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The Chandrayaan-1 X-ray Spectrometer (C1XS) flown on-board the first Indian lunar mission Chan-
drayaan-1, measured X-ray fluorescence spectra during several episodes of solar flares during its opera-
tional period of �9 months. The accompanying X-ray Solar Monitor (XSM) provided simultaneous spectra
of solar X-rays incident on the Moon which are essential to derive elemental chemistry. In this paper, we
present the surface abundances of Mg, Al, Si, Ca and Fe, derived from C1XS data for a highland region on
the southern nearside of the Moon. Analysis techniques are described in detail including absolute X-ray
line flux derivation and conversion into elemental abundance. The results are consistent with a compo-
sition rich in plagioclase with a slight mafic mineral enhancement and a Ca/Al ratio that is significantly
lower than measured in lunar returned samples. We suggest various possible scenarios to explain the
deviations.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

The chemical composition of Solar System bodies is one of
the major clues to determining the history of the Solar System
origin and evolution, therefore almost every planetary mission
carries an experiment to map surface chemistry. The chemical
composition of the lunar surface has been largely deciphered
by means of returned samples from Apollo and Luna missions
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and orbital remote sensing measurements in the near-IR, visible,
X-ray and gamma-ray wavelengths. Spectral reflectance mea-
surements in the visible and near-IR have mapped the relative
abundance of Fe and Ti on the lunar surface (through the
near-IR absorption band of FeO, and the visible spectral slope
which is sensitive to TiO2 abundance; e.g. Lucey, 1998). The nat-
ural gamma-ray emission from K, U, and Th was used to map
the lunar abundances of these elements (Lawrence et al., 1998;
Prettyman et al., 2006). In addition, nuclear reactions caused
by galactic cosmic rays, excite nuclei of major rock-forming ele-
ments such as O, Mg, Al, Si, Ca, Ti and Fe, which then de-excite,
producing characteristic gamma-rays (Metzger, 1993). X-ray re-
mote sensing can also measure signatures from these elements
ce observations by the Chandrayaan-1 X-ray Spectrometer (C1XS): Results
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as the lunar surface emits X-rays characteristic of elements pres-
ent when X-rays from the Sun (Yin et al., 1993.) excite them
through the process of X-ray fluorescence. Many experiments
in the past have employed these three techniques to reveal lunar
surface geochemistry. However, a consistent data set on global
elemental maps still does not exist.

While spectral reflectance measurements in visible and infra-
red are primarily sensitive to the major elements Fe and Ti (only
relative abundance), the difficulty in gamma-ray measurements
has been primarily due to the high and uncertain background. In
addition, there are complexities involved in modeling various
physics processes that generate the observed signatures. In this
context, X-ray remote sensing provides a platform for unambigu-
ous and unique identification of signals from the major elements
and estimation of abundance and provides independent measure-
ments to compare to abundances derived from gamma-ray and
spectral reflectance techniques.

Past XRF experiments have established the technique and pro-
vided estimates of relative abundances of Mg and Al. The Apollo
15 and 16 XRF experiments (Adler and Gerard, 1972; Adler
et al., 1973a,b) estimated Al/Si and Mg/Si ratios over an area cov-
ering �10% (Clark, 1979) of the equatorial region on the nearside
of the Moon. The D-CIXS instrument on SMART-1 detected major
elements up to Fe (Grande et al., 2007; Swinyard et al., 2009) dur-
ing bright solar flares but the detectors suffered extensive radia-
tion damage en-route (SMART-1 spent approximately 19 months
traveling to the Moon) preventing accurate quantitative analysis.
Thus no measures of absolute elemental abundances were de-
rived from any of these measurements. The X-ray Spectrometer
on the Japanese spacecraft Kaguya also suffered radiation damage
that resulted in degraded spectral capability (Okada et al., 2009).
The Chandrayaan-1 X-ray Spectrometer (C1XS) (Grande et al.,
2009; Crawford et al., 2009) flown on-board the Indian lunar
mission Chandrayaan-1 (Bhandari et al., 2004; Goswami and
Annadurai, 2009) provided the best opportunity to date for gener-
ating accurate global maps of most of the major elements in the
lunar regolith. The X-ray Solar Monitor (XSM) alongside C1XS
provided a simultaneous measure of the incident solar spectrum.
C1XS measurements could not produce a global map because
solar flares powerful enough to stimulate detectable surface
fluorescence were few during this unusually prolonged solar min-
imum. Our current analysis indicates no distinct lines during
quiet-Sun observations for single pixels. A new analysis has been
initiated to address elemental signatures from cumulative data
from multiple observations. Though thus limited, C1XS data ob-
tained has still provided the best spectral and spatial resolution
lunar XRF spectra to date.

Estimation of elemental abundance requires a thorough under-
standing of the instrument response, a good measure of the rapidly
changing excitation spectrum and knowledge of various parame-
ters that affect the X-ray fluorescence intensity from a sample.
The C1XS instrument underwent a detailed pre-launch character-
ization from which we are able to model the lunar XRF spectrum
well. Using laboratory experiments with known sample composi-
tions, the methodology for the conversion of X-ray line flux to ele-
mental abundance has been validated.

In this paper, we describe in detail, the C1XS data analysis pro-
cedure. We then apply this to the XRF spectra obtained during the
brightest flare observed during the Chandrayaan-1 mission. The X-
ray line intensities derived from spectral fits to the data are then
converted to elemental weight % using a software based on the
fundamental parameter approach (Criss and Birks, 1968; Tertian
and Claisse, 1982; Rousseau and Boivin, 1998). Finally we suggest
possible scenarios to interpret the differences between our results
and known lunar sample compositions.
Please cite this article in press as: Narendranath, S., et al. Lunar X-ray fluorescen
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2. Chandrayaan-1 X-ray Spectrometer (C1XS) payload

2.1. C1XS detectors for lunar observations

C1XS is described in detail in Howe et al. (2009). Briefly, the
instrument consisted of an array of Swept Charge Devices (SCD)
(Lowe et al., 2001) operating in the 0.8–20 keV energy range. SCDs
developed by e2v Technologies Ltd. can be thought of as one-
dimensional X-ray CCDs with faster read out, larger area and good
spectral resolution within a benign operating temperature range of
�20 to 0 �C (143 eV at 5.9 keV at �15 �C).

