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The first map of variations in the abundances of thermal-neutron-absorbing elements across Mercury’s
surface has been derived from measurements made with the anti-coincidence shield on MESSENGER’s
Gamma-Ray Spectrometer (GRS). The results, which are limited to Mercury’s northern hemisphere, per-
mit the identification of four major geochemical terranes at the 1000-km horizontal scale. The chemical
properties of these regions are characterized from knowledge of neutron production physics coupled
with elemental abundance measurements acquired by MESSENGER’s X-Ray Spectrometer (XRS) and
GRS. The results indicate that the smooth plains interior to the Caloris basin have an elemental composi-
tion that is distinct from those of other volcanic plains units, suggesting that the parental magmas were
partial melts from a chemically distinct portion of Mercury’s mantle. Mercury’s high-magnesium region,
first recognized from XRS measurements, also contains high concentrations of unidentified neutron-ab-
sorbing elements. At latitudes north of �65�N, there is a region of high neutron absorption that corre-
sponds closely to areas known to be enhanced in the moderately volatile lithophile elements Na, K,
and Cl, and which has distinctly low Mg/Si ratios. The boundaries of this terrane differ from those of
the northern volcanic plains, which constitute the largest geological unit in this region.

� 2015 Elsevier Inc. All rights reserved.
1. Introduction

Measurements of Mercury’s surface composition provide
fundamental insights into the formation and evolution of the inner-
most planet. The MErcury Surface, Space ENvironment,
GEochemistry, and Ranging (MESSENGER) spacecraft (Solomon
et al., 2007) has been performing a detailed investigation of the geo-
chemistry of Mercury’s surface since orbit insertion on 18 March
2011. Key measurements are being acquired by MESSENGER’s
X-Ray Spectrometer (XRS) (Schlemm et al., 2007) and Gamma-Ray
and Neutron Spectrometer (GRNS) (Goldsten et al., 2007). To date,
data from these instruments have yielded elemental abundances
for H, K, Th, and U, as well as elemental ratios by weight of Na/Si,
Mg/Si, Al/Si, S/Si, Cl/Si, Ca/Si, Ti/Si, Cr/Si, Mn/Si, and Fe/Si (Nittler
et al., 2011; Peplowski et al., 2011, 2012, 2014; Evans et al., 2012,
2014; Starr et al., 2012; Weider et al., 2012, 2014, 2015; Lawrence
et al., 2013a). Spatially resolved measurements have been produced
for a subset of these measurements, including H, Na/Si, Mg/Si, Al/Si,
S/Si, Cl/Si, K, Ca/Si, Fe/Si, and Th. These results have confirmed the
presence of an iron-poor crust, revealed that the surface is not
depleted in moderately volatile elements (Na, K, Cl, and S), and
demonstrated a geochemical diversity that is dominated by Mg-rich
materials (Stockstill-Cahill et al., 2012).

The coverage, spatial resolution, and statistical precision of the
MESSENGER surface composition measurements vary from ele-
ment to element. This heterogeneity complicates a thorough
understanding of the geochemical diversity of Mercury’s surface
and prompts a need for additional compositional observations
and a synthesis of multiple datasets. We present an analysis of
neutron measurements acquired with the anti-coincidence shield
(ACS) on MESSENGER’s Gamma-Ray Spectrometer (GRS), a portion
of the GRNS instrument. With these measurements we examine
the bulk concentrations and variability of neutron-absorbing
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elements across Mercury’s surface. By combining these measure-
ments with other MESSENGER datasets, we are able to define
and characterize four major geochemical terranes in Mercury’s
northern hemisphere. This information provides a basis for
examining the evolution of magmas erupted onto Mercury’s sur-
face, i.e., those that formed both its older, heavily cratered regions
and younger volcanic plains.

2. Neutron measurements

2.1. Neutron production

Neutron spectroscopy is one of several techniques for
investigating the chemical composition of a planetary surface.
Neutron production on Mercury results from interactions initiated
by galactic cosmic rays (GCRs), extra-solar particles (primarily pro-
tons) with energies ranging from <10 to >10,000 MeV/nucleon.
GCRs constantly bombard Mercury’s surface, penetrating to depths
of a few meters and producing high-energy (En = �1–100 MeV)
neutrons via nuclear spallation. The portion of Mercury’s near-sur-
face volume sampled by measurements of these neutrons is here-
after referred to as the regolith for convenience, although it most
likely also contains consolidated material.

The spallation neutron flux is proportional to the average
atomic mass ðhAiÞ of the regolith (Gasnault et al., 2001). hAi is a
bulk quantity that is calculated by summing over all of the ele-
ments comprising the regolith as

hAi ¼
X

i

f iAi ¼
X

i

wi

Ai

" #�1

; ð1Þ

where f i is the number fraction, Ai is the atomic mass, and wi is the
weight fraction for each element i. Spallation neutrons account for
the highest-energy (>0.5 MeV) portion of the planetary neutron
flux, an energy regime that is typically termed ‘‘fast neutrons.’’ A
portion of the fast neutron flux is moderated via scattering reac-
tions within the regolith to lower (epithermal) energies of 0.5 eV
to 0.5 MeV. The epithermal neutron flux is sensitive to the light-ele-
ment content of the regolith, in particular H, as energy loss via scat-
tering is inversely proportional to the mass of the scattering nuclei.
Finally, a fraction of the epithermal neutron population is further
down-scattered to very low (<0.5 eV) energies, where they reach
thermal equilibrium with the surface.

