are not
significantly smoother, much more flat (slopes ranging
2-5°), or consistently lower albedo than the surrounding terrain, even though their overall morphologies are
reminiscent of melt ponds. Veneers were not conclusively identified around Occator crater; however, some
areas display a relatively smooth surface covering near
the rim when compared to distal surfaces.
The putative impact melt features are located near
the crater rim, up to ~0.25 crater diameters away.
These features are asymmetrically distributed around
the crater rim, with the southwestern study area containing significantly more putative melt features than
the southeast. If these are impact melt, this is unexpected, as the lobate crater fill material in Occator’s
interior abuts the crater wall in the southeast, not the
southwest [15].
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Fig 1 – images of Jackson crater, Moon (top) and Occator crater, Ceres (bottom), with areas focused on in
the two craters’ continuous ejecta outlined in red boxes. Areas for Jackson were chosen due to abundant
impact melt deposits, while for Occator areas were
chosen due to putative impact melt deposits, recognized in lower resolution basemaps. Star on the Jackson crater image marks the location of an impact melt
pond, whereas the star on the Occator crater image
marks the location of a topographically confined, flat,
smooth deposit, suggestive of lunar ponds. Starred features shown in inset boxes.
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Preliminary Conclusions: Observations of Occator crater’s continuous ejecta led to the identification of
some morphological features that are suggestive of
impact melt, but cannot be conclusively defined as
such. However, when considered with observations of
Occator’s interior, an impact melt origin is favored.
The significant differences between the morphologies
of lunar and cerean crater deposits likely result from
the differences in the target material. Features generally
display more gradational or ambiguous boundaries and
an overall subdued appearance relative to Jackson
crater. This may be related to the increased volatile
content on Ceres when compared to the Moon, where
weaker ice-rich target materials [23,9,7] make features
more prone to surface degradation. The relationship
between impact melt and ejecta may also be less distinct on Ceres, where melt is not clearly separated from
the ejecta due to the ability of ice-rich ejecta to flow
[24]. This is unlike at Jackson crater, where relatively
isolated melt features are observed, and of lunar impact
melt in general, where morphological evidence suggests flow of melt long after ejecta emplacement [4].
More work is needed to define criteria that identifies
cerean impact melt, specifically which takes into account the significant compositional differences between putative melt on Ceres with silicate melt.
References: [1] Shoemaker, E.M. et al. (1968).
JPL Technical Report, 32-1264, 9–76. [2] Howard,
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SCATTERING MECHANISMS ASSOCIATED WITH UNUSUAL RADAR PROPERTIES OF
TERRESTRIAL AND LUNAR GEOLOGIC SETTINGS Marianne Coholich1,2, Sriram Bhiravarasu2, Edgard
Rivera-Valentin2, Heather Meyer2, 1 Jackson School of Geosciences, University of Texas at Austin
(m_coholich@hotmail.com), 2Lunar and Planetary Institute, Universities Space Research Association, Houston, TX
77058.
Introduction: The radar circular polarization ratio
(CPR), defined as the ratio between power reflected in
the same sense of circular polarization (SC) as that
transmitted and the echo in the opposite sense (OC) of
circular polarization, provides significant information
on the physical characteristics of a target surface. Several recent studies indicate that two types of high CPR
features are found in the lunar poles: fresh impact deposits with elevated CPR occurring interior to and exterior of crater rims, and the “anomalous” deposits,
which exhibit high-CPR only interior to the rims of
certain craters [1]. The interpretation of these polar
anomalous deposits, which are found in permanently
shadowed regions (PSRs) (Fig. 1), remains ambiguous.
Both water ice deposits and wavelength-scale
rocks/surface roughness have been proposed as the
source of the elevated CPR values [e.g. 1, 2]. To better
understand the plausible scattering geometries associated with the lunar anomalous features, we examined
the occurrence of CPR values greater than unity in terrestrial and lunar radar observations.
Study areas & data used. We analyzed fully polarimetric L-band (24 cm wavelength) radar data of two
terrestrial end-member settings with CPR values above
1: 1) The SP Flow in Arizona (Fig. 2), which is a good
example of rough terrain with blocky texture, using
AIRSAR data [3] and 2) regions of Greenland ice
sheets that are at least a few radar wavelengths in

Fig 1: Total backscattered power mosaic of the lunar north
pole from Mini-RF S-band data; red regions from [8] indicate some of the PSRs at crater interiors with slope <5˚, analyzed in this work .

thickness [4] using UAVSAR data [5] (Table 1). CPRs
in excess of unity for terrestrial geologic settings are
unusual, but these two regions are notable exceptions.
Then we compared these terrestrial scenarios to some
distinct lunar settings: PSRs at the poles, non-polar
anomalous craters [1, 2], and impact melts. We utilized
zoom mode S-band (12.6 cm wavelength) data from
the Mini-RF radar onboard the Lunar Reconnaissance
Orbiter (LRO) [6] for lunar data analysis.
Methods: Previous radar observations of the Moon
indicate that lunar radar backscatter is composed of
specular scattering (from the spDFHဨUHJolith interface,
and relatively large, smooth surfaces) and diffuse scattering (from surface and subsurface rocks) components
[7]. The SC and OC echo powers that form the CPR
are modulated differently by these scattering components, as a function of the radar incidence angle (θ). So
unlike previous studies which compared the CPR values of terrestrial and lunar settings, we examined the
range and variation of SC, OC values from these regions for comparison.
Terrestrial data analysis. For each region of interest
in the SP flow and Greenland regions, we determined
the mean values for HH, HV, VV (H= horizontal, V=
Vertical polarizations), SC, OC, CPR, linear polarization ratio returns, as well as the real part of the likepolarized correlation (Re[SHHSVV*]). Using the correlations between these parameters, we identified the possible dominant scattering mechanisms creating the elevated CPR values.
Lunar data analysis. Using the same method as
above, we calculated the mean values for SC, OC, and
CPR returns for several regions on the Moon from
Mini-RF data. For PSR regions interior to the polar
craters, we restricted our analysis regions with a slope
of less than 5˚ to avoid the local incidence angle effects
on the radar backscatter (Fig.1). We utilized shapefiles
generated from LRO LOLA-based shadow models and
slope maps to delineate these flat regions [8]. In addition, we included three non-polar anomalous craters
(Byrgius, Cardanus E, and Gardner) and two lunar melt
flows (associated with Tycho and Byrgius A) to our
analysis as a guide to discriminate the scattering properties of “rough” surfaces. For crater regions, to keep
the mapped area of the surface uniform, we collected
samples of similar sizes from regions interior and exterior to their rims.
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Study Area

Instrument

Resolution
(m/pixel)

Wavelength

Incident Angle
Range

SP Flow, Arizona

AIRSAR

~10

L-Band (24 cm)

28˚ - 36˚

Greenland

UAVSAR

~6

L-Band (24 cm)

48˚ - 53˚

Moon

Mini-RF

60

S-Band (12.6 cm)

48˚ - 52˚

Table 1: Details of data sets used in this study.

After analyzing the behaviors of correlation between various polarimetric radar parameters for the
CPR >1 regions in SP flow and Greenland, we plotted
their mean SC, OC values along with those for lunar
settings for comparison (Fig. 3). For these scatter plots,
we used Linear least squares regression method to fit
trend lines to each set of data and extrapolated them to
the same scale (Fig. 4). We then plotted the slopes of
these trend lines (SC/OC) against their corresponding
y-intercepts to understand the different trends in their
correlation. We observed that the ࠑSCࠒ/ࠑOCࠒ
slope values (a ratio of averages) are slightly lower
than the ࠑCPRࠒ values (an average of ratios), because of a few large numbers in the latter measurement
[9].
1.5 Km

Fig. 2: Pauli RGB image of SP Crater region in Arizona
generated from AIRSAR data. Red: |HH-VV|, Green: |HV|
and Blue: |HH+VV| polarizations. Red rectangles indicate
areas analyzed in this work. The image geometry is in slantrange and North is toward left.

Results and Discussion: Our results suggest that
the dominant scattering mechanism associated with the
highest CPR values for the SP flow region is multiple
scattering from dipole-like elements (random rock edges or cracks), similar to the results of [10]. For Greenland ice sheets, we infer that the CPR enhancements
are a result of strong double bounce scattering between
the ice layers and several centimeters thick, tens of
centimeters long pipes (discrete icy inclusions), first
described in [4]. Due to these differences in the underlying scattering process, these two features are well
separated in the SC-OC scatter plot (Fig.4).

From Fig.4, although it appears that that the terrestrial and lunar SC-OC correlations are separated, the
large errors associated with their y-intercepts imply
that their behaviors cannot be grouped into different
classes. Unlike the terrestrial results, the lunar PSRs
are not observed to be statistically distinguishable from
the non-PSRs. The highest separation is observed for
rough terrains such as the SP flow, impact melts and
interiors of non-polar anomalous craters on the Moon,
implying a wide range of SC, OC values as function of
cos θ. For the rest of the features, it is unclear what
causes the mixed behaviors – either the differences in
the wavelengths used (Terrestrial L-band vs Lunar Sband) along with different incidence angle ranges, or
fundamental differences between lunar and terrestrial
settings, or a combination of both.
Conclusion: We investigated the scattering properties of rocky surfaces and ice sheets on Earth in order
to better discriminate lunar polar ice deposits using
radar amplitude and polarization data. The limited polarimetric information contained in the lunar radar data
poses a challenge to understand the scattering mechanisms associated with the anomalous regions at the
PSRs. The results obtained from terrestrial settings
show how important the fully polarimetric radar data
are to understand the dominant scattering mechanisms
and unique properties of icy terrain.
References: [1] Spudis P. D. et al. (2013) JRG
Planets, 118. [2] Fa W. and Cai Y. (2013) JRG Planets, 118. [3] Lou Y. et al. (1996) The NASA/JPL Airborne Synthetic Aperture Radar System, Summaries of
the Sixth Annual JPL Airborne Science Workshop, vol.
2, JPL Publ. 96-4, pp. 51 – 56, JPL, Pasadena, Calif.
[4] Rignot E. et al. (1993) Science, 1710-1713. [5]
UAVSAR data courtesy of NASA/JPL-Caltech. [6]
Nozette S. et al. (2010) Space Sci Rev, 150: 285. [7]
Thompson, T. W. et al. (2011) JRG Planets, 116, E1.
[8] Jozwiak L. M. et al. (2019) Lunar ISRU, Abstract
#5079. [9] Neish C. D. et al. (2017) Icarus, 281, 73-89.
[10] Campbell B. A. (2012) JRG Planets, 117.
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Fig. 3: Mean SC and OC from all study areas (see legend below) with their extrapolated linear regression
fits; triangles and circles represent terrestrial and lunar settings respectively.

Fig. 4: The slopes plotted against the y-intercepts, with 1-sigma error, obtained from the linear regression
fits in Fig. 3; legend is same as the above plot.
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PETROGRAPHIC AND GEOCHEMICAL ANALYSES OF ONE LEOVILLE AND TWO ALLENDE CAIS.
M. B. Comins1,2, P. Mane2,3, J. I. Simon3, R.M.G. Armytage3,4, 1Lunar and Planetary Institute, Universities Space
Research Association, Houston, TX 77058, 2Dept. of Geosciences and Natural Resources, Western Carolina University, Cullowhee, NC 28723 (mcomins1@catamount.wcu.edu), 3Center for Isotope Cosmochemistry & Geochronology, NASA Johnson Space Center, Houston, TX 77058, 4Jacobs/JETS, NASA Johnson Space Center, Houston, TX
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Introduction: Calcium, Aluminum-rich Inclusions
(CAIs) were the first formed solids in our Solar System
[1]. Their mineral assemblages are similar to the first
phases predicted by equilibrium thermodynamic modelling to condense out of a hot nebular gas of Solar composition [2]. We can therefore derive useful information
about astrophysical processes (e.g., partial condensation, transport among distinct gaseous reservoirs, etc.)
recorded in them. This study is intended to determine
the relative nebular conditions, such as oxygen fugacity
(as observed using Ti3+/Titot ratios in [3]), temperature,
pressure and gaseous reservoir composition that were
present during the formation of these inclusions. Further, structural and crystallographic information can be
used to infer crystallization sequence of individual
phases within these inclusions. Such information will
contribute to knowledge of early Solar System and CAI
formation.
Samples and Analytical Methods: Our samples
were selected because of their diverse attributes, including grain size, texture and mineralogy. They are as follows: Allende (oxidized CV3) EK5-3B is fine-grained,
~6 x 1.5 mm, consisting mainly of spinel, diopside, anorthite (in order of decreasing abundance) and minor
perovskite. Alteration phases (e.g., nepheline, sodalite,
Fe-rich pyroxene) are also present in EK5-3B. Leoville
(reduced CV3) Senita is a ~2 x 1 mm, fine-grained Type
A CAI with spinel, melilite, hibonite and perovskite. Allende EK5-1-1 (cm-sized), is of a coarse-grained nature
and is characteristic of an igneous Type B1 CAI [4],
with core-to-rim zoning of melilite comprising ≥ 50%
of the inclusion. Also present is anorthite, Al,Ti-rich pyroxene, spinel, minor perovskite and alteration phases
including metal-rich sulfides, sodalite and nepheline.
A NASA JSC JEOL JXA 8530F Hyperprobe Electron Probe Micro-Analyzer (EPMA) set to a 15 kV
beam energy and 30 nA beam current was used to determine chemical compositions. Energy dispersive spectroscopy (EDS) maps were taken of each sample,
whereby quantitative chemical compositions were extracted from each frame to determine bulk sample composition. These analyses were then averaged for each
CAI, calculated for mole percent and plotted on a ternary (Figure 1). Wavelength dispersive spectroscopy
(WDS) spot-analyses were performed on individual
phases. Phases in various locations and of apparently

different chemical make-up were analyzed throughout
each sample to account for heterogeneities.
Valence state for Ti in pyroxene was calculated by
applying a Ti-V overlap correction to the EPMA data
and then determining its structural formula. A resulting
cation deficiency (indicating the presence of Ti3+) is divided by total Ti to quantify Ti3+, similar to [3].
We used the electron backscatter diffraction (EBSD)
accessory of the NASA JSC scanning electron microscope (SEM) to observe structural information and crystallographic orientation relationships (CORs) of the
samples in order to determine crystallization sequences
and genetic relationships among grains. We applied a
0.25 µm step size for three out of four Allende CAI
maps, with the exception of a 0.2 µm step size for a
smaller map within EK5-3B, and a 1 µm step size for
both maps in EK5-1-1. Standards are from the American
Mineralogical Database.
Results: The inclusions do not conform neatly to
typical CAI bulk chemical compositions, as they are
more Al-rich than CAIs presented in [5] (Figure 1),
though compositions of individual phases are representative for each CAI type [4].

