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ABSTRACT

Lunar Reconnaissance Orbiter (LRO) and MErcury Surface, Space ENvironment,
GEochemistry, and Ranging (MESSENGER) spacecraft missions provide new data
for investigating the youngest impact craters on Mercury and the Moon, along with
lunar volcanic end-members: ancient silicic and young basaltic volcanism.

The LRO Wide Angle Camera (WAC) and Narrow Angle Camera (NAC) in-flight
absolute radiometric calibration used ground-based Robotic Lunar Observatory and
Hubble Space Telescope data as standards. In-flight radiometric calibration is a small
aspect of the entire calibration process but an important improvement upon the pre-
flight measurements. Calibrated reflectance data are essential for comparing images
from LRO to missions like MESSENGER, thus enabling science through engineering.

Relative regolith optical maturation rates on Mercury and the Moon are esti-
mated by comparing young impact crater densities and impact ejecta reflectance,
thus empirically testing previous models of faster rates for Mercury relative to the
Moon. Regolith maturation due to micrometeorite impacts and solar wind sputtering
modifies UV-VIS-NIR surface spectra, therefore understanding maturation rates is
critical for interpreting remote sensing data from airless bodies. Results determined
the regolith optical maturation rate on Mercury is 2 to 4 times faster than on the
Moon.

The Gruithuisen Domes, three lunar silicic volcanoes, represent relatively rare
lunar lithologies possibly similar to rock fragments found in the Apollo sample collec-
tion. Lunar nonmare silicic volcanism has implications for lunar magmatic evolution.
I estimated a rhyolitic composition using morphologic comparisons of the Gruithuisen
Domes, measured from NAC 2-meter-per-pixel digital topographic models (DTMs),
with terrestrial silicic dome morphologies and laboratory models of viscoplastic dome

growth.



Small, morphologically sharp irregular mare patches (IMPs) provide evidence for
recent lunar volcanism widely distributed across the nearside lunar maria, which has
implications for long-lived nearside magmatism. Iidentified 75 IMPs (100-5000 meters
in dimension) in NAC images and DTMs, and determined stratigraphic relationships
between units common to all IMPs. Crater counts give model ages from 18-58 Ma,
and morphologic comparisons with young lunar features provided an additional age
constraint of <100 Ma. The IMPs formed as low-volume basaltic eruptions signif-

icantly later than previous evidence of lunar mare basalt volcanism’s end (~1-1.2

Ga).
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Chapter 1

INTRODUCTION

This dissertation uses a multiple-path approach to planetary science including
in-flight instrument calibration and data analysis. Three scientific studies are pre-
sented here, focused on geologically young terrains and two distinct varieties of lunar
volcanism. Two recent spacecraft missions to the Moon and Mercury, the Lunar
Reconnaissance Orbiter (LRO) and MESSENGER (MErcury Surface, Space ENvi-
ronment, GEochemistry, and Ranging), provided new data for interpreting surface
geology, ages, and composition. The LRO spacecraft launched on June 18, 2009 and
achieved lunar orbital insertion on June 23, 2009. The MESSENGER spacecraft,
launched in August 2004, had a series of three flybys in January 2008, October 2008,
and September 2009 before it successfully entered Mercurys orbit on March 18, 2011
and became the first spacecraft to orbit the planet Mercury. Since the Mariner 10
flybys of Mercury in 1974 and 1975, many scientists thought that Mercury was es-
sentially a larger version of the Moon because both are rocky, airless bodies in the
inner solar system. The MESSENGER mission has uncovered much more evidence
describing how Mercury and the Moon are fundamentally different in composition,
magnetism, and thermal environment. The influx of petabytes of new remote sensing
data from LRO and MESSENGER provided a veritable goldmine of new information
to explore.

Chapter 2, Engineering in Support of Science: Preliminary LROC In-Flight Ra-
diometric Calibration, describes the LROC in-flight absolute radiometric calibration,
which enables science through engineering. Understanding the camera mechanics and

image calibration processes is key to using images and creating mosaics for research.