In this thermal neutron regime, neutrons gain energy as effi-
ciently as they lose it, and as a result a temperature-dependent
Maxwellian distribution develops. The magnitude of this dis-
tribution increases until it reaches equilibrium with the rate of
absorption and losses to space, making it an indicator of the total
neutron absorption capacity of the regolith. This capacity is quan-
tified by a parameter called the macroscopic neutron absorption
cross section, Ra, a bulk quantity of the regolith that is calculated
from the sum of the individual abundance-weighted microscopic
thermal-neutron-absorption cross sections ðriÞ of each element i
as

Ra ¼ NA

X
i

wi

Ai

� �
ri; ð2Þ

where NA is Avogadro’s number (6:022� 1023 atoms/mole) and ri is
taken at a reference energy of 0.0253 eV from the Evaluated Nuclear
Data File (ENDF VII), as given by Chadwick et al. (2011). The cal-
culation is made under the assumption that all ri have an identical
energy dependence inversely proportional to particle velocity. This
assumption ignores the presence of cross-section resonances, a sim-
plification that is justified by the close agreement between our ri

values (Table 1) and those of Prettyman et al. (2013), who explicitly
included all resonances. Following Elphic et al. (2000), Ra is
expressed in units of 10�4 cm2/g. When Ra is multiplied by the rego-
lith density (g/cm3), the product is proportional to the probability
per unit path length that a thermal neutron will be absorbed.

2.2. Neutron measurements with the Gamma-Ray Spectrometer

This study uses neutron measurements from the anti-coinci-
dence shield on the MESSENGER GRS. The ACS is a borated plastic
(BC454) scintillator with a photomultiplier tube (PMT) readout.
The primary function of the ACS is to act as an anti-coincidence
detector to veto charged-particle (e.g., GCR) events in the GRS
high-purity germanium (HPGe) gamma-ray sensor. The ACS is also
sensitive to neutrons via the reaction

10Bþ n! 7Liþ a:

The 7Li and a daughter products deposit their energy in the ACS, and
those energies sum to the characteristic energy released by this par-
ticular neutron capture reaction. This sum manifests as a peak in
the ACS spectra (Fig. 1), for which the total count rate is propor-
tional to the neutron flux at the detector.

Because of the ACS geometry, which includes two optically con-
nected but distinct sensor components, an annular cylinder and a
thick disk (Goldsten et al., 2007), two separate neutron peaks are
observed in the ACS spectra. The lower channel peak (peak 1 in
Fig. 1a) is attributed to the top half of the sensor (the annulus),
and the higher channel peak (peak 2 in Fig. 1a) is attributed to
the bottom half of the sensor (the disk). The apparent energy
(channel) difference is due to differences in the total light output
measured by the PMT, as the disk is closer to the PMT and therefore
has a higher effective light output than the annulus. That the lower
channel peak originates from the annulus is supported by ground
calibration measurements on the spacecraft-integrated instrument
prior to launch. During that test, an AmBe neutron source was
placed in the field of view of the annulus but outside the field of
view of the disk. The measured spectrum had a single peak at
the location of peak 1. Our analysis is limited to using the annu-
lus-measured neutron events because of the higher signal-to-back-
ground of peak 1 (Fig. 1b).

Following the expected end of life of the HPGe cryocooler,
which prohibited further acquisition of gamma-ray measurements,
the GRS was repurposed via a flight software upgrade on 25
February 2013 to maximize the neutron measurement capabilities
of the ACS. ACS neutron measurements are complementary to
those of the MESSENGER Neutron Spectrometer (NS; Goldsten
et al., 2007). The ACS is situated on the main instrument (+z in
spacecraft-fixed Cartesian coordinates; Leary et al., 2007) deck of
the spacecraft, which generally faces the planet at low altitudes.
This placement contrasts with that of the NS, which is located on
the anti-sunward (+y) deck and has a highly variable view of
Mercury’s surface. As a result, the ACS measurements are subject
to smaller systematic variability than is observed in the NS mea-
surements (e.g., Lawrence et al., 2013a). Unlike the NS, which has
the capability to segregate the thermal, epithermal, and fast neu-
tron signals, the ACS observations provide a single measure that
includes contributions from all three neutron-energy bands.

2.3. Composition information from ACS measurements

Our inability to differentiate between thermal, epithermal, and
fast neutrons with the ACS measurements complicates the use of
this dataset to derive surface composition information. This situa-
tion is partially analogous to Lunar Prospector (LP) ‘‘moderated
neutron’’ measurements (Genetay et al., 2003), which were also
derived from a BC454 anti-coincidence shield. Unlike the



Table 1
Model surface compositions used in radiation transport modeling.

