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Aluminum abundance on the surface of Mercury:
Application of a new background-reduction technique
for the analysis of gamma-ray spectroscopy data

Patrick N. Peplowski,! Edgar A. Rhodes,' David K. Hamara,> David J. Lawrence,'
Larry G. Evans,® Larry R. Nittler,* and Sean C. Solomon™*>

Received 2 July 2012; revised 24 September 2012; accepted 7 October 2012; published 7 December 2012.

[11 A new technique has been developed for characterizing gamma-ray emission

from a planetary surface in the presence of large background signals generated in a
spacecraft. This technique is applied to the analysis of Al gamma rays measured by the
MESSENGER Gamma-Ray Spectrometer to determine the abundance of Al on the surface
of Mercury. The result (Al/Si = 0.297%%3) is consistent with Al/Si ratios derived from
the MESSENGER X-Ray Spectrometer and confirms the finding of low Al abundances.
The measured abundance rules out a global, lunar-like feldspar-rich crust and is consistent
with previously suggested analogs for surface material on Mercury, including terrestrial
komatiites, low-iron basalts, partial melts of CB chondrites, and partial melts of enstatite
chondrites. Additional applications of this technique include the measurement of other
elements on Mercury’s surface as well as the analysis of data from other planetary

gamma-ray spectrometer experiments.

Citation: Peplowski, P. N., E. A. Rhodes, D. K. Hamara, D. J. Lawrence, L. G. Evans, L. R. Nittler, and S. C. Solomon (2012),
Aluminum abundance on the surface of Mercury: Application of a new background-reduction technique for the analysis of
gamma-ray spectroscopy data, J. Geophys. Res., 117, EOOL10, doi:10.1029/2012JE00418]1.

1. Introduction

[2] Gamma-ray spectroscopy is a well-established tech-
nique for the remote characterization of the elemental com-
position of planetary surfaces, as has been demonstrated by
its successful utilization from orbit around the Moon [e.g.,
Bielefeld et al., 1976; Lawrence et al., 1998; Yamashita
et al., 2010] and Mars [Boynton et al., 2007] and by the
MErcury Surface, Space ENviroment, GEochemisty, and
Ranging (MESSENGER) spacecraft at Mercury [Peplowski
et al., 2011b; Evans et al., 2012]. The Dawn spacecraft is
also carrying a gamma-ray spectrometer to characterize the
surface compositions of asteroids 4 Vesta and 1 Ceres
[Prettyman et al., 2011]. The development of new data
analysis algorithms can improve the capability of gamma-
ray spectrometer data sets to address the near-surface ele-
mental compositions of these bodies. This work presents a
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novel technique for reducing a measured gamma-ray signal
into its spacecraft- and planet-originating components,
facilitating the isolation of the planetary signal of interest in
the presence of backgrounds with comparable intensity.

[3] Gamma-ray spectroscopy of non-radioactive elements
relies on the excitation of atomic nuclei by neutrons origi-
nating from surface-incident galactic cosmic ray (GCR)
proton-induced spallation reactions [e.g., Reedy, 1978]. The
excited nuclei decay to stable states by emitting gamma rays
at element-characteristic energies, facilitating the character-
ization of the elemental composition of the surface from orbit.
A major difficulty of gamma-ray spectroscopy is the need to
characterize elemental abundances in the presence of large,
spacecraft-generated backgrounds. These backgrounds exist
for elements in materials that are present within the spacecraft,
particularly those closest to the detector. These elements often
include Al, Fe, Ti, and Mg, which are major elements in sur-
face rocks, and their abundances are therefore frequently of
geochemical interest. Since these backgrounds originate from
the same processes that produce the planet-originating signal,
they are spectroscopically indistinguishable.

[4] Lunar Prospector [Feldman et al., 2004] and Mars
Odyssey [Boynton et al., 2004] utilized boom-mounted
gamma-ray spectrometers (GRSs) to reduce the detection of
spacecraft-originating background gamma rays. However, in
the case of the Mars Odyssey GRS this precaution did not
eliminate all spacecraft backgrounds [Evans et al., 2006]
because of the relatively large amount of material in the
immediate vicinity of the sensor (e.g., Ti) and to the fact that
GRS-measured backgrounds are dominated by the material
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closest to the sensor. Body-mounted GRS instruments, such
as those on the Near Earth Asteroid Rendezvous (NEAR)
[Goldsten et al., 1997], SELenological and ENgineering
Explorer (SELENE) [Hasebe et al., 2008], MESSENGER
[Goldsten et al., 2007], and Dawn spacecraft, are subject to
much larger backgrounds, and in the case of the NEAR GRS
this issue contributed to the inability of the instrument to
make compositional measurements of the surface of 433
Eros from orbit [Trombka et al., 2001]. Analysis of MES-
SENGER GRS measurements made during the three Mer-
cury flybys highlighted the substantial contribution of
spacecraft-originating backgrounds to the measured signal,
as well as the difficulties associated with determining the
elemental composition of Mercury in their presence [Rhodes
etal,2011].

[5] The technique presented here for determining the
abundances of elements on a planetary surface in the pres-
ence of large, spacecraft-originating gamma-ray backgrounds
requires the identification of two gamma-ray photopeaks
from the element of interest, along with knowledge of the
relevant gamma-ray production cross sections, the energy-
dependent flux of the source neutrons, and the altitude-
dependence of their measured count rates. The usefulness of
this technique is demonstrated by presenting it in the context
of a measurement of Al on the surface of Mercury. This
measurement would normally be impossible because of the
unknown magnitude of the Al background, which results
from neutron-induced reactions within Al immediately sur-
rounding the sensor. The validity of this result has been
confirmed through a comparison with complementary mea-
surements of Mercury’s surface composition by the MES-
SENGER X-Ray Spectrometer (XRS) [Nittler et al., 2011,
Weider et al., 2012], for which the Al signal represents a
collimated view of the planet and therefore does not include
spacecraft backgrounds. A discussion of the utilization of this
technique to additional elements on the surface of Mercury as
well as to other ongoing and future gamma-ray spectroscopy
data sets is also presented.

