
ARTICLE IN PRESS

Planetary and Space Science 57 (2009) 725–734
Contents lists available at ScienceDirect
Planetary and Space Science
0032-06

doi:10.1

� Corr

E-m
journal homepage: www.elsevier.com/locate/pss
The scientific rationale for the C1XS X-ray spectrometer on India’s
Chandrayaan-1 mission to the moon
I.A. Crawford a,�, K.H. Joy a,b,c, B.J. Kellett b, M. Grande d, M. Anand c,e, N. Bhandari f, A.C. Cook d,
L. d’Uston g, V.A. Fernandes h, O. Gasnault g, J. Goswami f, C.J. Howe b, J. Huovelin i, D. Koschny j,
D.J. Lawrence k, B.J. Maddison b, S. Maurice g, S. Narendranath l, C. Pieters m, T. Okada n, D.A. Rothery e,
S.S. Russell c, P. Sreekumar l, B. Swinyard b, M. Wieczorek o, M. Wilding d

a Centre for Planetary Sciences, Birkbeck/UCL Research School of Earth Sciences, Gower Street, London WC1E 6BT, UK
b Space Science and Technology Department, Rutherford Appleton Laboratory, Didcot, Oxon OX11 0QX, UK
c Department of Mineralogy, Natural History Museum, Cromwell Road, London SW7 5BD, UK
d Institute of Mathematical and Physical Sciences, University of Wales, Aberystwyth, Ceredigion SY23 3BZ, UK
e Department of Earth and Environmental Sciences, Open University, Milton Keynes MK7 6AA, UK
f Physical Research Laboratory, Navrangpura, Ahmedabad 380009, India
g Centre d’Etude Spatiale des Rayonnements, CNRS/UPS, Toulouse, France
h Berkeley Geochronology Center, Berkeley, USA
i Observatory, PO Box 14, FI-00014 University of Helsinki, Finland
j European Space Agency, ESTEC, The Netherlands
k Applied Physics Laboratory, Johns Hopkins University, USA
l Indian Space Research Organisation, Bangalore, India
m Brown University, RI, USA
n Institute of Space and Astronautical Science, Japan Aerospace Exploration Agency, Sagamihara, Kanagawa 229-8510, Japan
o Institut de Physique du Globe de Paris, France
a r t i c l e i n f o

Article history:

Received 1 April 2008

Received in revised form

26 September 2008

Accepted 1 December 2008
Available online 24 December 2008

Keywords:

Moon

Lunar science

X-ray spectroscopy
33/$ - see front matter & 2008 Elsevier Ltd. A

016/j.pss.2008.12.006

esponding author. Tel.: +44 207679 3431; fax

ail address: i.crawford@ucl.ac.uk (I.A. Crawfor
a b s t r a c t

The UK-built Chandrayaan-1 X-ray Spectrometer (C1XS) will fly as an ESA instrument on India’s

Chandrayaan-1 mission to the Moon, launched in October 2008. C1XS builds on experience gained with

the earlier D-CIXS instrument on SMART-1, but will be a scientifically much more capable instrument.

Here we describe the scientific objectives of this instrument, which include mapping the abundances of

the major rock-forming elements (principally Mg, Al, Si, Ti, Ca and Fe) in the lunar crust. These data will

aid in determining whether regional compositional differences (e.g., the Mg/Fe ratio) are consistent

with models of lunar crustal evolution. C1XS data will also permit geochemical studies of smaller scale

features, such as the ejecta blankets and central peaks of large impact craters, and individual lava flows

and pyroclastic deposits. These objectives all bear on important, and currently unresolved, questions in

lunar science, including the structure and evolution of any primordial magma ocean, as revealed by

vertical and lateral geochemical variations in the crust, and the composition of the lunar mantle, which

will further constrain theories of the Moon’s origin, thermal history and internal structure.

& 2008 Elsevier Ltd. All rights reserved.
1. Introduction

The primary scientific importance of the Moon arises from the
fact that it has an extremely ancient surface, mostly older than
3 billion years, with some areas extending almost all the way
back to the origin of the Moon 4.5 billion years ago. It therefore
preserves a record of the early geological evolution of a terrestrial
planet which more complicated bodies, such as Earth, Venus and
Mars, have long lost. Theories of lunar evolution derived from
ll rights reserved.

: +44 207679 2867.

d).
petrological investigations of the Apollo and Luna samples have
been greatly refined by the global geochemical and mineralogical
datasets provided by the Clementine and Lunar Prospector
missions combined with studies of lunar meteorites (see Jolliff
et al., 2006, for a review). In particular, the heterogeneous nature
of the lunar crust, and the dichotomy between nearside and
farside crustal geochemistry (e.g., Jolliff et al., 2000; Korotev,
2005; Shearer et al., 2006; Taylor et al., 2006) show that the
highland crust is more complex than expected from simplistic
early models of plagioclase floatation in a global magma ocean
(Taylor, 1982, 1989). This has necessitated a re-examination of
lunar geological history and upcoming missions to the Moon
provide a new opportunity for mapping the compositional
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diversity of the lunar surface in greater detail. Here we describe
the scientific objectives of one such instrument: the Chandrayaan-1
X-ray spectrometer (C1XS) that was launched on 22 October 2008
on India’s first mission to the Moon.
2. A brief history of lunar X-ray spectroscopy

