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In Situ Crystallographic Investigations of Solar System Objects in the next Decade 
 
The Case for In Situ Crystallographic Investigations and Instruments  

The history of solid solar system materials, whether planetary bodies, planetary satellites, or 
icy or rocky planetesimals, is written in the rocks and the minerals they contain. Minerals provide 
the most persistent, accessible, and information-rich record of the origin(s) and evolution of 
solar system objects, because minerals are stable under a wide range of pressure, 
temperature, and composition (PTX). Regolith material comprised of specific minerals can be 
used to identify the conditions under which it formed, as well as subsequent environmental 
changes, based on individual mineral stability ranges, complex mineral assemblages, and the 
presence or absence of equilibrium among them. More than elemental, isotopic or optical analysis, 
definitive and quantitative mineralogical analysis with X-ray Diffraction (XRD) is a direct and 
unambiguous crystallographic technique. Fully quantitative mineralogical results are obtained 
from XRD patterns using Rietveld refinement and other full-pattern fitting techniques [1-3]. XRD 
provides detailed information about history, environment, and habitability: Past and present 
climates, the changing activity of water, and the availability and chemical state of biologically 
significant elements, all through the lens of deep time. Such quantitative mineralogical 
determinations are not possible if the complete mineral assemblage is not characterized. Chemical, 
optical, calorimetric or oxidation state data are seldom definitive because any particular chemical 
compositions, optical emission/absorption features, calorimetric data or valence information can 
still represent a range of substances or mineral assemblages.  

Mineral “species” are defined as naturally occurring crystalline thermodynamic phases that 
have a unique combination of atomic structure and chemical composition. More than 5,500 
different mineral species have been described on Earth and their crystallographic structures and 
other characteristics are tabulated in the open-access ICDD and RRUFF databases [4-5] among 
others. In addition, about 400,000 crystalline inorganic compounds have been characterized and 
would be classified as minerals if they were found in the natural environment. Statistical studies 
reveal that thousands of minerals are as yet undiscovered on Earth and throughout the Solar System 
[6-7]. If an unknown phase (or an inorganic compound not found as a mineral on Earth) is 
identified by itself or in a simple association, it can be fully characterized (both structure and 
composition), and its significance to the geologic history of its parent body understood by XRD 
because, as a crystallographic technique, XRD relies on first principles of symmetry and atomic 
arrangement for its determinations.  

The comprehensive, detailed characterization of the mineralogy of any solar system body is 
fundamental to understanding its origins and evolution. “Mineral evolution,” the study of the 
diversity and distribution of minerals through deep time [8-9], reveals that planets and moons 
experience a sequence of mineralogical stages, each a response to varying physical, chemical, and 
(in the case of Earth) biological processes. Minerals provide the most robust testimony for such 
critical aspects of planetary evolution as the differentiation of core, mantle, and crust; the 
establishment of a geodynamo; the nature and extent of volcanism; the initiation of plate tectonics; 
the presence and dynamic history of a hydrosphere; the evolution of the atmosphere; and the origin 
and evolution of a biosphere. Only minerals can preserve such history over billions of years. Only 
with a comprehensive documentation of mineral species, including detailed information on 
their structural states and compositional idiosyncrasies by XRD, can we hope to fully 
document that rich history.   
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CheMin: The first crystallographic instrument to analyze rocks and soil on another planet 
The CheMin instrument on the MSL rover Curiosity [10] determines the mineralogy and 

elemental composition of powdered Martian regolith using XRD. As the first crystallographic 
instrument flown in space, CheMin’s mineralogical analyses have been critical to a number of 
first-of-their-kind achievements during its 8 year deployment on Mars. CheMin data provided the 
first quantitative mineralogical analysis of Mars soil [11-12], the first identification and 
characterization of an ancient habitable environment on Mars [13-15], established a maximum 
limit on the CO2 content of the Mars atmosphere in Hesperian time [16] and provided the first 
direct evidence of silicic volcanism on Mars [17], the first ground-truth mineralogy of orbital 
spectral measurements [18], and the first in situ evidence of the gradual drying out and oxidation 
of the Gale crater environment (and by proxy the early Mars atmosphere) [19]. All of CheMin’s 
mineralogical analyses have been of basaltic composition soils, sandstones and mudstones and 
their alteration products, similar to mineralogies expected on the rocky planets and planetesimals.  