2. MESSENGER Gamma-Ray Spectrometer
Al Measurements

[s] The MESSENGER GRS measures detector-incident
gamma rays throughout the spacecraft’s highly eccentric
orbit about Mercury, which ranged in altitude from 200 to
15,200 km above the surface during the primary mission
[Solomon et al., 2007]. The varying altitude and attitude of
the spacecraft relative to Mercury, coupled with the altitude-
dependence of the gamma-ray flux, complicates the analysis
of MESSENGER GRS data [Peplowski et al., 2011a, 2012].
Fortunately, this altitude dependence also provides a mech-
anism for separating the measured gamma-ray signal into its
individual constituents, facilitating the characterization of
the planet-originating signal of interest.

[7] This study uses the gamma rays from Al at 1014 and
2211 keV energy that result from neutron inelastic scattering
reactions in the near surface of Mercury and within the
spacecraft. The increase in the measured count rates for
these gamma rays close to Mercury is demonstrated in
Figure 1, which compares high- and low-altitude measure-
ments of these spectral regions. Following the methodology
of Peplowski et al. [2011b], high- and low-altitudes are
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defined to be >14,000 km and <2,000 km respectively. The
presence of Al gamma rays in the high-altitude spectrum,
which was acquired too far from the planet to have a
resolvable contribution from the surface, indicates the exis-
tence of a non-planetary Al background contribution to the
GRS-measured gamma-ray spectrum. That these Al gamma
rays were also observed during the 6.6-year interplanetary
journey en route to Mercury orbit insertion [Goldsten et al.,
2007] conclusively demonstrates that there is a non-plane-
tary component to the observed peaks. The measured count
rates for these gamma rays were determined by fitting the
regions of interest with exponentially modified Gaussian
functions and a polynomial background to determine the
peak areas, following the procedure detailed by Peplowski
et al. [2011Db].

[8] Prior to characterizing the nature of the altitude
dependence of the Al gamma-ray signals, it is necessary to
remove variations in these count rates due to other effects, of
which two have been identified: time-dependent changes in
the signal-inducing GCR flux and spacecraft off-nadir
pointing. Variations in the GCR flux can lead to time-
dependent gamma-ray emission from the planetary surface
and the spacecraft. To avoid this complication, the analysis
here is limited to data acquired during the first 59 days of
orbital science operations, a time period that experienced
little variation in the GCR flux relative to the statistical
uncertainties of the gamma-ray measurements [Peplowski
et al., 2012]. The GCR flux was characterized with the
MESSENGER Neutron Spectrometer (NS) triple-coinci-
dence counter following the methodology of Feldman et al.
[2010]. This interval was also chosen because it represents
one sidereal day on Mercury, which coupled with the nature
of the MESSENGER orbit about Mercury ensures that this
analysis includes even coverage of all longitudes on the
surface. Due to MESSENGER ’s highly eccentric orbit about
Mercury, the GRS coverage of the surface is biased in lati-
tude toward regions nearest periapsis (55-65°N for the
period treated here).

[s9] The second source of non-planetary variation in the
measured Al gamma-ray count rates is off-nadir instrument
pointing. Off-nadir pointing reduces the sensitivity of the GRS
to the planet-originating signal as the result of the attenuation
of gamma rays by GRS-surrounding spacecraft components.
Low-altitude data used in this analysis are limited to those
collected at nadir angles <45°, because gamma-ray attenuation
is not significant for these angles for the 1779-keV Si peak
[Peplowski et al., 2012], which is known to be dominated by
planet-originating gamma rays [Evans et al., 2012]. The
removal of off-nadir pointing data reinforces the bias of these
measurements to northern regions, as it disproportionately
removes data south of the periapsis latitude (see Figure 2).

[10] The selection of data that are not influenced by the
time-dependence of the GCR flux and the off-nadir viewing
geometries facilitates a characterization of the Al gamma
rays (v) as a function of altitude (Figure 3). This character-
ization is accomplished by summing GRS spectra by the
altitude of the spacecraft and determining the Al peak areas
for each summed spectrum. These peak areas are corrected
for the total data acquisition time and the detector live time
to determine the altitude-dependent count rate (C7') at the
detector (Figure 3). Determining the abundance of Al on the
surface of Mercury requires determining the fraction of C3'
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Figure 1. Summed gamma-ray spectra (black) in the region of the 1014- and 2211-keV gamma rays at
high- (>14,000 km) and low- (<2,000 km) altitudes. Fits to the 1014- and 2211-keV peaks and the back-
ground continuum are shown in solid red, overlapping peaks are shown as dashed red lines, and the fit to
the full spectrum is shown in blue. The fits were carried out following the formalism presented by
Peplowski et al. [2011b]. Measured count rates are listed on each plot. These data suggest that the mea-
sured Al count rates increase with decreasing altitude, but there is clearly a strong high-altitude back-

ground signal as well.

that originates from the planet. This task involves segregat-
ing the measured signal into its individual components in
order to isolate the planet-originating signal of interest from
all sources of background.

3. Source Component Analysis

[11] The correlation between the altitude of the MES-
SENGER spacecraft and the measured Al gamma-ray count
rates (Figure 3) indicates the need for an altitude-dependent
model for the total gamma-ray flux at the detector. This
section details a generic model for characterizing the mea-
sured gamma-ray flux as a function of altitude. This model
was applied to the MESSENGER GRS-measured Al peaks
(as described in section 4) as an example of its use.