Figure 1. Ca-Al-Mg-Si (CMAS) ternary of the inclusions presented in
this study, projected from spinel, with false-color EDS maps. Typical
compositions of various inclusions are represented as colored blebs
[5]. Yellow boxes indicate areas of EBSD analysis.
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Allende EK5-3B has a bulk composition that is relatively depleted in Ca. It most closely resembles a Type
C (anorthite-rich, melilite poor) CAI in terms of its mineralogy and bulk composition, and has a fine-grained,
lacy texture, also described in [6]. Grains in EK5-3B exhibited random crystallographic orientations.
No observable melilite was found in Allende EK53B. The pyroxene plots close to end-member diopside
and occurs as irregular shapes with variable thicknesses
in the core (1-10 µm) of the inclusion versus the rim (1020 µm). Plagioclase is ~An100 and is ~10 µm wide, generally located between spinel and diopside. Perovskite
occurs as ≤ 1 µm grains, often in association with spinel.
Allende EK5-3B expresses the highest Fe and Cr
content among its spinels (generally 10-20 µm), averaging at 4.5 and 0.45 wt. %, respectively. Alteration
phases rich in Fe, Na and Cl (e.g., hedenbergite, nepheline and sodalite) are distributed through the inclusion.
Senita from Leoville has a bulk composition that
plots as fairly calcic and depleted in Mg, and resembles
a Type A bulk composition. Senita has Åk-poor (~Åk3)
melilite with grain sizes ranging from 10-50 µm. Pyroxene was primarily observed along the Wark-Lovering
(WL) rim of Senita as a ~10 µm-wide monominerallic
layer. Its composition is largely diopsidic, though a few
Al,Ti-rich grains are present, as seen with WDS spotanalysis. Spinel is Mg end-member and has grain sizes
that vary from 1-100 µm.
Leoville Senita contains a 500 µm-long hiboniterich area enclosed by perovskite and hibonite grains. A
few smaller, less well-defined instances of this assemblage occurs elsewhere in Senita. Perovskite exists as
10-20 µm-sized grains and upwards of 50-100 µm for
hibonite in this CAI.
Grains in Senita had random crystallographic orientations. Triple junctions occur among hibonite and spinel, and hibonite has parallel lamellae. Spinel displays
an orientation gradient within individual grains, suggesting deformation (Figure 2).

Figure 2. Inverse pole figure (IPF) map of spinel from Leoville Senita,
illustrating grain orientation towards the Z axis.

Allende EK5-1-1 is unique among the three inclusions studied as its pyroxene, anorthite and melilite exhibited strong crystallographic orientations (e.g., Figure
4). The composition of this inclusion is fairly representative of a Type B1 CAI. This inclusion has poikilitic
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melilite with other phases occurring as chadacrysts
(anorthite, pyroxene and spinel). Melilite is
predominantly zoned in EK5-1-1, with an Mg-core
(Åk55) and a more Al-rim (Åk5).
EK5-1-1 also contains compositionally zoned Al,Tirich pyroxene, with grain sizes often spanning 100s of
µm. Enrichments in Ti occur towards the core (as evidenced by WDS spot analysis and EDS mapping) (Figure 3). Scandium and V display a similar trend as Ti,
given their similar chemical behaviors, and is expected
for other pyroxene grains throughout EK5-1-1. Trivalent Ti exhibits an inverse trend, becoming enriched towards the rim of the grain.

Figure 3. EPMA Ti analysis of a zoned pyroxene grain in EK5-1-1.

Anorthite grains in EK5-1-1 are slightly smaller than
its pyroxene, ~100 µm in size. Spinel is Mg end-member with variable grain sizes from 1-100 µm. Allende
EK5-1-1 contains secondary Fe,Ni-rich sulfides, unique
to this inclusion relative to the other two, though there
is an apparent lack of Fe and S towards the rim of the
CAI. There are a few instances of secondary Na,Cl-rich
phases along the rim.
Discussion:
EK5-3B (Allende) is thought to be a condensate,
given its small grain size (5-20 µm in the interior and
20-50 µm towards the margin) and higher porosity.
Random crystallographic orientations and lack of zoning implies that grains in EK5-3B were in equilibrium
with the gas from which they formed. The mineralogical
assemblage of this CAI suggests that it formed at the
lowest temperatures of the three. Specifically, this inclusion experienced temperatures around 1362 ̊ K, when
diopside and spinel react to form anorthite [2].
During its formation, EK5-3B might have been
transported to more Ca-depleted nebular gas, which
would help explain the mid-inclusion transition from a
slightly coarser-grained and pyroxene-rich mantle to a
finer-grained, spinel-rich interior.
Leoville Senita is also expected to have condensed
from a gas, though it is more unusual with respect to its
lack of porosity. (Porosity was inferred to be minimal,
as totals from EDS mapping were ~100% in Senita,
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whereas they were << 100 in EK5-3B.) Random alignment and lack of shear rule out the possibility of metamorphism. Rather, triple junctions suggest annealing
during a thermal event. Intra-grain orientation gradients
further support a hypothesis of post-formation heating
and strain below metamorphic classification.
Allende EK5-1-1: The coarser grain size and zoning
of melilite and pyroxene suggest that EK5-1-1 crystallized from a melt. The crystallographic orientation of
grains further support an igneous origin. It has been
shown that Type B1 CAIs may have undergone nebular
shock, resulting in pressures of at least 10-4 bars (a minimum requirement for the formation of melilite mantles)
and temperatures > 1773 ̊ K that subsided within hours
[7]. The melilite mantle in EK5-1-1 would have crystallized at ~1773 ̊ K and had evaporative loss of Mg and
Si. It is not suspected that the interior would experience
further evaporation after the formation of the mantle.
It remains to be seen whether the melilite mantle
formed first, as in the above scenario, or if the inclusion
crystallized from the core and had evaporative loss of
Mg towards the margin. With the latter, temperatures
would have had to exceed 1503 ̊ K, the solidus temperature of Al,Ti-rich pyroxene [8].
The increase in Ti3+ towards the rim of the pyroxene
grain in EK5-1-1 suggests a change in the redox conditions towards a more reducing environment. It is possible that the Ti3+ enrichment observed at the rim is due
to the breakdown of a Ti,O-rich phase (e.g., perovskite)
that became incorporated along the margins of pyroxene
grains. The lack of alteration material towards the margin of EK5-1-1 suggest a more compact arrangement
that impedes the formation of sulfide phases in that region.
Conclusion: The inclusions presented in this study
record conditions of the early Solar System and contain
evidence of a rapidly changing nebular environment. An
array of temperatures, pressures, chemical compositions
and redox conditions in these regions produced signature textures, grain sizes, evaporative loss, mineral assemblages and Ti3+ abundances. Allende EK5-1-1 was
affected by a high-temperature event, possibly nebular
shock. The two fine-grained inclusions did not undergo

melting and are thought to be direct condensates. Senita
formed under hotter (> 1600 ̊ K) conditions where
hibonite and perovskite are stable [2], whereas EK5-3B
condensed from a cooler and likely more evolved nebular gas.
Future Work: Trace element analyses using laser
ablation-inductively coupled plasma-mass spectrometry
(LA-ICP-MS) will be conducted on all three CAIs. Analyzing refractory elements, especially Nb and Zr, might
indicate relict perovskite or hibonite, respectively—particularly helpful for EK5-3B, where it is suspected primary phases have been replaced. Rare earth elements
(REE) can serve a similar purpose. Volatile depletion
observed in trace element analysis of EK5-1-1 may indicate whether the core or mantle had crystallized first.
Trace elements including Ce3+/Ce4+ and Eu2+/Eu3+
will also provide constraints on relative oxygen fugacity
during the formation of these inclusions and whether fo2
changed during that time. The Ti3+/Titot analyzed in pyroxene within EK5-1-1 has made a beginning in this
demonstration. Trace elements may also point to a genetic relationship between grains in EK5-3B, helpful for
understanding the formation of its interior versus mantle.
References: [1] MacPherson G. J. (2014) Treatise
on Geochem., 2, 139-179. [2] Grossman L. (1972) GCA,
36, 597-619. [3] Simon J.I. et al. (2005) EPSL, 238,
272-283. [4] Brearly A.J. and Jones R.H. (1998) Chondritic Meteorites in Planetary Materials, ed. Papike J.J.,
83-124. [5] MacPherson G. J. and Huss G. R. (2005)
GCA, 69, 3100–3126. [6] Wark D.A. (1987) GCA, 51,
221-242. [7] Richter F.M. et al (2006) M&PS, 41, 8393. [8] Stolper E. (1982) GCA, 46, 2159-2180.

Figure 4. Contour map of melilite from EK5-1-1, taken from the map within the interior, illustrating CORs among grains. Note the m.u.d.
(multiples of uniform density) values on the right. In this case, a mud value < 10 indicates random orientation and a value >> 10 indicates
crystallographic orientation. Anorthite and pyroxene show similar trends from both maps in EK5-1-1.
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THE POST-BOMBARDMENT SIGNATURE OF A SPIKE IN IMPACT VELOCITY. C. Cooper1,2, E. G.
Rivera-Valentín1; 1Lunar and Planetary Institute, Universities Space Research Association, Houston, TX 77058,
2
Department of Earth, Environmental, and Planetary Sciences, Brown University, Providence, RI 02912.
Introduction: A sharp spike in the cratering rate
around 4.1 to 3.8 Ga known as the Late Heavy
Bombardment
(LHB)
is
inferred
from
geochronological measurements of returned lunar
samples [1] as well as lunar meteorites. The LHB is
now thought to be a period of increased impact
cratering in the inner solar system approximately 3.9
Ga. Indeed, analysis of Apollo samples has revealed
cratering rates on the Moon equivalent to 150-200
times those today [2].
Ar/Ar spectra analysis of poikilitic rocks found in
lunar highlands revealed them to be on the order of 3.8
Ga [3]. Additionally, this study found impact melts and
melt clasts all ranging from 3.835 to 3.894 Ga. Thus
the age of the Serenititus basin was constrained and
determined to be on the order of 3.8 Ga. U/Pb dating
was also used to analyze lunar highland samples [1].
The isochrons constructed from these samples
indicated that the craters on these highlands formed
between 4 and 3.85 Ga.
Once a period of heavy impacting was established
studies were performed with the intention of
identifying the origin of the LHB. The Nice model
posits that Jupiter and Saturn started out closer to the
Sun in more circular orbits than those of today [2].
After being thrown out of sync by each other’s
resonances,
they
migrated
outward
causing
disturbances in the asteroid belt, which led to the LHB.
Because the inner edge of the asteroid belt is set by
resonances with Jupiter and Saturn, a tighter orbital
configuration for these planets would imply an
extended asteroid belt, leading to the so-called E-belt
[4]. Late giant planet migration would then sweep
resonances across the now extinct E-belt, forming the
LHB projectiles.
Lunar cratering studies suggest the uptick in the
cratering rate during the LHB was also accompanied
by an uptick in the impact velocity, potentially by a
factor of two [5,6]. Indeed, revisions to the early Solar
System bombardment suggest the LHB impact rate
displaying a spike in impactors around 3.8 Ga followed
by a steady decline since [7]. This “Sawtooth” model
would predict that resonance sweeping across the Ebelt also resulted in an increase in the encounter
velocity of asteroids.
A hypervelocity impact onto the Moon sends a
shock wave through the subsurface, after which a
quasi-spherical region beneath the impact site is
shocked to the point of melting [8]. The amount of
melt produced is a function of the size of the impactor,
its density, and impact velocity. Thus, an uptick in the

typical impact velocity of lunar crater forming
projectiles would result in a change in the amount of
melt produced on the Moon. Furthermore, though in
most rock types, passage of a shock wave will not
disturb the age recorded by isotopic ratios because the
wave passes too quickly to allow gas to diffuse or
mobilize isotopes, Ar/Ar ages can be reset in rocks that
have melted during an impact [9]. Therefore, the
resulting amount of impact-reset rock ages on the
Moon is both a function of the number of impactors
and their velocity.
Here using a fully three-dimensional Monte Carlo
cratering model [10,11], which accounts for impact
melt production, we investigate the post-bombardment
signature of a spike in impact velocity. Our work can
then be used to provide new constraints on the
characteristics of the Late Heavy Bombardment.
Methods: The Moon is modeled is modeled as a
Cartesian sphere of radius R = 1737 km discretized
into cubic volume elements 10 km on a side. We use
Monte Carlo methods to produce synthetic impactor
populations and corresponding crater populations.
Impactors are chosen to follow a size-frequency
distribution (SFD) similar to the present-day asteroid
belt. The origin of LHB impactors is a notable point of
discussion. Comparisons of the projected SFD have
been compared to those of the modern-day asteroid
belt as well as modern day near-Earth asteroids [12],
and were found to be inconsistent. Thus, NEA’s are
likely partly responsible for impacting rates after 3.8
Ga, but not during the LHB. The total impact mass
onto the Moon is set as 3.5 × 1019 kg [7]. The synthetic
impactor populations are converted to crater
populations following a Pi scaling law [13], where a
projectile of diameter D impact at velocity vi produces
a crater with transient diameter of