X-ray fluorescence (XRF) spectroscopy provides an opportunity
to map planetary surfaces in low-energy X-rays, including the
characteristic signatures of the main rock-forming elements (see
Yin et al., 1993, for a review). The Sun is the main source of lunar
X-ray excitation and typical levels of solar intensity will result in
the excitation of low atomic number elements, including Mg,
Al and Si. In periods of intense activity (i.e., solar flares) X-ray
lines for additional elements (e.g., Fe, Ti, Ca, P, Na, K, Mn and Co),
may also be detected. Incident solar X-rays only penetrate into the
upper few micrometers, or at most a few tens of micrometers
(depending on the energy and the nature of the surface),
producing fluorescent X-rays from the upper regolith environ-
ment (Clark and Trombka, 1997). Lunar X-ray fluorescence (XRF)
was first successfully detected by the Russian Luna 12 mission in
1968 (Mandel’Shtam et al., 1968). The Apollo 15 and 16 XRF
experiments were the first attempt to conduct compositional
X-ray spectrometry on a planetary scale, where a simple pro-
portional counter instrument measured the X-ray photon count-
rate from the lunar surface. Data were presented as intensity
ratios of Al/Si and Mg/Si as Si varies little (no more than �5%) in
lunar regoliths (Adler et al., 1973; Yin et al., 1993). These datasets
provided an initial understanding of the variable geochemistry
of the lunar surface, paving the way for a new generation of lunar
X-ray spectrometers. These include the D-CIXS instrument on
SMART-1 (see below), and more recently X-ray spectrometers on
the Japanese Kaguya (Shirai et al., 2008; Okada et al., 2008) and
Chinese Chang’e-1 lunar orbiters. The technique has also been
used to study the surface composition of near-Earth asteroids [i.e.,
by NASA’s NEAR mission to 433 Eros (Nittler et al., 2001) and
JAXA’s Hayabusa mission to 25143 Itokawa (Okada et al., 2006)],
and will be employed by forthcoming missions to Mercury [i.e.,
NASA’s MESSENGER mission (Schlemm et al., 2007) and ESA’s
BepiColombo (Fraser et al., 2008)]. These instruments either used
gas-filled proportional counters (Apollo, NEAR, MESSENGER), or
solid-state (CCD or active pixel sensor) technology (Hayabusa,
Kaguya, Chang’e-1, BepiColombo), for X-ray detection.

The UK flew a demonstration version of a compact imaging
X-ray spectrometer (D-CIXS) on the European Space Agency’s
SMART-1 mission to the Moon between 2003 and 2006 (Grande
et al., 2003, 2007). This instrument demonstrated a new approach
to building miniaturized X-ray detector technology, based around
the use of innovative swept charge device (SCD) solid-state
detectors (Holland et al., 2004). While successfully demonstrating
the technology, the scientific results from D-CIXS (Grande et al.,
2007; Joy, 2007; Swinyard et al., 2008), were limited by (i) the
large and variable lunar footprint resulting from SMART-1’s high,
elliptical orbit (�300�3000 km); (ii) the low solar flare state
during the mission; (iii) radiation damage to the detectors during
the long (15 month) journey to the Moon and (iv) a number of
unanticipated instrument and calibration problems (Joy, 2007;
Grande et al., 2007).
3. Summary of the C1XS instrument

The C1XS instrument and its calibration is described in detail
in the accompanying papers by Grande et al. (2008), Howe et al.
(2008a) and Kellett et al. (2008). It builds on the technology
inherited from D-CIXS, but will be a scientifically much more
capable instrument. In order to derive elemental abundances from
fluorescent X-ray data it is necessary to measure the illuminating
solar X-ray spectrum, and this will be provided by an accompany-
ing X-ray solar monitor (XSM), which is also similar to that
developed for SMART-1 (Alha et al., 2008).

Specific areas where C1XS will improve on the performance of
D-CIXS are as follows.

3.1. Instrumental and hardware improvements

Operating D-CIXS during the lunar phase of the SMART-1
mission highlighted a number of problems with the instrument
which have been corrected for C1XS (see Howe et al., 2008a for
details). One of the most serious problems with D-CIXS was that
the spectra occasionally exhibited double peaks (i.e., the same
spectral line would occur at two energies some 100’s of eV apart);
these spectra had to be discarded. Following further development
using the D-CIXS engineering model it was shown that synchro-
nising the SCD readout to the SCD power supply eliminated this
double-peaking effect and this improvement has been implemen-
ted on C1XS.

Development work on the prototype C1XS instrument also
showed that improving the X-ray event detection algorithm
was essential, this was achieved using two detection thresholds
within a field programmable gate array (Howe et al., 2008a).
The other significant change was to the video processing strategy.
The earlier D-CIXS instrument measured the zero energy level and
then adjusted a hardware offset to make the zero energy match
the analogue to digital converter (ADC) zero value. However, due
to the coarse offset adjustment this was never very effective.
The strategy for C1XS is to position the zero energy level within
the range of the ADC (around channel 400 out of 16384) such that
it stays within the ADC scale for the range of expected SCD
operating temperatures; C1XS then transmits both the X-ray data
and samples of the ‘‘zero’’ data, so that the energy zero position is
well known.

Finally, it was also observed that D-CIXS ran much hotter than
intended. As a consequence the thermal design of C1XS was
completely re-worked and a dedicated radiator has been provided
to cool the X-ray detectors to ensure that their temperature is less
than �17 1C.