[12] The measured gamma-ray flux at the detector (®3)
can be described in terms of its individual source compo-
nents, as it originates from three distinct sources: gamma
rays arising from spacecraft-incident GCRs (@SCR), gamma
rays arising from spacecraft-incident neutrons emanating
from the planetary surface (®7), and gamma rays emanating
directly from the planetary surface (®5). ®¥ is the signal of

interest, and @SCR and @7 are background signals. The
relationship between the measured flux and these source
components as a function of altitude is

e [Q(R), 1] = TN (O[1 — Q(h)] + [Q(O + ()| 2r) (1)

where / is the spacecraft altitude and €(%) is the fraction of the
unit sphere around the GRS that is subtended by the field of
view of the planet (hereafter referred to as the solid angle).
Equation (1) is based on the assumption that planet-originating
neutrons and gamma rays have identical, isotropic emission
from the planet, a choice that is justified in Appendix A. The
altitude-dependent solid angle subtended by the planet is

27 O
/ / sinddfdp
Q) =L 0 _ L= o () 2)
/ sinfdfdp
0 0
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where 6 defines the angle between the spacecraft nadir
direction and the horizon as viewed by the GRS:

\/[Rm + h]* — Ry
T (3)

0L (h) = acos R h
and Ry is the radius of Mercury (2440 km). As denoted in
equation (1), each component ($.) has a time dependence that
is driven by variations in the galactic cosmic ray flux. This
time dependence can be removed by correcting the measured
gamma-ray flux for variations in the GCR flux over time prior
to applying this formalism. For the subset of MESSENGER
GRS measurements of Al shown in Figure 3, the time
dependence was ignored by utilizing a subset of data over
which the GCR flux did not vary appreciably (see section 2).
The resulting model for the measured gamma-ray flux in terms
of its source components was reduced to a function of space-
craft altitude only.

3.1.

[13] The background component that dominates the GRS
measurements far from the planet results from interactions
between GCR-induced spallation neutrons generated within the
spacecraft itself and the materials that comprise the spacecraft.
The spacecraft neutron flux is composed predominantly of fast
(>1 MeV) neutrons, so neutron inelastic scattering reactions are
the primary source of background. Following typical nuclear
reaction conventions for the production of gamma rays by a
particle beam incident on a target the measured gamma-ray
flux resulting from this process (<I> R) is calculated as

Galactic Cosmic Ray-Induced Background

BN — e Ny [ o (BN ) )

E min

where E.,;, is the threshold energy of the neutron inelastic
scattering reaction, &, is the energy-dependent gamma-ray
detection efficiency, o.(E,) is the neutron-energy-dependent
gamma-ray production cross section in millibarns (mb; 1 mil-
libarn = 1027 cmz), NSR s the GCR-induced neutron flux in
the spacecraft in neutrons cm 2 min~ !, and N,, is the effective
amount of the material of interest (m) in the spacecraft expres-
sed as the number of atoms seen by the GRS, a quantity that
includes the relative attenuation of gamma rays produced by
this material and the distance from the GRS. As GCRs illumi-
nate the spacecraft from all directions, and neutrons are pro-
duced throughout the structure by highly penetrating GCR
protons, we treat NS® as a constant throughout the spacecraft.

3.2. Planet-Originating Signal and Background

[14] Close to the planet, there are two additional sources of
gamma rays. The first is the flux emanating from the planetary
surface (®%), which is the signal of interest and can be deter-
mined only by removing contributions to the measured signal
from all other sources. The second source is gamma rays
resulting from the excitation of spacecraft materials by neu-
trons emanating from the planetary surface (®7). Following
the formalism presented in equation (4), % is calculated as
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Figure 2. Sub-spacecraft position as a function of latitude and
longitude for the data set used in this analysis. The data set is
biased toward higher latitudes (>40°N) where the measurement
altitudes are lower and coverage of the surface is more com-
plete. The gaps at +=180° longitudes are the result of the restric-
tion to nadir angle <45° (see section 2). As a result, the most
comparable XRS measurements are the spatially resolved
northern plains values of Weider et al. [2012]. The location of
the northern volcanic plains [Head et al., 2011] is outlined by
the thin black line, and the Caloris basin interior plains are out-
lined by the thick black line. The nature of the MESSENGER
orbit and its impact on the coverage of Mercury’s surface is dis-
cussed in detail by Peplowski et al. [2012].

where Ni(E,) is the spacecraft-incident, planet-originating
neutron flux resulting from GCRs interacting at the planetary
surface. The quantity N5(E,) is moderated within the spacecraft
and is therefore not constant at all points within MESSENGER.
However, the GRS is most sensitive to gamma rays produced
close to the detector, where gamma-ray attenuation by GRS-
surrounding materials is minimal and the probability for
detection is larger. This situation is accommodated by the N,
term, which represents the attenuation and distance-weighted
amount of material m within the spacecraft. The quantity N,,
effectively places less weight on material deep within the
spacecraft structure, which is the material that is most affected
by the attenuation of the planetary neutrons. As a result, varia-
tions of N%(E,) within the spacecraft structure are assumed to
have a negligible effect on the measured ®7.

4. Data Reduction

[15] The formalism presented in section 3 can be applied to
the analysis of gamma rays from any element. This section
will utilize the 1014- and 2211-keV Al gamma rays in the
MESSENGER GRS data set (Figure 1) as an example of the
application of this technique. This analysis requires con-
verting C7' (Figure 3) to the measured gamma-ray flux at the
detector (®7), which was achieved by dividing C7' by the
detector area as viewed by the planet for each altitude bin (see
Appendix B) and the energy-dependent gamma-ray detection
efficiency (&,). The efficiency values (£1914 = 0.115 £ 0.028
and €17 = 0.060 £ 0.011) were derived from radiation
transport models of the efficiency of the GRS as described by
Peplowski et al. [2012], and their errors include the standard
deviation of the average value over the illuminated region of
the detector and the statistical precision of the simulations.
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Figure 3. The (toBP 1014- and (bottom) 2211-keV gamma-
ray count rates (C) versus altitude, illustrating the strong
altitude dependence of the GRS-measured signal. The dashed
line represents the solid-angle-corrected high-altitude count
rate, which is the only background component that is separa-
ble on the basis of altitude (see section 4).

