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W hether it is fluorescence emission from asteroids and moons, solar wind
charge exchange from comets, exospheric escape from Mars, pion reactions
on Venus, sprite lighting on Saturn, or the Io plasma torus in the Jovian mag-

netosphere, the Solar System is surprisingly rich and diverse in X-ray emitting objects.
The compositions of diverse planetary bodies are of fundamental interest to planetary sci-
ence, providing clues to the formation and evolutionary history of the target bodies and the
solar system as a whole. X-ray fluorescence (XRF) lines, triggered either by solar X-rays or
energetic ions, are intrinsic to atomic energy levels and carry an unambiguous signature of
the elemental composition of the emitting bodies. Except for H, He and Li, all the atomic
elements are identifiable by their K, L or M shell XRF lines in the 0.1 to 15 keV band.
Light elements including life-essential C, N, and O fluoresce in soft X-rays, whereas heavier
elements (like the important rock-forming elements Mg, Al, Si, S, Ca, Ti, Cr, and Fe) emit
higher energy (harder) X-rays. XRF is a powerful diagnostic tool to understand the chemical
and mineralogical composition of planetary bodies. All remote-sensing XRF spectrometers
used so far on planetary orbiters have been collimated instruments, with limited achievable
spatial resolution, and many have used archaic X-ray detectors with poor energy resolution.
Focusing X-ray optics provide true spectroscopic imaging and are used widely in astrophysics
missions, but until now their mass and volume have been too large for resource-limited
in-situ planetary missions. Recent advances in X-ray instrumentation such as the MultiPore
Optics used on the BepiColombo X-ray instrument (Fraser et al., 2010), Miniature X-ray
Optics (Hong et al., 2016) and highly radiation tolerant CMOS X-ray sensors (e.g., Kenter et
al., 2012) enable compact, yet powerful, truly focusing X-ray Imaging Spectrometers. NASA
PSD has funded some of the recent developments in XRF technology through programs like
PICASSO. Such instruments will enable compositional measurements of planetary bodies
with much better spatial resolution and thus open a large new discovery space in planetary
science, greatly enhancing our understanding of the nature and origin of diverse planetary
bodies. Here, we discuss many examples of the power of XRF to address key science ques-
tions across the solar system. We urge NASA to continue to provide robust support to
the development of novel X-ray instrumentation and to encourage the consideration
of such instruments for diverse planetary missions in the coming decade.

1 The Moon

The Moon was the first target for remote-sensing XRF measurements, on Apollo 15 and
16 (Adler et al., 1972) and several subsequent missions have carried X-ray instruments
for measuring the surface elemental composition of the Moon, with mixed success (e.g.,
Grande et al., 2009). Despite the proximity to Earth, the spatial coverage of all lunar XRF
experiments to date is quite sparse and of relatively poor spatial resolution (> 30 km) as
illustrated in Figure 1, due in part to the use of collimated instruments. Global elemental
abundance maps (e.g., K, Th, Fe, Ti), produced from remote-sensing γ-ray, neutron, and
reflectance spectroscopy data, have been extremely useful for understanding the Moon’s his-
tory. However, XRF spectroscopy extends measurements to geochemically highly important
elements like Mg and Al, and the promise of higher-resolution measurements enabled by
focusing X-ray optics will enable new alternative approaches with higher success rates. High
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Figure 1: Lunar regions investigated by previous XRF mapping missions outlined on LRO (Vondrak et
al., 2010) Camera lunar basemap in orthographic projection. Spatial resolution of these data
is larger than 30 km. Almost all of the sparse previous coverage is on the nearside.

resolution mapping at a few km scale on the Moon would help to address multiple important
science questions: What are the major surface features and modification processes on each
of the inner planets? What governed the accretion, supply of water, chemistry, and internal
differentiation of the inner planets and the evolution of their atmospheres, and what roles
did bombardment by large projectiles play? What are the distribution and timescale of
volcanism on the inner planets?