Z A (amu) ra
a (barns) Model compositionb (wt%)

F1 P1 F2 P2 P3 F3 P4

O 8 15.99 1.91 � 10�4 46.4 48.55 43.6 40.73 44.96 43.5 48.15
Na 11 22.99 0.528 3.2 1.52 0.40 2.37 2.61 3.2 5.32
Mg 12 24.31 0.063 9.1 6.35 13.9 19.66 12.28 9.1 5.60
Al 13 26.98 0.234 7.0 9.03 5.4 2.84 6.53 7.0 3.36
Si 14 28.09 0.165 27.5 28.32 24.2 23.68 26.13 25.1 27.99
S 16 32.06 0.514 1.6 1.41 2.2 3.08 1.83 1.6 2.52
Cl 17 35.45 33.2 – 0.05 – 0.12 0.13 – 0.42
K 19 39.10 2.06 0.5 0.04 0.2 0.03 0.04 0.5 0.18
Ca 20 40.08 0.436 4.2 3.67 4.6 5.57 3.40 4.2 5.32
Ti 22 47.87 5.99 0.2 0.34 0.2 0.28 0.31 0.2 0.34
Cr 24 52.00 3.04 – 0.14 – 0.12 0.13 – 0.14
Mn 25 54.94 13.4 – 0.11 – 0.09 0.10 – 0.11
Fe 26 55.85 2.56 0.7 0.56 0.9 1.42 1.57 6.3 0.56
Th 90 232.04 7.34 – 1.26 � 10�5 – 1.24 � 10�5 1.25 � 10�5 – 1.23 � 10�5

U 92 238.03 3.38c – 9.11 � 10�6 – 8.96 � 10�6 9.03 � 10�6 – 8.87 � 10�6

hAi (amu)d 20.7 20.57 21.0 21.36 20.90 21.5 20.65
Ra (10�4 cm2/g)d 27.0 30.86 31.0 37.57 38.37 41.5 56.14

a Calculated from isotope-specific rðn; cÞ values at 0.0253 eV from Chadwick et al. (2011) and standard (terrestrial) isotopic abundances. Units are barns, where
1 barn = 10�24 cm2.

b ‘‘F’’ models were subject to full-mission radiation transport simulations (see Section A.2). ‘‘P’’ models were subject to partial simulations (modeled neutron fluxes
convolved with the ACS detector response; see Section 2.3). Models are ordered in the table by increasing values of Ra .

c U has large neutron-induced fission cross sections that increase its effective absorption but are not listed here.
d hAi and Ra values are from Eqs. (1) and (2), respectively.

Fig. 1. Example energy deposition spectra from the GRS anti-coincidence shield. (a)
Summed spectra at low (black) and high (gray) altitudes. The two neutron capture
peaks are labeled, as is the spectral region used for background (BG) normalization.
(b) The residual spectrum after subtracting the high-altitude spectrum, scaled to
the BG region, from the low-altitude measurements.

Fig. 2. (a) Modeled energy dependent neutron detection efficiency for the GRS ACS.
Half of the ACS-measured neutrons have energies below 0.135 MeV (vertical dashed
line), a region that is termed the low-energy regime. Likewise, 50% of the measured
neutrons have energies above 0.135 MeV, and this energy range is termed the high-
energy regime. (b) Modeled neutron fluxes for three hydrogen-free Mercury surface
compositions (P1, P3, and P4 of Table 1) with macroscopic neutron absorption cross
sections (Ra, in units of 10�4 cm2/g) that span the range of compositions in Table 2.
The typical neutron energy regimes of interest—thermal, epithermal, and fast—are
noted.
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MESSENGER ACS, the LP ACS had the capability to electronically
isolate fast neutron events, limiting its measurements to thermal
and epithermal contributions. The LP moderated-neutron mea-
surements were interpreted in the context of global maps of ther-
mal, epithermal, and fast neutrons (Maurice et al., 2004), which led
to the conclusion that the signal was dominated by lunar epither-
mal neutrons, with smaller contributions from thermal neutrons
(Genetay et al., 2003).

Maps of thermal, epithermal, and fast neutron count rates have
not been produced for Mercury, so the MESSENGER ACS measure-
ments cannot be interpreted in the context of existing neutron
data. Instead we rely on simulations of neutron production and
detection to interpret the ACS data with respect to Mercury’s sur-
face composition. Our radiation transport modeling toolkits
include the MCNPX code (Pelowitz, 2005), which has an extensive
history of application to the analysis of neutron and gamma-ray
spectroscopy datasets (e.g., McKinney et al., 2006; Prettyman
et al., 2006, 2012, 2013; Kim et al., 2006; Evans et al., 2012;
Lawrence et al., 2010, 2013a), and GEANT4 (Agostinelli, 2003),
which has previously been used to model MESSENGER detector
response functions (Peplowski et al., 2012). The GEANT4-modeled
energy-dependent response of the ACS to neutrons is shown in
Fig. 2a.

We used MCNPX to simulate GCR-induced neutron production
on Mercury for seven model surface compositions loosely based
on the MESSENGER-derived Mercury surface compositions of
Nittler et al. (2011), Peplowski et al. (2011, 2012, 2014), Weider
et al. (2012, 2014, 2015), and Evans et al. (2012, 2014). Those
results, which were typically reported as abundance values relative
to Si, were converted to absolute abundances with the assumption



Fig. 3. Modeled neutron fluxes for Mercury’s northern composition (P4, Table 1)
with eight hypothetical H concentrations.