The methodology by which a mineral’s refined lattice parameters are used to deduce its 
elemental composition, and elemental compositions and mineralogies of regolith samples analyzed 
during the first 5 years of CheMin’s deployment on Mars are reported in Morrison et al. [20-21].  
All of the data collected by CheMin during its 8-year deployment on Mars, as well as open access 
papers can be found in [22] and in a review article [23] summarizing the first 6 years of 
mineralogical results from Mars. As summarized by Velbel in a “Highlights and Breakthroughs” 
article in American Mineralogist (“Crystallography: Curiosity’s Bragging Right”) [24]:    

“….The mineral abundances and compositions determined from MSL Curiosity CheMin data 
are the most complete mineralogical data set for Mars surface materials until a Mars Sample 
Return mission (MSR) which is still at least a decade away.” 

Quantitative mineralogic analysis with XRD will significantly enhance the science return of 
any landed mission. Moreover, there are a number of solar system objects for which the 
deployment of XRD instrumentation should be a scientific requirement: 

• Planets for which sample return is not feasible in the forseeable future (Mercury, Venus); 
• Planets and satellites for which sample return is feasible, but for which returned samples 

can’t represent the full mineralogical diversity of their surfaces (Mars, the Earth’s moon); 
• Planets and other solar system objects for which it is not technologically possible to return 

samples in their pristine state (icy planesimals, Mars [25]).  

The next generation of spacecraft-capable crystallographic instruments 
Next-generation XRD instruments benefit from a decade of post-CheMin technology 

development, yielding a >10X increase in data acquisition speed, a 50% reduction in mass and 
volume, and improved pattern resolution. It is now possible in a spacecraft-capable XRD to: 

• Identify all minerals present >1% 
• Quantify all minerals >3% and determine their structure states 
• Quantify all major elements present in each mineral (H and above) 
• Determine the valence state of all major elements (H and above), including speciation 

of multi-valent elements such as Fe. 
• Determine the amount of X-ray amorphous material (if present). 

There are no instruments currently in NASA’s planetary inventory (other than 
CheMin) that can claim even one of these capabilities. 
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Example quantitative mineralogical analysis with “Terra” a Commercial Spinoff of CheMin 
A powdered basalt sample from Hawai’i was analyzed in a Terra XRD/XRF [26] for 15 

minutes, then reanalyzed for 8 hours in a Rigaku laboratory XRD. Table 1 shows the resulting 
Rietveld refinement and quantitative analysis from Terra, compared to that of the Rigaku XRD.  
Compositions (formulae) for minerals having variable chemistry (andesine, augite, pigeonite and 
forsterite) are derived from 
lattice parameters [20] 
obtained with Rietveld 
refinement [1] of the Terra 
XRD pattern. Clay minerals 
and the amorphous 
component were quantified 
using FULLPAT [2,3].   

Next-generation 
CheMin instruments with 
optimized Terra diffraction 
geometry will provide a 
dataset equivalent to that 
shown in Table 1 in one 
hour or less. 