  

     
  

where  is impactor and target density, g = 1.6 m s-2 is
the Moon’s gravity and θ is impact angle. Impact angle
is randomly selected following a distribution of
   . The simple-to-complex transition crater
diameter on the Moon is Dc ~ 15 km [14]. Consider
model resolution, we assume all craters are complex.
Impact melt is simulated following the scaling
relationships from [8] such that an impactor of radius
rp produces a quasi-spherical melt region, here
assumed a sphere, at a depth of
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where az = 2.52 and bz = 0.651, and radius

   

where ax = 3.00 and bx = 0.674.
Here we investigated an increase in the impact
velocity by a factor of 2, 3, 4, where the typical impact
velocity is 12 km/s [7]. We also varied the fraction of
the population that arrived with this velocity spike
factor, which was varied as 0.1, 0.25, 0.5, and 0.75 of
the total incoming bombardment mass. We ran 100
Monte Carlo simulation per paired free parameter and
found the average surface volume fraction of impact
melt over the suite with corresponding standard
deviation.

increase from some 10% by volume to 40% in our
studied parameter space.
The total volume of lunar shocked rock can be
extrapolated based off of its proportionality to that of
lunar dust, which has been modelled and calculated [9]
as 3 g of dust per cm3. The volume of lunar shocked
rock is thought to rest between 3 and 10 times the lunar
dust abundance. Given this model, total shocked rock
on the Moon is expected to be 9 g – 30 g per cm3 on
the Moon. Our results, with further work, paired with
such measurements will be able to help constrain the
characteristics of the lunar Late Heavy Bombardment.

Figure 1: Sample post-bombardment distribution of impact
melt on the surface of the Moon (in color). Crater floor
compositions are not simulated and so they appear white.

Results: In Figure 1 we show a sample postbombardment map of the volume fraction of melt
within crater ejecta blankets for the set of simulations
where half of the impacting mass arrived with an
impact velocity spiked by a factor of two. In this
simulation, the post-bombardment volume fraction of
melt was 0.23. Indeed, over the suite of 100
simulations for this combination, the average surface
volume fraction of melt was 0.24 ± 0.07.
In Figure 2, we plot the average volume fraction of
melt for every studied paired free parameter. As
expected, there is more melt produced as a higher
percent of the population arrives with a higher
velocity. For our simulations, we found that for the set
of runs where 75% of the impact mass arrived with an
impact velocity spike factor of 4, the surface volume
fraction of melt ~ 0.4, or rather nearly 40% of the
surface would have impact melt.
Conclusion: Our results show that an LHB
accompanied with a spike in impact velocity would
generate a measurable signature of surface impact melt
expression. Figure 2 shows that the volume fraction of
melt on the surface of the Moon is strongly dependent
on velocity and the fraction of the population arriving
with this increased impact spike, causing lunar melt to

Figure 2. Surface volume fraction of melt on the Moon (in
warm colors) as a function of the spike in impact velocity
and the fraction of the bombardment mass arriving at that
given velocity. The current typical impact velocity of the
Moon is 12 km/s, under which, if all impactors arrived at that
velocity some 10% of the Moon by volume would be
excavated impact melt.
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Introduction:
The
phosphate
apatite,
Ca5(PO4)3(F,Cl,OH), is a ubiquitous accessory mineral
found in both terrestrial and extraterrestrial rocks. It is
commonly used to study planetary volatile abundances
and, because it is a U–Pb carrier, to determine the ages
of geologic events (e.g., [1]). The utility of apatite may
be affected by impact cratering processes that produce
shock-deformation microstructures within the phase,
including planar fractures, partial to whole-scale
recrystallization, and low-angle grain boundaries,
which have been observed in both terrestrial and
extraterrestrial samples [2-6]. To better ascertain
response of apatite to shock we conducted a detailed
microstructural analysis of crystals in ~550 m of
shocked granitoid rocks and impact melt rocks in a core
from the peak ring of the Chicxulub impact structure.
Chicxulub Impact Structure: The Chicxulub
impact structure, located on the Yucatán Peninsula of
Mexico, is ~180 km in diameter and exhibits the only
well-preserved peak ring on Earth (e.g., [7,8]). The peak
ring of the structure is ~80 to 90 km in diameter and
rises ~400 m above the structural crater floor (e.g., [9]).
In 2016 the International Ocean Discovery Program
(IODP) and International Continental Scientific Drilling
Program (ICDP) recovered 829 m of core from the peak
ring of the Chicxulub crater during Expedition 364
[8,11]. The M0077A core consists of ~112 m of postimpact carbonates, ~130 m of impact melt rocks and
(reworked) suevite, 587 m of coarse grained granitoid
lithologies as well as pre-impact volcanic dikes and
impact melt and breccia dikes [9,11].
Previously indexed orientations of planar
deformation features (PDFs) and planar fractures (PFs)
in quartz constrain shock pressures between ~12 and 17
GPa throughout the basement portion of the core [12].
Shock-deformation features have also been described
within titanite crystals [13], along with the occurrence
of the high-pressure polymorph TiO2–II [14]. Here we
complement those studies of shock deformation with
new observations of shock-deformation in apatite
xenocrysts from the peak-ring granites and in impact
melt rock.
Samples and Methods: Seventeen samples from
the core were selected representing the interval 745 to
1320 meters below sea floor. The granitoid rocks
(samples 95-2-82-84, 96-3-7-8.5, 111-2-77-78.5, 125-

3-0-3, 150-3-25.5-27, 155-1-12-14, 168-3-25-27, 2102-36-37.5, 237-2-60-61.5, 273-1-58-59.5, 276-1-85-87,
285-2-3-5, 299-2-10-12.5, 303-2-71-72.5) consist of
plagioclase, quartz, alkali feldspar, biotite, with minor
muscovite, apatite, zircon, titanite, epidote, garnet,
ilmenite, and magnetite. The impact melt rock and melt
veins (89-3-13.5-15, 163-3-52.5-54, 206-3-54-56) are
aphanitic and mainly composed of quartz, feldspar, and
secondary calcite along with clasts of bedrock.
A total of 560 apatite crystals were identified and
imaged using optical microscopy at the LPI. Backscattered electron imaging using a JEOL-5910 scanning
electron microscope (SEM) was then conducted at the
NASA Johnson Space Center (JSC) in order to
characterize microtextures within select apatite crystals.
Microstructural analyses of a subset of 108 apatite
crystals were made with an Oxford Symmetry electron
backscatter diffraction (EBSD) detector on a JEOL
7600f field emission gun SEM at JSC. Acquisition
parameters included a 20 kV accelerating voltage, 18
nA beam current, 20.5 mm working distance, and 70˚
sample tilt. Step sizes of EBSD maps were between 700
and 50 nm.
Apatite crystals from impact melt in samples 89-313.5-15 and 163-3-52.5-54 were then analyzed using a
JEOL 8530F field emission gun microprobe at JSC. We
utilized a 15 kV accelerating voltage, 20 nA beam
current, 3 μm spot size, and well-characterized
standards. Analysis of 53 spots from 14 apatite crystals
were collected in order to determine the F, Na, Mg, Si,
Ca, S, La, Ce, P, Cl, Sr, Y, Fe, Sm, and Nd
concentrations.
Results: Apatite crystals range in length from 30 to
900 μm and exhibit euhedral to subhedral basal and
prism crystal structures. Optical imaging of apatite
crystals revealed planar fractures (PFs), sub-planar
fractures, cataclastically deformed zones, and granular
textures. All samples contain crystals with PFs; a total
of ~250 apatite crystals contain PFs in up to three
orientations of PFs within individual crystals. Offsets
along planar fractures also occur in heavily fractured
crystals, with up to ~5 μm of apparent displacement.
Sub-planar fractures are common within apatite.
Cataclastic deformation is present in 60 crystals and
with some crystals sheared along fractures.
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Seven apatite crystals within impact melt rock and
melt veins in samples 89-3-13.5-15, 163-3-52.5-54, and
206-3-54-56 contain granular microstructures. Crystals
are ~10 to 100 μm in size and contain a mixture of
rounded neoblastic microstructures and larger euhedral
laths.
Microstructural EBSD analyses of 108 apatite
crystals from granitoid and impact melt rock indicate
plastic deformation affected apatite throughout the core.
Crystals containing planar fractures (PFs) exhibit a
higher degree of apparent deformation. Planar
deformation bands (PDBs) are observed in 5 crystals,
with PDBs systematically misorientated up to 20˚ from
the host about preferred crystallographic orientations
(Fig. 1). Cataclastically deformed crystals exhibit >40˚
of misorientation between rotated fragments, with
surrounding quartz showing high degree of crystalplastic deformation as well. A single zircon crystal
within the shocked granitoid sample 210-2 contains
diagnostic shock-deformation {112} twins. The single
orientation of twin lamellae are ~50 to 100 nm in width
and is locally developed within sections of the crystal.
High-resolution EBSD mapping of partially recrystallized grains from the impact melt unit show that
host apatite crystals contain large dispersions in pole
figures due to impact-induced deformation, while newly
recrystallized domains show little to no dispersion on
pole figures indicating that they are strain-free domains
(Fig. 2). Fully re-crystallized grains show differences in
crystallinity, with one grain containing a newly recrystallized rim of apatite, while the interior of the
crystal does not index by EBSD. Apatite included in
sheet silicates show very low levels of crystal-plastic
deformation, with <5˚ of misorientation observed, while
crystals in contact with zircon and/or quartz show up to
20˚ misorientation across the crystal, with a high degree
of deformation at the contact between apatite and zircon
or quartz.
Microprobe analysis of 14 apatite crystals from
within impact melt samples 89-3-13.5-15 and 163-352.5-54 shows that apatite in sample 89-23-13.5-15 is
chlorine-rich (~0.3 to 0.8 wt.%), while crystals from
sample 163-3-52.5-54 have less Cl (<0.1 wt.%). Apatite
in both samples are fluorine-rich with F concentrations
ranging from 4.3 to 3.0 wt.%. Both calcium and
phosphorus values are constant throughout all apatite
crystals in both samples with values ranging from ~52
to 55 wt.% for CaO and 39 to 42 wt.% oxide P2O5.
Apatite within both samples is also relatively sulphurrich, with as much as 0.34 wt.% SO3.
A single partially recrystallized grain was
analyzed with 11 individual spots, targeting both the
recrystallized domains and the pre-exiting host domains
(Fig.2). Recrystallized domains contain higher Mg

Figure 1. Texture component map showing misorientation within apatite grain in shocked granitoid.
Grain has PDBs that are up to 18º misoriented from the
host grain. 168-3-25-27 (932.79 mbsf).
values with values ranging from ~0.2 to 0.01 wt.% oxide
while Mg in the pre-existing apatite crystal are below
detection limit. The phosphorus and chlorine
concentrations in both the recrystallized domains and
host apatite crystals are constant throughout all spots,
but the calcium values are slightly higher in the host
apatite reaching up to 55.3 wt.% oxide while the
recrystallized domains are all <54.3 wt.% oxide.
Discussion: Apatite microstructures observed
throughout the core show varying levels of shock
deformation from planar fractures to crystal-plastic
deformation to complete recrystallization. Crystalplastic deformation observed within apatite from the
Chicxulub impact structure is similar to that described
in apatite from the Paasselkä impact structure, Finland
[5] as well as in phosphates from lunar samples [4].
Planar deformation bands observed within apatite from
our samples, however, are the first described from an
impact structure and are texturally similar to those
observed in zircon from the Vredefort Dome impact
structure [15].
Recrystallization of apatite has been described at
only a few impact structures, including lath-like crystals
and rounded neoblasts in recrystallized crystals from the
Paasselkä, Finland [5], Lac La Moinerie, Quebec [16],
and Nicholson Lake, Northwest Territories [3] impact
structures. The change in chemistry observed within the
recrystallized apatite grains in this study is significant
as it may be similar to those observed within grains in
impact melt rock from the Paasselkä impact structure
[5] and, thus, shows that impact-induced melting can
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Figure 2. Partially recrystallized apatite grain from sample 163-3-52.5-54. (A) BSE image of apatite grain. Dotted
line=recrystallized domains, White circles=microprobe spots. (B) EBSD inverse pole figure of misorientation within
grain. (C) Pole figure for host apatite grain. (D) Pole figure for un-deformed recrystallized domains.
change the chemical composition of apatite. Shockdeformed zircon suggests that some intact granitoid
rocks experienced pressures as high as ~20 GPa [15],
which places new constraints on the upper limit of shock
pressures within the peak ring, while the lower limit of
~12 GPa is based on characterization of PDFs in quartz
[12].
Additional work that will be presented includes
high-resolution (12 nm) transmission Kikuchi
diffraction (TKD) and transmission electron
microscopy (TEM) analyses from a PDB within an
apatite grain, as well as crystallographic orientation
measurements of planar fractures within apatite grains
and 5-axis universal stage measurements of shock
deformation features in quartz to calibrate pressure
ranges experienced by samples.
Acknowledgements: Support was provided by the
LPI Summer Intern Program in Planetary Sciences.