Fig. 4. Simulated ACS signal intensity as a function of H content. The signal
intensity is derived from the sum of the product of the modeled ACS response
(Fig. 2a) and our modeled neutron fluxes (Fig. 3). The results are normalized to
50 ppm H, the assumed hydrogen concentration outside of the polar deposits
(Section 2.3).
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O/Si = 1.72 (a mean value for Solar System materials) and by
solving for the Si abundance required to obtain a sum of
100 wt%. The values of Ai;ri, and wi for each element of interest
as well as the bulk quantities hAi and Ra are given for each model
composition in Table 1. Some of those compositions were chosen
to depart from average MESSENGER measurements to ensure that
the full range of Ra values of interest for Mercury were considered
in our simulations. The models are labeled by the simulation type
corresponding to each composition. Compositions F1–F3 are
models that were subjected to full mission simulation, whereas
compositions P1–P4 are models that were subject to partial simu-
lations. The full simulations represent modeling of the ACS count
rates on a spectrum-by-spectrum basis, the details of which are
given in Appendix A. The partial simulations were subjected only
to full-planet simulations of the GCR-induced neutron flux at the
surface. The simulated neutron fluxes for models P1, P3, and P4
are shown in Fig. 2b. Note that these compositions have hydrogen
concentrations of 0 ppm. Fig. 2b also denotes typical partitioning
among thermal, epithermal, and fast neutrons for comparison with
the energy sensitive measurements of the NS.

For the model compositions that did not undergo full-mission
simulations (P1–P4), we convolved the simulated neutron fluxes
with the energy-dependent response of the ACS to estimate the
sensitivity of the GRS neutron measurements to varying surface
compositions. For a modeled composition similar to Mercury’s
mean elemental concentrations (P3; Table 1), 50% of the ACS-mea-
sured neutrons have energies less than 0.135 MeV. We label this
energy band (10�8–0.135 MeV) the ‘‘low-energy’’ neutron regime
and note that it encompasses the entire thermal and most of the
epithermal neutron bands (see Fig. 2). The remaining 50% of the
ACS sensitivity range (>0.135 MeV) is denoted the ‘‘high-energy’’
neutron regime and generally corresponds to the fast neutron
energy band (Fig. 2). Although the ACS does not discriminate
between low- and high-energy neutrons, this delineation is
nonetheless useful for interpreting the ACS measurements. This
point is illustrated in Fig. 2b, which shows that the modeled differ-
ences among MESSENGER-derived Mercury surface compositions
are contained entirely within the low-energy neutron regime.
This inference was verified by comparing summed, ACS-re-
sponse-weighted planetary neutron fluxes for all seven model sur-
face compositions (Table 1) to their hAi and Ra values. These
comparisons yield correlation coefficients of �0.98 for ACS counts
versus Ra, and 0.36 for ACS counts versus hAi. This result indicates
that, in the limit of low and invariant H concentrations, ACS mea-
surements are strongly correlated with variations in thermal neu-
trons and, by extension, Ra across Mercury’s surface.

The ACS measurements are also sensitive to the epithermal
neutron flux, which is known to be a function of the H content of
the regolith. Fig. 3 shows modeled neutron fluxes for a composition
similar to that found in Mercury’s high northern latitudes (P4;
Table 1) as a function of varying H content. These neutron fluxes
are multiplied by the ACS response (Fig. 2a) and plotted as a func-
tion of H content in Fig. 4. Interpreting the magnitude of H con-
tributions to our ACS neutron measurements requires an
estimate of the H content of Mercury’s surface. On the basis of neu-
tron spectrometry (Lawrence et al., 2013a), surface reflectance
(Neumann et al., 2013), and thermal modeling with measured
topography (Paige et al., 2013), Mercury’s polar deposits as imaged
by Earth-based radar (Slade et al., 1992; Harmon et al., 2011) are
likely to be dominated by water ice. We therefore adopted a simple
H distribution with 100 wt% H2O, exposed at the surface, in all of
the radar-bright polar deposits imaged by Earth-based radar and
50 ppm H elsewhere. The estimate of 50 ppm H in surface material
other than polar deposits accounts for solar-wind-implanted H
and is comparable to measured values for the lunar highlands
(�5–150 ppm; Haskin and Warren, 1991; Lawrence et al., 2015).
The value of 50 ppm for the H abundance outside of polar deposits
was also assumed for the gamma-ray production model of Evans
et al. (2012), who used gamma rays from both neutron inelastic
scattering and neutron capture reactions to derive surface abun-
dances of S, Ca, and Fe on Mercury. In each case, the elemental con-
centrations derived from the two mechanisms agreed to within
one standard deviation. Had the hydrogen concentration been sig-
nificantly different from 50 ppm, the elemental concentrations
derived from the two reaction mechanisms would not have been
in agreement.

Following the methodology of Peplowski et al. (2014), our
model H distribution was convolved with the altitude-dependent
spatial response of the ACS measurements to derive the effective
H distribution observed by the ACS. The result is a mean value of
�95 ppm at high northern latitudes (>78�N) and 50 ppm else-
where. From Fig. 4, we see that this scenario corresponds to a small
(�1%) but notable decrease in the predicted ACS signal over the
polar region (95 ppm H) relative to the equatorial region (50 ppm
H). This prediction is based on our assumed H distribution, specifi-
cally the assumption that all polar deposits consist of 100% H2O
exposed at the surface. Both the radar data and MESSENGER NS
measurements support the presence of a layer of H-poor material