There were 24 SCDs arranged as three planar modules with
eight SCDs in each module. Together they provided a geometric
area of 24 cm2. The detection efficiency was 42% at 1.48 keV (Al
Ka) (Narendranath et al., 2010). Gold-coated copper collimators
placed above each SCD defined an opening angle of ±14.3� which
resulted in an instantaneous ground pixel of 25 km � 25 km (Full
Width at Half Maximum, FWHM) on the lunar surface (for the
100 km altitude orbit of Chandrayaan-1). In the later part of the
mission when the spacecraft orbit was raised to 200 km,
the ground pixel size increased to 50 km � 50 km (FWHM). Two
aluminum filters each of 0.2 lm thickness was employed to block
visible light from flooding the SCDs. An aluminum door protected
the detectors from energetic protons and electrons during the pas-
sage through the terrestrial radiation belts en-route to the Moon.
The door also housed 24 55Fe radioactive sources with a titanium
foil, which illuminated all detectors when the door was closed.
The calibration source yielded four X-ray lines at energies
4.5 keV, 4.9 keV, 5.9 keV and 6.4 keV (Ti Ka, Ti Kb, Mn Ka, Mn
Kb) and enabled routine monitoring of changes in spectral resolu-
tion and gain on-board. The SCDs were passively cooled by means
of heat pipes connected to a radiator facing cold space.
2.2. X-ray Solar Monitor (XSM)

An independent X-ray Solar Monitor (XSM) used a Si-PIN detec-
tor with a 13 lm Be window for simultaneously measuring the so-
lar X-ray spectrum. XSM was mounted on the upper deck of the
spacecraft such as to maximize exposure to the Sun in its wide field
of view of 105�. The full disk solar spectrum in the range 1.8–
20 keV was measured over an integration time of 16 s.
3. Instrument calibration

3.1. C1XS

Lunar XRF spectra are typically weak signals under the low solar
activity condition that existed during the nine months of C1XS
operation (28 November 2008 to 29 August 2009). Hence, in order
to derive the maximum detection efficiency which provides the
most accurate absolute X-ray line flux from lunar XRF spectra, it
is necessary to model the energy-dependent spectral re-distribu-
tion function (SRF which is the mathematical characterization of
the observed response of the detector to a mono-chromatic beam
of photons). C1XS underwent extensive calibration measurements
at the RESIK X-ray beam facility at Rutherford Appleton laboratory
(RAL), UK. A Si-PIN detector calibrated at the electron storage ring
at PTB/BESSY II was used as a transfer standard. The SRF and its
dependence on energy and temperature were studied and the
detection efficiency of the instrument with respect to the transfer
standard was derived. The instrument response thus generated
was implemented in the form of a response matrix compatible with
the X-ray spectral analysis package XSPEC (Arnaud, 1996). C1XS
calibration is described in detail in Narendranath et al. (2010).
ce observations by the Chandrayaan-1 X-ray Spectrometer (C1XS): Results
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Post launch calibration using the in-built 55Fe sources were car-
ried out four times during the mission. The FWHM of the SCDs in-
creased from 153 eV before launch to 163 eV at 5.9 keV at �8 �C
after being placed in the lunar orbit. This degradation is attributed
to the proton irradiation received en-route during the �16 day
journey to the Moon. We assume that the temperature dependence
of the energy resolution follows that obtained on ground and thus
re-derive the response matrix for various temperature ranges. Fi-
nally, the data obtained during solar flares provide a gain calibra-
tion at low energies from the Mg, Al and Si XRF lines.
3.2. XSM

The XSM shutter housed an 55Fe source covered by a thin Ti foil
which generated four lines (4.5 keV, 4.9 keV, 5.9 keV and 6.4 keV)
for calibration at the start of every observation (switch on before
entering the sunlit side of the orbit). Every data set begins with
400 s of calibration spectra from which gain and energy resolution
at these four lines can be determined. The effective area of the
detector is derived from the calculated detection efficiency curve
convolved with the collimator response (measured on ground).
The calibration of XSM and its in-flight performance is described
in Alha et al. (2009).
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4. Observations and data analysis

4.1. C1XS

There were two phases of observations during the mission life
of Chandrayaan-1. During the first phase from November 2008 to
April 2009, the spacecraft was at an altitude of 100 km above the
lunar surface with an orbital period of 118 min. During the second
phase from May to August 2009, the spacecraft was moved to a
200 km altitude orbit. This increased the orbital period to
�130 min and the instantaneous ground pixel of C1XS to
50 km � 50 km (FWHM); defined by its collimator. When adding
spectra across multiple ground pixels, lunar X-ray fluorescence sig-
nals were observed during solar flares as weak as A1 class at a spa-
tial resolution of �500 km.

C1XS was in operation nearly continuously for a period of
9 months during which the instrument typically collected data
only during the sunlit portion of the orbit. The operating tempera-
ture range for the instrument was required to be below �5 �C
based to optimize observation time. Whenever the temperature
exceeded this limit, C1XS detectors were automatically switched
off allowing detectors to cool. When the temperature fell below a
pre-set limit of �9 �C the system switched back to standard oper-
ating mode.

C1XS on-board data processing results in three types of data
packets: 10, 11 and 12 as described in Table 1. Since the solar activ-
ity was low, all data were acquired in type 10 or type 11 mode. The
time-tagged events in type 10 and 11 packets were binned into
4096 ADC channel spectra with an integration time of 16 or 32 s
(corresponding to the time required to cover a 25 km or 50 km
Table 1
Data types in C1XS.

Data
type

Mode Count rate
limits

ADC
channels

Remarks

10 Time tagged <320 events/s 4096 Binned into spectra
on ground

11 Time tagged <800 events/s 4096 Binned into spectra
on ground

12 Spectral >800 events/s 512 Spectra on board

Please cite this article in press as: Narendranath, S., et al. Lunar X-ray fluorescen
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ground pixel), on ground. The channels were converted to energy
space using the relation

Energy ðiÞ ¼ channel ðiÞ � gainþ offset

where offset is made equal to zero by shifting the spectrum across
channels.

Since gain is temperature dependent, the appropriate gain value
has to be determined for the average detector temperature for
every 16 or 32 s spectrum. Ground calibration measurements pro-
vided the temperature dependence of gain (Fig. 1). The on-board
temperatures of the SCDs are measured using temperature sensors
located at the two ends of the array. We assume the temperature of
the eight SCDs in the middle as an average of the measurements at
the ends. The temperature data are available every 60 s, so we
interpolate to derive temperatures for every 16 or 32 s interval.
The gain corresponding to this temperature is taken from tabulated
values. After gain correction, we rebin the spectrum from each SCD
to a common energy scale and add spectra together. The added
spectra in 4096 channels are further re-binned to 1024 channels
(equally spaced in energy) to enhance statistics since we are deal-
ing with low event rates during all flares observed by C1XS (bright-
est being the observation during a C3 flare). These data reduction
steps are summarized in Fig. 2.

The summed spectra (all 24 SCDs) are added over time to en-
hance statistics when required. This results in a coarser spatial res-
olution on the lunar surface, but was necessary as many of the
observations were during weak A and B class solar flares. A re-
sponse matrix (which defines the instrument response required
to de-convolve the incident spectrum) is generated (Narendranath
et al., 2010) for the summed spectrum using the SRF and detector
effective area. The spectrum is analyzed using the standard X-ray
spectral analysis package XSPEC (Arnaud, 1996) with a suitable
background model and response matrix. The X-ray line flux in
the observed fluorescent lines are determined and flux uncertain-
ties derived.