As an example of a next-generation planetary XRF application, CubeX is a MiXO-telescope-
based SmallSat lunar mission, whose concept was studied with support from NASA’s Plane-
tary Science Deep Space SmallSat Studies (PSDS3) program (Hong et al., 2018; Kashyap et
al., 2020). CubeX is a SmallSat with a compact, highly radiation-tolerant, focusing X-ray
telescope that identifies and spatially maps lunar crust and mantle materials excavated
by impact craters, and also serves as a pathfinder for autonomous precision deep-space
navigation using X-ray pulsars.

Instead of staying at a low lunar orbit (.100 km altitude), a MiXO telescope like
CubeX can stay at a “frozen” high-altitude (&6000 km) orbit and monitor a handful of
targeted patches with several hours per orbit spent pointing at each. With the ability to
distinguish elemental composition with better than 3-km resolution within a ∼110-km FoV,
such a mission can address many questions of lunar evolution, including the identification of
outcrops of excavated mantle and lower crust material to probe magma ocean differentiation,
studies of the vertical composition of near and farside crust, and exploration of volcanic
domes and flows to understand the geochemical evolution of the mantle and crust. Compared
to the Chandrayaan/D-C1XS instrument (Grande et al., 2009), the reduced X-ray flux seen
by the MiXO telescope due to the larger distance and the smaller FoV is largely made up by
the larger effective area, lower background and longer exposure for a given FoV footprint.
A typical solar flare of any class lasts a few minutes to hours. A MiXO telescope in a high
altitude orbit can monitor the same patch of the surface during the entire duration of a
typical flare whereas D-C1XS cannot monitor the same patch for more than ∼20 sec with a
FoV “footprint” of ∼25 km. By repeatedly viewing the same targets on each orbit, CubeX
can build up statistics for each, resulting in high-resolution elemental maps of scientifically
important targets. Simulations indicate that with 500 ksec total integration, easily obtainable
in a one-year mission, CubeX can determine Mg/Si, Al/Si, Fe/Mg and other elemental ratios
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for six sites with relative precision ranging from 5% on a 100 km scale to 30% on a 3 km
scale at C1 solar states, sufficient to distinguish diverse lunar compositions and address the
science questions outlined above. A similar instrument flown on a full-scale lunar orbiter
could do much, much more.

2 Asteroids

Primitive bodies, be they comets, asteroids, Trojans, or Kuiper Belt objects, provide windows
to study our early Solar System. For instance, many asteroids including the parent bodies of
chondritic meteorites were not subjected to planetary differentiation and melting, and thus
retain a record of the primordial nebula composition, including primordial organic matter.
Recent discoveries of compositionally diverse main belt asteroids indicate substantial mixing
through dynamical processes such as early planetary migration (DeMeo & Carry, 2014).
Discoveries of several main belt “asteroids” exhibiting cometary behavior (e.g., 133P/Elst-
Pizarro) imply that the main belt contains a large dormant population of volatile-rich
asteroids. Some of the key questions that may be answerable through XRF compositional
measurements include: How do spectral variations among asteroids relate to compositional
differences and how do these relate to disk and/or planetary evolution and differentiation?
How diverse were the components from which asteroids were assembled? What relationships
exist between asteroid and meteorite classes? How did differentiation vary on bodies
with large proportions of metal or ices? Were there radial or planetesimal-size limits on
differentiation? A comparative study of the composition of diverse asteroids vs. larger
planets and moons through XRF spectroscopy can help answer these questions, revealing
the formation and evolutionary histories of these bodies and the Solar System.