[16] The first step in applying the source component anal-
ysis technique was to remove the ® R component from the
measured gamma-ray flux . Although equation (4) details
a method for calculating & GeR directly, the altitude depen-
dence of the signal detailed i 1n equation (1) facilitates a method
for removing this background component using the GRS-
measured hi chh-altltude count rate only. This method is possible
because ®.-" is directly proportional to the spacecraft-
incident GCR flux, which in the regime of time-invariant
GCR flux is a function only of the solid angle of the planet.
At high altitudes, the solid angle approaches zero and the
measured gamma-ray flux (equation (1)) consists entirely of
contributions resulting from spacecraft-incident GCRs as

@7 (h) Q(n)] (6)

lim "(h) — OIR[1 —
h—>14,000km Y
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The solid angle does not vary markedly in the high-altitude
regime, so equation (6) can be further reduced to

PUR(Q — 0) = Y, = 0.264 + 0.080 counts min ' cm >

PER(Q — 0) = 3Y,;, = 0.200 % 0.052 countsmin~' em >
where CIJ was determined from spectral analy51s of high-
altitude data shown in Figure 1. Quantifying <I> facilitates the
reduction of equation (1) to

S™(Q(R)) = B[1 — Q)] + [cpg + qﬂ Q(h) )

which in turn allows for the definition of a modified mea-
sured flux (®5") in which the contributions from @SCR have
been removed:

O (Q(R)) = DR(Q(R)) — BI[1 — Q(R)] = |82 + B] AR) (8)

This step leaves the planetary-neutron-induced background
@7 and the signal of interest ®F as the remaining contribu-
tions to the measured flux (Figure 4).

[17] The quantities @7 and ®% have identical solid-angle
dependencies (Appendix A) and therefore cannot be isolated
using the altitude of the spacecraft as was done to remove
contributions from <I> R In the case of the 1014- and 2211-
keV gamma rays, the model for the measured flux is given
by substituting equation (5) into equation (8) to yield

©

/ 01014 (En )N (Eq)dE+ ®F 4

Emin

@%14(9) = [NAI Q (9)

©

NAI/ 02211(En)Nr'f(En)dE+‘1’gzu}Q (10)

Emin

q’%]l(g) =

The energy-dependent gamma-ray production cross sections
o.(E,) were obtained from evaluated nuclear reaction mea-
surements [Kim et al., 2007] and are shown in Figure 5. The
planet-originating, spacecraft-incident neutron flux N§(E,) is
shown in Figure 6 and was calculated with MCNPX radiation
transport modeling codes of GCR-induced neutron produc-
tion (see Appendix C). In principle, the effective amount of
spacecraft Al seen by the GRS, N,,, can be determined from
knowledge of the spacecraft composition and geometry.
However, in practice this quantity was difficult to determine
with sufficient precision, as it reflects the solid-angle-weighted,
post-attenuation amount of material within the spacecraft as
observed by the GRS and was therefore left as an unknown
quantity. Because of the similarity of the attenuation of 1014-
and 2211-keV gamma-rays within a spacecraft-like composi-
tion [Berger et al., 1987], Ny is equivalent for both gamma
rays. This leaves two equations (equations (9) and (10)) and
three unknowns (NAls @?014, and (1)5211)-

[18] The decision to leave Na; as an unknown quantity
necessitates the removal of either ®F(,4 or ®5,;, as an unknown.
This step was accomplished through the use of radiation trans-
port codes for the production and transport of gamma rays
within a planetary surface. These codes, coupled with forward
modeling of gamma-ray transport and detector response, have
been successfully applied to the analysis of GRS data from the
Moon [e.g., Prettyman et al., 2006] and Mars [Boynton et al.,
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Figure 4. GRS-measured flux for the (top) 1014- and
(bottom) 2211-keV Al gamma rays following the removal
of the spacecraft-incident GCR background (equations (9)
and (10)). Fluxes were calculated from the count rates in
Figure 2 by dividing by the cross-sectional area of the detec-
tor (25.6 & 4.5 cm”; see Appendix B). The thin dashed line
denotes a flux of zero, and the agreement between this value
and the high-altitude fluxes demonstrates the removal of the
high-altitude component of the measured gamma-ray flux.

2007]. The code developed for Mars Odyssey has been modi-
fied for the analysis of MESSENGER GRS data [Evans et al.,
2012] and was applied to this analysis to calculate the mea-
sured count-rate ratio for the two Al gamma rays. The modeled
ratio between the 1014- and 2211-keV gamma-ray fluxes at
the detector over all altitudes for an assumed surface compo-
sition [see Evans et al., 2012] adopted on the basis of earlier
MESSENGER geochemical measurements was found to be

(11)

The error includes two sources; the first is the altitude depen-
dence for this ratio, where that error was chosen to include all
possible values of the ratio for the altitude range of the MES-
SENGER orbit, and the second is the uncertainty in the
effective area of the detector, as the forward-model output was
in the form of simulated count rates, which were therefore
converted to fluxes using the same procedure as that utilized
for the measured count rates (Appendix B). Casting ®5,;; as a

D5yy; = (1.09 £0.02)@%,,,
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function of ®F,4 leaves equations (9) and (10) with just two
unknowns, N, and ®%; 4.