References: [1] Chew D. M. and Spikings R. A.
(2015) Elements 11, 189–194. [2] Cavosie A. J. and
Lugo Centeno C. (2014) LPS XLV, Abstract #1691. [3]
McGregor M. et al. (2018) Earth Planet. Sci. Lett., 504,
185–197. [4] Černok A. et al. (2019) Meteoritics &
Planet. Sci,, 54, 1262–1282. [5] Kenny G. et al. (2019)
LPS L, Abstract #2132. [6] Shaulis B. J. et al. (2016)
LPS XLVII, Abstract #2027. [7] Hildebrand A. R. et al.
(1991) Geology, 19,867–871. [8] Kring D. A. (2017)
GSA Today, 27, 4–8 [9] Gulick S. P S. et al. (2017)
Expedition 364 Preliminary Report: Chicxulub. [10]
Smit J. (1999) Earth-Sci. Rev., 27, 75–113. [11] Morgan
J. V. et al. (2016) Science, 354,878–882. [12] Rae A. et
al. (2017) LPS XLVIII, Abstract #1934. [13] Timms N.
E. et al. (2019) Contrib. Min. Pet., 174, 38–61. [14]
Schmieder M. et al. (2019) LPS L, Abstract #2132. [15]
Erickson T. M. et al. (2013) Am. Mineral., 98, 53–65.
[16] McGregor M. et al. (2019) Contrib. Min. Pet., 174,
62–82.

30

LPI Contribution No. 2192
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Introduction: Chemical weathering occurring on
Venus, through gas-solid interactions, should be limited
to processes such as oxidation and sulphurisation due to
the absence of water on the surface [1]. Fe2+ ions within
primary igneous silicate minerals (i.e. olivine and
pyroxene) are particularly susceptible to Venus’ CO2CO-SO2 atmosphere at ~ 95.6 bars and at a surface
temperature of ~ 470qC [2,3]. Therefore, oxidation is
predicted to result in the formation of thin coatings of
magnetite and hematite on mineral surfaces [1,4]. The
presence of haematite coatings on Venus basalts is
supported by the high spectral reflectance observed
from both Venera 9 and 10 landers [5]. Previous studies
have looked at high-temperature oxidation of
ferromagnesian silicates [e.g. 5,6], but further work is
required to constrain weathering rates of pyroxene and
alkaline basalt and how oxidation affects diagnostic
pyroxene bands in Visible to Near Infrared (VNIR)
spectra.
Around ~ 80% of Venus’ surface is considered to be
basaltic (tholeiitic-alkaline) based on limited
geochemical and geomorphological investigations [8].
The extensive nature of the basaltic lowland plains
highlights how effusive volcanic activity is a dominant
process resurfacing the Venus landscape [9]. Pyroxenes
are abundant ferromagnesian silicate minerals in
terrestrial basalts and therefore, should be a major
constituent in basalts on Venus [10,11]. Two distinctive
absorption bands which characterise pyroxenes, both
reflecting Fe2+ crystal field (CF) transitions, occur near
the 1000 and 2000 nm wavelengths, respectively [12].
However, only three spectral windows are transparent
through Venus’ dense atmosphere at 1.01, 1.10 and
1.18Pm, as identified from Venus Express’ Virtual
Infrared Thermal Imaging Spectrometer (VIRTIS) [13].
Hence, it limits the scope for acquiring reflectance
spectroscopy to understand the pyroxene mineralogy of
the Venus crust [e.g. 14]. Yet, the restricted window
range can be utilised by considering reflectance
indirectly as emissivity is inversely related to
reflectance by Kirchhoff’s law (e#1-r) [15].
Using the emissivity bands from VIRTIS and Venus
Express, Smrekar et al. [16] have identified ‘hotspot’
regions with anomalously high emissivity (low
reflectance) correlating such regions with fresh, nonweathered basaltic surfaces, indicating the surfaces
represent geologically young lava flows with an age of
less than 250,000 years. The large uncertainty attached
to the age of flows can only be constrained by

instigating experimental weathering. Our previous work
[5] has suggested that these flows may in fact be years
old but that result is based on the oxidation of olivine
only and not all minerals found in basalt. These recent
measurements of oxidised olivine showed that the
characteristic olivine band depth (1000nm) becomes
more obscured with increasing durations of oxidation
[5]. Thus, this study complements [5] providing
constraints on pyroxene and basalt weathering rates,
isolating effects of oxidation on VNIR pyroxene and
basalt spectra and finally, summarising the implications
for volcanism on Venus.
Sample, Experimental and Analytical Details:
Samples. The diopside (D), augite (A) and
pyroxenite (P) samples were bought from Ward’s
Science and the chemical compositions were verified by
electron microprobe analysis (EMPA). The basalt (B)
was obtained from Sverrefjell volcano in Spitsbergen
(Svalbard, Norway) in August 2001 [17].
Experimental. This study follows a similar approach
of [5] for the oxidation of olivine. All of the samples
were cut to approximately 5 mm. The unmounted and
unpolished samples of D, A, P and B were placed in an
Thermo Lindberg/Blue M box furnace at NASA
Johnson Space Centre (JSC), under terrestrial
atmospheric conditions, at 600qC and were removed
after durations of 1, 2, 4 and 7 weeks. The experiment
had the oxygen fugacity of Earth’s atmosphere at ~100.24
bar [18] compared with the fO2 of Venus’
atmosphere estimated to be at ~10-21.0 bars [19]. Venus’
atmosphere also differs in composition to Earth as it
primarily consists of carbon dioxide (95.6%), nitrogen
and minor sulphur/halogen species [20]. Hence, the
major limitations of the experimental conditions are the
differences in both fO2 and composition between the
atmospheres of Earth and Venus. However, the results
are still applicable Venus analogues as the mineralogy
of the oxidative products on terrestrial volcanic/igneous
rocks should be similar to the coatings that form on the
surface of Venusian basalts [11]. The temperature used
in the experiment is slightly higher than the present-day
surface temperature of Venus estimated at ~470qC [3],
but 600qC has been used to implement a logarithmic rate
of oxidation.
Analytical. Chemical analyses were attained by
EMPA using the Cameca SX 100 instrument at JSC
from polished thin sections of unoxidised D5, A5, P5
and B5. The analyses used an electron accelerating
potential of 15 kV and a defocused beam for the basaltic
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VNIR spectra were acquired for all samples but only
the results for B are highlighted here. The spectra for B
prior to and after oxidation for different durations are
illustrated in Figure 2. The unoxidised basalt has two
absorption bands at 1005 and 2210 nm with both bands
directly reflecting a high calcium pyroxene (HCP) [6],
the augite crystals that dominate the matrix. Both bands
are attributed to Fe2+ M2 site CF transitions [24, 25].
The wavelength of the 2210 nm band does not change
with increasing oxidation. However, the average band
depth (BD) of the 1005 nm absorption for the weathered
surface (BD=0.03), after 7 weeks of oxidation, is ~63%
weaker than for the initial fresh surface (BD= 0.08).
These differences are compensating for major
reflectance changes occurring especially in the visible
region associated with the characteristics of hematite.
An absorption edge is seen between 426 and 455 nm
with a sharp increase in reflectance after 455 nm, even
after a week of oxidation [26]. With increasing time of
oxidation, the increase in reflectance shifts to longer
wavelengths. An additional weak band at 679 nm is
present associated with the Fe3+ CF absorption [27, 28].
The ‘redder’ spectral slope can also be observed
visually. B shows a progressive increase in surface
colouration from its initial black colour to a strong
orange/red hue after 7 weeks of oxidation (Figure 3).
Furthermore, the BSE images illustrate how the VNIR
spectra is highly sensitive [29] to even small changes in
the mass of haematite present on sample surfaces
(Figure 4). With longer periods of oxidation, the mass
of nanophase haematite on the surface increases. Higher
concentrations of oxides can be found on the olivine
phenocrysts, the ferroan rims of augite phenocrysts, and
on the glass.
REFLECTANCE (%) OFFSET FOR CLARITY

sample and a focused beam for all mineral analyses,
with currents ranging between 1 and 20 nA depending
on the sample. The instrument was calibrated for Na,
Mg, Al, Si, K, Ca, Ti, Fe, Cr and Mn, using natural and
synthetic mineral standards. Any analyses with sums
totalling <99.5% and >100.99% were discarded.
A Spectral Evolution OreXpress Spectrometer with
a Benchtop Reflectance Probe was used to obtain the
VNIR reflectance spectra of unoxidised and oxidised
samples, all measured between 350 to 2500 nm
wavelengths. A standard white reflectance panel was
used to correct the measurements taken.
The reacted surface of each sample was examined
by Scanning Electron Microscopy (SEM). The
unmounted samples were carbon coated and carbontaped to an aluminium disc. The back-scattered electron
(BSE) images were obtained using the JEOL JSM5910LV at JSC with a 15-kV accelerating voltage.
Results: B has an alkali basalt composition based on
the total-alkali-silica diagram (TAS) with 44.7 wt%
SiO2 and 6.9 wt% of Na2O and K2O (Figure 1). The
alkali basalt is highly vesicular and contains glass. The
porphyritic matrix contains phenocrysts of normally
zoned, euhedral-subhedral olivine with magnesian cores
(average Fo84.3) and ferroan rims (average Fo83.6), and
abundant, normally zoned augite (Wo50En35Fs15). The
phenocrysts are set in a groundmass of plagioclase
microlites (An49) and euhedral to subhedral spinels,
which range in composition from Cr-magnetite to Fechromite. The alkali basalt is compositionally similar to
the major bulk element geochemical analysis at the
Venera 13 landing site [21]. D, A and P samples all fall
within the compositional fields of the pyroxene
quadrilateral [22]. D was confirmed to be a diopside
with a composition of Wo50En47Fs3. A has a composition
of Wo48En36Fs15, confirming it as an augite, and finally,
P is an orthopyroxenite (Wo3En81Fs16) with minor
plagioclase (An62).
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Figure 1: Total-alkali-silica (TAS) diagram classifying
sample B and rock analysed at the Venera 13 landing site
[21]. The classification fields are based on those of [23].
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Figure 2: Reflectance spectra for alkali basalt samples
after oxidation at 600qC.

Discussion: The results here confirm our previous
findings [5] that the surface of Venus should be altered
by oxidation, and illustrates the difficulties in analysing
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spectral features of igneous minerals. After 7 weeks of
oxidation, the augite 1005 nm band in the basalt spectra
became weaker. Thus, it highlights that longer oxidation
durations diminish the contribution of a major pyroxene
band in mixed bulk rock spectra, which aids
compositional identification [30]. The rapid
development of thin coatings (<1Pm) of nanophase
hematite at the surface is suggested to occur as a result
of migration of Fe2+ ions to the surface [31].
Experiments oxidising ferromagnesian silicates at
elevated temperatures under a CO2-rich atmosphere
confirm that the hematite forming in our experiment is
a representative chemical product occurring on Venus
[32, 33].
The hotspots of Imdr, Themis and Dione Regiones
with high emissivity (low reflectance) have been
correlated to signifying fresh basaltic surfaces with a
given age range of 250,000 ka-2.5 Ma [16]. This
timescale of volcanism can be revised by incorporating
the experimental oxidation rates presented here and in
[5], and it shows that the weathering rates can be
constrained to a few years implying these lava flows
must be less than years old. Future studies will need to
oxidise samples under Venus conditions and at a range
of temperatures for similar durations implemented here
to elucidate oxidation kinetics.
Acknowledgements: I would like to thank Anne
Peslier, Loan Le and Kent Ross for guidance with the
Electron Microprobe and SEM. Finally, my principal
thanks must go to Justin and Allan for the opportunity
to work on this project, and the financial support from
the LPI intern programme.
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Figure 3 : The progression of alkali basalt oxidation. 5)
Unoxidised alkali basalt. 1) 1-week oxidised alkali basalt.
2) 2-week oxidised alkali basalt. 3) 4-week oxidised alkali
basalt. 4) 7-week oxidised alkali basalt.
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Figure 4 : BSE image of the alkali basalt oxidised after 7
weeks. There is an abundance of nanophase haematite
present on the surface shown by the small white specks,
which is also highlighted by the high reflectance in the
spectra (Figure 2).
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PROTOCOL DEVELOPMENT FOR ORGANIC AND INORGANIC SURFACE MOLECULAR
CONTAMINATION MONITORING IN NASA’S CURATION CLEANROOMS. L.J.C. Dorlas1,2, A. Hutzler1,3,
and J.A. Lewis3, 1Lunar and Planetary Institute, Universities Space Research Association, Houston, TX 77058,
2
School of Chemistry, The University of Edinburgh, Edinburgh, UK (dorlas.laetitia@gmail.com), 3Astromaterials
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Introduction: The Astromaterials Research and
Exploration Science (ARES) Division at NASA
Johnson Space Center (JSC) is responsible for the
curation of NASA-held astromaterials. The
Astromaterials Acquisition & Curation Office’s role is
to ensure the pristine preservation of these materials to
allow for reliable scientific investigations in the
indefinite future [1]. This is achieved through the
storage and handling of the samples in ISO Class 4 to
7 cleanrooms and the implementation of strict cleaning
procedures, donning of prescribed gowning apparel
and use of allowed materials [2]. Nonetheless,
contamination can be only minimized to a certain
extent. Maintaining an accurate record of cleanroom
contaminants is of great importance as it assists
scientists in drawing accurate conclusions from
sample analysis [3].
At present, NASA is only monitoring the airborne
particle count on a regular basis [4]. A new
Contamination Control and Knowledge plan has been
introduced which addresses molecular contamination
in detail for the first time. Molecular contamination,
which can be organic, inorganic or biotic, can exist in
the air as airborne molecule contamination (AMC) and
on surfaces as surface molecular contamination (SMC)
[4]. An external company, Balazs NanoAnalysis,
analyzed organic and inorganic surface molecular
contamination in NASA’s curation cleanrooms in
January 2019. In this abstract, we present the
development of an in-house protocol for the routine
monitoring of organic and inorganic surface molecular
contamination in NASA’s curation cleanrooms.
Instruments and Method: The procedure for the
extraction of molecular surface contamination was
based on a literature survey [5-8] and previous inhouse work. Expected compounds and levels were
estimated from Balazs’ baseline study.
The procedure involves the application of a solvent
onto a surface, the retrieval of the solvent using a
specific tool, followed by appropriate sample
processing and analysis. We performed all sample
collection, processing and analysis in-house at NASA
JSC.
Inorganic Contamination: We initially tested the
protocol with three solvents, Ultra Pure Water (UPW),
methanol, and isopropyl alcohol (IPA), and two
solvent collection tools, a transfer pipette and a syringe
(BD, 20 mL). These solvents were chosen as water and
methanol are common for this use [5, 8] and IPA is