350 P.N. Peplowski et al. / Icarus 253 (2015) 346–363
(12–47 g/cm2 thick; Lawrence et al., 2013a) overlying the water ice
in most polar deposits. This layer, which is comparable in thickness
to the depth sensitivity of the thermal and epithermal measure-
ments, would lower the sensitivity of the ACS to the polar H depos-
its. Measurements of surface reflectivity with MESSENGER’s
Mercury Laser Altimeter (Neumann et al., 2013) and Mercury
Dual Imaging System (Chabot et al., 2014) indicate that most
radar-bright polar deposits show evidence for burial by material
darker than Mercury’s average surface, whereas in those at the
highest northern latitudes display reflectance values consistent
with ice exposed at the surface. The evidence for burial of some
of the deposits suggests that contributions from H to the ACS count
rates may be less than the 1% predicted here. Regardless, the
effects of H on the ACS measurements are limited to high latitudes
(>78�N), unless the assumption of low, near-uniform H in
non-polar regions is invalid. We discuss the issue of the influence
of H concentrations on the ACS measurements further in
Section 5.2.
3. Data reduction procedure

3.1. Dataset

This analysis is of GRS/ACS data obtained from 1 March 2013 to
28 February 2014. The data include ACS energy deposition spectra
(e.g., Fig. 1) acquired with integration times of 20 and 1800 s.
Shorter integration times correspond to measurements acquired
at low (<4000 km) altitudes. Spacecraft ephemeris and detector
housekeeping data accompany each spectrum. NS triple-coinci-
dence counter measurements are appended to the ACS dataset,
as they provide a proxy for monitoring the local GCR flux
(Feldman et al., 2010; Lawrence et al., 2013a). The NS data were
interpolated to the time cadence of the ACS measurements.

Data acquired during solar energetic particle (SEP) events were
removed prior to analysis, which eliminated 14.1% of the total
dataset. Removal of SEP-contaminated data was necessary given
that SEPs compromise the ACS spectra and the use of the NS tri-
ple-coincidence counter as a GCR proxy. Spectra acquired during
energetic electron events (EEEs; Lawrence et al., 2013b) were like-
wise removed, as they modify the ACS spectral continuum and
complicate the derivation of neutron count rates. Removal of
EEEs typically resulted in the loss of just a few spectra per orbit,
when they were present.
3.2. Neutron count rate derivation

The total peak count rates for each ACS spectrum (Fig. 1) are
directly proportional to the neutron flux at the detector. Deriving
neutron count rates from these peaks requires determination of
the background-free peak areas and correction for the live time
of each spectrum. This process is complicated by the presence of
a time- and altitude-varying continuum, which originates from
gamma rays emitted by the spacecraft and Mercury, as well as
GCR energy deposition in the ACS. We leveraged MESSENGER’s
highly eccentric orbit about Mercury (8-h orbital period) to provide
orbit-by-orbit measurements of the detector backgrounds using
spectra acquired at high (>8000 km) altitudes. The high-altitude
data are acquired too far from Mercury to contain an appreciable
signal from the planet, as indicated by the absence of neutron
peaks in the spectra (Fig. 1a). These measurements therefore pro-
vide regular sampling of the local backgrounds in the detector.
High-altitude spectra were summed by orbit to maximize the
statistics of the background characterization while simultaneously
limiting the introduction of time-dependent variability.
Neutron count rates were derived from the low-altitude
(<2000 km altitude) spectra by first removing the background con-
tributions from each measurement. For each low-altitude spec-
trum, the corresponding (same orbit) high-altitude summed
spectrum was normalized to the low-altitude continuum in the
background (BG) region shown in Fig. 1a. The normalized back-
ground was subtracted from the low-altitude spectrum, and the
resulting residual is dominated by the neutron peaks of interest
(Fig. 1b). The sum of the residual events within the peak channel
range of interest defines the number of measured neutron events
for each spectrum. Temperature-induced gain shifts, which move
the neutron peak relative to our fixed-peak sum region (Fig. 1b),
can alter the derived neutron peak event values. Using the co-lo-
cated GRS preamplifier temperature sensor as a stand-in for the
temperature of the ACS, we empirically removed the small tem-
perature-induced variability in the peak areas on a spectrum-by-
spectrum basis by normalizing to an acquisition temperature of
�7.5 �C.

Finally, we derived neutron count rates by correcting each mea-
surement for the accumulation time ts and detector dead time frac-
tion ðFDÞ for each spectrum. This correction takes the form

ð1� FDÞ�1, where FD is calculated from the onboard dead time
counter (DTC) as

FD ¼ 16� 10�6 DTC
ts

� �
: ð3Þ

For low-altitude measurements, ts is 20 s and FD is typically �7%.
This process was repeated for each low-altitude spectrum to pro-
duce a time series of the neutron count rate, CnðtÞ, which serves
as the basis for this analysis.

3.3. Data reduction

The constantly changing altitude and attitude of the
MESSENGER spacecraft dominates the observed variability in
CnðtÞ. This phenomenon is illustrated in Fig. 5, which highlights
ACS measurements from two example orbits. Both examples
include modeled ACS neutron count rates for comparison. The
modeled count rates, which are discussed in detail in Appendix
A, were derived from simulations that account for the generation
of neutrons by GCR-induced spallation reactions within the rego-
lith, their transport through the regolith to the surface, their trans-
port from the surface to the spacecraft, interactions with spacecraft
materials, and detection by the ACS. The model is produced on a
spectrum-by-spectrum basis, and the result is a time series of
modeled ACS neutron count rate that is directly comparable to
the ACS measurements. Models are generated for a range of
hypothetical regolith compositions (Table 1), and two examples
(F1, F3) with different macroscopic neutron absorption cross sec-
tions (41.6 and 27.1 � 10�4 cm2/g) are plotted in Fig. 5.