4.2. XSM

The X-ray events in XSM were integrated into 16 s spectra on-
board. XSM along with C1XS was switched on �5 min before the
spacecraft entered into the sunlit side of the orbit. The shutter on
XSM remains closed in a calibration mode for 400 s after every
switch on. Thus data from every orbit contain 400 s of calibration
spectra after which the shutter opens to observe the Sun. The gain
and energy resolution together with the effective area corrected for
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Fig. 1. Temperature dependence (interpolated from discrete measurements) of SCD
gain derived from ground calibration data.
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off-axis pointing was used to generate a response matrix for anal-
ysis. We use OSPEX which is part of the standard solar spectral
analysis package SolarSoft (SSW) (Freeland and Handy, 1998) for
XSM spectral analysis.

In order to derive the absolute X-ray line flux in the observed
XRF spectra from the lunar surface, the background in C1XS detec-
tors and its variability needs to be understood. In the next section,
we discuss the C1XS background observed in the lunar orbit.
0 5 10 15
Energy in keV

0.0001

0.0010C
ou

Fig. 3. Typical background in a C1XS–SCD in the lunar orbit at ��12 �C. The thicker
line is the background when C1XS was on the sunlit (solar quiet condition) side and
thinner line while on the darkside. This suggests low energy particle flux could
largely contribute to the observed continuum background and that the scattered
solar flux fraction is very small under these conditions.
5. X-ray background in the lunar orbit

The X-ray detector’s background signal arises from internal and
external sources. The internal source is the detector’s dark current
and the signal processing noise. The signal is usually dependent on
temperature and increases due to cumulative radiation damage.
The internal noise measured during ground calibration was found
to be negligible for temperatures less than �5 �C. The external
source is discussed in the following section.

5.1. Quiescent background

A featureless continuum background spectrum was measured
by C1XS in lunar orbit. The average detector background count rate
(�3 counts/s per SCD) remains constant within 0.2% within an or-
bit as well as between orbits. This also implies that there are no
significant temperature dependent variations in the detector back-
ground (�15 �C to �6 �C). We compared spectra obtained from the
darkside with those obtained from the sunlit side and they are
found to be very similar during quiet solar conditions. Spectra from
the sunlit (solar quiet state) side and dark side are plotted together
in Fig. 3. The major component of the observed lunar environment
background arises from the interaction of high energy particles in
Please cite this article in press as: Narendranath, S., et al. Lunar X-ray fluorescen
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the orbit with the detector and surrounding material. In the lunar
orbit there is a continuous flux of protons and electrons with an
energy range spreading from eV to GeV (geotail particles, solar cos-
mic rays and galactic cosmic rays). Lower energy particles directly
interact with the detector, depositing energy and mimicking an X-
ray event (Hall et al., 2008). Higher energy particles interact with
the material surrounding the detector and generate secondary par-
ticles which could then deposit their energy in the detector under
specific geometric configurations.
ce observations by the Chandrayaan-1 X-ray Spectrometer (C1XS): Results
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5.2. Detector background during geotail crossings

The Earth’s magnetic field is stretched out into an elongated tail
to distances of several hundred Earth radii in the anti-solar direc-
tion. It consists of oppositely directed field lines separated by a
neutral sheet of plasma with a null magnetic field. Around this,
is the plasma sheet which is dominated by electrons with an
average energy of 1 keV (increasing to several keV occasionally;
Prakash, 1975). In a synodic month (29.6 days), the Moon passes
through the geotail in the 4–5 day period around full Moon.

C1XS observed a significant increase in the detector background
with a harder continuum spectrum during some of the geotail
crossings. A strong Al line (with no evidence of Mg or Si) whose
strength varied over timescales of minutes was observed (Fig. 4)
close to terminator (the imaginary circle dividing the sunlit and
darkside) crossings of the spacecraft. This is believed to be due to
Particle Induced X-ray Emission (PIXE) from the Al filter in front
of the detectors and not lunar surface PIXE because of the absence
of Mg and Si lines. Most likely the PIXE is induced by keV electrons
dominating the geotail. It was generally observed that this Al line
present at the terminator disappears after about 5 min into the
sunlit side. The change in the spectral shape of the detector contin-
uum background indicates the entry of the spacecraft into a region
of different particle population (in energy) and higher flux.

The steady nature of the observed continuum background out-
side the geotail suggests that an average background spectrum can
be used for spectral analysis except for observations inside the geo-
tail. For observations inside the geotail, we use the pre-flare spec-
tra and estimate the possible contribution from PIXE events.
6. Analysis of XRF spectra

We have carried out a detailed analysis of XRF data from C1XS
during the brightest flare in the nine month observation period. A
C3 solar flare that occurred on 5 July 2009 allowed simultaneous
measurement of Mg, Al, Si, Ca and Fe from the lunar surface at a
spatial scale of 50 km from the 200 km altitude of Chandrayaan-
1 (second phase of the mission). Since measurements were made
while in the geotail, we studied pre-flare spectra which show the
occurrence of the Al line from the filter during terminator crossing.
The brightest part of the flare occurred �20 min (equivalent to
5 10 15
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Fig. 4. The harder background spectrum (solid line) during a geotail passage
compared to a nominal background spectrum (dotted line). The Al line excited from
the Al filter by particles can also be seen with no evidence for Mg or Si implying that
the emission is not from the lunar surface.
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1872 km) away from the terminator and hence was not contami-
nated by the PIXE Al line. We used a spectrum from the pre-flare
phase uncontaminated by Al filter line as background for lunar
X-ray fluorescence spectra. The background subtracted flare spec-
tra spread over five 50 km (FWHM) ground pixels (Fig. 5) were
then fitted with a model consisting of a Gaussian function for the
observed lines and a scattered solar spectral model for the residual
continuum (explicitly shown in Fig. 6). We used the solar spectral
model derived from XSM data for the given observation interval to
calculate the scattered solar component. Initially the scattering
surface was assumed to be represented by an average feldspathic
terrane composition (Korotev et al., 2003). The normalization of
this component was then allowed to vary to fit the observed con-
tinuum. The resulting abundance derived (discussed in the next
section) were then used to re-estimate the scattered solar fraction.
Convergence in the estimated abundance is usually achieved with-
in two iterations.

The X-ray line flux determined for the C3 flare is compiled in
Table 2. Plotted in Fig. 7 is the time variation in the X-ray line flux
fraction (defined as the ratio of X-ray line flux from element i to the
total line flux).

To first order, a flux fraction eliminates the dependence of solar
intensity variations. However, in this work a more rigorous ap-
proach is adopted wherein the X-ray line flux values are converted
to elemental weight % as described in the following section.