currently used in cleanroom wipes. We expect
inorganics to show the greatest solubility in UPW as
has been observed for inorganic salts [9] and minerals
[10].
Tools and consumables were plastic and cleaned
with 10 % HNO3. Approximately 10 mL of solvent
was measured and applied to the surface, either by
pouring (UPW) or by transferring 1 mL at a time (IPA
and methanol). The solvent was collected using the
solvent collection tool and prepared as 2% HNO 3 for
HR-ICP-MS analysis (Thermo Element XR), either by
direct acidification (UPW) or drying the solution in
Teflon beakers and adding 4 mL 2% HNO3 (IPA and
methanol). All samples were spiked with indium with
a resulting concentration of 1 ppb.
Six samples were taken along with a procedural
blank for each. Sample names are reported as
Solvent_Tool_Dry_Bk, where _Dry is added if a
sample was dried and _Bk is added if the sample was
a procedural blank. The following list details all
samples: UPW_Pip, UPW_Syr, UPW_Pip_Dry,
IPA_Pip_Dry, Meth_Pip_Dry, Meth_Syr_Dry.
Organic Contamination: We tested the organic
protocol
using
methanol,
pentane
and
dichloromethane (DCM). DCM has been used before
in a one-off experiment similar to our study, to
investigate organic surface contamination in the
Advanced Curation Glovebox [11]. Pentane was
chosen as it does not interfere with common organic
signals in GC-MS spectra and we included methanol
in order to evaluate a range of polarities. One sample
was taken for each solvent along with a procedural
blank.
Tools and consumables were glass and metal (Al
and stainless steel) and were baked-out at 500 Ԩ for
12 hours to remove existing organic contamination. 10
mL of solvent was applied to the surface, 1 mL at a
time, using a borosilicate glass pipette (SigmaAldrich), immediately collected and transferred into a
test tube. All solutions were reduced under nitrogen
blow down and transferred to GC-MS autosampler
vials. We analyzed organic contamination using GCMS in a Thermo Trace 1310 GC with autosampler and
Restek Rxi-5ms column and an ISQ EC Single
Quadrupole MS. The oven was heated to 40 °C for 3.5
min., ramped 15 °C/min. to 300 °C, and held at 300 °C
for 5 min.
Preliminary Results: We first tested the protocol
in the General Chemistry Laboratory at JSC building
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31 where the surface of a hotplate within a fume hood
was sampled after being wiped by Valutek cleanroom
wipes. The purpose of this first test was to trial the
practicalities of our procedure and refine the protocol.
The samples were analyzed to determine 1) if our
protocol is sensitive enough to detect contamination
and 2) which solvent extracted the most
contamination. For inorganic contamination we also
aimed to explore 3) which solvent collection tool was
more convenient to use and introduced the least
amount of contamination and 4) to what extent
contamination was introduced by drying down
solutions.
Inorganic Contamination: Contamination was
detected above the detection limit (shaded area,
Figures 1-3) in all samples and blanks in the ppb and
ppt range. This tells us that not only can we measure
the surface contamination sampled but also
contamination introduced through other points of
entry, such as the solvents, the tools and the
environment in which the samples were handled.
Generally, the samples show higher contamination
levels than their respective procedural blanks (Figure
1-3), indicating that the protocol is sensitive enough to
measure the surface contamination.

In order to determine which solvent extracted the
highest mass of contaminants, we compared
UPW_Pip_Dry, Meth_Pip_Dry and IPA_Pip_Dry.
UPW was easiest to collect off the surface, averaging
88% solvent recovery versus 9% for IPA and 5% for
methanol. However, methanol collected the most
surface contamination, both relative to its procedural
blank (Figure 4) and as an absolute difference in ppb
(Figure 2). When comparing the level of
contamination detected in each sample relative to its
procedural blank, those levels for methanol were 17
times higher than for UPW and IPA. This result could
suggest that the elements detected in the methanol
sample came from contaminants more organic in
nature than we expected. This hypothesis could be
tested by performing the procedure using a larger
range of organic and inorganic solvents. In addition,
multiple samples per solvent should be taken so that
potential procedural anomalies in the data can be
detected.

Figure 3: The concentration of contamination measured in ppb by
mass in IPA_Dry and IPA_Dry_Bk.

Figure 1: The concentration of contamination measured in ppb by
mass in UPW_Dry and UPW_Dry_Bk.

Ba, Pb, Mg, Al, Ca, Fe, Ni, Cu, Zn, Na, and K were
detected in the samples at levels at least 5 ppb above
their respective procedural blank. These contaminants
could have come from many sources, such as humans,
the air, laboratory materials such as the steel table,
fume hood, metal cabinets, glassware, solvents and
other chemical samples handled in the lab.

Figure 2: The concentration of contamination measured in ppb by
mass in Meth_Dry and Meth_Dry_Bk.

Figure 4: Ratio of contamination measured in each sample relative
to its procedural blank for UPW (blue), methanol (orange), and IPA
(green).

While carrying out the procedure, it was found that
the syringe was more convenient to use than the
pipette. In order to determine which solvent collection
tool introduced the least amount of contamination, we
compared
UPW_Pip_Bk,
UPW_Syr_Bk,
Meth_Pip_Dry_Bk and Meth_Syr_Dry_Bk. For both
UPW and methanol, the syringe introduced
significantly higher levels of Ba, Mg, Al, Fe, Ni, Cu,
Zn, Na, and K (Figure 5). The syringe will therefore
be eliminated from the protocol. However, for both
solvents the pipette introduced higher levels of Ca and
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for UPW it introduced higher levels of Pb as well. As
Ca and Pb have been identified as abundant surface
contaminants in both this study (Figure 4) and in the
Balazs test, the protocol should not introduce high
background levels of these elements. Therefore, we
will look for another solvent collection tool.

Figure 5: Concentration of contamination measured in ppb by mass
in UPW_Pip_Bk (blue) and UPW_Syr_Bk (orange).

To determine the amount of contamination
introduced by drying solutions, we compared
UPW_Pip_bk to UPW_Pip_Dry_Bk. Levels of
contamination were found to be several hundred
percent higher in the sample that was dried (Figure 6).
This could be explained by several factors. One
possibility is that drying samples could have
introduced additional contamination as the samples
were directly exposed to the surrounding air in a
normal laboratory environment for several hours. It
would therefore be interesting to investigate the effect
of drying samples in a clean laboratory where the
environment is expected to contain less contaminants.
Another possibility is that the Teflon beakers
introduced more contamination when heated. This
hypothesis could be tested by comparing two UPW
samples stored in closed Teflon beakers where one is
heated and the other is not.

Figure 6: The mass of contamination measured in UPW_Pip_Bk
(blue) and UPW_Pip_Dry_Bk (orange).

It is interesting to note that the curves in Figures 13 and Figure 6 show similar patterns. This could
indicate that there is a dominating source of
contamination other than the surface common amongst
the samples, such as the pipette or the laboratory air.
In order to investigate this further, we plan to analyze
equipment blanks so that we can relate our data to a
specific entry point of contamination in our protocol.
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Organic Contamination: The pentane samples did
not show any significant peaks in their GC-MS
spectra. The spectra of the methanol sample and its
procedural blank both showed 2 peaks corresponding
to siloxanes. Though we did expect to find siloxanes
in our samples, as Balazs had identified them in
January 2019, the fact that the signals were present in
both the sample and its procedural blank suggest that
the siloxanes were introduced by the polysiloxane
column in the instrument. The DCM sample and its
respective blank both showed a signal corresponding
to chlorobenzene. Its source is unknown and
speculated to be either the solvent itself or the
environment in which the samples were handled.
In the future we could investigate whether the
sensitivity of the GC-MS can be increased by using the
pyrolysis mode instead of the auto-injection mode. In
pyrolysis mode samples can enter the GC-MS in a dry,
and therefore more concentrated, form in comparison
to diluted solutions.
Conclusions: The protocol is compatible with
ICP-MS measurements of inorganic surface molecular
contamination. Our preliminary results suggest that
methanol extracts the most surface contamination. In
order to confirm this result, more samples of each
solvent must be taken. Though we found the syringe
to be the most convenient to use, we will eliminate it
from our protocol as it introduced more contamination
that the pipette. As the pipette introduced higher levels
of Ca and Pb, we will look for an alternative, cleaner
solvent collection tool. The drying of samples was
found to introduce a significant amount of
contamination.
Developing
on
this
initial
investigation, we want to collect equipment blanks as
they allow us to relate the observed trends in our data
to specific entry points of contamination. This will
allow us to identify relevant contaminating tools and
steps in our procedure and consequently eliminate or
significantly reduce these.
The protocol presented here is not sensitive enough
to measure organic contamination in our samples.
Future work could explore whether the pyrolysis mode
of the GC-MS will result in higher sensitivity.
References: [1] Allen C. et al. (2010) Chemie der
Erde, 70, 1-20. [2] Calaway M.J. et al. (2019) LPSC
L, Abstract #1690. [3] Dworkin et al. (2018) Space Sci
Rev, 214: 19. [4] Hutzler A. et al. (2019) LPSC L,
Abstract #2900. [5] Dost A.A. (1996) Ann. Occup.
Hyg., 40, 589-610. [6] Xu N. et al (2019) J Sep Sci,
42, 1593-1599. [7] IEST Recommended Practise:
IEST-RP-CC004.3. [8] Kerr K. (2004) Department of
Safety Sciences, Central Missouri State University [9]
Pinho S.P. and Macedo E.A. (2005) J. Chem. Eng.
Data, 50, 29-32. [10] Ellingboe J.L. and Runnels J.H.
(1966) J. Chem. Eng. Data, 11, 323-324. [11] Calaway
et al. (2014) NASA/TP-204-217393.
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DATING YOUNG MARE FLOWS: LICTHENBERG AND FLAMSTEED REGIONS. E. Hon1,2 and J. Stopar2,
1
Department of Geology and Geophysics, University of Hawaii at Mānoa, 2500 Campus Rd, Honolulu, HI 96822,
(ehon@hawaii,edu), 2Lunar and Planetary Institute, Universities Space Research Association, 3600 Bay Area Blvd,
Houston TX 77058.
Introduction: The objective of this project is to
investigate the ages and stratigraphy of two young mare
deposits: the Flamsteed Ring mare (FRM) and a mare
deposit to the south-east of the Lichtenberg crater
(LCM), both located in Oceanus Procellarum. Schultz
and Spudis (1983) estimated the FRM to be 900±400
Ma and the LCM to be 900±300 Ma [1], which would
make them some of the youngest known mare flows on
the Moon. Hiesinger et al. (2003) later mapped
numerous nearside mare units using Clementine color
data, deriving model ages from craters in Lunar Orbiter
IV images, including several other young mare deposits
[2]. One of those is a deposit near Lichtenberg crater,
which has a derived age of ~1.7 Ga (P53 unit [2, 3]).
New data and images have since been gathered, such
as from the Lunar Reconnaissance Orbiter Camera
(LROC) and Kaguya’s Terrain Camera (TC). An
investigation by Stadermann et al. (2018) using LROC
data showed that the mare south of Aristarchus crater,
dated by Hiesinger et al. to be ~1.2 Ga [3] in age (P60
unit [2]), can actually be interpreted as a series of flows
spanning ~1 Ga to 2.7 Ga, getting older from west to
east [4]. Morota et al. (2011) used Kaguya data to redate many of the units defined by Hiesinger et al.,
finding that FRM (P35) and LCM (P53) to be ~1.5 Ga
and ~2.1 Ga in age, respectively [5]. The conflicting
ages between Hiesinger et al. (2011) [3] and Morota et
al. (2011) [5] and the wide range of ages found by
Stadermann et al. (2018) [4] suggest that many
compositionally uniform mare units are in fact made up
of more than one lava flow spanning significant time
intervals (Table 1).
Table 1. Reported model ages of studied mare
deposits and maria south of Aristarchus crater [1-5].
Mare name
(unit label)
FRM (P35)
Lichtenberg
(P53)
Aristarchus
(P60)

1983 [1]

2011 [3]