The strong dependence of CnðtÞ on the spacecraft altitude is
seen in Fig. 5a. Fig. 5b shows second-order variability associated
with non-isotropic detector response, as a sharp decrease in
CnðtÞ, in both measurements and the model, is coincident with a
sudden change in the orientation of the GRS relative to Mercury,
particularly in h, the angle between the detector boresight direc-
tion and the nadir direction (see Appendix A). The increase in h cor-
responds to off-pointing of the ACS from Mercury, and the result is
lower sensitivity to neutrons from Mercury. The modeled count
rates reproduce the altitude- and attitude-dependent behavior of
the measurements, providing confidence in the fidelity of the mod-
els. The models highlight the inverse relationship between Ra and
CnðtÞ, as the higher-Ra (41.6 � 10�4 cm2/g) model produces a lower
neutron count rate than the lower-Ra (27.1 � 10�4 cm2/g)
composition.



Fig. 5. Comparison of measured (black diamonds, gray error bars) and simulated (color curves) neutron count rates for typical measurements taken on (a) 5 March 2013 and
(b) 3 January 2014. Times are in UTC. Simulated count rates are derived for model compositions F1 and F3 (Table 1). Comparisons of the count rates with (a) spacecraft
altitude and (b) detector orientation, represented by the angle h, highlight the dependence of the measured count rates on spacecraft altitude and attitude. Ra values (color)
are shown in units of 10�4 cm2/g.
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The systematic variability present in the neutron count rate
measurements masks signatures of compositional variability on
Mercury’s surface. To remove these systematic dependencies,
CnðtÞ was normalized to a reference viewing geometry of h = 0�,
an altitude of 1000 km, a vertical velocity of 0 km/s, and a triple
coincidence counter rate of 26.5 counts s�1. This process is analo-
gous to the use of photometric corrections to normalize global
images taken at a variety of incidence, emission, and phase angles
to a standard viewing geometry. Our normalization procedure is
discussed in detail in Appendix A.
4. Results

4.1. Neutron count-rate map

The neutron count-rate time series, corrected for viewing
geometry for both the measurements and the model, was mapped
across Mercury’s surface in 5� � 5� pixels. For each pixel, the total
neutron count rate was tallied and divided by the number of sam-
ples to derive the mean count rate for that pixel. The tally was lim-
ited to measurements that met a set of selection criteria that
included acquisition at altitudes <1600 km and h < 45�. These
restrictions removed the least-sensitive measurements from the
dataset, thereby reducing the statistical and systematic uncertain-
ties of the mapped count rates. We also removed a small number of
measurements acquired during periods of outlying triple-coinci-
dence measurements, as those intervals may have been coincident
with small solar particle events not removed from the dataset dur-
ing the initial selection (Section 3.1). The remaining dataset pro-
vides 30–150 measurements per pixel, with higher values
generally found at higher latitudes. The per-pixel statistical uncer-
tainties are <1%. MESSENGER’s eccentric orbit, coupled with the
1600 km altitude cutoff, limit the coverage of the neutron count
rate map to latitudes poleward of 20�N.

The normalization of the data to the reference viewing geome-
try (Appendix A) had the objective of removing all systematic
variations from the modeled and measured neutron time series.
The model, which was derived for uniform Mercury surface
compositions, should therefore display a uniform count-rate
map. The model map shows small but non-zero variations
(standard deviation of 0.6%), suggesting that minor systematic
variations were not removed during the normalization procedure.
This variability is two orders of magnitude smaller than that
observed in the uncorrected modeled count rates, which ranged
from �0 to �200 counts s�1 (e.g., Fig. 5). The variability in the
model map is much smaller than that observed in the measure-
ment map, which exhibits a full-range variation of 8.6%. The varia-
tions in the measurement map are therefore indicative of a
signature of compositional heterogeneity that is an order of magni-
tude larger than the residual systematic variability (0.6%) exhibited
in the model map. To eliminate any contributions from the remain-
ing systematic variability to our final neutron count rate map, we
empirically removed the variations in the model map from the
measurement map.

The resulting map of measured neutron count rates was
smoothed over a moving circular window with a radius of
650 km, which corresponds to the approximate average spatial res-
olution of the ACS measurements. Note that the actual spatial res-
olution of the ACS measurements, for which the full-width half
maximum can be approximated by the orbital altitude multiplied
by a factor of 1.5, varies greatly over the mapped ACS data (alti-
tudes of 250–1600 km). The smoothed map was re-binned to the
5� � 5� base map resolution. Unlike the original pixels, which were
equal in degree size, the re-binned pixels were resized so that they
are equal in area. The resulting neutron count rate map is shown in
Fig. 6. The per pixel statistical uncertainties of the smoothed map
are expected to be better than the <1% per pixel uncertainties of
the unsmoothed map.
4.2. Ra map

The smoothed neutron count-rate map (Fig. 6) displays a full-
range variation of 3.2% across the mapped portion of Mercury’s
surface. Regions with lower count rates are observed over
Mercury’s north polar region, as well as at mid-latitudes between
approximately �135� and �45�E longitude. The highest count rate
is observed in an area between 20� and 60�N, and between 135�
and �170�E. To derive chemical information regarding Mercury’s
regolith from the neutron count-rate map (Fig. 6), it is necessary
to convert these measurements to a physical quantity related to



Fig. 6. Neutron count rates across Mercury’s mid to high northern latitudes, derived from GRS/ACS data and normalized to the reference viewing geometry (Section 3.3).
Regions south of 20�N are unmapped.