3.2. Spatial resolution

The C1XS collimator stack (described in detail in Section 2.1
of Howe et al., 2008a) permits X-rays from a 281-wide aperture
(i.e., 7141) to fall on each SCD detector, corresponding to 50 km
on the lunar surface from Chandrayaan’s circular 100 km orbit.
The corresponding value for D-CIXS ranged from 63 to 630 km
as SMART-1 executed its elliptical orbit around the Moon. The
uniform spatial resolution of C1XS will greatly simplify the data
analysis, as well as ensuring that all lunar terrains are covered
with sufficient resolution to address the key scientific objectives
outlined below. We note that the sensitivity of each SCD will be
weighted towards the centre of its field of view, and thus towards
the central 141 of the collimator aperture, corresponding to 25 km
on the lunar surface. This defines the full-width at half-maximum
(FWHM) of the collimator’s transmission function. Fig. 1 shows
the full 50 km footprint, and the central 25 km, superimposed on
the central peak of the large farside crater Tsiolkovsky, which
shows that features of this size will be resolvable. Depending on
the signal-to-noise ratio (SNR) achieved, the transmission func-
tion may in principle be de-convolved from the data to reveal
geochemical information on scales p25 km; Fig. 2 illustrates this
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Fig. 1. Illustration of C1XS spatial resolution, superimposed on (a) the central peak of the large farside mare-filled crater Tsiolkovsky, and (b) a presumed pyroclastic deposit

surrounding an endogenic crater on the floor of the eastern Mare Frigoris (34.451, 50.171). In each diagram the blue box represents full spatial footprint of 50 km, the red

boxes sequential positions of the 25 km FWHM PSF and the red dashed line represents the spacecraft ground track; note that these are instantaneous footprints: for a

nominal 8 second integration time orbital motion will stretch the PSF along the track by an additional 13 km (images courtesy of NASA/LPI). (For interpretation of the

references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 2. Illustration of C1XS spatial resolution. (a) Idealised input for an element that has zero abundance everywhere except for circular features which are composed of a

uniform 10 elemental wt%. The sizes of these features are 10, 15, 25 and 50 km diameter (bottom to top). The other panels show the result of convolving this idealised input

with the C1XS collimator response for signal-to-noise ratios and background levels expected in the region of the low-energy lines (i.e., Mg, Al and Si) for: (b) a C5-class flare;

(c) an M1 flare; and (d) an M5 flare. In these panels the solid line shows the intensity through the centre of the features with the dashed line representing 0 wt% and the two

dotted lines indicating 5 and 10 wt%. Note that for M-class flares or higher sub-25 km scale structure is in principle resolvable given a sufficient abundance contrast.
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possibility and shows that features as small as �15 km with high
elemental contrast should be detectable.
3.3. Spectral resolution

The C1XS science requirements document (Maddison et al., 2006)
specifies an energy resolution of o180 eV FWHM (at 1.49 keV),
primarily to ensure adequate resolution of the closely spaced Ka
lines of Mg (1.25 keV), Al (1.49 keV) and Si (1.74 keV), which are of
high scientific priority. Laboratory testing of the C1XS flight
instrument has demonstrated an energy resolution of p110 eV at
Al Ka, which may be compared with the �360 eV resolution of
D-CIXS. The low-energy resolution of D-CIXS (Grande et al., 2007),
which essentially made it impossible to resolve the Mg, Al and Si
lines, was due in part to radiation damage incurred during
SMART-1’s 15-month journey to the Moon, but this will not be
so much of an issue with the much shorter (�16 day) flight of
Chandrayaan-1 (although radiation-induced degradation of sev-
eral tens of eV is still possible; Howe et al., 2008b). Detection
of the Mg line was further compromised for D-CIXS because of
blending with the poorly characterised low-energy noise peak
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Fig. 3. Comparison between an actual D-CIXS spectrum, obtained on November 18

2005 over a mixed mare/highland region in the vicinity of Mare Cognitum

(Swinyard et al., 2008), and the predicted C1XS performance for the same solar

flare event assuming an Apollo 11 soil composition (to which the D-CIXS results

approximate; see Swinyard et al., 2008 for details). The C1XS energy resolution

(FWHM ¼ 110 eV) adopted was that obtained with an Al-anode during calibration

of the flight instrument in the Rutherford Appleton Laboratory’s RESIK facility

(Narendranath et al., 2008; Kellett et al., 2008), assuming the co-registration and

addition of all 24 SCD detectors. The red spectrum shows the modelled C1XS

response during the peak of this M1 class flare, while the blue spectrum shows the

modelled response for the quiescent period before the flare began. It is clear that,

even in the latter case, the Mg, Al, Si and Ca Ka lines will be detectable, and fully

resolvable with C1XS, which was not the case with D-CIXS. At the M1 flare level, Ti

and Fe will be clearly detected. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)

Fig. 4. The raw and smoothed behaviour of sun spot number (SSN) for the last

seven solar cycles. The average min–min and max–max periods for the 6

completed cycles shown are both 10.5 years. However, the last cycle (cycle 23)

is already over 12 years in extent (measured for the previous minimum).
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(Grande et al., 2007). As described in Section 3.1 above,
instrumental improvements have now ensured that this will not
occur with C1XS (see also Howe et al., 2008a).

Fig. 3 shows a comparison between an actual D-CIXS spectrum,
obtained on November 18 2005 over a mixed mare/highland
region in the vicinity of Mare Cognitum (Swinyard et al., 2008),
and the predicted C1XS performance for the same solar flare event
assuming an Apollo 11 soil composition (to which the D-CIXS
results approximate; see Swinyard et al., 2008 for details). The
incident solar X-ray flux was taken from the Geostationary
Operational Environmental Satellite (GOES) database (http://
rsd.gsfc.nasa.gov/goes/; see also Hanser and Sellers, 1996). For
convenience, we adopt the GOES classification of solar flare
intensities, where the letters B, C, M and X designate bands
of increasing X-ray luminosity, with an increase by a factor of
10 between each band. Two calculations have been performed:
once for the peak of this M1 class flare (red spectrum in Fig. 3) and
once for the quiescent (C-level) period before the flare began (blue
spectrum in Fig. 3). It is clear that, even in the latter case, the Mg,
Al, Si and Ca Ka lines will be detectable, and fully resolvable with
C1XS, which was not the case with D-CIXS. At the M1 level, Ti
(only marginally detected in the D-CIXS spectrum; Swinyard et al.,
2008) and Fe (not detected at all in the D-CIXS spectrum) will be
clearly detected.
3.4. Enhanced solar X-ray flux