7. X-ray line flux to elemental weight %

The number of X-ray fluorescence photons produced from a
sample, for a given incident spectrum of X-ray photons, can be cal-
culated analytically. The work done by Sherman (1955) and further
modified by Shirawai and Fujino (1966) shows that the number of
primary X-ray fluorescent photons Ii (for an infinitely thick homo-
geneous sample) from an element i is given by:

Ii ¼
1

4psin w1

Z Emax

E0

Q if ðE0ÞI0ðE0ÞdE0

lðE0Þcosec w1 þ lðEiÞcosec w2
ð1Þ

where I0(E0) is the incident spectrum, w1 is the angle of incidence,
w2 is the angle of emergence, l(E0) is the total mass attenuation
co-efficient (in cm2/g) for the energy E0 and l(Ei) for the energy Ei

of the fluoresced element. Qif is a measure of the fluorescent prob-
ability (f) for element i and can be calculated as follows.

Qif ¼WisiðE0ÞxKi
rK � 1

rK
xKif ð2Þ

In the above equation, Wi is the weight fraction of the ith element, si

is the total mass absorption co-efficient for the element i, xKi is the
K shell fluorescent yield of the ith element, rK ¼ sþð/K Þ

s�ð/K Þ

� �
is the K edge

jump ratio. /K is the binding energy of an electron in the K shell. In a
matrix of elements, the primary X-ray fluorescent photons can fur-
ther interact with the atoms of other elements and produce second-
ary fluorescence (provided their energies are above the binding
energy for electrons for the companion element) and even tertiary
fluorescence. Shiraiwa and Fujino calculate the number of second-
ary and tertiary fluorescent photons generated in a matrix, in addi-
tion to the primary. The incident X-rays also interact with the
sample via Rayleigh (coherent) and Compton (incoherent)
scattering.

7.1. Factors affecting XRF intensity

The set of all elements in a sample is called a ‘matrix’. The XRF
line flux (Iobs(i)) from a particular element i is proportional to the
number of atoms of the element present in the matrix and thus
to the weight % Wi (the percentage by weight of a particular
ce observations by the Chandrayaan-1 X-ray Spectrometer (C1XS): Results
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Fig. 5. Spectral fits to the five XRF spectra during the C3 solar flare along with the fit residuals (square root of the difference in v2 between model and data in each channel
with a sigma of 1.) in the bottom panel. The model includes XRF lines and the scattered solar spectrum. Weaker signals from minor elements are also detected.
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element with respect to all other elements in the sample). But Iob-

s(i) does not vary linearly with Wi for the following reasons.

� Iobs(i) is dependent on the incident spectrum which excites the
sample.
� Matrix effects: If (Ni) XRF photons from an element i have ener-

gies greater than the binding energy of K shell electron of ele-
ment j, then X-rays from element j are excited. Thus a fraction
of the photons of element i is used to generate XRF photons
from j. Element j is thus ‘enhanced’ and simultaneously inten-
sity of i is reduced. Further, XRF photons from i and j could
Please cite this article in press as: Narendranath, S., et al. Lunar X-ray fluorescen
from the nearside southern highlands. Icarus (2011), doi:10.1016/j.icarus.2011
get absorbed by the L shells of higher atomic number elements
or K shells of lower atomic number elements in the sample
resulting in a further reduction in Ni. Thus Iobs(i) is sensitive to
the ‘matrix’ of elements in the sample.
� Particle size: The lunar regolith being sensed remotely through

X-rays contains a distribution of particle sizes ranging from cm-
sized rocks to ultra-fine (<2 lm) particles (McKay et al., 1991).
In regions where the mean particle size is larger than the pen-
etration depth of X-rays (which is the case of lunar regolith),
particle size affects the X-ray fluorescent line intensity. Labora-
tory experiments have shown that the X-ray fluorescent line
ce observations by the Chandrayaan-1 X-ray Spectrometer (C1XS): Results
.04.010

http://dx.doi.org/10.1016/j.icarus.2011.04.010


1 2 3 4 5 6 7
Energy in keV

1

10

100

1000
C

ou
nt

s 
in

 3
2 

s
Observed lunar spectrum 
Scattered component 
Background

Fig. 6. Observed lunar spectrum along with the scattered component and
background used to model the continuum.

S. Narendranath et al. / Icarus xxx (2011) xxx–xxx 7
intensity for a given element decreases with increasing particle
size (Criss, 1976; Okada and Kuwada, 1997; Maruyama et al.,
2008; Naranen et al., 2008; Weider et al., 2009).
� Homogeneity factor: If the grain size is larger than the mean

free path of X-rays (10–15 lm for Mg, Al, Si and 100–200 lm
for Ca, Ti and Fe) and the different elements are concentrated
in different minerals (for example, Al in plagioclase and Mg in
pyroxene and olivine), the sample cannot be considered homo-
geneous in the calculation (Nittler et al., 2001).
� Geometry of observation: X-ray fluorescence intensity is sensi-

tive to the angle of incidence (w1) of solar X-rays with respect to
the lunar surface and to the phase angle (/) (angle between the
incident solar X-rays and the detector normal) (Okada, 2004;
Naranen et al., 2008; Naranen et al., 2009; Weider et al.,
Submitted to publication).

Clearly, the observed line strength (Iobs(i)) of an element is not a
direct measure of the true abundance. However, one can define a
Table 2
X-ray line flux in photons/cm2/s from C1XS spectral analysis of the C3 flare (5 July 2009)

Lat, Long Time in UTC Mg Ka Al Ka

�53.07, 8.22 07:04:44 0.18 ± 0.07 0.14 ± 0.04
07:06:50

�46.97, 8.32 07:06:50 0.1 ± 0.06 0.04 ± 0.03
07:08:31

�41.64, 8.394 07:08:31 0.18 ± 0.07 0.14 ± 0.06
07:10:10

�39.44, 8.41 07:10:10 0.38 ± 0.18 0.75 ± 0.2
07:10:42

�37.92, 8.43 07:10:42 0.57 ± 0.29 1.27 ± 0.2
07:11:14

�36.39, 8.44 07:11:14 1.3 ± 0.3 3.6 ± 0.4
07:11:46

�34.87, 8.45 07:11:46 3.3 ± 0.2 9.3 ± 0.3
07:12:18

�33.35, 8.47 07:12:18 6.2 ± 0.3 18.3 ± 0.4
07:12:50

�31.83, 8.48 07:12:50 14.4 ± 0.9 23.7 ± 1.0
07:13:22

�30.30, 8.49 07:13:23 19.1 ± 1.0 29.8 ± 1.1
07:13:55

�28.78, 8.50 07:13:55 19.9 ± 1.1 27.8 ± 1.2
07:14:27

�27.25, 8.52 07:14:27 20.8 ± 1.0 28.1 ± 1.1
07:15:00

�25.74, 8.53 07:15:00 12.7 ± 1.1 27.6 ± 1.2
07:15:33

Please cite this article in press as: Narendranath, S., et al. Lunar X-ray fluorescen
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relationship between Iobs(i) and a corrected line intensity Io(i)
(which can be directly related to the true abundance of element
i) as