The in-flight radiometric calibration of the Lunar Reconnaissance Orbiter Cameras
(LROC) Narrow Angle and Wide Angle cameras uses planetary and ground-based
datasets (the Hubble Space Telescope and Robotic Lunar Observatory, respectively),
and significantly improves upon the pre-flight laboratory values. The process of cal-
culating the radiometric calibration factors is discussed further in Chapter 2.
Chapter 3 uses a study of young impact crater density on Mercury and the Moon
to quantitatively estimate the relative optical regolith maturation rates. Previous
studies (Hapke, 1977; Cintala, 1992; Hapke, 2001; Noble and Pieters, 2003) modeled
that the rate of optical maturation must be greater on Mercury than on the Moon,
and this is the first study where observational evidence supports those models. Op-
tical maturity of regolith due to space weathering effects modifies the UV-VIS-NIR
spectra of the surface, and therefore understanding processes and rates is critical for
the interpretation of remote sensing data on airless bodies. Analysis of Copernican
and Kuiperian craters (youngest time-stratigraphic units on the Moon and Mercury,
respectively) determines that the optical maturation rate of regolith on Mercury is
up to 4 times faster than on the Moon, leading to the conclusion that the Kuiperian
crater population is overall younger than the Copernican crater population. Chap-
ter 3 also examines the range of maturity and reflectance within the population of
immature materials. The state of regolith maturity indicates the relative ages of geo-
logically young materials on the Moon and Mercury. This study finds that the range
of states of maturity is smaller on Mercury compared to the Moon, which may be due
to the faster rate of maturation on Mercury. The average reflectance of immature
lunar material is a factor of 1.940.4 higher than the reflectance of immature materials
on Mercury, which is attributable to differences in surface composition. An analysis
of ray length to diameter ratios is consistent with similar relative ages for a subset of

immature craters on Mercury and the Moon.



Chapter 4, The Gruithuisen Domes: Age and Morphology of Silicic Nonmare
Volcanism, examines the Gruithuisen Domes, using LROC mosaics and stereo NAC
derived digital topographic models to further constrain the ages, explain the ob-
served morphology, and determine the mode of emplacement for the three domes.
The Gruithuisen Domes are a set of three ancient (~3.6 Ga old) silicic domes lo-
cated at (36.6°N, 319.9°E), which belong to a group of lunar features called red-spots
(Whitaker, 1972; Malin, 1974) for their spectral characteristics: strong absorption
in the ultraviolet and high reflectance in longer (red) wavelengths. The Gruithuisen
Domes may be the source region for fragments of granitic or felsite material found in
lunar breccias within the Apollo sample inventory (Jolliff et al., 1991, 1998; Korotev,
1998; Papike et al., 1998). Silicic volcanism might have been more widespread during
the Moon’s early history, however even small volumes of silicic, non-mare volcanic
material challenge current models of lunar magmatic evolution. Recently, new data
from the Diviner instrument on the LRO spacecraft confirmed that the Gruithuisen
Domes are silicic (Glotch et al., 2010; Greenhagen et al., 2010). No other study has
used high-resolution LROC images (50 cm scale) or DTMs (2 meter horizontal scale)
to determine the processes through which the domes formed, or explain the observed
morphology. Datasets used in this chapter include LROC NAC topography, LROC
WAC topography, NAC images at 50 cm per pixel, LROC WAC multispectral obser-
vations, Clementine TiO,, FeO, and OMAT maps, and Diviner maps of relative silica
content (at 256 m/px scale). NAC topography provides detailed information on the
ridges found on the slopes of the domes, which are remnants of the original volcanic
flows. DTMs also provide volume estimates and elevation profiles use to compare the
morphology of the Gruithuisen Domes to terrestrial examples of silicic volcanism. A
previous study of the Gruithuisen Domes using Diviner and images from the Moon

Mineralogy Mapper (Kusuma et al., 2012) called for new NAC-based crater counts to



determine if the domes erupted contemporaneously or if there was a significant pause
between eruptions. Crater size frequency distributions from the summit plateau re-
gions of the Delta and Gamma domes, which reveal a resurfacing event due to crater
impact, and confirm that the Delta and Gamma domes erupted at about the same
time.