900±400
Myr
900±300
Myr
N/A

2.54 Ga
1.68/3.18
Ga
1.2 Ga

2011
[5]
1.5
Ga
2.1
Ga
1.73
Ga

2018
[4]
N/A
N/A
~1-2.7
Ga

Improved knowledge of the timing, stratigraphy,
and extent of the youngest mare deposits is critical to
understanding the end stages of lunar volcanism, which
is thought to have ceased about 1 Ga from studies of
crater size frequencies [1, 2]. Thus, the determination of
the ages of the FRM and LCM flows using the newly

available data can put into perspective not only the
longevity of volcanic activity on the Moon but also the
volume of activity. This can lead to a deeper
understanding of the Moon’s thermal history and
formation.
Methods: The definition of mare units for age
determinations is here based on LROC and TC images,
as well as Kaguya Multiband Imager (MI) and
Clementine UVVIS color ratio, FeO, and TiO2 maps [6,
7]. Mare deposits of similar FeO and TiO2 compositions
were identified and grouped for CSFD analyses.
Mapping was guided by previous geologic maps [8] and
Hiesinger et al.’s units [2, 3]; however, our unit
boundaries differ as a result of higher resolution data
sets now available. Three compositional units are
mapped: blue mare (high FeO and TiO₂), red mare
(lower FeO and TiO2), and crater ejecta (which showed
very low FeO and TiO2). Topographic indicators, such
as embayment of crater ejecta, also guide our maps and
unit definition.
We use the standard Neukum et al. [9] methodology
of determining model ages from crater size frequency
distributions (CSFDs). We follow Stadermann et al.’s
(2018) method for excluding crater ray material and
secondary craters from the count regions [4]. Using
ArcGIS [10], the primary craters in the chosen area are
mapped with CraterTools [11] and their diameter is
recorded. Only craters 400 m or larger in diameter have
been used to determine model ages to avoid the effects
of crater scaling and degradation as a function of target
strength [12]. Secondary craters have been created by
both the Flamsteed and Lichtenberg craters as well as
other large craters near the study areas. When the
secondary craters are close to their crater of origin they
are asymmetric in shape and have v-shaped ejecta [4].
The exclusion of secondary craters from the CSFD
count areas is also achieved by recognizing areas of
clustered craters. Other areas of potential resurfacing
are also excluded from the CSFD areas, including
wrinkle ridges.
Lichtenberg Crater Mare: The map of the LCM
was broken into multiple areas due to the high
concentration of ejecta rays and resurfacing that covered
the region (Figure 1). All of these areas are composed
of the blue mare (high TiO₂ and FeO), which are
stratigraphically the youngest flows present. Within the
larger areas, 8 units were selected for CSFD analysis.
The ages found using the standard methodology [9]
ranged from 1.15 to 2.84 Ga and 1.19 to 2.39 Ga using
the Poisson timing analysis (PTA) [13].
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Figure 1: Mapped LCM; the blue mare (excluding
crater deposits) is mapped in blue with green outlines
showing the units that were used for crater statistics. A
section of red mare where crater statistics were
conducted is shown in red. Model ages (in Ga) in black;
the first age was determined using the standard
methodology [9] and the age in parentheses was
determined using the PTA [13].
Flamsteed Ring Mare: The FRM is composed of
one singular blue mare unit within the mapped area and
is 4.90x10³ km² in area (Figure 2). The FRM blue mare
has the highest TiO₂ and FeO content in the vicinity of
the crater. The red mare unit surrounding the FRM was
also mapped and a small section of it was selected for
crater statistics which found its age to be ~2.9 Ga
(Figure 2).

Figure 2: The FRM is represented by the blue outline
and fill. Model ages in white; using the same notation
from Fig 1. The red mare unit is outlined in pink and the
pink with red fill is the area chosen for crater statistics.
Discussion: Our preliminary results for the SE
Lichtenberg mare suggest the possibility of subunits.
Three of the chosen northern units are all ~1.4 Ga in age,
but we see an older age for the flow directly to the SE
of Lichtenberg crater. We also determined a very young
age for the unit to the east (Figure 1), which might
indicate that the latest eruptions occurred to the east.
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The unit dated to be 2.43(+0.26,-0.27) Ga
(μ2.19±0.24 Ga) in the Lichtenberg area is similar in
age to Hiesinger et al.’s model age of 2.48 Ga [3]. The
red mare unit at Lichtenberg also gave a similar age to
Hiesinger et al.’s age. We derived an age of
3.36(+0.057,-0.072) Ga (μ3.42 Ga +0.049,-0.072);
Hiesinger et al. found an age of 3.47 Ga [3]. One
possible reason for the variation in age for this unit is
the difference in location from Hiesinger’s crater count.
The unit in our mapping area is located between two
large craters and is laced with ejecta and secondary
craters that may have affected the model age.
The Flamsteed Ring Mare model age is 1.07±0.094
Ga (μ1.03±0.091 Ga) compared to Hiesinger et al.’s age
of 2.54 (+0.29, -0.17) Ga [3]. This is a quite large
difference; however, the area chosen is different than
that of previous studies and we defined a more
compositionally homogeneous FRM unit. There is
significant compositional mixing and ejecta
surrounding this unit, which we excluded, making our
mapped area smaller than the original P35 unit [2]. The
FRM continues north and north-east, but the true extent
of the flow is obscured by crater ejecta. The ages we
found for the mapped part of the FRM suggest that it is
closer to the age assigned to it by Schultz and Spudis
than by Morota et al. or Hiesinger et al.
We derived an age of 2.92 (+0.19, -0.27) Ga (μ2.83
Ga +0.21, -0.26) for the red mare at Flamsteed; this is
similar to Hiesinger et al.’s age of ~3.0 Ga [3]. This area
directly overlaps with the crater count area used by
Hiesinger and contains very little resurfacing and ejecta
contamination. The similarity of derived ages for the
older red mare at both sites and the older blue mare at
Lichtenberg impart confidence in our ability to apply
standardized CSFD techniques to the younger deposits.
Conclusion: We have derived relatively young ages
for the FRM and SE Lichtenberg flows. This combined
with Stadermann et al.’s [4] young model ages for the
maria south of Aristarchus suggests multiple episodes
of lunar volcanism after 2.5 Ga continuing to ~1 Ga.
References: [1] Schultz P.H. and Spudis P.D.
(1983) Nature, 302, 223-226. [2] Hiesinger H. et al.
(2003) JGR, 108, E7. [3] Hiesinger H. et al. (2011) GSA,
Special Paper 477. [4] Stadermann A. et al. (2018)
Icarus, 309, 45-60. [5] Morota T. et al. (2011) Earth and
Planetary Science Letters, 302, 225-266. [6] Lemelin
M. et al. (2019) Planet. Space Sci., 165, 230-243. [7]
Lucey P.G. et al. (2000) JGR: Planets, 105, 2029720305. [8] Wilhelms D.E. and McCauley J.F. (1971)
USGS Numbered Series, 10.3133/ofr71189. [9]
Neukum G. et al. (2001) Space Sci. Rev., 96, 55-86. [10]
ESRI (2018) ArcGIS v.10.5.1 [11] Kneissl T. et al.
(2011), Planet. Space Sci., 59, 1243-1254. [12] Van der
Bogert C. H. et al. (2017) Icarus, 298, 49-63. [13]
Michael G. G. et al. (2016) Icarus, 277, 279-285.
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THRUST FAULTING ON VENUS: TECTONIC MODELING OF THE VEDMA DORSA RIDGE BELT
S.A. Moruzzi1,2 and W.S. Kiefer2, 1Cornell University, Department of Earth and Atmospheric Science,
sam466@cornell.edu 2Lunar and Planetary Institute, Universities Space Research Association, Houston, TX 77058
Introduction: Synthetic Aperture Radar (SAR) images from the Magellan mission reveal the presence of
networks of ridge belts in several low-lying plains on
Venus, including Atlanta Planitia and Vinmara Planitia
in the north, Lavinia Planitia in the south, and in
Rusalka/Llorona/Vellamo Planitiae north of Aphrodite
Terra. Ridge belts are collections of parallel ridges of
faulted and folded plains material [1-4]. In our study
region, ridges are approximately 30-70 km wide and
0.5-1 km high and are commonly asymmetric in topographic cross-section. These ridge belts are distinct
from wrinkle ridges, which are ubiquitous on the Venus
plains but typically less than 2 km wide with limited
topographic relief [5-6]. Ridge belts on Venus are
morphologically analogous to the lobate scarps seen on
Mars and Mercury [7-9].
These low lying plains areas have been interpreted
to be the result of a cold, downwelling mantle [1-2].
The mantle downwelling causes crustal shortening and
convergence in the plains and thus the ridge belts that
transect the plains are interpreted to be caused by some
combination of thrust faulting and folding. Gravity data
supports this interpretation because it shows a denser
than average mantle beneath Atlanta and Lavinia Planitia [10]. Some ridge belts have been interpreted to also
have elements of shear [1].
In this study, we perform elastic dislocation modeling of thrust faulting at several locations along Vedma
Dorsa in Llorona and Vellamo Planitiae in order to
constrain fault parameters such as fault displacement,
faulted layer thickness, and fault dip. Our results support the interpretation that the ridge belts are formed by
thrusting faulting and provide an improved understanding of the lithospheric properties and conditions under
which these ridges formed.
Method: Magellan SAR data provides detailed images of these ridge belts at approximately 120 m/pixel
resolution (Figure 1). In the SAR data, these features
appear as radar bright structures that linearly trend NESW. Topographic scarps that face west (toward the
radar in Magellan Cycle 1 radar data) are bright in the
radar image. Topographic slopes that face east (away
from the radar beam) are relatively dark. The sharp
changes in radar brightness across the ridge belts are
consistent with the interpretation of faulting as the
dominant formation mechanism. Fold belts would be
expected to produce more gradational changes in radar
brightness. Rough surface textures at ~meter length
scales, for example from mass wasting down the topo-

graphic slopes, could also contribute to radar brightness in the ridge belts [3].

Figure 1: Magellan SAR image(~120m/pixel) of Site 1 (28.4°N,
159.3°E). Five topography profiles were taken across ridge belt
and are shown in blue.

We mapped all of the ridge belts in Rusalka, Llorona and Vellamo Planitiae present in the Magellan SAR
data. This region was chosen as our study area because
a digital elevation model (DEM) with a horizontal
resolution of ~1-2 km/pixel based on SAR imaging
exists for portions of the study region [11]. Although
Magellan made near-global topography measurements
using its altimeter, the resolution of the altimetry data
is too coarse (> 10 km/pixel) to resolve the detailed
topography of the ridge belts [12]. Based on this mapping, we selected Vedma Dorsa in Llorona and Vellamo Planitiae for detailed modeling because the available stereo data allows quantitative modeling at several
locations along this ~1700 km long, north-south trending ridge belt. In order to assess possible structural
variability along the ridge belt, we analyzed three regions where the full width of the ridge belt is included
in the stereo DEM. At each study site, we took five
topography profiles perpendicular to the trend of the
ridge belt, separated by approximately 3-4 km along
the ridge belt, and used their average as a representative topographic profile for that part of the ridge belt.
We assume that the topography at these ridge belts has
remained unchanged since the ridge belt formation
because Venus currently lacks liquid water and thus
has limited erosion.
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We modeled thrust faulting as elastic dislocations
using Coulomb 3.3 [13-14] to produce our models.
Coulomb has been previously used in numerous studies
of planetary tectonism on Mars, Mercury, and the
Moon [9, 15-17]. We produced models for a faulted
layer thickness, T, from 10 km to 45 km with a step
size of 5 km (Figure 2). We define faulted layer thickness as the depth to the bottom of the fault. This depth
defines the boundary between a brittle deformation
dominated lithosphere and a ductile deformation dominated lithosphere. We tested displacement along the
fault, D, from 0 km to 3 km with a step size of 0.2 km
and fault dip angle θ from 25° to 35° with a step size of
5°, appropriate for thrust faulting. In some cases, we
considered a listric fault, in which the fault dip decreases with depth (Figure 2), or a blind fault, in which
the upper tip of the fault zone does not extend to the
surface of Venus. We assumed Young’s modulus of 80
GPa and Poisson’s ratio of 0.25 for Venus’s lithosphere, which are comparable to values for the terrestrial lithosphere. Our results are not sensitive to the
specific value of coefficient of friction along the fault
in the range 0.4-0.8, so we assumed the default value of
0.4 in the results shown here. In order to avoid unphysical discontinuities in the stress at the edges of the fault
zone, we applied a linear taper to the imposed displacement consistent with the suggested tapering for
the program. We used the RMS misfit between observed and model topography profiles to determine the
best fitting model parameters.
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has a relief of approximately 0.8 km. The most prominent radar bright structure in Figure 1 corresponds to
the steep western scarp face on the observed topography profile in Figure 3. Along much of the ridge, there
are 3 additional closely spaced (~1 km separation),
sharply defined lineations that occur near the crest of
the ridge. We interpret these as secondary faults where,
due to the stress concentrations, the surface rocks bend
to follow the changing ridge elevation. In addition,
there is another radar bright lineament that parallels the
main ridge about 18 km west of the main ridge.

A

B

θ

T

Figure 2: Observed topography of Site 1 with the best fit listric
fault model. Θ is the dip of the fault plane and T is faulted layer
thickness. Faulted layer thickness is not to scale.

Figure 3: Comparison of observed topography to predicted
non-listric fault models for Site 1. A) Variation in faulted layer
thickness while displacement on the fault (D) and dip of the fault
plane(θ) are held constant. B) Variation in displacement on fault
while faulted layer thickness(T) and θ are held constant.

Results: Vedma Dorsa trends NE-SW and the three
segments of the ridge belt we have chosen for analysis
each have a width of approximately 30-70 km. The
ridge for which the most comprehensive modeling was
done (Site 1; radar in Figure 1, topography in Figure 3)

We fit the observed topography with predicted
models in order to find the best fit parameters for the
thrust fault for Site 1 (Figure 3). A 25-35° dip of the
fault plane is consistent with the approximate dip of a
thrust fault and we choose to use the lower value be-
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cause it provides a better fit. We varied faulted layer
thickness while holding displacement along the fault
and dip angle of the fault plane constant (Figure 3A).
Faulted layer thickness of ~10-20 km allows for the
best fit to the observed topography. Faulted layer
thickness >30 km proves unacceptable for the fit. We
also varied the displacement along the fault while holding the dip of the fault plane and faulted layer thickness
constant (Figure 3B). An offset of 1.4-1.5 km gives the
best fit to the observed topography. The RMS misfit
plot (Figure 4) shows that the uncertainties in displacement and faulted layer thickness are uncorrelated.
Although Figure 4 suggests a slightly smaller D and
larger T than inferred from Figure 3, we prefer the values from Figure 3 because they provide the best fit to
the topographic peak and because there are alternate
ways to improve the fit on the flanks of the ridge.