There are only two prior X-ray observations of asteroids, 433 Eros by NEAR Shoemaker
(Trombka et al., 2000), and 25143 Itokawa by Hayabusa (Okada et al., 2006). In addition,
OSIRIS-REx, currently exploring asteroid 101955 Bennu, includes an X-ray spectrometer
(REXIS) but no data have yet been reported. The prior X-ray measurements were made
with mechanically collimated detectors – gas proportional counters on NEAR and X-ray
CCDs on Hayabusa – both with 3.5–5 degree spatial resolution of their field of view (FoV).
Even with its poor spectral resolution (∼830 eV FWHM at 5.9 keV), NEAR measured major
abundance ratios such as Mg/Si, Al/Si and Ca/Si that supported a long-suspected connection
between ordinary chondrite meteorites and S-type asteroids and the hypothesis that space
weathering modifies the apparent composition of asteroids as seen by optical and infrared
techniques (Nittler et al., 2001). Definitive evidence of space weathering alteration has
been later identified in the returned Itokawa samples (Noguichi et al., 2011). These results
addressed a decades old conundrum of the mismatch between the spectra of meteorites and
common asteroids.

Imaging spectroscopy via a CubeX-style instrument would enable the measurement of
spatial variation of both the absolute and relative abundances (e.g., Figure 2) of geochemically
important elements with high resolution. Such measurements could reveal compositional
differences across asteroids due to impact excavation of distinct material, variable presence
of exogenic material or history of space weathering, and/or differentiation, all of which
would provide new insights into the origin and evolution of small bodies. Moreover, such
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instruments could prove to be invaluable tools for selecting sampling sites for small-body
sample return missions.

Figure 2: (Left) Simulated XRF spectrum of an asteroid of CI chondrite composition at 1 AU during a
quiet sun state illustrating wide range of measureable elements. (Right) Abundance ratios
(Mg/Si vs. S/Si) as an identifier of a wide range of meteorite specimen types and geological
processes (Nittler et al., 2004).

3 Comets

Like asteroids, comets are relics of the earliest stages of solar system formation, but ac-
creted farther from the Sun and include a better-preserved record of primordial ices and
organics. Rosetta provided chemical measurements of dust and gas in the coma of comet
67P/Churyumov-Gerasimenko and at the site of the Philae lander (e.g., Taylor et al., 2017),
but not direct elemental measurements of the nucleus. Moreover, it has been known since
the surprise ROSAT discovery of the comet C/Hyakutake1996 B2 (Lisse et al., 1996) that
many comets are bright in X-rays due to solar wind charge exchange in the coma tracing
both incoming solar wind plasma and outflowing neutral gas. About two dozen X-ray bright
comets have now been discovered (e.g., Wolk et al., 2009). The observed cometary X-ray
emission relative to the optical is 100 times higher than the Sun. Focusing X-ray telescopes
near the target would see 102–104 times higher X-ray flux than the near-Earth telescopes
and will capture the dynamics of the coma from a 1000 km scale all the way down to sub-km
size of the nucleus during a close approach.

Comet nuclei, inaccessible from near-Earth telescopes, are primary targets for future
in-situ X-ray study both by dedicated orbiting missions and sample-return missions aimed at
returning pristine icy samples with potential prebiotic organics. Primary science questions
that could be addressed by XRF include: How variable are the comet compositions, and how
heterogeneous are individual comets? What kinds of surface evolution, radiation chemistry,
and surface-atmosphere interactions occur on distant icy primitive bodies? How is the
surface composition of comets modified by thermal radiation and impact processes? In-situ
X-ray spectra will isolate the elemental composition of the comet nucleus from the coma,
which is optically thin in X-rays and thus can be spatially separated from the nucleus by
imaging. The surface distribution of elemental composition will provide valuable input
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and context for sample collection and provide constraints on ice:dust ratio. Time resolved
imaging could capture dynamic features in the nucleus such as outgassing.

