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Introduction: C1XS (Chandrayaan-1 X-ray Spectrometer) was a compact XRF (X-ray fluorescence)
spectrometer that flew onboard the Indian Space Research Organisation’s Chandrayaan-1 lunar mission
between October 2008 and August 2009. Its design
exploited heritage fro m the D-CIXS instrument on
SMART-1 [1, 2], but C1XS was a more scientifically
capable instrument [3-5]. The aim of the experiment
was to measure the abundances of major rock-forming
elements (e.g. Mg, Al, Si, Ca, Ti and Fe) in the lunar
regolith at both high spectral (~110 eV) and spatial
(~50 km footprint) resolutions during solar X-ray flare
events reaching C-class (10-6 to 10-5 Wm-2 ) levels or
above.
Planetary XRF. This process requires solar X-rays
(emitted during flare events) with sufficient energy to
ionise atoms in the top few hundred microns of planetary regoliths. Electrons contained in the outer shells
of the ionised atoms fall down and fill the lower energy shell vacancies created during ionisation, causing a
release of energy in the form of an X-ray photon
whose energy is characteristic to the ele ment fro m
which it orig inated. X-ray spectrometers such as
C1XS measure the X-ray flu x fro m a planet in terms of
energy in order to estimate the concentration of major
rock-forming elements in the surface. Planetary XRF
is limited to bodies in the inner solar system (where the
solar X-ray flu x is sufficient) and to those without atmospheres (that would otherwise absorb the incident
X-rays), such as the Moon, Mercury and asteroids [6].
Oceanus Procellarum flare: On 10th Februrary
2009 between 23:07:54 U.T. and 23:25:09 U.T. C1XS
collected lunar XRF data during a B-class solar flare
(10-7 to 10-6 W m-2 ). This observation has a ~1800 km
long ground track (with a full-width footprint of
50 km) through western Oceanus Procellaru m at a longitude of ~290º (Fig. 1).
The analysis of this
groundtrack’s data provides an opportunity to meet one
of the major C1XS science objectives: to study the
composition and evolution of mare bas alts over a
number of lava flows [4]. Oceanus Procellaru m consists of lava flows with variable compositions and
eruption ages [e.g. 7-9]. However, the C1XS flare
ground track only samples a subset of these deposits
(Fig. 1). The sa mpled lava flows consist mostly of
low-Ti (~3 wt. % TiO2 ) basalts that are thought to be
of Upper Imbrian age (~3.5 Ga) [9]. The ground track
is more variab le in terms of FeO content than TiO2
(according to maps generated from Clementine mult is-

pectral data), and as such the diversity of the whole of
Oceanus Procellaru m is much better represented by the
range of FeO contents, than by the relatively constant
TiO2 abundances.

Figure 1: Clementine albedo image of Oceanus Procellarum with
superimposed geological lava fl ow units mapped by [9]. Also
shown is the groundtrack of the C1XS observation on 10 th Fe bruary 2009 that has been sub-divided into seven regions of inte rest (RO I).

Spectral modelling: The scientific analysis of all
planetary XRF datasets requires an algorithm that converts X-ray flu xes to elemental abundances and ratios
in order to make geological interprat ions about the
target body. The X-ray background subtracted data
(e.g. Fig. 2) presented here are modeled using the RAL
abundance algorithm [10] which follows the fundamental parameters approach [11, 12].
The algorith m requires an incident solar X-ray
spectrum fo r the flare period as an input and this must
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contain both the bremsstrahlung and characteristic
elemental lines. Although an X-ray solar monitor
(XSM : [13]) acco mpanied C1XS onboard Chandrayaan-1 for this purpose, the B-class flare analysed
here was below its detection capabilities [13]. The
atomdb (version 2.0.0) database and modelling software
(Harvard
Chandra
X-ray
Center:
http://cxc.harvard.edu/atomdb/features_idl.ht ml) has
instead been used to generate solar X-ray spectra at
two temperatures (3.1 M K and 4.0 MK) likely for this
flare.

Figure 2: Background subtracted, C1XS spectrum (0.5 - 2.5 keV)
for RO I 3 of the observation (see Fig. 1). The characteristic Mg,
Al and Si Kα lines are well resolved (no higher energy lines are
excite d during this low-magnitude flare). The modelled fit (red
line) is generate d using a solar flare model at a temperature of
3.1 MK. The lines below ~1.0 keV are due to scattered solar
X-rays rathe r than XRF.

Results: The algorithm fitting results for the seven
flare ROI (Tab le 1 and Fig. 3), are expressed as the
mean Mg O/SiO2 and Al2 O3 /SiO2 ratios fro m modelling
the flare at both 3.1 M K and 4.0 MK. The errors presented combine the 1 σ fitting errors and the range in
values provided by the two temperatures. The Lunar
Prospector γ-ray data for the flare region, as well as
lunar samp le co mpositions are shown for co mparison.
Discussion: The C1XS results presented generally
confirm the geochemical similarity of the different lava
flows that have been observed in this part of Oceanus
Procellaru m [e.g. 9]. The co mpositions can be mostly
replicated with simple models that linearly mix typical
feldspathic highlands (FAN) and mare basalt materials.
However, for at least one, dominantly highlands region
(O.P. 1: see Fig. 1), the Al2 O3 /SiO2 ratio is lower than
can be invoked with these models. The poor agreement between the C1XS results and the Lunar Propsector γ-ray compositions (more so in terms of MgO/SiO2
than Al2 O3 /SiO2 ) could be exp lained through some
combination of: inaccuracies in our results, the γ-ray
results for the low-ato mic mass major elements [14],
and the difference in sampling depths for the two techniques. A discrepancy between γ-ray and XRF results
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has been noted before from NEAR results [15] and this
issue warrants further investigation.
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Table 1: Mean MgO/SiO 2 and Al2O 3 /SiO 2 ratios for the flare’s
RO I (see results section for details). These C1XS values are
compared with the mean Lunar Prospector (L.P.) γ-ray results
[16] for the pixels which coincide with the C1XS regions. The
two datasets generally agree in terms of Al2O 3 /SiO 2, but the
C1XS numbers are systematically lower in terms of MgO/SiO 2.

ROI
O.P. 1
O.P. 2
O.P. 3
O.P. 4
O.P. 5
O.P. 6
O.P. 7

MgO/SiO 2
C1XS
L.P.
0.09 ± 0.03
0.21
0.07 ± 0.03
0.23
0.18 ± 0.05
0.27
0.14 ± 0.03
0.25
0.19 ± 0.05
0.22
0.13 ± 0.03
0.24
0.14 ± 0.04
0.24

Al 2O 3/S iO 2
C1XS
L.P.
0.31 ± 0.07
0.56
0.31 ± 0.06
0.42
0.31 ± 0.07
0.40
0.30 ± 0.05
0.34
0.39 ± 0.08
0.30
0.32 ± 0.06
0.32
0.38 ± 0.07
0.44

Figure 3: MgO/SiO 2 vs. Al 2O 3/SiO 2 plot showing the abundance
ratio derived for each flare ROI (as given in Table 1). Also
shown are: the Lunar Prospector γ-ray data [16] for pixels
whose coordinates overlap with the flare groundtrack; the ave rage landing site soil compositions [17]; and sample compositions
for various lunar lithologies [18].