L'wi Following the removal of the GCR-induced signal
(I>7C as detailed in equation (8), the measured 1014- and
2211-keV gamma ray fluxes were characterized as functions
of the solid angle and are plotted in Figure 7. This procedure
is based on the assumption of a linear relationship between
the measured count rate and the solid angle. A linear fit of
flux versus solid angle is supported by the data, but there may
be a nonlinear dependence due to limb darkening [e.g.,
Maurice et al., 2004] that would be consistent within the
errors in these measurements (see Appendix A). Linear fits to
these data and their errors resulted in empirically derived
relations for the gamma-ray flux as a function of solid angle:

N, = AQ + B = (2.358 £ 0.219)Q

+(—0.014 + 0.002) [min cm?] ' (12)
PN = CQ+D = (2477 +0.274)Q

+(—0.014 + 0.004) [min cm?] ' (13)
The near-zero values for B and D reflect the removal of R

from the data, as equation (8) requires P to be zero as
Q—0. Their difference from zero suggests that the @SCR
correction was slightly too large (~0.05%). As B and D are
small, they are neglected, and equations (12) and (13) are
compared with the empirically derived values 4 and C from
equations (9)—(11) to yield

1 }Q:

: 2

{2.358 +0.219
min cm

|:NA1 / o1014(En)NY (En)dE + @11)014} Q

E min

{2.477 +0.274
[NAI /
Emin

(15)

To solve for Ny and ®Yg4, the solid angle dependence was
divided out and the remaining components in these equations
were calculated by evaluating the integrals in each equation
from the modeled neutron fluxes (Figure 6) and experimen-
tally measured gamma-ray production cross sections
(Figure 5) to yield

. 5] Q=
min cm

UZZII(EH)NE(EH)dE_F (] 09 i 002) . ¢€014:| Q

©

. _ 25 Y
/ o1014(Ex)NY (En)dE = 3.03 x 10 min Ny, (16)
Emin
. _ 25 Y
/ 02211 (En)Ny (Ey)dE = 2.18 x 10 min Ny (17)

Emin

Substituting these values into equation (15) and solving for
Naj gives

Nai = (1.14 £0.13) x 10% — [(5.01 £ 0.09) x 10**]®%;,, atoms
(18)
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Figure 5. Gamma-ray production cross sections for the 1014- and 2211-keV neutron inelastic scattering
reactions as a function of the incident neutron energy. These values originate from evaluated cross section
data that were previously applied to the analysis of Mars Odyssey Gamma-Ray Spectrometer data [Kim

et al., 2007].

Substituting equation (18) into equation (14) results in
a planetary—originating 1014-keV gamma-ray flux of
2.092 + 0.856 g min~ ' cm 2. Dividing this number by the
fitted 1014-keV gamma-ray flux (4, equation (15)) reveals
that 89 + 37% of the measured flux originates from the
surface of Mercury. As is the convention throughout this
manuscript, the quoted errors are the one-standard-deviation
statistical errors of the measurements and the systematic

errors previously mentioned (e.g., detector area, detection
efficiency). As any value above 100% is unphysical, this
value is recast as 887:3%.

[20] The final step in determining the Al abundance is to
use the fitted peak values (Figure 1) to determine the portion
of the measured 1014-keV count rate that is due to planetary
gamma-ray emission. The average solid angle for the low-
altitude data is 0.22, and following equation (8) we calculate

T ¥ T % T

MCNPX Modeled Surface Neutron Flux T

T X T L T

N, [neutrons/(cm’ s MeV)]

Energy [MeV]

Figure 6. MCNPX-modeled neutron flux emanating from the surface of Mercury as a result of galactic-
cosmic ray-induced nuclear spallation in the near surface (uppermost tens of centimeters). The structure
observed in the energy range 1 to 10 MeV (inset) originates from resonant reactions within nuclei at these
energies and also reflects higher-resolution simulations in this region.

7 of 13



PEPLOWSKI ET AL.: Al ABUNDANCE ON THE SURFACE OF MERCURY

EO00L10

| (-0.015 +0.001) + Q (2.358 +0.219) L4

| (-0.017 +0.003) + Q3 (2.447 +0.274) P

EO0L10
0.8 i i
[ 1014-keV Gamma Ray

- 06

£

o

~

£ r

£ 04 p

< I o

2 %

c r g

s [

° [~

S 02 %

- | ’
- =
2 | .

g " R 3 !

S oote”
-0.2-‘,..|....|‘..‘
0.8 T T

[ 2211-keV Gamma Ray

—. 06

o~

£

2 L

5

'E 04

E |

3 ,/,

N P

S | 3

S o2r- 1

:(‘ I g

£ [oo®

€ oo
-0.2_-...|....|....

0.00 0.05 0.10

0.15 0.20 0.25 0.30

Solid Angle ()

Figure 7. GRS-measured gamma-ray fluxes (Figure 3) as a function of the altitude-dependent solid angle
(equation (2)). The dashed lines represent linear fits to the data following equations (12) and (13).

the low-altitude count rate without contributions from the
GCR-induced signal (C**") to be

Ch, = Chy — CI¥L (1 — Qpa] = 1.22 £ 0.16 counts min ™!

(19)

where C™* and C"™* are the low- and high-altitude count
rates, respectively. The measured gamma-ray count rate origi-
nating from the surface of Mercury is then C** x 88"%% =
1.087%%% counts min~"'. Evans et al. [2012] determined the
1779-keV  Si planetary gamma-ray count rate to be
2.17 £ 0.03 counts/min, which provides a 1014/1779-keV
count rate ratio of 0.507%%. Comparing this value to the
forward-model-derived count rate ratio of 0.39 for an
assumed Al/Si abundance ratio of 0.23 provides a GRS-
measured Al/Si abundance ratio of 0.29%%3.

5. Results and Implications

[21] The Al/Si ratio derived from the background reduc-
tion technique presented here (0.2975%°%3) includes errors that
originate from the statistical precision of the gamma-ray
measurements and the fitting procedures carried out during
this analysis, including the fits of the measured fluxes versus
solid angle. In principle, additional errors are present that
originate from uncertainties in our modeled Mercury neutron

flux as well as from the nuclear reaction cross sections.