4 Mercury

MESSENGER orbited Mercury for over 4 years (2011-2015). Despite the poor spectral
resolution with no imaging capability and highly variable spatial resolution, theMESSENGER
X-ray spectrometer (XRS) produced maps of major-element abundance ratios Mg/Si, Al/Si,
S/Si, Ca/Si and Fe/Si across the surface and constrained the abundances of the minor
elements Ti, Mn, and Cr (Nittler et al., 2018). These data revealed that Mercury’s surface
is surprisingly rich in S and Mg and very low in Fe, indicating the planet formed under
much more chemically reducing conditions than did the other terrestrial planets. The
abundance maps show remarkable variability (Figure 3) indicating that Mercury’s thin
mantle is chemically heterogeneous, providing clues to the planet’s early geological history.
The possible presence of wt% levels of C at the surface would have important implications for
a possible magma ocean phase. BepiColombo, launched in October 2018 for Mercury, takes
advantage of both collimator and focusing optics with two X-ray telescopes onboard (Fraser
et al., 2010). MIXS-T on BepiColombo, enabled by micro-pore optics (MPO) will be the
first in-situ planetary true imaging X-ray telescope, and will produce high resolution maps
around interesting regions such as pyroclastic volcanic deposits and “hollows” (enigmatic
depressions likely caused by volatile loss) during solar flares. High-resolution X-ray mapping
in future missions could address many questions on the origin and evolution of the planet’s
surface and could provide regional context to landed Mercury science missions (Byrne et al.,
2020).

Figure 3: Map of Mg/Si across Mercury’s surface with outlines of smooth plains in white from MESSEN-
GER XRS data (Nittler et al., 2018).

5 The Galilean Satellites

The Galilean Satellites are also excellent targets for X-ray surface composition study, as
Chandra discovered X-ray emission from them in 1999 and 2000 (Elsner et al., 2002; Nulsen
et al., 2020; Branduardi-Raymont, 2017). These satellites are very faint when observed
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from Earth orbit and the X-ray detections of Io and Europa, while statistically significant,
were based on just 10 photons each, a tribute to the value of high angular resolution in X-ray
observations. The detected X-rays had energies that clustered between 0.5 and 0.7 keV,
suggestive of O-K XRF emission. The X-rays from Europa are best explained by fluorescence
induced by bombardment of energetic H, O, and S ions on the icy surface (e.g., Cooper
et al., 2001). Ion sputtering is considered to be a major agent for neutral H2O release
and the total net erosion of the surface (Plainaki et al., 2010). With 1000 times higher
flux than near-Earth telescopes, X-ray observations of the Galilean Satellites with focusing
X-ray instruments would address these key questions: How is surface material modified
exogenically versus being pristine or relatively unmodified? How do exogenic processes
control the distribution of chemical species of satellite surfaces? How, and to what extent,
have volatiles been lost from Io? What is the temporal and spatial variability of the density
and composition of Io’s atmosphere, how is it controlled, and how is it affected by changes
in volcanic activity?

The surface compositions of the icy moons are expected to be rich in interesting chemical
species (e.g., McKinnon & Zolensky, 2003), and their surfaces (Carlson et al., 2005) and
associated atmospheres (McGrath et al., 2004) display significant spatial variability. Observed
time variations in UV absorption indicate that the relative surface composition for Europa,
Ganymede, and Callisto (e.g., Domingue & Lane, 1998) vary with time in the irradiated upper
layers, probably mostly due to changes in magnetospheric activity but potentially also due to
transient emergence of material from internal sources. X-ray imaging spectroscopy enables
measurements of major and trace species (e.g., C, N, O, Na, Na, Mg, S, Cl, K, P, Fe) needed
to distinguish between models for surface and interior geology, atmospheric evolution, and
the presence of subsurface oceans strongly suggested by Galileo magnetometer results,
addressing these science questions: Are organics present on the surface of Europa, and if so,
what is their provenance? Has material from a subsurface Europa ocean been transported
to the surface, and if so, how? Such studies provide clues to an ultimate question: Does (or
did) life exist below the surface of Europa or Enceladus? For example, XRF imaging could
identify regions on Europa where upwelling and refreezing of ocean water enhances Na, Cl,
and Mg abundances, especially if sub-1% level elemental determination can be attained.

6 Summary

Miniaturization of X-ray optics, advances in X-ray sensors, and rapid developments of low
cost CubeSat/SmallSat spacecrafts and their components will open a new era of X-ray
imaging spectroscopy of solar system objects. High resolution mapping of surface elemental
abundance of diverse planetary bodies will play a critical role in revealing the complex
history of the formation and evolution of diverse planetary bodies.
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