D-CIXS operated close to solar minimum (at the end of Solar
Cycle 23), and too few sufficiently strong (i.e., C3 class or higher)
solar flare events occurred during the SMART-1 mission for many
meaningful fluorescence spectra to be obtained from the lunar
surface (Joy, 2007; Grande et al., 2007; Swinyard et al., 2008).
Chandrayaan-1 will fly during the rise to the next solar maximum
(Cycle 24) and higher X-ray fluxes may be expected, although this
clearly depends on exactly when the next cycle begins and the
duration of the mission.

The recent behaviour of the Sun can be seen in Fig. 4 which
focuses on the last 80 years. Measuring the cycle length from
minimum to minimum or maximum to maximum actually gives
very similar results—the last 6 completed cycles have an average
duration of 10.5 years. However, Fig. 4 indicates that the current
cycle (23) was in operation well into 2008. This means that
the current solar minimum is still to come, and that the
current minimum–minimum cycle length is therefore in excess
of 12 years—making the current cycle the longest one for around
100 years. Chandrayaan-1 was launched in October 2008. In other
words, the launch occurred almost exactly at the end of cycle 23
and the beginning of cycle 24. This means that we can now
perform simulations of the C1XS X-ray coverage of the lunar
surface based on a firm understanding of solar cycle phase.

The ‘‘true’’ solar cycle length is actually twice the observed
cycle because it is a magnetic phenomenon that underlies solar
activity. That is, to get to the same magnetic phase of the solar
activity cycle we need to go back two cycles. Thus, in the first
instance, we should use the X-ray behaviour of the Sun from Cycle
22 which started around 1986.5 to try and simulate the likely
C1XS mapping coverage of the Moon. We have therefore taken the
observed GOES X-ray flux of the Sun measured at 1 min intervals
and folded these in with a simulation of Chandrayaan-1 orbiting
the Moon. The simulation is somewhat simplified in that the orbit
is assumed to be fixed/circular and no account is taken of phase
angle. The simulation does, however, take account of whether
Chandrayaan-1 is on the sunlight or dark hemisphere of the
Moon—C1XS can only observe X-ray flares that fall on the sunlight
hemisphere (i.e., only �50% of all solar flares can ever be seen by a
satellite in a polar/circular orbit around the Moon). The simula-
tions divide the Moon into 25 km squares and each of these 25 km
pixels is flagged according to the flare state measured in the GOES
data for Cycle 22. At the end of each lunar rotation, C1XS will
have viewed the entire lunar surface in sunlit conditions and the
percentage of pixels at C, M and X levels can be calculated.

The results of these simulations are shown in Fig. 5 and Table 1.
The simulations were done for three possible launch dates—

absolute solar minimum and then three and six months later
(actually 90 and 180 days later). These start dates are indicated by
the dashed and dash–dot lines close to the beginning of the plot.
The nominal 25 lunar rotations (2-year) mission end points are
indicated by the same line type at the end of the plot (the dotted
line indicating where the end of the absolute minimum simula-
tion occurs). The C, M and X flare coverage percentages are shown
by the blue, green and red lines. In all three cases these lines

http://rsd.gsfc.nasa.gov/goes/
http://rsd.gsfc.nasa.gov/goes/


ARTICLE IN PRESS

I.A. Crawford et al. / Planetary and Space Science 57 (2009) 725–734 729
converge for the three different start times. This shows that the
much higher level of activity in the later lunar rotations is more
than sufficient to ‘‘fill in’’ the gaps missed earlier in the mission.
The conclusion is very clear, the later C1XS starts survey the Moon
in Cycle 24 the quicker it will be able to cover the Moon in C flare
conditions, and the more of the Moon will be covered in the M and
X flare maps. These flares are the ones that will allow C1XS to map
the less abundant or harder to excite elements—such as titanium
and iron. The black line on Fig. 5 shows the ‘‘4�C’’ percentage.
This is the percentage of the Moon that receives 4 different C
flares. These pixels will also provide ‘‘better’’ results in the final
analysis either because of the greater flux or because of the
occurrence of flares with different phase angles.

The results indicate that if Chandrayan-1 were to commence
operations six months after solar minimum (which now seems
unlikely), and the Sun achieves a similar level of flare activity in
Cycle 24 as seen in Cycle 22, then we should achieve our baseline
objectives within the nominal 2 year (25 lunar rotation) mission
duration. Otherwise, a six month to a year extension in mission
lifetime will be required. Such an extension is in any case
desirable as it would yield significant gains in the percentage of
M and X flare coverage.
3.5. Increased accuracy in key elemental abundance and elemental

ratio determinations

The modelled performance of the instrument (see Fig. 3 above)
indicates that flare states of C1 or higher will permit good
detections of Mg, Al and Si; C4 states or higher will permit
good detections of Ca; while M-class flares will be required for
Fig. 5. The prediction of the mapping performance of C1XS based on real GOES

measured X-ray fluxes for cycle 22 (see text for details).

Table 1
Percentage of the lunar surface covered by flares of different X-ray magnitude for the m

rotations).

