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Introduction:  
The Mars 2020 rover mission will collect and cache samples from the martian surface for possible retrieval and subsequent return to Earth. If the samples are returned, that mission would
provide an opportunity to analyze returned Mars samples within a known geologic context on Mars, and may provide definitive information about the existence of past or present life on Mars.

Mars sample return presents unique challenges for the collection, containment, transport, curation and processing of samples [1]. Foremost in the processing of returned samples are the
closely paired considerations of life detection and planetary protection. In order to achieve Mars Sample Return (MSR) science goals, reliable analyses will depend on overcoming some
challenging signal/noise-related issues where sparse martian organic compounds must be reliably analyzed against the contamination background.

A 2014 report of the workshop for life detection in samples from Mars [3] suggests that a defined set of measurements should be made to effectively inform both science and the office of
Planetary Protection. The defined measurements would include a phased approach that would be accepted by the community to preserve the bulk of the material, but provide unambiguous
science data that can be used and interpreted by various disciplines. Foremost is the concern that the initial steps would ensure the pristine nature of the samples. Preliminary, non-invasive
techniques such as X-ray computed tomography (XCT) have been suggested as the first method to interrogate and characterize the cached samples without altering the materials [1,2].

Hanna et al.[4] accept that XCT may cause some alteration, and that additional work is needed to quantify these effects. In particular, which techniques would be compromised by such changes.

X-Ray Computed Tomography of Planetary Materials: XCT generates three-dimensional (3D) images of
geologic materials, allowing for rapid, non-invasive, non-destructive visualization analyses of the interior of all types of materials.
For planetary science, this is especially useful for interrogating small, rare, or valuable materials for specific features or
structures, which helps to inform decision making about sub-sampling and curation [4].

Potential Alteration with XCT?:
• Sears et al. (2016) [5], have shown that XCT deposits sufficient radiation to alter the natural radiation record of a meteorite.

• Moini et al. (2014) examined the effects of synchrotron X-ray radiation on free amino acids [L-Cystine, L-Asparagine
(Asn),and L-Aspartic acid (Asp)] and confirmed that they all experienced modification (L-Cystine; optically visible structure
and color change), fragmentation (all), and racemization (Asp)occurred at low X-ray energies (8 and 22 keV) [6].

• Friedrich et al. (2016) examined amino acids (D/L-Aspartic acid, D/L-Glutamic acid, D/L-Serine, D/L-Alanine, D/L-beta-Amino-
n-butyric acid, D/L Isovaline, D/L-Valine) from the Murchison carbonaceous chondrite using 48.6 and 46.6 keV
monochromatic synchrotron X-rays and concluded that there was NO detectable effect on the amino acid abundances or
enantiomeric ratios. [7]

Tables 1 & 2 from Kminek et al. (2014) [3] showing the proposed sequence and types of
sample analysis for MSR. XCT analysis of MSR samples would occur while still encapsulated;
step IV of Table 1.

PAT 91501-In Situ Whole Rock Study: The
XCT study of the Antarctic meteorite PAT
91501 (3D rendering of 15 cm w stone)
provided one of the earliest studies of a
rare assemblage of metal/sulfide grains
and associated voids (vesicles) to
determine the formation conditions without
disassembling the main mass. [8]

Kobe meteorite for curation: The Kobe (CK4
chondrite) meteorite was used by JAXA as a
test case for quantifying compositional
examination and curation by micro-XCT.
Results were then used to develop
methodologies for processing returned
samples from the HAYABUSA mission. [9]

Example of the XCT image (left) and the
bird's eye view image (right) obtained at
the synchrotron radiation facility SPring-8,
Japan, one of several advance studies to
identify curation techniques for HAYABUSA
returned samples. [10,12,13]

Core Research Laboratories at the Natural History Museum, London:

NSLS II at Brookhaven National Laboratory: Full field x-ray imaging at 5-11 keV is still in development, but has
been described as working towards achieving 50 nm voxel resolution with variable X-ray energy so that we can do imaging
at specific X-ray edges.

NASA Johnson Space Center: Nikon XT H 225/320 LC is a large cabinet
industrial Computed Tomography system with four X-ray sources: 320 kV
microfocus target, 225 kV ultrafocus reflection target, a 225 kV rotating
target, and a 180 kV nano focus transmission target. The standard target
head is single material Tungsten (W). The 225kV reflection target source is
also equipped with a multi-metal target head of Mo, Ag, and Cu.

The XT H LC’s large access door, high precision stage, and heavy duty
precision 4-axis manipulator (maximum travel of 500mm in X, 600mm in Y,
and 700mm in Z) can accommodate sample sizes as large as 0.6m (H) x
0.6m (D) and weights up to 100kg. The standard Perkin Elmer (PE) 1620
flat panel detector with carbon fiber input window provides good contrast
sensitivity and improves imaging of low density samples.