Deployment of crystallographic instruments in the solar system. 
Mercury. The MESSENGER mission revealed that Mercury is a geochemical end-member 

among the terrestrial planets, and as such, an in-situ surface investigation of its mineralogy and 
chemistry will greatly aid our understanding of planet formation and planetary evolution. Mercury 
is the most chemically reduced of the terrestrial planets, diverse in terms of surface compositions, 
and volatile rich [27] and references therein. Upcoming orbital observations by BepiColombo will 
reveal its surface composition and other features in much greater detail [28]. However, the 
mercurian surface lacks diagnostic spectral absorption features in the UV-VIS region, so the 
mineralogy of Mercury has only been inferred through normative calculations based on surface 
compositions, and uncertainties in the oxygen content of the surface result in a large range of 
possible minerals that could be present [29-31]. The 
deployment of a crystallographic instrument such as 
next-generation CheMin [32] could with definitive 
mineralogical analysis, revolutionize our 
understanding of the geologic history of that planet 
and of comparative terrestrial planetology. A 
simplified lander equipped with a Honeybee 
Robotics PlanetVac system [33] (Fig. 1) could 
deliver powdered regolith to a next generation XRD 
instrument such as shown in Fig. 2 [32].  The 
instrument has no moving parts and collects XRD 
patterns from two separate samples delivered to it. 
More capable instruments suitable for four [34] or 
many [35] analyses are possible.  

Table 1.  Quantitative Analysis of a 
Hawai’ian Basalt Cobble 

Terra 
15 minutes 

Rigaku 
8 hours 

Phase Formula Wt.% Wt.% 
Andesine1 Ca0.24 Na0.26 (Al0.735 Si3.265) O8 34.9 27.9 
Augite1 Mg0.82 Fe0.52 Ca0.66 Si2O6 15.4 19.9 
Pigeonite1 (Mg0.54 Fe0.46) SiO3 10.8 13.3 
Forsterite1 (Mg0.69 Fe0.31) SiO4 7.3 7.5 
Ilmenite FeTiO3 0.8 1.5 
Hematite Fe2O3 0.3 0.4 
Magnetite Fe3O4 ND 1.1 
Cristobalite SiO2 5.1 2.6 
Amorphous2  20.3 20.9 
Nontronite 10.02  4.4 4.0 
Total  99.3 99.1 
1 Elemental composition determined from refined lattice parameters [20] 
2 Quantified using the FULLPAT method [2] 

 

Fig. 1: PlanetVac moves a regolith sample
from a lander footpad to instruments
inside the lander pneumatically, with no
requirement for an arm or complicated
moving parts.



 

 

 

4 

Venus. Quantitative and definitive mineralogy is critical for elucidating the early history and 
evolution of Venus, for deducing its early habitability, for comparative planetology of the rocky 
planets (Mercury, Venus, Earth, Mars), and for characterizing Venus as a surrogate for Venus-like 
exoplanets. Principal goals of Venus exploration are listed in [36]. The goals for inner planet 
research in the present decade include [37]: 
• Understanding the origin and diversity of terrestrial planets. 
• Understanding how the evolution of terrestrial planets enables and limits the origin and 

evolution of life. 
• Understanding the processes that control climate on Earth-like planets.  

An XRD instrument suitable for a landed Venus mission is described in a Decadal Survey 
white paper [34], and is included in the baseline payload of a Venus Flagship mission study 
submitted to the Decadal Survey [38].  

Mars.  The Mossbauer spectrometers on Mer-A and Mer-B identified and quantified the iron 
minerals in Mars soil and rocks [39], but to date fully quantitative mineralogy of the Martian 
regolith has only been determined in Gale crater by the CheMin instrument.  Mars 2020 will be 
deployed to Jezero crater, a deltaic system preserved in an ancient crater lake (a locality that is in-
family with Gale crater); however quantitative mineralogical analyses of these samples will have 
to await sample return.   

Mars is a topographically, geologically and mineralogically diverse planet. Mars landing site 
selection workshops for MER, MSL and Mars 2020 have identified dozens of scientifically 
valuable sites worthy of investigation [40-42]. To fully understand the mineralogical diversity and 
geologic history of Mars for comparative terrestrial planetology, for Astrobiology, for In Situ 
Resource Utilization (ISRU) and for planning future human exploration and colonization, many 
sites must be fully characterized using definitive and quantitative mineralogical techniques.  An 
XRD instrument suitable for inclusion in the payload of a MER-class rover is described in a 
Decadal Survey white paper [35]. 