IobsðiÞ ¼ f ðSðEÞ; iÞ½IoðiÞ �MðSðEÞ; EÞ � PðE;w1;/; iÞ� ð3Þ

where f(S(E), i) represents a function of the incident solar spectrum
S(E) for element i. M(S(E), E) represents matrix effects, P(E, w1, /, i)
includes cumulative effects of mean particle size and � represents
convolution. Inverting this equation does not yield unique solutions
and hence as described below, we use a forward folding approach to
derive the true composition. The incident solar spectrum is the
most significant factor which affects the observed X-ray line inten-
sity. Accurate modeling of the solar spectrum is thus crucial, in or-
der to determine the element weight % from X-ray line flux.
7.2. X-ray fluorescence code

A knowledge of the fundamental physical parameters and the
experiment geometry allows a direct calculation of the X-ray line
intensity from any given material. This approach is widely used
in laboratory experiments and yields fairly accurate results (Criss
et al., 1978; Grieken and Markowicz, 2002). This has been ex-
tended to data from remote sensing XRF experiments for planetary
surfaces. The planetary XRF experiments however lack the accu-
racy of laboratory experiments as the laboratory approach often in-
volves well understood and controlled incident beam spectrum,
beam geometry and standardized sample preparation against
which to calibrate the observed X-ray line flux.

XRF experiments in the past have followed a methodology
wherein the theoretical intensity from a sample composition is cal-
culated analytically assuming a theoretically calculated solar spec-
tral model. The Apollo 15 and 16 XRS experiments used solar X-ray
flux from the Solrad 10 satellite and constructed a two tempera-
ture model (based on the assumption of a stable corona and an ac-
tive spot) based on the work of Tucker and Koren (1971).
Theoretical X-ray line intensities were calculated using a funda-
mental parameter method for a set of known lunar compositions
which were then compared with the observed line intensities
data. The central co-ordinates of each pixel are given in the first column.

Si Ka Ca Ka Ca Kb Fe Ka

0.37 ± 0.07 – – –

0.58 ± 0.1 – – –

0.42 ± 0.07 – – –

1.05 ± 0.2 – – –

2.3 ± 0.2 0. 4 ± 0.2 – –

3.3 ± 0.3 0. 1 ± 0.04 – –

6.9 ± 0.3 0. 1 ± 0.05 – –

14.4 ± 0.4 2. 1 ± 0.2 0.4 ± 0.1 –

25.3 ± 0.8 3. 0 ± 0.1 0.25 ± 0.07 0.31 ± 0.07

29.8 ± 1.1 3. 3 ± 0.1 0.46 ± 0.08 0.53 ± 0.09

33.8 ± 0.9 2. 9 ± 0.1 0.28 ± 0.06 0.33 ± 0.07

31.2 ± 0.9 2. 6 ± 0.1 0.16 ± 0.05 0.26 ± 0.06

27.1 ± 0.9 1. 9 ± 0.1 0.24 ± 0.07 0.35 ± 0.06

ce observations by the Chandrayaan-1 X-ray Spectrometer (C1XS): Results
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the C3 flare. Line flux with large error bars are during the pre-flare times when line
signatures are weak. The total counts in C1XS for the same time period is plotted in
the top panel. Pixel to pixel variations suggest evidence for lunar chemistry
variations at spatial scales of 50 km.

Table 3
C3 solar flare parameters, emission measure (EM) and plasma temperature (T)
derived from XSM spectral analysis.

Time in UTC EM � 1049/cm3 T (keV) T (MK)

07:12:49–07:13:21 0.17 ± 0.005 1.15 ± 0.02 13.33 ± 0.23
07:13:21–07:13:53 0.22 ± 0.002 1.12 ± 0.01 12.98 ± 0.12
07:13:53–07:14:25 0.20 ± 0.002 1.10 ± 0.01 12.75 ± 0.12
07:14:25–07:14:57 0.18 ± 0.005 1.01 ± 0.01 11.71 ± 0.12
07:14:57–07:15:29 0.15 ± 0.002 0.95 ± 0.01 11.02 ± 0.12
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and the best match determined. A correction factor that is a func-
tion of the solar flux hardness ratio (a measure of the spectral var-
iation) was derived, which relates the observed and calculated line
ratios. Using this method, the Apollo experiments mapped about
10% of the equatorial region on the near side of the Moon (Adler
et al., 1973a,b; Maxwell et al., 1977; Clark and Hawke, 1981,
1982, 1987, 1991).

The XRF experiment on Near Earth Asteroid Rendezvous (NEAR)
used data from their solar monitor and accurately modeled the so-
lar spectrum based on CHIANTI5.2 (Dere et al., 1997; Landi et al.,
2006). This two temperature model was then used as input to their
XRF code and elemental ratios derived based on the determination
of the relationships between fluorescence ratios and elemental ra-
tios from meteorite data (Trombka et al., 2000; Nittler et al., 2001;
Lim and Nittler, 2009). Hayabusa XRF experiment used a standard
sample plate to monitor the changes in the solar spectrum and de-
rived surface elemental ratios for asteroid Itokawa (Okada et al.,
2006).

The basic difficulty in all the earlier experiments has been the
non-availability of a simultaneous solar spectrum with energy res-
olution good enough to accurately model the emission lines in the
solar spectrum. The XSM on C1XS had the unique capability to
measure the 1.8–20 keV solar continuum spectrum as well as to re-
solve some of the groups of emission lines superposed on the ther-
mal continuum. The XSM can thus be used to generate a more
accurate model of the solar spectrum.

We have implemented the fundamental parameter algorithm
based on the X-ray fluorescence equation as given by Shirawai
and Fujino (1966) including Rayleigh scattering. The difference
with earlier approaches is that we calculate analytically the ex-
pected X-ray line flux for a set of matrices of elemental concentra-
Please cite this article in press as: Narendranath, S., et al. Lunar X-ray fluorescen
from the nearside southern highlands. Icarus (2011), doi:10.1016/j.icarus.2011
tions covering a reasonably wide range, compare the calculated X-
ray line flux fraction (line flux/sum of the flux in all lines) with the
observed and then derive the best set of weight % using the method
of least squares. Unlike other approaches where consistency with
known elemental weight % is addressed, this approach derives
the best combination of weight % that matches the observed X-
ray line flux and known solar spectrum incident on the lunar sur-
face. This means that we do not start with any presumed lunar
compositions but arrive at the best values of weight % based on
the observed X-ray line flux. A larger parameter space is searched
in order to eliminate other local minima and to establish a smooth
convergence. Further details of the XRF code and its validation
against laboratory samples are given in Athiray et al. (in
preparation).
8. Results

As stated earlier, to derive the elemental abundance from the X-
ray line flux, it is necessary to accurately model the incident solar
spectrum. XSM measured the incident solar spectrum simulta-
neously with C1XS XRF observations of the lunar surface. The
groups of emission lines from highly ionized atoms of S
(�2.4 keV), Ca (�3.8 keV) and Fe (�6.7 keV) are observed. Thus
XSM has the capability to determine changes in coronal abundance
during the flare from the line intensity variations. A single temper-
ature model seems to be sufficient to model the 1–8 keV solar
spectra for this flare and hence we did not include a harder spectral
component that is present in many solar flares. XSM spectra (for
the time corresponding to C1XS observations) were fitted with a
single temperature (vthabund in OSPEX which is a model based
on CHIANTI5.2 (Landi et al., 2006)), varying the coronal abundance
to obtain a best fit for the intensity of emission lines in the spec-
trum. Table 3 gives the solar spectral parameters derived for the
peak phase of the C3 flare measured by XSM. Fig. 8 shows one of
the spectral fits to the XSM spectrum.