Microfocus	source Max.	kV Max.	
power

Focal	spot	size Focal	spot	size	at	max	power

225	kV	Reflection	target 225 kV 225	W 3	µm	up	to	7	W 225	µm	at	225	W

225	kV	Rotating	target	option 225 kV 450	W 10 µm	up	to	30	W 160 µm	at	450	W

320	kV	Reflection	target 320 kV 320W 30	µm	up	to	30	W 320	µm	at	320	W

180	kV	Transmission	target 180	kV 180	W 1	µm	up	to	3	W 10	µm	at	10	W

Detectors #	Bits Active	pixels Pixel	Size Max.	frame	rate	at	
1x1	binning

Perkin	Elmer	1620 16-bit 2000	x	2000 200 µm 3.5	fps

XCT Sources for our Study: XCT has seen a significant increase in its application to planetary science research in the last decade,
with more dedicated facilities and instruments with a range of capabilities to support a variety of science inquiries and curation needs.
Three instrument/curation facilities will be used for this investigation: NASA Johnson Space Center, The Natural History Museum in London
and NSLS II at Brookhaven National Laboratory.

Visualization by contrast of in situ components such as metal grains, vesicles, breccia clasts, the structures and shapes of chondrules, or low-Z
materials such as halite have allowed more complete characterization and by revealing many details in a context that would otherwise be lost
or damaged in processing.

(a) Sample tubes will
be coated with titanium
nitride (gold color) and
with aluminum oxide
(white). (b) Samples
are cylindrical cores,
typically 7.5
centimeters in length.
Samples frequently
break into fragments
during drilling, as
illustrated by this
basalt test core. Both
images are at the scale
indicated.

Antarctic meteorite Carbonaceous Meteorite Fall Returned Samples from an Asteroid

Preservation of Organics from Mars: In order to properly evaluate the potential impact XCT may have on returned samples, a detailed study to quantify the radiation dosage is required.
Because XCT systems can be configured for a variety of sources, detectors and geometric configurations[5,6,11], a detailed study of a variety of materials using a range of X-ray energy (kV), X-ray
intensity (W), X-ray bombardment duration (time), and X-ray beam diameter (spot size), and type of target (e.g., W vs. Ag) will be undertaken. We will dope martian regolith simulants and basalt
analog samples with a variety of Mars-relevant organic compounds to document changes that may occur from XCT radiation. Results will be quantified with techniques appropriate (e.g. Raman
spectroscopy or gas chromatography mass spectrometry) to better understand which classes of compounds are most susceptible and the subsequent products that may be produced.

MSR Proxy Materials Evaluation: We intend to create a set of samples that approximate a
range of Mars regolith compositions with organic components, in housing materials that are expected
to be representative of the Mars 2020 sample return cache.

Sample Analysis at Mars (SAM) data from the Mars Science
Laboratory (MSL) provide evidence of organic compounds
present in the Martian regolith [15]. Studies are being
conducted to try and derive sources for these results [16].
Selection of the types that we will want to identify will be
amino acids, nucleobases, sugars, and polycyclic aromatic
hydrocarbons that would be reasonable analogs, and that
are readily available as isotopially labelled compounds.

The concentration of these organic compounds would be
selected from estimates of previous work, which are
currently measured in the parts per billion range. To
illustrate the scale of the measurements that must be
made, one ppb can be illustrated as such: A single
standard-sized brick (V=1065 cm3) is one one-billionth the
volume (1 ppb) of the Empire State Building (1.05e6 m3).
Because analysis of organic species in MSR must resolve
1 ppb in sample aliquots less than a gram in total mass,
analyte loss due to potential XCT alteration must be
avoided.

The Mars Exploration and MSL rovers have provided a wealth of information about Mars
surface geochemistry [14,17]. We will use data from these missions to identify
appropriate mineral chemistries which will be used to host the most appropriate organic
compounds.

MSR Proxy Materials Experiments:
• Organic samples will be selected, prepared and run separately,

similar to methods described in previous work [6,7] but with
multiple instruments and a range of X-ray energies and time
steps;

• Mars regolith proxies will be identified and created from
simulants, analogs and/or meteorites, doped with organics, and
analyzed with the same instruments and experimental
parameters;

• Mars cache sample containers (or similar) will be obtained and
filled with regolith proxy materials to understand the
complexities associated with imaging high contrast materials.
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Microfocus	source Max.	kV Max.	
power

Focal	spot	
size

Focal	spot	size	at	max	
power

225	kV	Reflection	target 225 kV 225	W 3	µm	 125	µm	

180	kV	Transmission	
target

180	kV 180	W 2 µm 5	µm	

Nikon Metrology HMX ST 225 is a versatile micro-CT system
that can image specimens from 0.5 to 25 cm in diameter. The
platform can accommodate samples weighing up to 30kg.
The Reflection target source is equipped with W, Mo, Ag, or
Cu. The transmission target is single material Tungsten (W).
During a scan over 3,000 X-ray images are collected in 16-
bit quality on a four-megapixel detector.

Zeiss Xradia 520 Versa achieves spatial resolution of 0.7
µm and minimum achievable voxel of 70 nm. The source is
sealed transmission, with a voltage range of 30-160kV.
Sample handler has four degrees of freedom, and a stage
that accommodates samples up to 15kg.
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Microfocus	source Max.	kV Max.	
power

Focal	spot	
size

Focal	spot	size	at	50mm

180	kV	Transmission	target 160kV 10	W 0.7	µm 1	µm	

Detectors #	Bits Active	pixels Pixel	Size Max.	frame	rate	at	1x1	
binning

CCD 16-bit 2000	x	2000