Figure 4: RMS misfit for a fault at a 25° dip. The orientation of
the error ellipse shows that faulted layer thickness and displacement along the fault are uncorrelated.

Adding complexities to the fault model improves the fit to the periphery of the observed topography. A blind fault model whose upper tip is 3-6 km
below the surface results in increased deformation in
the fore-slope region at distances of 20-50 km along
the profile and improves the fit to the topography in
that area. The preferred fault displacement increases
from 1.4 km to 2 km as the depth to the upper fault tip
increases. Because the ridge consists of fault-weakened
material, downhill mass wasting could also contribute
to the observed topography in the fore-slope.
Allowing the fault to be listric can increase the surface uplift and improve the fit to the observed topography between 60 and 80 km along the profile. We model the listric fault using two linear fault segments, with
dip of 25° decreasing to 15° at 8-10 km below the surface. We still find that a 10-20 km faulted layer thick-

ness and 1-2 km offset are best fits. However, the back
slope topography is most closely fit when the displacement on the second fault segment in the listric
fault is approximately 1.5 km and is greater than that
on the first segment. Models in which the displacement
varies with depth on the listric fault have also been
suggested for Mars [16].
We have studied two additional segments of Vedma
Dorsa, both of whose topography show evidence of a
back-thrust accompanying the main thrust fault [18].
Quantitative modeling has been completed for Site 2
(37.7° N, 152.6°E). The best fit for faulted layer thickness is between 10 and 15 km for both thrust faults. A
displacement along the fault of 0.6 km and fault dip of
30° fits the first thrust fault while a displacement of 0.4
km and fault dip of 25° fits the second thrust fault. Preliminary modeling for Site 3 (41.4° N, 158.8°E) suggests a faulted layer thickness of ~15-20 km and offsets
between ~1-1.5 km.
With a constrained elastic thickness for these ridge
belts, we will be able to calculate the heat flux and
paleothermal gradient at the time of the ridge belt formation [9]. These aspects will allow us to better constrain the surface and tectonic evolution of the surrounding Llorona and Vellamo Planitiae.
In summary, we have performed elastic dislocation
modeling in several locations along Vedma Dorsa. We
find that the models are consistent with thrust faulting
as the dominant mechanism for producing Vedma, with
preferred parameters of D ~ 1-2 km, T ~10-20 km, and
θ ~ 25-30°.
References: [1] Squyres et al. (1992) JGR, 97, 13,57813,599. [2] Solomon et al. (1992) JGR, 97, 1319913255. [3] Stofan et al. (1993) Chapter 8 of Guide to
Magellan Image Interpretation, JPL Publication 9324, pp. 93-108. [4] Young and Hansen (2005) JGR,
110, E03001. [5] Billotti and Suppe (1999) Icarus,
139, 137-157. [6] Kreslavsky and Basilevsky (1998)
JGR, 103, 11,103-11,111. [7] Watters (1993) JGR, 98,
17,049-17,060. [8] Mueller and Golombek (2004) Ann.
Rev. Earth Planet Sci., 32, 435-464. [9] Watters et al.
(2002) GRL, 25, 11, 2001GL014308. [10] Lawrence
and Phillips (2003) GRL, 30, 19, 2003GL017515. [11]
Herrick et al. (2012) EOS, 93, 125-126. [12] Ford and
Pettengill (1992) JGR, 97, 13,103-13,114. [13] Toda et
al. (2005) JGR, 110, B05S16. [14] Lin and Stein
(2004) JGR, 109, B02303. [15] Schultz and Watters
(2001) GRL, 28, 4659-4662. [16] Watters et al. (2004)
Icarus 171, 284-294. [17] Nahm and Schultz (2013)
Geological Society London Special Publication, 401,
377-394. [18] Okubo and Schultz (2004) GSA Bulletin, 116, 594-605.

35th Annual Summer Intern Conference (2019)

41

DEVELOPMENT OF SMALL PROFILE DOPPLER RADAR FOR PLANETARY RADAR ANALOG
STUDIES. G. A. Muñiz Negrón1,2 and E. G. Rivera-Valentı́n1 , 1 Lunar and Planetary Institute, Universities Space
Research Association, Houston, TX 77058; 2 Dept. of Electrical and Computer Engineering, Universidad de Puerto
Rico, Mayagüez, PR 00682.
electronic components are mass produced and highly
Introduction: Planetary Radar observations of
accessible and their microprocessors offer ideal capaNear-Earth Asteroids (NEAs) provide ultra precise linebilities and performance for the Planetary Radar Invesof-sight velocity and distance measurements, as well as
tigation, Demonstration, and Exploration (PRIDE) labdirect measurements of size and binarity. Depending
oratory. Furthermore, due to their extensive use in inon signal-to-noise ratio (SNR), radar can also provide
dustry, vast amount of signal processing software and liinsights into the shape, near-surface geology, and
braries are readily available which provide intuitive user
composition of NEAs. Inferences on composition and
interfaces. However, since these two systems only opnear-surface roughness are possible through analysis of
erate at one polarization at a time and have embedded
the received backscatter echoes. Ground-based radars
phased-array patch antennas, a new more modular detypically emit circularly polarized light and receive
sign had to be made to accommodate dual-polarization
echoes in both the opposite sense (OC) and same sense
operation and independent, higher-gain antennas.
(SC) of the transmitted polarization. When a circularly
Methods: Keysight Advanced Design System (ADS)
polarized light encounters a surface, its polarization
was used for the design
direction is affected by
and optimization of
surface
irregularities
all microwave com(e.g., wavelength-scale
ponents. In order to
scatterers) and the
prevent
harmonics
material’s
dielectric
from
contaminating
properties.
The dethe signal of intergree of randomness
est, a maximally ﬂat
in polarization caused
Butterworth ﬁlter was
by such processes is
designed with a cutoff
typically quantiﬁed by
frequency of 24.125
the circular polarization
GHz and implemented
ratio (CPR = SC/OC)
with distributed compoparameter. Work by [1]
nents using Richard’s
has shown that there
Transformations
and
may exist a correlation
Figure 1: Dual feed horn antenna model
Kuroda’s
Identities
between asteroid taxo[4].
The DC block
nomic class and CPR.
was implemented with a high-pass coupled line ﬁlter
Using Doppler shift and range data, radar observations
that allowed the desired 24 GHz signal through with
can also provide an accurate picture that enables a
minimal losses but prevented the DC component (0 Hz)
three-dimensional reconstruction of the asteroid [2].
from contaminating the transmitted or received signal.
In order to enable higher order data processing of
A Wilkinson Power Combiner was used to combine the
planetary radar imaging of asteroids, this project aims
differential outputs of an Inﬁneon BGT24MTR12 [5]
to design and build a small proﬁle and relatively low
into a single-ended output; to ensure proper mixing, the
cost radar system capable of measuring circular polarinput lines were designed to have a 180◦ phase shift
ization ratio, Doppler shift, and regular radar paramebetween them. The Wilkinson Power Combiner was
ters in a controlled laboratory environment. By providalso optimized to have low S11 and high transmission
ing a better understanding of radar scattering processes,
coefﬁcients from their input ports to its single output
this effort would help improve existing models via more
port. A 90◦ branch line coupler (or “quadrature
accurate inferences from ground-based radio telescopes
hybrid”) was designed to have high isolation (low S41 )
like the Arecibo Observatory.
and
transmission coefﬁcients of −3 dB to ensure half
Proposed Solution: In order to expedite the dethe
input
power was delivered at each output port.
sign process, similar existing radar systems, speciﬁOn
the
other hand, the antennas (seen in Figure 1)
cally Inﬁneon’s Distance2Go [3] and Position2Go evalwere
designed
and optimized using the High-Frequency
uation boards, were considered as low-cost viable alterStructure
Simulator
(HFSS) tool of ANSYS Electronnatives. Since these two radar systems are widely apics
Desktop.
Different
antenna models, mainly patch
plied in the automotive industry, their high-frequency
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phased-arrays and horn antennas, were studied as viable options. In order to comply with PRIDE requirements, the antenna was optimized to operate with minimal reﬂection coefﬁcients (S11 and S22 ) at the desired
frequency of 24 GHz and have a high gain and low-axial
ratio (below 3 dB) at θ = 0◦ and f0 = 24 GHz. For
the simulation, the two feeding points of the antenna
were given signals with equal amplitude and phases 90◦
apart. To ensure the antenna is able to operate with circular polarization in either direction, the simulation was
made with Port 1 lagging Port 2 by 90◦ and vice versa.
For the circuit design, Cadence OrCAD Capture CIS
was used for the schematic alongside Allegro PCB Editor for the printed circuit board (PCB). The design was
based mainly on a modiﬁed version of Inﬁneon’s Distance2Go and Position2Go evaluation boards and implemented in the PCB using the previously designed microwave components to guarantee minimal losses during operation. In order to keep a small proﬁle, different layers were added to the PCB including: one top
layer with all the components, all microwave connections, and some digital signal connections; one power
level for all ground connections; one power level with
all Vcc connections; and one bottom layer for all remaining digital signal connections.

Figure 3: S11 parameter for DC-Block from 14 GHz to
30 GHz.
S11
S21
S31
.−21.917 dB .. −3.454 dB .. −3.605 dB.
Table 1: S-parameters of interest for Wilkinson power
combiner at 24.125 GHz
plotted the phase shift as a function of frequency and
obtained a phase shift of 180.016◦ at 24.125 GHz.
Quadrature hybrid. For the quadrature hybrid, we
were mainly interested in the reﬂection coefﬁcient S11
and transmission coefﬁcients S21 , S31 , and S41 . At
the design frequency of 24.125 GHz, we got the Sparameters in Table 2

Figure 2: Final PCB
layout

S11
S21
S31
S41
.−47.096 dB .. −2.817 dB .. −3.397 dB .. −47.794 dB .
Results: After simulating and optimizing the microwave components and the antennas, the following
parameters were found.
Second harmonic ﬁlter. To understand the ﬁlter’s behavior, we plotted its S21 parameter over the frequency
domain. For the cutoff frequency of 24.15 GHz, the
transmission coefﬁcient was of -0.092 dB and for our
second harmonic at 48 GHz, it was of -30.708 GHz.
DC Block. To ensure the DC block operated at the
desired design frequency of 24.125 GHz, we plotted the
S11 parameter in a Smith Chart as seen in Figure 3.
Wilkinson power combiner. To verify the power combiner’s operation, we looked at the S-parameter plot for
S11 , S21 , and S31 . At the design frequency of 24.125
GHz, we got the information listed on Table 1.
To conﬁrm the Wilkinson power combiner was uniting
the two differential inputs into a single-ended output, we