We have determined the elemental weight % over the five
bright ground pixels observed during the C3 flare (Table 4) with
the best fit solar model derived from XSM for each pixel. As we lack
a measurement of the oxygen and titanium line flux, we have kept
the oxygen weight % fixed at 43.87% and Ti at 0.13% (based on an
average feldspathic terrane composition from Korotev et al.
(2003) for all the pixels). For other elements the range used during
the final iteration is given in Table 4. The angle of incidence and
phase angle during the observations are known and have been
used in the calculation. These values are compared with the aver-
age composition of soils from Luna 20, Apollo 16 mission (Haskin
and Warren, 1991) and that of an average feldspathic highland ter-
rane (Korotev et al., 2003). Abundances derived from Lunar Pros-
pector gamma-ray spectrometer though at coarser resolution
(Mg, Al, Si, Ca and Ti at 152 km and Fe at 80 km FWHM, Prettyman
et al., 2006) are also included for comparison.

In order to add confidence, the results from this code were ver-
ified with an independent analysis with a similar XRF (Nittler et al.,
2001) code developed for NEAR-XRS. For a given geometry, inci-
dent solar spectrum and composition, the fluorescent flux fractions
from both codes agreed within 10%.
ce observations by the Chandrayaan-1 X-ray Spectrometer (C1XS): Results
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Table 4
Elemental weight % for the highland region with 2r errors, compared against an average o
averages (Haskin and Warren, 1991) and LP values from the gamma-ray spectrometer (Pr

Time Lat, Long Range

07:12:50–07:13:22 �31.83, 8.48 2–15

07:13:23–07:13:55 �30.30, 8.49 5–25

07:13:55–07:14:27 �28.78, 8.50 15–25

07:14:27–07:15:00 �27.25, 8.52 4–15

07:15:00–07:15:33 �25.74, 8.53 2–12

Average feldspathic meteorite compositions
L20 (soil average) 3.5, 56.5 (landing)
A16 (soil average) �9, 15.5 (landing)
LP �31.8 to �25.7, �8.5
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9. Discussion

C1XS is the highest resolution, most accurately calibrated X-ray
spectrometer flown to carry out global mapping of lunar chemis-
try. C1XS observations have yielded for the first time, a simulta-
neous measurement of the five major rock-forming elements for
a few 50 km � 50 km ground pixels.

The region sampled during the C3 (Fig. 9) flare lies on the south-
ern nearside highlands of the Moon (�37 � and 26 �S at �9 �W lon-
gitude). C1XS footprints during this time are over plotted on the
Clementine albedo map (750 nm) (Fig. 9). The area mapped is lo-
cated on distal ejecta rays of the crater Tycho (one of the youngest
of the 100 km sized craters on the lunar surface), likely to be dom-
inated by ejected blocks, impact glass and disturbed local regolith.
The ejecta could have compositional differences from the sur-
rounding material on which they were emplaced. However global
elemental maps from Lunar Prospector gamma-ray data (Pretty-
man et al., 2006) show little compositional heterogeneity in this
area.

Fig. 10 show the C1XS derived elemental abundances along
with that of soils (Morris et al., 1983; Haskin and Warren, 1991)
from the nine sample return locations. For a given aluminum abun-
dance, it is seen that CIXS compositions are slightly higher in Mg
and Fe, and lower in Ca than typical soils.

Localized heterogeneity may explain why large area averaging
deployed by C1XS in deriving global elemental chemistry across
the Moon can lead to differences from spot measurements pro-
vided by return samples from Luna and Apollo mission. It is also
possible that the southern highlands have a unique composition
different from known feldspathic compositions. However, before
we converge on a conclusion, it is important to examine various
scenarios that can specifically explain the deviations in the ob-
served C1XS composition. We begin by addressing potential limita-
tions in the analysis that in principle could give rise to such
differences and close with the most likely explanations to under-
stand C1XS results.

9.1. Limitations in the analysis

� Limitations in understanding instrumental response:
The spectral re-distribution function (SRF) of the SCDs is
derived from ground calibrations carried out at a few discrete
energies. To derive the instrument response covering the full
energy range of 1–10 keV, it was necessary to interpolate SRF
parameters derived for discrete energies across the entire
energy range. The derived energy-dependent SRF was validated
using three independent data sources: (1) ground calibration
data where the full thick-target bremsstrahlung spectrum was
f the feldspathic meteorite compositions (Korotev et al., 2003), Luna 20, Apollo 16 soil
ettyman et al., 2006). The weight % range used to derive abundance is also given.