However, a comparison of our values with those derived
from the MESSENGER XRS [Nittler et al., 2011] suggests
that these errors may be minimal, since the XRS-derived Al/
Si abundance ratios (0.17 £ 0.02 to 0.28 4+ 0.03) are con-
sistent with the one-standard-deviation uncertainties of the
GRS-derived value. The two XRS footprints reported by
Nittler et al. [2011] that overlap the GRS-measured regions
produced values of 0.19 £+ 0.03 and 0.22 £ 0.05, again
consistent with the Al abundance derived from the 1014-keV
gamma ray. Similarly, the XRS-derived, northern-hemi-
sphere Al/Si abundance ratios presented by Weider et al.
[2012] have an average value of 0.22 in the northern area of
intercrater plains and heavily cratered terrain and 0.26 in the
northern volcanic plains [Head et al., 2011], which corre-
spond to the two most common terrain types sampled by the
GRS measurements. The nature of the MESSENGER orbit
about Mercury, coupled with the selection of GRS data
acquired at nadir angles of <45°, biased the present result to
measurements taken over the northern volcanic plains (see
Figure 2), and therefore the XRS value of 0.26 is most com-
parable to the GRS-derived value (0.29°%%%). Any comparison
of GRS and XRS data should take note of the differences in the
sampling depths of the techniques, as X-ray spectroscopy is
sensitive to elemental composition within <100 pm of the
surface compared with the sensitivity of gamma-ray spec-
troscopy to the uppermost tens of centimeters.
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[22] Like the XRS results, the GRS-derived Al/Si abun-
dance ratio differs significantly from those of lunar high-
lands material (0.6-0.9) [Papike et al, 1998] but is
consistent with those of terrestrial komatiites (0.1-0.3) and
basalts (0.2-0.4) [Lodders and Fegley, 1998]. This finding
supports the conclusion of Nittler et al. [2011] that a global,
plagioclase-rich crust similar to that of the lunar highlands
may be ruled out. The GRS-measured Al/Si abundance ratio
is also consistent with compositions resulting from partial
melts of CB (0.35) [Taylor and Scott, 2003] or enstatite (0.3)
[McCoy et al., 1999] chondrites, supporting the conclusions
of Peplowski et al. [2011b] and Nittler et al. [2011] that the
near-surface composition of Mercury is consistent with that
of a planet that formed from highly reduced precursor
material, perhaps akin to enstatite chondrite meteorites.

[23] These results also have implications for previously
reported MESSENGER GRS measurements. Rhodes et al.
[2011] reported an analysis of GRS data acquired during
the three MESSENGER flybys of Mercury prior to orbit
insertion. Their analysis used the 1014-keV Al gamma-ray
to define a “background amplification factor” (4¢) as

CLow
Apc = i (20)
where C°" and C™'&" are the measured count rates in the
low- and high-altitude spectra, respectively. In terms of the
source component analysis technique presented here,
equation (20) corresponds to

[CP + CN + CGCR}LOW
[CGCR}High

(1)

Apc =

where C*, CN, and CR are the altitude-dependent count
rates originating from planetary gamma-ray emission, plan-
etary neutron-induced emission within the spacecraft, and
GCR-induced emission within the spacecraft, respectively.
The altitude dependencies of these components are described
in equation (1). Since the GRS is surrounded by Al, and in the
absence of any supporting measurements from the XRS
during the flybys, Rhodes et al. [2011] assumed that for the
1014-keV line, CN> C”, such that equation (21) was reduced
to:

. [CGCR 4 CN] low

jcacr] et -

Apc

In this scenario, the measured A4z (equation (20)) describes
the low-altitude background C™ + C9® in terms of its
magnitude relative to the high-altitude background CR,
Analysis of the 1014-keV Al peak measurements from the
flybys provided a background amplification factor of
2.10 £+ 0.4. This factor was used to determine the back-
grounds for the Fe, Ti, and Si gamma rays presented in that
work by multiplying the high-altitude count rates by 4p¢ to
determine the low-altitude backgrounds. With these back-
ground estimates, Rhodes et al. [2011] provided the first
measurements of the elemental composition of the surface of
Mercury from MESSENGER.

[24] The source component analysis procedure presented
here indicates that the planetary-originating contribution to
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the measured 1014-keV gamma ray is 88"%3%, meaning that
the assumption of C™ > C* was not valid. On the basis of
MESSENGER XRS measurements that indicate low Ti
abundances (<1 wt%) on the surface of Mercury [Nittler
et al., 2011], the 983-keV Ti peak meets the requirement
of CN > C" and was therefore used to determine the back-
ground amplification factor (1.49 £ 0.10) derived by
Peplowski et al. [2012] and utilized by Evans et al. [2012] to
determine the abundances of stable elements on the surface
of Mercury. Amplification factors are altitude dependent,
and the Ti-derived amplification factor was determined
using an elevation cutoff for the low-altitude data of
2000 km, which differs from the cutoff of 2500 km utilized
by Rhodes et al. [2011] to derive their amplification factor of
~2. The difference in the two altitude cutoffs suggests that
the divergence between the two amplification factors is
larger than suggested by a simple comparison of the two
values. As a result, the background corrections of Rhodes
et al. [2011] overestimate the low-altitude backgrounds
and therefore underestimate the planetary signal for the flyby
measurements. Later publications on the analysis of orbital
data [Peplowski et al., 2011b, 2012; Evans et al., 2012]
should be referenced for accurate abundances.