Table 2: S parameters of interest for quadrature hybrid
at 24.125 GHz.
Antenna. For the antenna, we focused on its S11
and S22 , gain radiation pattern, and axial ratio to ensure proper operation. For the desired operation frequency of 24 GHz and θ = 0◦ and φ = 0◦ , we obtained: S11 ≈ −45 dB, S22 ≈ −42 dB, a half-power
beamwidth of ≈ 60◦ , and an axial ratio of ≈ 2.13 dB.
Changing the 90◦ phase shift between the two feed ports
changed the predominant gain from LHCP to RHCP.
Discussion: For our analysis of the microwave components, we focused on their scattering parameters at the
frequencies of interest. For our second harmonic ﬁlter,
we focused on the transmission coefﬁcient S21 , since its
value at the cutoff frequency is close to 0 dB and well
2
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below -20 dB at 48 GHz, the lowpass ﬁlter effectively
attenuates all other harmonics.
For the DC block, the reﬂection coefﬁcient S11 is of
special interest. To ensure minimal losses at the frequency of interest, we want the magnitude of S11 to be
as low as possible. Since the reﬂection coefﬁcient at our
design frequency of 24.125 GHz is very near the center
of the Smith Chart (see Figure 3), we can say the magnitude of its reﬂection coefﬁcient is essentially zero. The
fact that our S11 is so close to the center of the Smith
Chart also tells us that the input impedance for our DC
block at this frequency is very near the desired 50 Ω;
hence, parasitic effects are negligible.
Because the purpose of our Wilkinson power combiner is to combine two differential outputs (phase
shifted by 180◦ ) into a single-ended output, we need to
pay close attention to the phase shift between the two
input ports (ports 2 and 3) alongside the reﬂection and
transmission coefﬁcients. Since the phase shift between
our two input ports is of 180.016◦ , the signal is essentially in-phase when leaving through port 1. To ensure
proper operation as a power combiner, we must have a
very low reﬂection coefﬁcient at the single-ended port
(S11 ≤ −20 dB) and transmission coefﬁcients (S21 and
S31 ) near −3 dB (we obtained −3.454 dB and −3.605
dB, respectively). As our component complies with
both speciﬁcations (with a slight difference of 0.151 dB
between the transmission coefﬁcients), our component
virtually works as a power combiner at our design frequency of 24.125 GHz.
For the quadrature hybrid, we need our signal entering port 1 to be divided equally between ports 2 and 3;
hence, we need our S11 and S41 to be as low as possible
(isolation is essential for quadrature hybrids, especially
when both input ports are to be used simultaneously)
and our S21 and S31 to be as close to −3 dB as possible. Having a reﬂection coefﬁcient and a transmission
coefﬁcient to port 4 be near −47 dB means our hybrid is
doing an excellent job of transmitting all the input signal
to the output ports. Having different S21 and S31 means
that slightly more power is being delivered through port
2 but, at a difference of merely 0.58 dB, our component
practically works as a 3 dB quadrature hybrid.
Since our antenna is supposed to work at a frequency
of 24 GHz with dual circular polarization and a narrow
beamwidth, we need to concentrate on the reﬂection coefﬁcient at both ports, the total gain, the axial ratio, and
the LHCP and RHCP gains. The considerably low reﬂection coefﬁcients below −30 dB indicate our horn antenna indeed operates at the 24 GHz frequency and the
low axial ratio (below 3 dB) indicates the polarization at
the resonant frequency and zenith is circular. Similarly,
the fact that the predominant gain changes from LHCP
to RHCP when we set port 1 to be 90◦ ahead port 2 in-
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dicates our antenna complies with the dual circular polarization requirement. However, the 60◦ beamwidth is
too wide for remote sensing applications (where a pencil
beam is strongly preferred) and, thus, further optimization will be needed to reduce the half-power beamwidth
below 30◦ and comply with all technical speciﬁcations.
Future Work: Before the completion of the radar
system, Further optimization of the antennas should
take place in order to achieve a lower half-power
beamwidth that would allow for less ambiguous measurements. Before any preliminary data is gathered,
antenna and radar parameters should be tested under a
controlled environment.
For the radar programming, existing Inﬁneon Digital Application Virtual Engineer (DAVE™) [6] applications may be used to expedite the data gathering process and modiﬁed later on to better ﬁt speciﬁc PRIDE
needs. Additional algorithms to calculate polarization
ratio will be needed as part of the experiments that will
be run with this radar equipment.
Future hardware improvements can include, but are
not limited to: antennas with lower axial ratios and narrower beamwidths, additional receivers for bistatic measurements and measuring penetration depth, and a moving base for shape modelling. Likewise, future software
improvements may include: 3-D modelling algorithms,
noise reduction algorithms, and enhanced Doppler shift
measuring techniques.
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Special thanks to Dr.
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CONFIDENTLY MEASURING NEAR-EARTH ASTEROID RADII FROM DELAY-DOPPLER RADAR
IMAGES. E. A. Whittaker1,2, P. A. Taylor1, E. G. Rivera-Valentín1; 1Lunar and Planetary Institute, Universities
Space Research Association, Houston, TX 77058, 2Department of Astronomy, University of Maryland, College
Park, MD 20742 (ewhittak@terpmail.umd.edu).
Introduction: Planetary defense strategies rely on
the detection and characterization of near-Earth
asteroids (NEAs). Of importance are quick constraints
on the sizes of asteroids potentially hazardous to Earth.
While wide-field infrared surveys, such as NEOWISE,
can detect many asteroids, the Near-Earth Asteroid
Thermal Model must be used to infer the radii of these
objects. On the other hand, delay-Doppler images, such
as in Figure 1, produced using ground-based planetary
radars are used for post-discovery characterization
because they allow for direct measurement of an
object’s size and shape, as well as provide vital
information on an asteroid’s surface geology,
composition, density, and spin without visiting the
object [1]. Currently, the confident measurement of an
asteroid’s size and shape via radar involves assembly of
a three-dimensional model, which requires having
sufficient number of high-quality radar images taken at
differing viewing geometries. Even with sufficient data,
this is often a lengthy, iterative process that can take
months to complete [2].
Figure 1: Delay-Doppler
radar image of (66391)
1999 KW4 and its moon,
taken on May 30, 2019
using
the
Arecibo
Observatory
planetary
radar system. This image
is 30 m/pixel, with the
horizontal axis indicating
doppler shift and the
vertical axis indicating
time delay/range.

The first constraints
on an object’s size,
though, comes from
direct measurements
from
delay-Doppler
radar images, typically
done by eye; however,
these measurements are affected by signal strength, pole
direction, and the shape of the object, among other
parameters. Here, for spheroidal objects, we test the
uncertainty of measuring an NEA’s radius directly from
a single delay-Doppler image using both manual and
automated techniques.

Methods:
To determine how our radius
measurements were affected by different levels of noise,
we needed a noiseless model of the asteroid to act as a
baseline. For this, we used a detailed three-dimensional
model of the NEA 1999 KW4 (hereafter KW4) [3]
obtained using a modeling software called Shape [4].
The methods we tested for their uncertainty in radii
measurements of NEAs from radar images included
direct, by-eye measurement, as well as our three main
methods: the linear fit, the simple scattering law fit, and
the statistical method. In addition to testing these
methods, we also tested other supplementary techniques
for their ability to improve the quality of radius
estimation which included the Monte Carlo method and
incremental noise addition.
By-Eye. We first determined the accuracy of the
most common method used currently, direct by-eye
measurement. For this method, one takes the first pixel
to be located where the echo power is strongest, along
the leading edge of the object. The last pixel is taken to
be the pixel that is vertically farthest from the first pixel
that can still be visually distinguished from the
background noise as part of the object. The radius can
then be estimated as the vertical displacement between
the first pixel and last pixel. We used this technique for
synthetic radar images from a noiseless spherical model
as well as for radar images of KW4.
Linear Fit. For this method, we summed the echo
power over each row of pixels in order to create a plot
of the time delay/range (m) vs. the relative echo power
of each row as shown in Figure 2. We then found the
point of maximum echo power, referred to as the peak.
The last point after this peak value which had an echo
power greater than zero was referred to as the last point.
We then fit a line to the data in between and including
the peak and the last point using a chi-squared
regression. The line follows the equation:
  
   
 
Where
  is the set of echo power values for
the rows of the object, 
is the radial depth in
meters,  is the estimated radius, and   is the slope
of the linear fit.
The resulting y-intercept acted as an estimate for the
outer extent of the signal from the object. Taking the
starting point of the signal to be the last point greater
than zero when starting from the peak and moving in the
negative direction, we were able to subtract the y-
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intercept from the first point in to obtain an estimate of
the radius. We used these techniques for real radar data
from KW4, the Shape model of KW4, and for a
perfectly spherical model.

Figure 3: Logarithmic chi squared surface plot for range of
values of n and R (m) for asteroid KW4, which has a true
radius of about 750 m and a true n value of about 2.
Figure 2: A plot of range (m) vs. relative echo power of KW4.
The linear fit to this data can be seen as a blue dotted line, with
its corresponding slope and intercept displayed. The red arrow
located between the two red stars shows the estimate of the
radius.

Scattering Law Fit. In addition to the linear
fitting method, we fit the data with a simple cosine
scattering law:

   
 

where n is typically ~2,  is the incidence angle (simply
the latitude for a sphere), and   is proportional to
the echo power [5]. For a sphere, cos() may be rewritten as:


   
!

where R is the radius of best fit and n is the power of the
cosine law. We only used data located between 25 and
80 latitude on the object, as this tends to be the region
where scattering properties of KW4 are most similar to
the simple scattering law of a sphere. To fit the data to
this model, we created a surface plot displaying the
value of chi-squared for a range of values for n and R
and found where chi-squared was minimized. For
spherical models with little to no noise, chi-squared was
minimized for appropriate values of R and n. However,
data with slightly more noise tended to favor
increasingly large values of R and n, as these values
allowed the fitting equation to more closely
approximate a straight line as found in Figure 3, which
resulted in inaccurate radius measurements.

Statistical Method. Our third method of finding
a radius makes no assumptions about the shape of the
echo power plot, and instead uses statistics to locate the
outer extent of the signal. We created an algorithm
which calculates the mean value of an array of points
along the graph of delay range vs. echo power and
compares this to the standard deviation of the noise of
the graph. The noise was taken to be the standard
deviation of the 15% of the graph corresponding to the
upper region of the radar image, which closely
resembles statistical noise. The array of points being
tested begins with the first 10% of points along the
graph, moving backwards from the maximum range
value. If the mean is less than 0.75, then the same test
is run for the next array of points, which advances along
the plot but overlaps half of the points from the previous
array. Once the mean of an array is greater than 0.75,
each subsequent array will become 20% shorter each
time it advances. Once the mean of a group becomes
greater than 2the ending point of the signal is taken
to be the median in the range of the final array.
Monte Carlo Method. In an attempt to enhance radar
images in such a way as to improve radius estimations,
we used the Monte Carlo method. For each radar image,
we created an image of random noise of the same
dimensions with a standard deviation equal to that of the
noise of the image, and subtracted this noise image from
the radar image, averaging over 200 iterations. Then,
all points in the radar image and the new image greater
than 1 from the mean were set to zero. Lastly, the
radar image was divided by the new image to obtain the
final noise-reduced image.
Incremental Noise Addition.
Because of the
somewhat strong negative inverse relationship between
radius and signal to noise ratio (SNR) found with the
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linear method and the statistical method, and the
positive inverse relationship found between radius and
SNR when using the statistical method, we attempted to
improve radius estimates by adding noise to an image in
20 increments, measuring the radius each time, and
graphing the result with its associated SNR. We then
found the inverse function of best fit for this measured
radius vs. SNR, and took the asymptote of this function
to represent the measured radius of the object.
Results: Using the by-eye method, we found that
KW4 was underestimated by 45.2% and the noiseless
spherical model was underestimated by 20.4%. The
resulting percent errors for our main methods and
various techniques for the spherical model, the KW4
data, and the Shape model of KW4 can be seen in Table
1. These percent error values are averaged over the total
number of images, where there are 5 images for the
spherical model, 3 images of KW4, and 106 images
from the Shape model of KW4. The associated
uncertainties are the standard deviation in the average
percent errors. The average percent errors were
calculated based on a true radius, which for the spherical
model was known to be 750 m, for KW4 was assumed
to be 750 m, and for the KW4 model was taken to be the
leading edge to center-of-mass (LE to COM) for

Spherical Error (%)
Original
Monte
Carlo
Noise
Addition

Linear
15.0 0.3
11.8  2.2

Scattering
1.1 0.2
67  21

Statistical
5.3  0.4
5.3  0.4

17.9  0.4

3.5  1.4

12.5  4.0

1999KW4 Data Error (%)
Original
Monte
Carlo
Noise
Addition

Linear
8.6  2.2
29.2  9.2

Scattering
67  30
113  27

Statistical
16.7 6.8
45.4  7.0

4.0  1.4

127  12

37.9  7.2

1999KW4 Shape Model Error (%)
Original
Monte
Carlo
Noise
Addition

Linear
11.4  0.8
44.0  2.2

Scattering
78.6  5.7
49.1  3.7

Statistical
14.3  1.4
15.6  1.6

3.4  0.1

69.2  0.5

6.0  0.1

Table 1: Percent error measurements for different methods
of diameter measurement, techniques of noise reduction, and
types of data. Errors are represented as a percentage, with
blue where the majority of errors are underestimations and
yellow where most errors are overestimations.

each image, and for the noise addition method was taken
to be the average of these LE to COM values, 694.8 m.
Conclusions: The significant underestimations in
radius obtained using the by-eye method demonstrate its
inability to accurately assess the radius of a NEA, even
from a noiseless delay-Doppler image. The scattering
method was found to be the least useful for quickly
constraining the radius of near-Earth asteroids because
it requires such an SNR which is usually impossible to
acquire. The statistical method was found to be a
considerably more useful method for radar data with
noise, although it tended to underestimate the radius of
the object to a greater extent as more noise is added, and
tended to overestimate the radius for images with no
noise. However, this method still has room for
improvement in the way in which the arrays are moved
along the radar curve in response to the standard
deviation of the mean. The linear fitting method tended
to be the most accurate (consistent?) fitting method
despite its systematic underestimation for the spherical
model and the KW4 data as it would allow for a global
corrective factor that could be applied in many cases?.
While the linear method tended to overestimate the
radius for the KW4 Shape model, this may be due to the
top-like shape of the object causing the length of the
leading edge to the trailing edge (LE to TE) to be greater
on average than the LE to COM. Because individual
radar images display echo power from the LE to the TE
and radius is more accurately thought of as the LE to
COM, radius measurements for an object of this shape
may tend to be overestimations when given a
sufficiently high SNR. In general, the Monte Carlo
Method tended to increase the percent error in the radius
measurements, making it a less useful technique. The
incremental noise addition method produced mixed
results, indicating that it may be a method to be
improved upon in the future, but it is important to
consider that the nature of this method requires each set
of images be analyzed many times, thus requiring a
greater amount of time or computing power to produce
a result. While the simple linear fitting technique
appears to be the most reliable method at the moment,
future investigation into this linear fitting method would
almost certainly improve upon our current ability to
measure the radii of near-Earth asteroids.
References: [1] Mainzer A. K. et al. (2015)
Asteroids IV, 89-106. [2] Black G. J. (2002) ASP
Conference Series, Vol. 278, 271-290. [3] Ostro S. J.
(2006) Science 314, 1276-1280. [4] Hudson R. S.
(1993) Remote Sensing Rev., 8, 195-203. [5] Ostro S. J.
(2007) Encyclopedia of the Solar System (Second
Edition), 3.6.
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LPI Intern

Christian Cooper
Advisor: RiveraValentin
LPI Intern

Morgan Cox
Advisor: Kring
LPI Intern

Kyra Cutler
Advisor: Filiberto
LPI Intern

Laetitia Dorlas
Advisor: Hutzler (JSC)
LPI Intern

Emma Hon
Advisor: Stopar
LPI Intern

Samantha Moruzzi
Advisor: Kiefer
LPI Intern

Gabriel Negrón
Advisor: RiveraValentin
PRIDE Intern

Emily Whittaker
Advisor: Taylor
LPI Intern