Mission duration (lunar rot.) C flare level 4�C flare level

Min Min+3 Min+6 Min Min+3

12 13.5 18.8 23.5 0.0 0.2

25 80.2 93.6 99.7 4.9 25.3

31 99.5 100 100 62.3 96.4

36 100 100 100 99.8 100

The simulations are based on actual flare statistics for Cycle 22 and were performed for t

+6 months later. The ‘‘4�C’’ column gives the fraction of the surface covered by 4 sep
good measurements of Fe and Ti (wherever their concentrations
are greater than about 1 wt%). We quantify this in Table 2, which
shows the signal-to-noise ratio estimates for the key element lines
as a function of flare state (assuming a surface composition equal
to that of soils returned from the Apollo 16 landing site, a 16 s
integration, and co-adding all 24 detectors; see Swinyard et al.,
2008).

Table 1 indicates that, even for a launch at solar minimum,
480% of the lunar surface will be observed at C1 level or higher
during the nominal 2-year mission, enabling essentially all the
science objectives relying on Mg, Al and Si measurements to be
met. Magnesium, in particular, is a key element for the C1XS
science objectives, and the C1XS science requirements (Maddison
et al., 2006; Joy et al., 2008) specify that the Mg/Si ratio should be
measurable to 10% (3s) for C-class flares or above, and our
performance predictions indicate that these requirements should
easily be met. Fig. 6 indicates that 10% errors in these (low-
energy) elemental ratios are sufficient to distinguish between
different lunar lithologies.

High SNR spatial coverage for Fe and Ti will inevitably be lower
(probably o10% for the nominal mission, rising to 430% given a
12-month extension), but this will still be sufficient to achieve
many of the science objectives specified below. The Ti measure-
ments will be particularly useful for the remote mapping and
classification of mare basalts (see below), while even 10%
coverage for Fe will permit direct measurements of the important
Mg/Fe ratio, at least on regional scales.
ission durations shown in the left hand column (expressed as the number of lunar

M flare level X flare level

Min+6 Min Min+3 Min+6 Min Min+3 Min+6

0.2 0.5 1.0 1.1 0.50 0.60 0.79

63.6 6.4 8.5 14.0 1.21 1.27 1.48

99.9 14.2 33.5 38.5 1.52 2.79 3.14

100 38.9 42.6 48.3 3.08 3.67 4.49

hree different launch scenarios—launch exactly at solar minimum and then +3 and

arate C-class flares within the specified mission duration.

Table 2
Estimated signal-to-noise ratios for key elemental lines as a function of flare state

given elemental concentrations as measured at the Apollo 16 site (Mg: 3.6 wt%; Al:

14.4 wt%; Si: 21.0 wt%; Ca: 10.4 wt%; Ti: 0.32 wt%; Fe: 3.9 wt%; Haskin and Warren,

1991).

Line Flare state

B1 C1 C4 M1

Mg Ka �10 4100 4100 4100

Al Ka 4100 4100 4100 4100

Si Ka 4100 4100 4100 4100

Ca Ka o5 �25 �80 4100

Ti Ka ND ND ND �12

Fe Ka ND ND ND �16

Estimates assume a 16 s integration and the co-addition of all 24 SCD detectors.

Noise was estimated from the standard deviation of the flat parts of the

background close to the lines; the line flux has here been taken to be the peak

flux, which is conservative. In reality the line flux will be obtained by fitting the

known response function. Any SNR4100 will in practice be dominated by non-

statistical noise sources (e.g., calibration errors, etc.) and so is here marked simply

as 4100; ND indicates that a line is not detected. Note that, as Apollo 16 sampled a

highland site, these numbers are conservative with regard to the detectability of

Mg, Ti and Fe.
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Fig. 6. A number of different lunar lithologies (see key at top; FAN: ferroan anorthosite; HMS: high Mg suite; HAS: high alkali suite) shown on plots of Mg/Al vs. Al/Si (left)

and Mg/Si vs. Al/Si (right). Data collated from BVSP (1981), Papike et al. (1998), Warren (2005), Korotev (2005) and Wieczorek et al. (2006). The error bars indicate 10%

errors on these elemental ratios and the major lithological groupings are still resolvable given this level of precision; C1XS will aim to achieve this level of precision or

better.
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Taken together, these significant improvements over D-CIXS
mean that C1XS is uniquely placed to address a number of key
lunar science objectives.
4. C1XS science objectives

To a large extent the scientific objectives of C1XS mirror those
identified for D-CIXS (see Dunkin et al., 2003), but the greater
spatial and spectral resolutions anticipated for C1XS mean that it
will be possible to address more specific science goals than were
identified for the former instrument. Ultimately, all of these
science objectives bear on important questions of lunar crustal
and mantle evolution, and will provide further insights into our
understanding of the origin of the Moon. For the sake of the
subsequent discussion, we divide the science objectives into
‘‘regional’’ and ‘‘local’’ studies. The former will be addressable
with the �50 km/pixel resolution which corresponds to the full
footprint of the 281 collimator field of view, while the latter will
require spatial resolutions of p25 km and therefore possibly
require some deconvolution of the 25 km FWHM of the instru-
mental transfer function.
4.1. Regional studies

4.1.1. Major element geochemistry of major lunar terrains

A major objective of C1XS is to map the abundances of the
major rock-forming elements (principally Mg, Al, Si, Ca and, for
high flare states, Ti and Fe) in the lunar crust, and especially in
so-far unsampled regions. Jolliff et al. (2000) identified three
major lunar terrains: the Procellarum KREEP Terrain (PKT) on the
NW–central nearside; the Feldspathic Highlands Terrain (FHT),
which largely comprises the farside highlands; and the South
Pole-Aitken Basin (SPA). Compositional differences between these
major crustal terrains are key to understanding their origin, and
thus early lunar crustal and mantle evolution (Jolliff et al., 2000;
Shearer and Floss, 2000; Shearer et al., 2006). However, to-date
only localities within or adjacent to the PKT have been sampled
in situ, and studies of the other two terrains must rely on remote
sensing methods and statistical arguments based on the petrology
and geochronology of lunar meteorites (Korotev, 2005 and
references cited therein; Warren, 2005). As discussed below,
observations of regional variations in Mg will be especially useful
in constraining theories for the origin and evolution of these
terrains.
4.1.2. Orbital determination of Mg#