Chapter 5 is a study of small, morphologically sharp Irregular Mare Patches, or
IMPs, for the larger purpose of investigating the temporal extent of mare basalt vol-
canism. IMPs are possibly the most recent volcanic activity on the lunar surface
based on the low density of impact craters and the sharp morphology within the
geologic units of the IMPs, which are further discussed in Chapter 5. The IMPs are
hypothesized here to be remnants of late-stage mare basalt vents and the youngest
examples of volcanism on the lunar surface (largest IMP is 5 km in the longest dimen-
sion). Recent crater number density data from the textbook example IMP Ina are
consistent with a contemporary or younger age compared to the surrounding mare
(Robinson et al., 2010). Previous studies have suggested that the units within Ina
formed relatively recently as a caldera (Whitaker, 1972; El-Baz and Worden, 1972; El
Baz, 1973), through explosive volcanism (Schultz et al., 2006), or through lava flow
inflation processes (Garry et al., 2012). At this time, studies have been limited to
the Ina and Hyginus calderas, and the Cauchy-5 dome (Carter et al., 2013). T docu-
mented 75 IMPs (largest dimension >100 m), which are distributed widely across the
nearside lunar maria, with occurrences in Mare Tranquillitatis over to Aristarchus
crater and up to the Gruithuisen region. I used Lunar Reconnaissance Orbiter Nar-
row Angle Camera (NAC) images to identify IMPs and further study a subset of the
IMPs with the multispectral Wide Angle Camera and Digital Topographic Models
(DTM) derived from NAC stereo pairs. I examined the relationship between the

IMPs and multiple variables to determine their origin. Methods used include crater



size-frequency distributions and morphological analysis to further constrain the ages
of the IMPs based on comparisons of other young Copernican lunar features. Study-
ing the whole population of IMPs determined the stratigraphic relationships of the
two units common to all IMPs: smooth and uneven. The smooth units within the
IMPs are proposed to be volcanic in origin based on their occurrence in mare basalt,
spectral signature, and association with volcanic structures and effusive deposits.
demonstrate that the topography of the smooth units is consistent with single layer
mare flows. The stratigraphically older uneven units are interpreted here to be frac-
tured mare basalt, which is consistent with the spectral signatures and appearance at
different lighting conditions. I conclude that the IMPs studied here were formed as
small basaltic eruptions and are <100 Ma in age, which is significantly younger than
all previous estimates for the end of lunar mare basalt volcanism at ~1-1.2 Ga (e.g.
Schultz and Spudis, 1983; Hiesinger et al., 2003, 2011). Lunar volcanism <100 Ma old
is a paradigm shift in our understanding of the current lunar thermal regime, as well
as the current ideas on thermal evolution of the lunar interior. No samples of lunar
material as young as ~100 Ma have been found, with the youngest lunar sample in
the literature being the lunar meteorite NWA 773, which is ~2.8 Ma old (Borg et al.,
2004). Sample return from Ina or one of the other major IMPs should be added to
the list of critical materials to be returned from the Moon for radiometric age dating.
The science based on new data challenges old hypotheses developed during the era
of lunar exploration after Apollo, and the models of the lunar interior will require an
update.

Through the study of a diverse group of spacecraft datasets, this dissertation
describes the calibration methods that tie new remote sensing image data to scientific
units, examines the lifetimes of fresh, young craters on the airless surfaces of Mercury

and the Moon, and explores extremes of lunar volcanism. In Chapter 3, the basic
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concepts of comparative planetology are leveraged to use our knowledge of the Moon
to learn more about rates of optical regolith maturation on Mercury. Chapter 4 uses
new data from LRO to revisit the geology of the ancient Gruithuisen Domes and
add to the story of these rare, yet significant silicic, nonmare volcanoes. Finally, the
curious Ina caldera, studied from the time of the Apollo missions (Whitaker, 1972;
El-Baz and Worden, 1972), is joined by a series of similar features discovered through
the high-resolution LROC NAC to make a compelling story of the IMPs as evidence

for long-lived nearside magmatism.