[25] Application of the Ti-derived background amplifica-
tion factor to elements other than Ti requires scaling by the
relative integrated cross sections, as each element has a
different cross section and samples a distinct portion of the
energy-dependent neutron flux. For example, taking the ratio
of the integrated cross section for the 983-keV Ti line to that
for the 6129-keV O line yields

©

0983 (E,,)NP(E)C[E

n

983 keV

=286 (23)

O'(,]29(En)N£(E)dE

6129 keV

where ggg; is the 983-keV gamma-ray production cross sec-
tion for neutron inelastic scattering on Ti, and o¢;59 is the
6129-keV gamma-ray production cross section for neutron
inelastic scattering on O. The difference between the inte-
grated cross sections is primarily attributable to the energy-
dependence of the planetary neutron flux (see Figure 6), as the
6129-keV threshold limits the gamma-ray production to
excitation by the portion of the planetary neutron flux with an
integrated number of neutrons much smaller than the equiva-
lent integral with a threshold of 983 keV. As a result, we
expect that the 6129-keV spacecraft backgrounds originating
from excitation by planet-originating neutrons will have a flux
that is a factor of 2.86 less than that of the 983-keV peak. This
result means that Ti is a better choice for defining a back-
ground amplification factor than Al, but that any amplification
factor derived from a single peak must be modified by the ratio
of the cross sections (e.g., equation (23)) before being applied
to other gamma-ray peaks as was done by Evans et al. [2012].

6. Further Applications

[26] The background reduction technique presented here
has been successfully applied to the measurement of Al on
the surface of Mercury. This technique can also be applied to
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other elements, as well as data from other gamma-ray
spectrometers, provided the altitude-dependent gamma-ray
flux for two gamma rays from a given element can be
measured and characterized with forward modeling. Exam-
ples of other elements for which this procedure may be
carried out in the MESSENGER GRS data set include Ti
(983- and 1312-keV) and Fe (846- and 1238-keV), although
the analysis of these peaks is complicated by the frequent
activation of long-lived radioisotopes with identical gamma
decays by solar energetic proton events, and by the low
planet-originating fluxes for these gamma rays. In principle,
it is also possible to use this method to analyze gamma rays
originating from neutron capture reactions. However, this
procedure is complicated by the moderation of the planetary
neutron flux to thermal energies within the spacecraft as well
as the altitude dependence of thermal neutrons, which are
gravitationally bound to the planet and therefore have a
different altitude dependence from that for fast neutrons.

[27] Gamma-ray measurements made with any spacecraft
that varies markedly in altitude can benefit from this proce-
dure. For example, it may be possible to use this procedure
for the analysis of data from the Gamma-Ray and Neutron
Detector (GRaND) instrument on the Dawn spacecraft
[Prettyman et al., 2011]. This instrument, like the MES-
SENGER GRS, is body mounted and therefore measures
spacecraft-originating backgrounds in addition to the plan-
etary signal of interest. GRaND operated during the slow
approach of Dawn to Vesta, the high-altitude (680 km)
orbital mapping, and the transfer to and operation in the low-
altitude (210 km) mapping orbit. As a result, the altitude
dependence of the GRaND-measured gamma-ray peaks can
be characterized, facilitating the use of the source compo-
nent analysis technique presented here.

Appendix A: Non-isotropic Solid Angle

[28] For this work we assume an isotropic solid-angle
dependence for neutron and gamma-ray emission from the
surface of Mercury. Fits to the measured 1014- and 2211-keV
fluxes versus solid angle (Figure 7) support this assumption,
although some anisotropy is consistent within the errors of the
data. The magnitude of the Al flux errors, coupled with the fact
that the measurements include contributions from both @7 and
@Y, prohibits using the Al measurements to determine the
magnitude of any non-isotropic neutron and gamma-ray
emission. Other MESSENGER measurements are combined
with previous analysis of Lunar Prospector (LP) data to better
constrain non-isotropic emission in the MESSENGER Al
gamma-ray measurements and its impact on the assumed
solid-angle dependence used in this analysis.

[29] Non-isotropic neutron emission has been observed in
LP Neutron Spectrometer (LPNS) measurements of the lunar
neutron albedo by Maurice et al. [2004], who defined the
solid angle as

Q(h) = [1 — cosOmax ()] (A1)
where / is the same as for equation (2) and 6,,, is 6. Here
Q(h) is the fraction of 27 sr subtended by the field of view of
the planet, which differs from the definition in equation (2),
i.e., the fraction of 47 sr. MCNPX models of planetary
neutron emission were used to develop a function to describe
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Figure Al. The 1779-keV Si gamma-ray flux as a function
of solid angle (€2). Lines indicating (red) isotropic gamma-
ray emission (equation (A2), 7 = 90°) and (blue) the maxi-
mum non-isotropic emission allowed by the data (n = 70°)
to within the one-standard-deviation errors are included.

non-isotropic solid-angle emission due to limb darkening by
modifying equation (A1) as

Q(h) = (1 — cosw(h)) (A2)

where

v(h) = (ﬁ sim]) (A3)
Here, 7 is a parameter that describes the degree of the non-
isotropic neutron emission, with an 7 value of 90° repre-
senting isotropy. LPNS measurements of lunar neutrons
over an altitude range of 10 to 4000 km were used to
empirically derive an 7 value of 80°.

[30] The formalism of Maurice et al. [2004] has been applied
to MESSENGER Neutron Spectrometer (NS) measurements of
fast (>700 keV) neutrons from Mercury as part of the ongoing
analysis of MESSENGER NS data. Removing the effects of the
spatially dependent detection efficiency of the MESSENGER
NS, an 7 value of 75° was determined, close to the lunar value
of 80°. In the altitude range of the MESSENGER orbit about
Mercury (200 to 15,200 km), the deviation between the iso-
tropic and non-isotropic emission increases with increasing
solid angle. For n = 75°, the difference is <10%, with the iso-
tropic case overestimating the neutron flux from non-isotopic
emission. Including this factor in the analysis presented in
section 4 would correspond to a smaller contribution from 7 to
@7, as fewer neutrons are reaching the spacecraft than has been
assumed. As the final result is already inclusive of &7, = 0 within
the one-standard-deviation errors, including non-isotropic neu-
tron emission does not modify the results presented here.