One particularly important area where C1XS has the potential
to make significant advances is through the determination of the
Mg abundance, or more specifically the Mg number (Mg# ¼
atomic Mg/(Mg+Fe)), in the lunar surface. Owing to the different
compatibilities of Mg and Fe in the primary rock-forming
minerals, Mg# is an important parameter for distinguishing
between different lunar lithologies and evolutionary models
(e.g., Lucey et al., 2004; Cahill et al., 2005). Typically, Mg# of
mafic mineral phases, or the bulk sample, provides an indication
of petrological ‘‘evolutionary state’’, with the most primitive
minerals/rocks having high Mg#, and most evolved minerals/
rocks having a low Mg#. In fact, there are at least three different
aspects of lunar science that would benefit from high-resolution
determinations of Mg#:
(i)
 maps of Mg# will help constrain the regional distribution of
the Mg suite of rocks, about which different models of crustal
evolution make different predictions. In particular, they will
allow us to determine whether, as is sometimes argued, the
Mg suite is petrogenetically related to the KREEP-rich
lithologies (e.g., Snyder et al., 1995), and therefore restricted
to within the PKT, or whether the farside FHT also has a high-
Mg component that may have similar intrusive origins to
those inferred for the nearside magnesian suite but without a
KREEP component (Wieczorek et al., 2006; Shearer et al.,
2006 and references cited therein);
(ii)
 different models of lunar crustal evolution also predict
different variations of Mg# as a function of depth into the
crust (e.g., Jolliff, 2006), so measurements of Mg# from
different stratigraphic levels within the crust will help
discriminate between these models; and
(iii)
 measurements of the Mg# of basaltic lava flows may provide
information of the Mg# of the mantle sources of their
parental magma, and/or the degrees of partial melting of
these sources (and subsequent fractionation history). This
may help constrain the bulk Mg# of the lunar mantle as a
whole, which has implications for theories of lunar origin
(Warren, 1986).
Although attempts have been made to map Mg# using
Clementine multi-spectral and Lunar Prospector gamma-ray data
(Fig. 7; see also Cahill et al., 2005; Prettyman et al., 2006), these
maps lack the precision and the spatial resolution required to
make significant inroads into the above questions (although Fig. 7
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Fig. 7. Global Mg# variations as derived from the Prettyman et al. (2006) two

degree MgO and FeO Lunar Prospector dataset.
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already suggests that there is some variability in Mg# within
the highlands, with average values higher around 1001E than
around 1001W, for example). The high spatial resolution of C1XS
(p50 km), coupled with the spectral resolution (o180 eV)
required to unambiguously resolve the 1.25 keV Mg Ka line from
the adjacent 1.49 keV Al line (Fig. 3), will enable sufficiently
precise Mg concentrations to be obtained for most of the lunar
surface for the first time. In order to obtain self-consistent maps of
Mg# it is also desirable to make simultaneous observations of Fe
with the same footprint. With C1XS this may only be possible for
the �10% of the time when the solar X-ray illumination is
sufficient (M5 or higher) to excite detectable Fe fluorescence.
However, this 10% coverage will be sufficient to correlate the C1XS
Fe abundances with those obtained by Clementine and Lunar
Prospector, allowing those data sets to be reliably combined with
the C1XS Mg measurements to yield near global coverage of Mg#
at o50 km resolution.

4.1.3. Refractory element budget of lunar crust

C1XS will be able to detect the variability of the concentration
of Ca and Al in the lunar crust. These elements are important for
our understanding of the refractory element budget of the bulk
Moon and how this budget compares to the Earth and other
terrestrial planets. There are divergent theories as to the
refractory budget of the Moon (Taylor, 1980, 2007; Warren and
Rassmusen, 1987; Longhi, 2006; Taylor et al., 2006). Warren and
Rassmusen (1987) and Longhi (2006) argued that the bulk Moon
has a similar or slightly depleted Al-content to the Earth (Moon/
Earth is 1 or just o1), whilst Taylor et al. (2006) argue that the
bulk Al-budget of the Moon is much greater than the Earth (i.e.,
Moon/Earth is 41.5). C1XS will be able to provide the first
accurate global measurement of the concentration of Al2O3 (and
CaO) in the lunar crust, helping to better constrain some of the key
parameters needed to successfully geochemically model the
composition of the lunar crust, and through it the Moon as a
whole. Understanding this geochemistry will allow constraints to
be made in understanding lunar magma ocean thickness,
differentiation (including the efficiency of plagioclase flotation
during crystallisation), duration and heterogeneity.