Mg Al Si Ca Fe MgO
MgOþFeO� 100

5þ1
�1 17þ1

�1 20þ1
�1 8þ1

�1 6þ2
�2 45þ7

�7

6þ1
�1 17þ1

�1 19þ1
�1 8þ1

�1 6þ2
�2 50þ7

�7

6þ1
�1 16þ1

�1 21þ1
�1 8þ1

�1 5þ2
�2 54þ8

�8

6þ1
�1 15þ1

�1 20þ1
�1 9þ1

�1 6þ3
�3 50þ7

�7

4þ1
�1 18þ1

�1 17þ2
�1 6þ1

�1 11þ1
�4 27þ7

�9

3.26 14.92 20.89 11.65 3.42 55
5.84 12.04 21.13 10.51 5.8 56
3.62 14.41 20.98 10.41 3.87 55
5.4 14.3–10.8 20.6 11.6 4.7–5.5 56–59
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obtained for the 2–10 keV range; (2) the four X-ray lines (4.5,
4.9, 5.9 and 6.4 keV) from the on-board calibration source,
55Fe; (3) the observation of the Cosmic X-ray Background
(CXB) emission (when the spacecraft was turned to observe
Earth during solar eclipse of July 22, 2009). All three observed
spectra could be fitted well with the standard SRF model, show-
ing that the interpolation has not produced any artifacts.
Of the above tests, the observation of the CXB emission and
reproduction of the well measured spectrum provides the most
direct validation of the analysis process (Fig. 11). We derive the
gain for typical lunar observations from the temp-gain table
generated from ground analysis and validate this by extracting
the correct line energies from the gain-corrected data. As the
spacecraft was turned away from the Moon to observe Earth,
the effect of not having the reflected heat load from the Moon
appears to have made the standard temperature dependent
gain correction factors less accurate for adding spectra from
multiple SCDs. In this case we used the Ar line as a calibrator
and find that the standard gain corrections for SCDs, is smearing
the line. These Earth observations were too short to re-derive
refined gain-correction factors for CXB spectra. Therefore a sin-
gle SCD spectrum integrated over the observation duration is
used. Though this did not provide adequate statistics to further
constrain uncertainties in the detection efficiency determined
on ground, these measurements conclusively indicated that
there are no detector artifacts which would alter measured
X-ray line intensities (eg: reduce the measured Ca line flux from
the lunar surface). Though the detection efficiency has small
uncertainties, since the overall continuum fit is satisfactory,
any residual scaling of the detection efficiency, up or down,
should not affect X-ray line flux fractions. Unlike the SCD
response at energies greater than 2.3 keV where the complex
Please cite this article in press as: Narendranath, S., et al. Lunar X-ray fluorescen
from the nearside southern highlands. Icarus (2011), doi:10.1016/j.icarus.2011
SRF model incorporates a significant contribution from split
events, in the 1–2.3 keV range, the SCD response in our analysis
is assumed to be characterized by a single Gaussian with the
associated photopeak efficiency. The split events (expected to
be small at low energies as the charge cloud radius is smaller
and closer to the buried channel through which charge is trans-
ported) that may exist at these energies have been modeled as
part of the continuum in the spectral analysis and hence should
not affect X-ray line flux determination.
� Contribution from Particle Induced X-ray Emission (PIXE) from the

Al filter on C1XS:
Another possible internal source of line emission is from parti-
cle-induced X-ray emission process. The X-ray line at 1.49 keV
arising from PIXE from the 0.4 lm thick filter on C1XS (used
to block optical light) is observed during terminator crossings
when the spacecraft is within the geotail where particle flux
are expected to be higher. PIXE-produced Al line emission is
seen for a short time span of a few minutes, 20 min before the
flare and hence is adequately separated in time such that it
should not affect the lunar Al X-ray line flux from the fully illu-
minated portion of the orbit. However the whole day of 5 July
2009, being a period of enhanced solar activity, it is possible
that the local charged particle environment was very dynamic
and enhanced during the lunar XRF observations. Although
there is no evidence for an enhanced particle flux from the radi-
ation monitor (RADOM) (Dachev et al., 2009) data on Chan-
drayaan-1 (whose energy range is above 800 keV), we cannot
absolutely conclude that such an enhancement has not occurred
at lower energies. However, the induced X-ray line flux from the
Al filter observed during pre-flare terminator crossing time, is
only 1.3% of the measured Al X-ray line flux from the lunar day-
side. A PIXE contribution of more than 15% (nearly 10 times
ce observations by the Chandrayaan-1 X-ray Spectrometer (C1XS): Results
.04.010

http://dx.doi.org/10.1016/j.icarus.2011.04.010


0 5 10 15 20
Al wt%

0

5

10

15

20
Fe

 w
t%

Soils 
Meteorites

0 5 10 15 20
Al wt%

0

5

10

15

20

M
g 

w
t%

Soils 
Meteorites

0 5 10 15 20
Al wt%

0

5

10

15

20

C
a 

w
t%

Soils 
Meteorites

Fig. 10. Compositions derived from C1XS plotted along with lunar soil averages
(Haskin and Warren, 1991; Morris et al., 1983) and feldspathic meteorite
compositions (Demidova et al., 2007).

data and folded model

52
Energy (keV)

shyama 24−Mar−2010 16:01

0.1

1

0.2

0.5

−1
−0.5

0
0.5

1

no
rm

al
iz

ed
 c

ou
nt

s 
s−1

 k
eV

−1
χ

Fig. 11. Cosmic X-ray background spectrum measured in C1XS fitted with a
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Table 5
C1XS abundance limits between homogeneous and in-homogeneous model.

Time Mg (%) Al (%) Si (%) Ca (%) Fe (%)

07:12:50–07:13:22 4–8 14–18 19–21 7–9 4–8
07:13:23–07:13:55 5–8 14–18 17–20 7–9 4–10
07:13:55–07:14:27 5–8 13–17 19–22 7–9 3–9
07:14:27–07:15:00 5–8 12–16 17–21 8–10 3–12
07:15:00–07:15:33 3–5 13–19 16–22 5–10 4–12
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stronger) to the Al line from the Moon would be required to
lower the Al abundance to match typical highland composition.
This appears highly unlikely.
� Fluorescence X-rays from the Al filter:

X-ray photons emanating from the lunar surface can produce
fluorescence of Al foils placed in front of the SCDs, enhancing
the observed Al line intensity observed in C1XS. We calculated
the contribution from the 0.4 lm Al to be 0.5% of the measured
Al flux. Hence this cannot account for the enhanced Al flux we
measure in C1XS.
� Inversion of X-ray line flux to derive elemental weight %:

We follow a standard approach based on the fundamental
parameter algorithm to derive the elemental weight % and the
code has been validated with laboratory samples with known
Please cite this article in press as: Narendranath, S., et al. Lunar X-ray fluorescen
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compositions (Athiray et al., in preparation). Earlier work
(Nittler et al., 2001) suggests that effects of in-homogenous
mixtures could alter the derived compositions significantly.
We estimated the flux fraction from a non-homogeneous
mixture of the primary lunar highland minerals (87% plagio-
clase feldspar, 10% pyroxene and 3% olivine) and a homogenous
sample of the same chemical composition. The ratio of the flux
fractions from the in-homogenous and homogenous samples is
a correction factor and was applied to the flux fractions esti-
mated in our code to re-derive C1XS compositions. Table 5 gives
the range in compositions derived from C1XS based on this cor-
rection. The first three pixels still have a Ca/Al ratio lower than
typical feldspathic lunar regolith. It is to be noted that as the
grain size decreases the effects of mixtures become negligible
and the sample tends toward homogeneity. Hence the values
in Table 5 should be seen as the extreme limits to the values
given in Table 5.
As discussed earlier, particle size does affect the X-ray fluores-
cence intensity and has not been taken into account here. We
calculated the average reduction in XRF intensity for lunar reg-
olith (typical particle size distribution, McKay et al., 1991) as
30% for Mg–Si and 20% for Fe (calculated using values from
Maruyama et al., 2008). The effect is partially eliminated by
using flux fractions (line flux/sum of the flux in all lines) for
deriving abundance as described in 6.2. The smaller change in
flux at Fe contributes an uncertainity only within measurement
errors.

So in conclusion, no convincing evidence exist to suggest that
the non-standard composition has arisen from improper analysis
or limitations in instrument or data modeling. We will now exam-
ine other scenarios to explain the observed composition.
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9.2. Compositional differences inherent to the Moon

It is generally believed that lunar highlands are mainly com-
posed of plagioclase feldspar with lower amounts of mafic miner-
als. However none of the returned samples are from a purely
feldspathic highland region and hence we cannot expect C1XS de-
rived values to exactly match these. The higher Mg and Fe content
derived here would arise from addition of mafic components re-
distributed by impacts. The major deviation in the C1XS derived
values is Ca/Al ratio which for pure anorthite is 0.73. Addition of
mafic components would raise this value whereas the Ca/Al ratio
derived here is less than 0.7. We discuss below the possible expla-
nations for this deviation.