Fig. 7. Modeled relationship between ACS neutron count rates and the macroscopic
neutron absorption cross section Ra (in units of 10�4 cm2/g). Models include full-
mission simulations (gray diamonds, F1–F3 of Table 1) and partial simulations
(black triangles; P1–P4 of Table 1). The Ra values of the reference Mercury surface
compositions (Table 2) are marked by vertical dashed lines for comparison with the
modeled compositions.
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surface composition. In Section 2.3, we argued that the ACS mea-
surements are predominantly sensitive to Ra (Eq. (2)) in low-H
regions, or Ra plus H content in high-latitude (>78�N) regions.
For the remainder of this analysis, we assume that all variations
in neutron count rates are due to Ra. In Section 5.2 we discuss fur-
ther the measurements in the polar region, where the H content is
important, including the possible contributions from H.

Measurements of Ra have long been used to characterize the
geochemical diversity of planetary surfaces. On the Moon, thermal
neutron measurements provide maps that can be used to discrimi-
nate between anorthositic and mafic chemistries (Feldman et al.,
2000). Lunar Ra measurements were used to map the distribution
of KREEP (material rich in K, rare earth elements, and P), which led
to the derivation of global abundance maps for the rare earth ele-
ments Gd and Sm (Elphic et al., 2000). On asteroid 4 Vesta, ther-
mal-neutron-derived Ra maps were used to map the distribution
and concentration of eucritic material across the surface
(Prettyman et al., 2013). The analyses for the Moon and Vesta were
facilitated by large sets of rock and soil samples, i.e., Apollo lunar
samples and howardite–eucrite–diogenite meteorites, respec-
tively. The relationship between thermal neutron measurements
and Ra was derived from radiation transport modeling of the ele-
mental compositions of these samples (Elphic et al., 2000;
Prettyman et al., 2013).

In the absence of samples from Mercury, we used the model
surface compositions of Table 1 as input to the radiation transport
simulations. Three of the compositions (F1–F3) were subject to
full-mission simulations that were normalized to the ACS mea-
surements (see Appendix A). Four of the compositions (P1–P4)
were subject to partial simulation, consisting of modeled surface
neutron fluxes (e.g., Fig. 2b) convolved with the response of the
ACS (Fig. 2a). The partial simulations were normalized to the
full-mission simulations using compositions F2 and P1, which
had virtually identical Ra values. The model results were used to
define a relationship between ACS-measured count rates and Ra.
This relationship, shown in Fig. 7, was used to derive the Ra map
shown in Fig. 8.
4.3. Ra normalization

The relationship (Fig. 7) used to convert our neutron count rate
map to the Ra map was derived from modeled count rates, which
themselves were subject to an overall normalization to the dataset
(Appendix A). This normalization included an implicit assumption
regarding the average Ra value for Mercury’s surface. As a result
there may be a constant offset in the relationship between neutron
count rates and Ra that is not represented in Fig. 7. In acknowledg-
ment of this possibility, we report two sets of values for the Ra map
(Fig. 8). The first set of values, dRa, are the relative variability of Ra

across the mapped region about a mean value, R0
a . This unspecified

value for R0
a accounts for the uncertainty in the absolute calibration

of the models. The second set of reported Ra values corresponds to
a ‘‘best guess’’ for the absolute calibration made on the basis of
independent MESSENGER measurements. These values were
derived from an additional set of Mercury surface compositions
(Table 2) that were more closely aligned with MESSENGER XRS
and GRS measurements (Evans et al., 2012, 2014; Nittler et al.,
2011; Peplowski et al., 2011, 2012, 2014; Weider et al., 2012,
2014, 2015). The four compositions include a Caloris basin interior
plains composition (CBC), a northern composition (NC), a high-
magnesium region (Weider et al., 2015) composition (HMC), and
an intermediate composition (IC). The Ra values for these
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Fig. 8. Macroscopic neutron absorption cross section ðRaÞ over Mercury’s northern hemisphere. The color bar indicates both the relative variability in Ra (dRa) observed over
the surface (top scale values) and the best-guess absolute calibration (bottom scale values), under the assumption that R0

a = 51.3 � 10�4 cm2/g (see Section 4.3). Regions in
white are unmapped.

Table 2
MESSENGER-derived Mercury surface compositions.