4.1.4. Large-scale stratigraphy of the lower crust

Determination of the geochemistry of the lunar crust as a
function of depth in different regions of the Moon greatly aids our
understanding of the stratigraphy of the lunar crust. C1XS will
contribute to this aspect of lunar science by measuring the
abundances of the major rock-forming elements in the floor of
large basins not obscured by mare basalts (including SPA and
other farside basins), and the central rings and/or ejecta blankets
of impact basins (whether flooded or not) which expose material
derived from depths of many tens of km (Spudis, 1993). The
extent to which the mafic component of the (seemingly noritic)
lower crust is relatively magnesian or ferroan in composition is
uncertain, yet has significant implications for our understanding
of crustal formation through plagioclase flotation in an early
magma ocean (e.g., Wieczorek and Zuber, 2001; Jolliff, 2006;
Shearer et al., 2006 and references cited therein). In the special
case of SPA, where most of the upper crust is likely to have been
removed, observations of the geochemistry and Mg# of the (as-yet
unsampled) floor material will probe the deepest stratigraphic
levels of the lunar crust to which we have access, and may
possibly reveal outcrops of lunar mantle material (e.g., Pieters
et al., 2001). We note that finding outcrops of lower crustal and/or
mantle composition through orbital remote sensing will be of
potential interest for future sample return missions, as they can
then be targeted so as to shed maximum light on lunar
stratification and differentiation.
4.1.5. Mare basalt composition and evolution

C1XS will enable a number of studies of lunar lava flows, which
will further inform our knowledge of the thermal and chemical
evolution of the lunar mantle. For example, observations of the
composition of farside maria (e.g., Mare Moscoviense) will enable
a comparison with nearside mare compositions and allow us to
determine whether they have arisen from geochemically similar
mantle source regions, and whether they are more enriched in Al
owing to crustal assimilation due to the thicker farside crust. C1XS
will also permit a comparison of major element geochemistry
of stratigraphically distinct large-scale lava flows in the same
geographical region (e.g., Oceanus Procellarum, Imbrium Basin,
etc.) to study mantle evolution with time in specific regions. For
example, northern Oceanus Procellarum consists of a patchwork
of discrete lava flows with estimated individual ages ranging from
about 3.5 to 1.2 Gyr (Wilhelms, 1987; Hiesinger et al., 2003).
Determining how the compositions of these lava flows have
changed with time would yield insights into the thermal and
magmatic evolution of the lunar mantle and assist in the
construction of a more complete stratigraphy of the maria.
The anticipated sensitivity of C1XS to Ti (see Section 3.3 above)
will be particularly useful in this regard as Ti content is one of the
primary diagnostics of mare basalt petrogenesis (Neal and Taylor,
1992), but existing global Ti maps are not in good agreement
(e.g., Prettyman et al., 2006). There is also some disagreement
regarding the Fe abundance of some unsampled mare basalts (e.g.,
in western Procellarum), where Clementine and Lunar Prospector
results are in disagreement (Lawrence et al., 2002) and C1XS data
may help resolve this discrepancy.

C1XS will also permit compositional studies of basaltic lavas
that pre-date the mare basalts represented in the sample
collection, which would be especially valuable for constraining
models of lunar crustal and mantle evolution. For example, it will
be possible to conduct a search for outcrops of the high-Al basalts.
Currently these are only identified as clasts within breccias
returned by the Apollo 12, 14 and Luna 16 missions, and are
thought to represent some of the earliest phases of lunar
volcanism (e.g., Kramer et al., 2004). Similarly, C1XS will enable
detailed compositional studies of as-yet unsampled outcrops of
other presumed pre-mare basalts, such as the KREEP basalts that
are probably exposed on the Apennine Bench Formation in south-
eastern Mare Imbrium. The geochemistry of these basalts, and
especially their Mg#, should help elucidate the nature of the
hypothesised ur-KREEP layer at the base of the crust in this region
of the Moon, and its role in the evolution of the PKT (see
Wieczorek et al., 2006 and references cited therein).
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4.2. Local studies

4.2.1. Probing the stratigraphy of the upper-middle lunar crust

The composition of the crust to depths of up to several tens of
km can be probed by determining the major element geochem-
istry of the central peaks and/or ejecta blankets of impact craters
in the diameter range �100–300 km. Such craters will have
excavated crustal materials from depths of 10–30 km, respectively
(e.g., Melosh, 1989), and materials from just below these depths
will be exposed in the re-bounded central peaks. Tompkins and
Pieters (1999) pioneered this technique as applied to Clementine
mineralogy data, but no previous X-ray spectrometer has had
sufficient spatial resolution to apply it to elemental abundances.
C1XS thus has a unique opportunity to determine the vertical
composition of the lunar crust from crater ejecta deposits and
central peaks (Fig. 1a). There are approximately 200 lunar craters
larger than about 100 km in diameter which would be suitable for
investigations of this kind, and the flare statistics given in Table 2
indicate that data for at least Mg, Al and Si should be obtained for
most of these within the first two years of operation. Although
direct Fe measurements are more difficult, and will depend on the
serendipitous occurrence of an M-class flare while C1XS is above
an appropriate crater, Fe/Mg ratios can still be determined by
combining C1XS Mg data with Fe concentrations obtained
by previous missions (e.g., Clementine and Lunar Prospector).
Note that while the resolution of the central peaks of most craters
in this size range will probably require deconvolution of the
instrument’s 25 km transmission function (Fig. 2), resolution of
the �50 km wide continuous ejecta blankets should be more
straightforward.

Craters larger than a few tens of km in mare regions may
expose underlying pre-mare materials. An interesting example in
this category is provided by the craters Peirce (D ¼ 18 km) and
Picard (D ¼ 22 km) in Mare Crisium which, given geophysical
indications of low crustal thickness under Crisium (Wieczorek and
Phillips, 1998), may have exposed mantle materials. Indeed,
Apollo orbital X-ray data revealed high levels of Mg around both
these craters (Andre et al., 1978), which might be evidence for
exhumed mantle. The region of elevated Mg surrounding Picard
has an area of roughly 30�60 km2 and will be resolvable by C1XS.