Chapter 2

ENGINEERING IN SUPPORT OF SCIENCE: PRELIMINARY LUNAR
RECONNAISSANCE ORBITER CAMERA IN-FLIGHT RADIOMETRIC
CALIBRATION

2.1 Introduction

Here ultraviolet and visible (UV-VIS) spectral reflectance data from the US Geo-
logical Survey (USGS) RObotic Lunar Observatory (ROLO) (e.g. Kieffer and Stone,
2005) and the Hubble Space Telescope (HST) are analyzed to provide in-flight radio-
metric calibration coefficients for the Lunar Reconnaissance Orbiter Cameras (LROC)
(Robinson et al., 2010). This chapter documents the methods used to derive the pre-
liminary radiometric calibration coefficients (work from 2010-2011) for the lronaccal
and lrowaccal programs within the ISIS3 software package (Anderson et al., 2004).
After an introduction to the motivation for in-flight radiometric calibration and the
ROLO images, two sections will address the calibration process for both LROC cam-
eras.

Radiometric calibration relates pixel digital number (DN) values to physical pa-
rameters. Radiance is a physical parameter defining the power received by the optical
system and characterizes the total reflection from the surface which is tied to ma-
terial properties. While the laboratory calibration includes derivation of calibration
coefficients (multiplicative factors) for each band which translate DNs to radiance, an
in-flight calibration is also required. The need for in-flight calibration is based on the
realities of spaceflight. Instruments in-flight commonly experience changes from their

pre-launch calibrations and some in-flight calibration system, such as solar diffusers,
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Figure 2.1: Spectra of ilmenite (solid line) shows a distinctive downturn in re-
flectance near 500 nm. The LRO Wide Angle Camera (WAC) has the unique ability
to acquire measurements in the UV (321, 360 nm) that are well suited to separate il-
menite from basalt. Low titanium rock (dashed line 12063R) and soil samples (dotted
line 12070S) are plotted for reference (normalized at 450 nm). Figure after (Robinson
et al., 2010).

can be affected by exposure to the space radiation environment or contamination
(e.g. Gellman et al., 1993; Thome et al., 1993; Slater et al., 1995; Guenther et al.,
1996; Alhajjah et al., 2004). In-flight calibration is critical for the long-term stability
of data collection and calibration traceability. Calibration traceability and stability
over time for climate records is a notable terrestrial example of in-flight calibration’s
importance (Mekhontsev and Hanssen, 2007). In the lunar case, traceable absolute
radiometric calibration allows for comparisons between images collected with different
spacecraft cameras. In order to perform an in-flight radiometric calibration a refer-
ence is required. The ground-based ROLO data provides a multispectral standard
for both Earth-observing and Moon-observing spacecraft cameras alike (Kieffer and
Stone, 2005; Sun et al., 2006). ROLO began operations in 1996 as a NASA-sponsored

project to accurately determine the irradiance and radiance of the Moon (Kieffer and

Anderson, 1998; Stone and Kieffer, 2002; Kieffer and Stone, 2005).



Radiometric calibration provides scientifically useful units that can be used to
quantify the UV-VIS spectra of various lunar geologic terrains. Surface spectra are
used to determine mineralogy and maturity of the lunar regolith. The LROC WAC
was specifically built to improve estimates the amount of titanium in the lunar regolith
(Robinson et al., 2010). Previous studies (Lucey et al., 2000a, 2000b) tested the
relationship between the Clementine color bands and TiO, content of the mare. The
spectra of ilmenite compared to basalts (Figure 2.1) illustrates the importance of UV
bands in separating the spectral signature of ilmenite from basalt. In the Clementine
dataset the 415/750 nm ratio indicates relative titanium content (Lucey et al., 2000b).
The LROC WAC UV bands at 320 and 360 nm should be able to better constrain
the relative titanium content, based on the spectra of ilmenite (Figure 2.1).

Early lunar remote sensing with ground-based (UV-VIS) spectral reflectance data
first revealed the presence of large-scale (> 10 km) color units within the nearside
mare (Pieters, 1978). Using the Apollo samples as ground truth, subsequent studies
(Charette et al., 1974, Whitaker, 1972) found correlations between the color units
and compositional variations, especially for iron and titanium in the mare. Later,
observations with the Clementine UV-VIS camera determined color units (lava flow
units) globally and led to an effective method for deriving iron abundance from the
multispectral data (Lucey et al., 1998, 2000b). Similar analysis determined titanium
abundance (Lucey et al., 1998, 2000b), however a comparison with TiOy maps derived
from the Lunar Prospector Neutron Spectrometer (Elphic et al., 1998, Elphic et al.,
2002) shows a difference in absolute abundance of up to 50% in some mare areas.
Recently, Hubble Space Telescope results showed that UV observations can be used
to map TiO, variations within the mare at the Taurus-Littrow Valley (Robinson et al.,
2007). Accurately characterizing TiO; variations in the mare is not only important for

mapping lava flows, studying the heterogeneity of mantle sources, and understanding



differentiation early in the history of the Moon, but also for identifying areas suitable

for in situ resource utilization.
2.2 Robotic Lunar Observatory (ROLO)