Earth’s Moon. The mineralogical composition of lunar soil can be used to elucidate its 
petrogenesis and that of its parental lithologies (e.g., igneous rocks, impact breccias), as well as 
subsequent diagenetic or metamorphic events. In addition to its value to landed lunar science and 
as ground truth for orbital missions, in-situ mineralogical analysis can be used to: 
• Evaluate potential In Situ Resource Utilization (ISRU) processes;  
• Discover ore deposits useful for extraction of rare earth or other valuable elements;  

CCD 
detector

X-ray tube Piezo actuated 
sample cells

SDD 
detectors

Increasing 2q

Increasing 2q

Undiffracted
beam

Undiffracted
beam

Fig. 2: a). Geometry of an XRD instrument suitable for
deployment on Mercury. A single X-ray tube illuminates two
samples of powdered regolith. Two diffraction patterns are
recorded by the same CCD imager, while individual XRF
spectra are recorded with SDD detectors. b). Example
diffraction patterns collected on a 256X1024 CCD imager
(simulated).
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• Characterize the polar environment including exotic volatile-rich materials generated in 
permanent shadow and transported to the local site by impacts (e.g., clays or iron hydroxides);  
Taylor et al. [43] report the mineralogy of 118 returned Apollo regolith samples in the <150 

μm grain-size range analyzed by Terra. Sun et al. [44] report XRD-based ground-truth mineralogy 
of the Apollo 17 landing site. XRD patterns and mineral abundances from [43] are available on 
the Open Data Repository [45].  

Rocky and Icy Planetesimals. Rocky and icy planetesimals are the most primitive objects in 
the solar system and hold clues to its formation and that of portions of the pre-solar nebula.   

Many but not all rocky planetesimals (asteroids) are well represented in meteorite collections 
on Earth. However, some, such as olivine rich “mantle” asteroids are underrepresented and as a 
result poorly understood. Absent sample return missions, in-situ XRD analysis is perhaps the only 
way to understand these and other rocky planetesimals too small, too diverse, too friable or too 
rare to be represented in terrestrial collections.   

Icy Planetesimals (cometary nuclei, Kuiper belt / Oort cloud objects) have long been 
considered key to understanding the processing and delivery of water and organics to the early 
solar system. Comet nucleus flybys, rendezvous, and even landings (e.g., Rosetta[46]) have 
provided a wealth of new information. However, even (planned) Comet Nucleus Sample Return 
missions will be incapable of returning cometary regolith in its pristine condition. The icy 
minerals in these objects retain the same P,T,X information and history as do their counterparts 
in rocky planetesimals, but their thermal stability does not extend into the temperature ranges 
proposed for sample return (changes in water ice and solid gases can occur as low as ~30 kelvins 
[47]).  Low-pressure water ice can exist in at least two amorphous states (“high density” and 
“low density”), and two crystalline states (cubic and hexagonal) [47].  In addition, gases such as 
CO, CH4,  CH3OH and others can be contained in type I and type II water ice clathrates (possibly 
explaining the anomalous gas releases during apparations [48]).  We will not know the low-
temperature petrology of these objects (or understand how they were formed or processed in the 
early solar nebula) until in-situ XRD analyses are performed by a icy planetsimal lander. 
Summary 

The history of solar system materials, whether planetary bodies, planetary satellites, or icy or 
rocky planetesimals, is written in the rocks and the minerals they contain. Due to their stability 
under a wide range of pressure, temperature, and composition, minerals provide the most 
persistant, accessible, and information-rich record of the origin(s) and evolution of solar system 
objects. To fully document the rich history of our solar system and our universe requires 
comprehensive analysis and documentation of mineral species, including detailed information on 
their structural states and compositional idiosyncrasies by XRD. 
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