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Definitive Mineralogical Analysis using XRD:
Mineral identification is a critical component of Mars
Astrobiological missions.  Chemical or elemental data
alone are not definitive because a single elemental or
chemical composition or even a single bonding type
can represent a range of substances or mineral
assemblages.  Minerals are defined as unique
structural and compositional phases that occur
naturally.  There are about 15,000 minerals that have
been described on Earth, all uniquely identifiable via
diffraction methods.  There are likely many minerals
yet undiscovered on Earth, and likewise on Mars.  If
an unknown phase is identified on Mars, it can be fully
characterized by structural (X-ray Diffraction, XRD)
and elemental analysis (X-ray Fluorescence, XRF)
without recourse to other data because XRD relies on
the principles of atomic arrangement for its
determinations.   XRD is the principal means of
identification and characterization of minerals on
Earth.

Using full-pattern fitting methods such as
Rietveld refinement [1], it is now routinely possible to
use diffraction data to identify and determine the
abundance of all minerals present in a complex
mixture.   When X-ray amorphous material is present,
Rietveld refinement can be used to determine the
relative amount of amorphous material, and a radial
distribution function can, in principal, be calculated
that will identify the major atom-atom distances
present in the material.  When combined with XRF
data, this analysis will provide as complete a
characterization as possible, by any remote technique.

The CheMin XRD/XRF Instrument [2-5]: The
most recent prototype, CheMin III, is shown in Figure
1.  The instrument consists of an Oxford XTG
ApogeeTM X-ray source operated at 10 watts, a sample
loading and manipulation system (SLMS), and an
Andor, Inc. CCD camera fitted with an E2V Inc. X-ray
sensitive imager.   In the current version, the small-
focus source (70 µm diameter) and a 30 µm final
aperture yield a beam diameter at the sample of
~100µm.  A number of Mars analog rocks has been
analyzed (e.g., andesite, basalt, vein calcite, evaporite,
sandstone, hematite, quartz…).  Bish et al. [6] show
Rietveld refinements and quantitative analyses of
some of these analogs determined from CheMin XRD
patterns.  With the present system, interpretable

patterns of single minerals can be obtained in a few
minutes and quantifiable patterns of complex rocks
can be obtained in a few hours.

Sample preparation for XRD analysis:
Powdered samples are required for XRD because
ideally, a near-infinite number of orientations of
crystallites to the beam is needed in order to produce
an interpretable pattern.  Chipera et al. [7] reported on
the use of a flight prototype Ultrasonic Drill (USD) to
produce powders suitable for XRD, and Chipera et al.
[8] compare XRD results obtained from powders
prepared using the USD, a rotary drill, and the JPL
rock crusher intended for the Mars ’09 MSL mission.
Sarrazin et al. [9] describe a sonic/ultrasonic sample
manipulation system which causes powder to exhibit
the flow behavior of a liquid.  Using this system, much
larger grain sizes can be analyzed, simplifying sample
preparation.

Figure 1:  CheMin III instrument, quarter for scale.

Analysis of powder from the JPL rock crusher:
Several Mars analog samples were prepared for XRD
analysis by crushing rock fragments in the JPL rock
crusher.  Crushed samples were screened through a
sieve to collect the <150 µm component for XRD
analysis in the CheMin III instrument, equipped with a
vibrating sample holder (Sarrazin et al. [9]).  Figure 2
shows the 2-D pattern collected from an andesite
sample, Figure 3 shows the diffractogram obtained
from Figure 2, and Figure 4 shows the XRF spectrum
recorded concurrently with the XRD data.  Diffraction
data were quantified by Rietveld refinement (Table 1).
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Quantitative results for other samples prepared and
analyzed in like fashion are in Bish et al. [6] and
Sarrazin et al. [9].

Figure 2:  2-D X-ray diffraction pattern of andesite.

Figure 3:  Diffractogram obtained from 2-D X-ray
diffraction pattern shown in Figure 2.

Figure 4:  XRF spectrum of andesite, obtained with
the CheMin III instrument (Co is characteristic
radiation from the X-ray tube).

CheMin Operation at Mars ambient surface
temperatures:  The E2V CCD imager in the CheMin
III instrument is thermoelectrically cooled to -70° C to
minimize noise during operation.  During the Martian
night this operating temperature is reached passively
without any need for active cooling.  At warmer
temperatures, increased electronic noise reduces the
energy resolution of the CCD to the point that
individual peaks in the XRF spectrum are merged into
a single broad peak that covers the entire energy range.
However, because the characteristic radiation from the
X-ray tube (used for diffraction) is near the energy
maximum of the distribution, it is still quite possible to
perform energy-filtered XRD.  Experiments carried
out in our laboratory show that the CheMin III
instrument can be operated at temperatures as high as
+10° C without substantially compromising the quality
of the XRD data.

Conclusions:  1).  Rietveld refinement can be
used to obtain quantitative mineralogical results from
CheMin XRD/XRF data [6].  2).  Recent advances in
sample preparation and sample manipulation [9] have
dramatically reduced the sample preparation
requirements for powder XRD instruments to the point
that the CheMin III instrument can analyze sieved
material directly from the JPL rock crusher.  3).  The
CheMin instrument will be capable of definitive
mineralogical analyses on the surface of Mars without
the need for active or passive cooling.

All components of CheMin have now been
developed to the point that the instrument is ready for
inclusion on Mars ’09 and later missions.
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Table 1. Quantitative analysis of
andesite via Rietveld refinement

Phase                     Conc. (1 s)
Albite…………….. 0.12 (.01)
Labradorite………. 0.58 (.01)
Enstatite………….. 0.10 (.01)
Augite……………. 0.06 (.01)
Cristobalite………. 0.12 (0.01)
Dolomite………… 0.01 (0.003)
Magnetite………... 0.00 (0.002)
Total……………. 99.00 (.03)

Forsterite 0.02
(0.003)
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