The ROLO dataset consists of over six years of regular ground-based telescopic
multispectral measurements of the Moon spanning phase angles from -90° to +90°
and wavelengths from 350 nm to 2450 nm in 32 spectral filters with a resolution
of approximately 7 kilometers/pixel (Anderson, 1999a). The primary goal of the
ROLO project is to develop a multispectral, spatially resolved photometric model of
the Moon for the calibration of Earth-orbiting spacecraft (Kieffer and Stone, 2005).
Consequently, the ROLO data are the most accurate measurements and radiometric
calibration of spectral reflectance of the Moon. An empirical model fit to the disk-
integrated phase curve in each filter provides a relative accuracy of ~ 1%, although the
absolute accuracy in any filter is on the order of 5-10% (Kieffer and Stone, 2005). From
this model a discrete spectrum of the lunar nearside can be produced at an arbitrary
phase angle. Absolute calibration (and atmospheric correction) of the ROLO data is
derived from nightly stellar extinction measurements of the star Vega, (Kieffer and
Stone, 2005).

Calibration, map projection, and data collection for the ROLO full-disk obser-
vations data used ISIS3' and IDL. Using an ISIS3 program (rolo2isis) written by
Kris Becker of the USGS, the ROLO data files were calibrated and reprojected from
the original azimuthal lambertian equal-area to orthographic projection (Kieffer and
Stone, 2005). An additional step is required to convert the ROLO data from radiance
in units of W/m?/sr/nm to I/F reflectance or reflectivity (considered unitless). Ra-

diance is converted to I/F by taking into account the observation geometry and the

Thttp:/ /isis.astrogeology.usgs.gov/
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Figure 2.2: A) 415 nm ROLO image of the nearside of the Moon. Incidence angle is
~ 30°. B) ROLO ratio image of 350/415 nm (similar to the 360/415 nm WAC ratio,
but lower resolution).

solar radiance coming from a normally illuminated Lambertian surface (Minnaert,
1961). The term I/F is also called radiance factor by Hapke (1993). The solar spec-
trum in units of irradiance (Cox, 2000) is interpolated to the ROLO bands, and then
the ROLO data are converted from spectral radiance to I/F reflectance (a unitless
ratio of reflected light over the incident solar radiation). The equation for converting

radiance into 1/F reflectance is:

7Ly d?

I Sun,A

I/F =

where: I/F is unitless reflectance, L, is spectral radiance in units of W/m?/sr/nm,
Isun.y is the spectral solar irradiance in units of W/m?/nm, and d is the Sun-Moon
distance in astronomical units.

Absolute radiometric calibration of the LROC Narrow Angle Camera (NAC) and
Wide Angle Camera (WAC) used ROLO data with specific photometric geometries
(incidence, emission, and phase angles) in the same location with uniform terrain on
the lunar surface. Since the ROLO data is of much lower resolution (7 km/px) than
the LROC NAC (0.5-1.5 m/px) and WAC (~ 200 m/px), the values of all pixels in the

NAC, WAC, and ROLO images for the same location were averaged to give one value
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process was restricted to NACs from within a sample area of +10° lat/lon from the
sub-Earth point of the ROLO observation (—1.65°N, 1.01°E).

After the selection of the NACs, the calibrated DN pixel values were averaged for
each NAC. Calibrated DN values have ha the dark correction, flat-field, special pixel
mask, and temperature correction applied to the image pixels (as opposed to raw
DN, which do not have these corrections applied) (see Robinson et al., 2010 for more
information). For an accurate comparison between the ROLO data and the NAC

cameras, the ROLO I/F reflectance must be weighted by the responsivity function
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