4.2.2. Studies of lunar cryptomaria

Cryptomaria are ancient (43.8 Gyr) mare basalt deposits that
are hidden or obscured by superposed higher albedo material,
most likely basin ejecta deposits. They represent a record of the
earliest mare volcanism and may be a significant volumetric
contribution to the lunar crust, especially on the lunar farside.
They may be identified by dark-haloed impact craters, where
impact has excavated basement basaltic material (Hawke et al.,
1985; Antonenko et al., 2000). Although high spatial resolution is
required to resolve the relatively small dark-haloed impact
craters, which may only be marginally possible with C1XS, the
mixing of exhumed material from buried layers into the surface
regolith by numerous small impacts may lead to larger scale
compositional variations attributable to the presence of crypto-
maria. C1XS observations will thus permit a search for, and
geochemical characterisation of, lunar cryptomaria, which will
further constrain the compositional variation of early lunar
volcanic processes.

4.2.3. Geochemical characterisation of lunar pyroclastic deposits

C1XS resolution may be used to determine the major element
geochemistry of presumed pyroclastic (volcanic) dark halo craters
(Fig. 1b). The dark haloes are thought to be due to pyroclastic
deposits of picritic glasses whose chemical composition most
closely resembles that of the original mantle partial melts from
which mare basalts are derived (Delano, 1986; Shearer et al., 2006
and references cited therein), and which therefore provide
important windows into lunar mantle evolution. These features
typically have 10–25 km scales (Head and Wilson, 1979; Hawke
et al., 1989; Gaddis et al., 2000), so deconvolution of the C1XS
transmission function will be required for all but the largest of
them. As for the crater central peaks discussed above, there is a
high probability that Mg, Al, Si (and perhaps Ca) will be obtained
for a number of these features during the nominal mission, but
determinations of the Fe/Mg ratio may require C1XS observations
of Mg to be combined with Fe measurements from previous
missions (unless an M+ class flare should occur serendipitously
while the instrument is over a suitable deposit).

4.2.4. Identification of new types of lunar lithologies

The Apollo and Luna sample return missions retrieved �382 kg
of lunar rock and soil samples (Vaniman et al., 1991) from a total
of nine landing sites situated in broadly equatorial areas of the
lunar nearside. This dataset has provided our basic understanding
of the diversity of lunar rocks. Lunar meteorites have provided an
important addition to this sample collection, as they originate
from previously unsampled geological settings. Lithologies that
were not identified in the Apollo and Luna collection have been
found in lunar meteorites (e.g., Treiman and Drake, 1983;
Goodrich et al., 1985; Korotev, 2005; Takeda et al., 2006) and
they are providing an important insight into the thermal
(Fernandes et al., 2003; Terada et al., 2007a, b) and impact history
(Fernandes et al., 2000; Gnos et al., 2004; Cohen et al., 2005) of
the whole Moon. However, like the Apollo and Luna rock
collections, the range of materials sampled in lunar meteorites
is probably limited compared to the actual geological diversity of
the Moon, and it is possible that C1XS will measure the
composition of lunar regoliths that lie outside the known range
of lunar rocks and soils.

4.2.5. Constraining the provenance of lunar meteorites

The orbital determinations of major element abundances
obtained by C1XS will be used to help identify the regional
settings from which different lunar meteorites are derived. This
will permit the laboratory determinations of minor and trace
elements within these samples, which cannot be determined from
orbit, to be used to further constrain geochemical models of these
regions of the lunar surface (see Joy et al., 2006).

4.2.6. An aid to mineralogical studies

Chandrayaan-1 will carry three instruments that are sensitive
to the mineralogy of the lunar surface: the Hyperspectral Imager
(HySI; Kiran Kumar and Roy Chowdhury, 2005), the Moon Mineral
Mapper (M3; Green et al., 2007), and a near infrared spectrometer
(SIR2; Mall et al., 2007). Although C1XS X-ray data will not in
themselves determine surface mineralogy, we can use the C1XS-
derived abundances of major rock-forming elements to recon-
struct normalised mineral models (e.g., CIPW-norms; Milliken
and Basu, 2000). This will help in constraining mineralogical
determinations made by the multi-spectral imaging and near IR
spectroscopy instruments on Chandrayaan-1, and on previous and
forthcoming lunar missions (e.g., Clementine, SMART-1, Kaguya
and LRO). These data may enable us to resolve disagreements
between chemical abundances (e.g., for Fe) as determined from
Clementine reflectance spectra and those determined by the
Lunar Prospector gamma-ray data (Lawrence et al., 2002). We
note that mineral identifications based on elemental abundances
have the advantage that they are not affected by space weathering
of the surficial regolith, which can seriously affect the interpretation
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of reflectance spectra (e.g., Lucey et al., 2006). Thus, C1XS data
can make a significant contribution to the identification of the
mineralogy of the lunar crust, despite its relatively poor spatial
resolution compared to other instruments.
5. Conclusions

The UK-built C1XS X-ray spectrometer was launched as an ESA
instrument on India’s Chandrayaan-1 mission to the Moon in
October 2008. C1XS builds on experience gained with the earlier
D-CIXS instrument on SMART-1, but will be a scientifically much
more capable instrument. It will be complementary to other
orbital measurements of the Moon’s surface elemental composi-
tion, such as multi-spectral imaging and gamma-ray spectrometry
implemented on previous missions, and to the other remote
sensing instruments onboard Chandrayaan-1 itself. By perform-
ing high spectral and spatial resolution measurements of the
abundances of major rock-forming elements in the lunar surface,
including the presently poorly constrained Mg abundance, C1XS
will address important and currently unresolved questions in
lunar science. These include the structure and evolution of any
primordial magma ocean, as revealed by vertical and lateral
geochemical variations in the crust, and the composition of the
lunar mantle, which will further constrain theories of the Moon’s
origin, thermal history and internal structure.
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