[31] The 1779-keV Si gamma ray has a higher count rate
than the Al gamma rays and is known to have minimal con-
tributions from GCR- and planetary-neutron-induced gamma-
ray production [Evans et al., 2012]. As a result, it serves as the
best empirical measure of non-isotropic gamma-ray emission.
Following the peak analysis procedure outlined by Peplowski
et al. [2012], the 1779-keV count rate has been determined as
a function of solid angle using data acquired at an angle 6,, from
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the nadir direction of 15° or less. This stringent nadir-angle
restriction ensures that any measured variation is not the result
of variable viewing geometry. The 1779-keV count rates are
converted to gamma-ray fluxes (see section 3 and Appendix B)
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and plotted versus solid angle in Figure Al. As was the case
with the 1014- and 2211-keV lines, a linear relation between the
measured flux and solid angle is found to be consistent with the
data, although some non-isotropy (7 > 70°) is permitted within
the one-standard-deviation errors. This result is consistent with
the measured 7 for fast neutrons measured with the MES-
SENGER NS and demonstrates that there is no measurable
difference between the solid-angle dependencies for neutrons
and gamma rays reaching the spacecraft.

Appendix B: Detector Cross-Sectional Area

[32] Deriving measured gamma-ray fluxes from measured
count rates requires dividing by the cross-sectional area of the
detector as seen by the planet. Unlike previous gamma-ray spec-
troscopy experiments, which maintained planet-facing orientations
throughout their orbital observations, the MESSENGER
GRS frequently points off-nadir [Peplowski et al., 2012]. As
aresult, the area of the detector varies throughout the data set
used in this analysis. The gamma-ray-sensitive volume of the
GRS is a cylindrical crystal of high-purity Ge [Goldsten
et al., 2007], and the total area of a cylinder (47) projected
onto a surface as a function of angle is

A7 = A + 24, = 2rHsinf + 7r*cosd (B1)

where » and H are the radius and height of the cylinder,
respectively, and € is the angle between the cylinder axis and
the nadir direction. 4. and A, along with the coordinate
system for this system, are shown in Figure B1. The dimen-
sions of the cylinder are 5 cm diameter by 5 cm length, and
the nadir angle 6, is equivalent to 6, making equation (B1)
equivalent to

Ar(6y) =25 cm’siné, + 19.6 cm?cosf, (B2)

which has a minimum area of 19.6 cm? at 0° and a maximum
area of 31.8 cm? at 38°.

[33] The distribution of nadir angles found in this data set
is shown in Figure B2, which includes a maximum allowed
value of 45° in the low-altitude (<2000 km) range to limit
the attenuation of gamma rays by GRS-surrounding

T T T T T T T
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Figure B2. (left) Allowed values for the nadir angle of the MESSENGER GRS as a function of altitude
for each individual spectrum used in this analysis. (right) A histogram of the corresponding values for the
cross-sectional area shows the range and distribution of the areas utilized in this analysis.
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Table C1. Mercury Surface Composition Adopted for MCNPX
Calculations of Neutron Flux

Element Isotope® Abundance (wt%)
Oxygen o) 44.89
Magnesium 2 Mg 12.2
Aluminum 27A1 5.73
Silicon ;i 24.4
Sulfur 328 2.20
Chlorine ¢y, ¥cl 0.15, 0.05
Potassium 39 0.10
Calcium 40Cq 4.88
Titanium HTi 0.78
Chromium S0¢r, 32Cr, 33Cr, 3*Cr 0.02, 0.41, 0.05, 0.01
Manganese >Mn 0.49
Iron S4Fe, *Fe, *"Fe, *°Fe 0.21, 3.36, 0.08, 0.01

“Individual isotopes are included for elements whose neutron-absorbing
cross sections vary appreciably for each isotope. The surface composition
was taken from initial MESSENGER geochemical results [Lawrence
et al., 2010; Nittler et al., 2011; Peplowski et al., 2011b].

spacecraft components [Peplowski et al., 2012]. These
allowed nadir angles permit a large number of possible
values for A7(6,), which are also shown in Figure B2. For
each altitude range considered in this analysis (Figure 3), the
mean and standard deviation of the detector area were cal-
culated (25.6 + 4.5 cm?) and used to convert the measured
count rates to the gamma-ray flux at the detector (Figure 4).

Appendix C: Planetary Neutron Flux

[34] The surface neutron flux used in this analysis was
calculated following the methodology of Lawrence et al
[2010], which was based on previous calculations for lunar
soils [McKinney et al., 2006; Lawrence et al., 2006]. These
calculations used the Monte Carlo particle transport code
MCNPX [Pelowitz, 2005] to create full-planet simulations of
GCR-induced neutron emission from the surface of Mer-
cury. The input for these models is an assumed surface
composition (see Table C1) and an incident GCR proton
flux. The GCR energy-dependent flux spectrum was char-
acterized using the parameterization for protons and alpha
particles given by Masarik and Reedy [1996] that depends
on a solar modulation parameter, ¢, to characterize both the
shape and absolute normalization of the spectrum. To obtain
the solar modulation parameter, Earth-based south-pole neu-
tron monitor data from the Bartol Research Institute Neutron
Monitor (University of Delaware Bartol Research Institute
Neutron Monitor Program, http://neutronm.bartol.udel.edu)
were used in conjunction with the procedure of McKinney
et al. [2006] to estimate that ¢ = 461 MV during the data
acquisition period considered here. This value corresponds to
an incident particle normalization of 4.44 particles cm > s~ !,
which was used to normalize the output of the MCNPX
models to produce the absolute neutron flux (Figure 6). The
use of absolute neutron fluxes is justified by previous work
that has benchmarked similar simulations to Apollo 17 drill-
core neutron measurements [McKinney et al., 2006] as well as
MESSENGER NS flyby measurements of planetary neutron
emission [Lawrence et al., 2010], the latter of which demon-
strated an ability to model the absolute neutron count rates to
better than 10%. On that basis, the absolute neutron flux sim-
ulated here was used to determine the spacecraft-originating
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gamma-ray fluxes for the 1014- and 2211-keV Al gamma rays
(see section 4).
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