� The Ca/Al ratio can decrease if the plagioclase feldspar is more
sodic. Sodium content of 1-2% can explain the depletion in cal-
cium in an area dominated by plagioclase. Data from a weaker
flare (5 July 2009 05:05:01 to 05:07:54 UTC, decay part of a
B2 flare) that illuminated an overlapping region (�30% overlap)
of the same set of pixels observed by the C3 flare reveal the sig-
nature of X-ray fluorescence from sodium (Fig. 12).
Sodium line is observed during the brighter part of the flare and
fades off as it decays. But we had to add the solar spectra for the
whole observation in order to improve statistics. Spectral anal-
ysis of this added solar spectrum give a temperature of 6.9 MK
and emission measure of 0.05 � 1049 cm�3. We used the same
analysis approach as for the C3 flare and derived abundances
for Mg, Al and Si fixing the abundance of Ca, Ti and Fe to the val-
ues derived from the C3 flare. For the spectrum shown in Fig. 12,
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Fig. 12. Spectral fit to the XRF spectrum during the B2 class (5 July 2009 05:05:01
to 05:07:54 UTC) flare showing the detection of XRF line from sodium. The
contribution from scattered solar spectrum is plotted along with the lunar XRF data
in the lower panel to show that the detected line cannot arise from any of the
scattered solar coronal emission lines.
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we get Mg: 3þ3
�2, Al: 12þ7

�6 and Si: 24þ6
�7. Because of uncertainties

in the detection efficiency at 1 keV, averaged solar spectrum
and weaker XRF line flux, we are not able to constrain the Na
abundance from this measurement.
The calculated scattered solar spectral component is plotted
along with the observed lunar XRF spectrum in Fig. 12 to show
that the detected Na signature cannot come from any of scat-
tered solar coronal emission lines. We propose that the Na
abundance on the surface soil could be thus greater than cur-
rently assumed thus enabling a detection through XRF.
Lunar samples typically have an anorthite content (defined as

Ca
CaþNaþK in moles) as high as An98 with the average highlands
estimated to be An95. Lower anorthite content (as low as
An70) (Wieczorek et al., 2006) plagioclase grains (and hence
higher albite) have been found in lunar samples though rarer.
Remote sensing measurements through which global lunar
mineralogy has been studied, cannot identify the anorthite con-
tent unless the plagioclase is of the purest form (greater than
An98). Pure crystalline anorthosite (PAN) rocks distributed glob-
ally have been revealed by the Kaguya multi band imager
(Ohtake et al., 2009), recently but surprisingly have never been
identified in lunar samples. These PAN rocks have been identi-
fied from a weak absorption feature at 1.3 lm arising from trace
amounts of Fe2+ incorporated into the mineral structure. This
feature disappears if the material is shocked (by impacts). The
band center position changes depending on the An content
allowing its quantification (Wyatt et al., 2010). The majority
of plagioclase on the Moon otherwise is identified by a feature-
less near-IR spectrum which does not reveal the An content.
Recent observations by the Diviner radiometer on LRO, which
has three IR channels near 8 lm to measure the Christiansen
feature (CF), has revealed regions where the band center shifts
beyond their estimated range for the plagioclase, suggestive of
the possible existence of higher amounts of albite (or sodic pla-
gioclase) (Greenhagen et al., 2010).
� The technique of X-ray remote sensing, samples the very upper

layer of the lunar regolith. The depth sampled depends upon the
XRF photon energy (and hence the element), composition and
density of the material. Assuming a density of 1.8 g/cm3 and
pure plagioclase feldspar all the major elements are being sam-
pled from a depth <200 lm of the lunar surface.
The <10–20 lm fraction of the lunar regolith called the ‘fines’
are found to have a composition distinct from bulk regolith
from which it was derived (Papike et al., 1982; Devine et al.,
1982; Laul et al., 1982). Many of the fines are richer particularly
in Al and Na (Papike et al., 1982). Apollo 16 soil 67461 exhibits
mafic enrichment (Mg and Fe) and lower Ca in the fine (<10 lm)
fraction (Papike et al., 1982).
If the upper (200 lm) layer measured consists mainly of this
fine fraction, X-ray remote sensing would find a composition
different from the bulk composition of the lunar samples (sug-
gested by Basu (1985)). The lunar samples returned have
always been collected as scoops and rock pieces and the very
fine fraction is mostly lost. Even the core tubes intended to
study stratification in the regolith have been compressed while
the core tubes were hammered in and we do not know the pos-
sible layering in the upper tens of micron of the regolith. Recent
examination of the beta cloth on the Apollo 16 Clam Shell Sam-
pling Devices (CSSDs) that were designed to sample the top
100–500 lm of the lunar regolith suggest that the surface
may contain a higher proportion of the less than 2 lm fines
than the bulk soil (Noble, 2010). Mechanisms such as electro-
static levitation (Criswell, 1972), ballistic lofting and seismic
shaking (Ostrach and Robinson, 2010) could over a long period
of time, concentrate the fine fraction of the soil on the top lay-
ers. Thus C1XS observations could be revealing top surface
ce observations by the Chandrayaan-1 X-ray Spectrometer (C1XS): Results
.04.010

http://dx.doi.org/10.1016/j.icarus.2011.04.010


S. Narendranath et al. / Icarus xxx (2011) xxx–xxx 13
chemistry which would be deviant from the bulk. The data on
fines especially on highland soil fines are sparse and hence we
are not able to provide supporting evidences for this possibility.

The composition derived with C1XS data is thus not an ‘exper-
imental/analysis artifact’ and requires more detailed modeling to
provide conclusive evidences for the suggestions provided here.

10. Summary

In this paper we have described the methodology for X-ray
spectral analysis of data from Chandrayaan-1 X-ray Spectrometer
and presented the composition derived from for a region on the
southern nearside highlands. This is the first direct simultaneous
derivation of the abundance of five major elements (Mg, Al, Si, Ca
and Fe) at a scale of 50 km. The compositions derived are distinct
from lunar compositions found in returned samples. The high Al
abundance is suggestive of a highland terrain with a mafic compo-
nent, but the corresponding Ca is much lower than in the returned
highland soils. We discussed the possible scenarios under which,
such a deviation could occur. We showed that the analysis meth-
ods and instrument response modeling would not lead to this
and suggest that this could be revealing regions of higher sodic pla-
gioclase or indicating a different chemistry of the fines in the
uppermost layer of the regolith. Continued analysis of C1XS data
covering a larger region in the southern highlands would be more
conclusive of the above results and provide a greater understand-
ing of the processes involved.
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