Z A (amu) ra
a (barns) Model compositions (wt%) Contribution to Ra (%)b

IC NC HMC CBC

O 8 15.99 1.91 � 10�4 44.12 47.21 40.99 46.78 0.07
Na 11 22.99 0.528 2.57 5.22 2.38 2.72 9.94
Mg 12 24.31 0.063 12.06 6.86 17.87 7.62 3.87
Al 13 26.98 0.234 7.44 5.76 2.38 8.98 7.64
Si 14 28.09 0.165 25.65 27.45 23.83 27.20 20.55
S 16 32.06 0.514 1.80 1.92 2.62 1.36 4.15
Cl 17 35.45 33.2 0.13 0.41 0.12 0.14 24.96
K 19 39.10 2.06 0.04 0.18 0.04 0.04 0.50
Ca 20 40.08 0.436 4.10 3.84 5.24 4.08 6.31
Ti 22 47.87 5.99 0.31 0.33 0.29 0.33 5.25
Cr 24 52.00 3.04 0.13 0.14 0.12 0.14 1.02
Mn 25 54.94 13.4 0.10 0.11 0.10 0.11 3.41
Fe 26 55.85 2.56 1.54 0.55 2.38 0.54 7.72
Smc 62 150.36 10,100 8.6 � 10�5 7.3 � 10�5 8.6 � 10�5 2.8 � 10�4 1.18
Gdc 64 157.25 22,800 1.6 � 10�4 9.7 � 10�5 1.2 � 10�4 3.7 � 10�4 3.40
Th 90 232.04 7.34 1.7 � 10�5 1.4 � 10�5 1.7 � 10�5 5.4 � 10�5 0
U 92 238.03 3.38d 9.0 � 10�6 9.0 � 10�6 9.0 � 10�8 9.0 � 10�6 0

hAi (amu)e 21.03 20.64 21.42 20.72
Ra (10�4 cm2/g)e 40.0 55.9 41.3 41.3

a Calculated from isotope-specific rðn; cÞ values at 0.0253 eV from Chadwick et al. (2011) and standard (terrestrial) isotopic abundances. Units are barns, where
1 barn = 10�24 cm2. rðn; cÞ values for Gd and Sm are from Prettyman et al. (2013).

b Calculated from the contribution of each element, averaged over the four compositions, to the total Ra value calculated from the average composition.
c Estimated with chondritic Th/Sm and Th/Gd weight ratios of 0.195 and 0.146, respectively, as derived from Lodders and Fegley (1998).
d U has large neutron-induced fission cross sections that increase its effective absorption but are not listed here.
e hAi and Ra values are from Eqs. (1) and (2), respectively.
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compositions are noted in Fig. 7, which shows that our earlier
modeled compositions likely span the full Ra regime of interest
for Mercury.

The Mercury surface compositions listed in Table 2 were
derived from spatially resolved measurements of chemical
composition where possible, i.e., for Mg, Al, S, K, and Ca (Weider
et al., 2012, 2015; Peplowski et al., 2012). Where available, spa-
tially resolved Fe and Th data were also used, but otherwise the
mean northern hemisphere value was adopted. For Cl and Na
(Peplowski et al., 2014; Evans et al., 2014), we used the high-north-
ern-latitude abundances for the NC and the equatorial abundances
for the CBC, IC, and HMC. The abundances of some neutron absor-
bers, such as Mn and Cr, are not well characterized, so we used the
mean Cr/Si and Mn/Si values of Weider et al. (2014). For all regions
we used the northern-hemisphere-average U concentration
(Peplowski et al., 2011). Gd and Sm are two important neutron-ab-
sorbing elements that are not directly measured by MESSENGER.
We estimated their concentrations on Mercury by combining
regional Th values (Peplowski et al., 2012) with chondritic Th/Sm
(0.195) and Th/Gd (0.146) weight ratios (Lodders and Fegley,
1998).

The mean contributions of each individual element to the total
Ra value are indicated in Table 2. These values show that con-
tributions from Cl, Si, and Na dominate Ra on Mercury, followed
by Fe, Al, and Ca. Because Si is known to vary by 615% at the
100-km horizontal scale in Mercury’s northern hemisphere
(Peplowski et al., 2012), whereas Cl/Si and Na/Si vary by at least
a factor of two (Evans et al., 2014; Peplowski et al., 2014), we
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expect that variations in Cl and Na will largely dominate variations
in Ra. This conclusion may not hold for all regions, however. For
example, the low Fe content of the CBC (0.6 wt%) compared with
that of the HMC (2.4 wt%) is a major contributor to the observed
difference in Ra between these regions.

The best-guess Ra values are derived from constraints on R0
a

provided by the compositions listed in Table 2, as well as from
the neutron absorption measurements made during
MESSENGER’s Mercury flybys (Lawrence et al., 2010). The composi-
tions shown in Table 2 produce only lower limits on actual Ra val-
ues, given that they may omit contributions for some neutron
absorbers. These constraints are as follows: (1) Ra must be at least
41.3 � 10�4 cm2/g in the Caloris basin, (2) Ra must be at least
55.9 � 10�4 cm2/g at high northern latitudes (>70�N; NC composi-
tion of Table 2), and (3) NS measurements made during the three
Mercury flybys (Lawrence et al., 2010) indicate that the average
Ra of the surface is at least 45 � 10�4 cm2/g. We treat (3) as a loose
constraint, given that the area sampled by the NS during the flybys
only partially overlaps our mapped regions. A R0

a value of
P51.3 � 10�4 cm2/g is required to satisfy all three constraints,
specifically constraint (2). We therefore adopted this R0

a value to
derive the best-guess calibration (Fig. 8). We note, however, that
higher R0

a values are also possible if our modeled compositions
underestimate the abundances of, or omit one or more,
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Fig. 9. (a) Map of Ra, with the boundaries of selected smooth plains from Denevi et al.
Regions in white are unmapped.
neutron-absorbing elements. As a result, the dRa values are more
robust than the absolute values reported for Ra.
5. Mercury’s major geochemical terranes

The presence of large, contiguous geochemical terranes in
Mercury’s northern hemisphere at the �1000-km horizontal res-
olution of the ACS measurements is indicated by the Ra maps
(Figs. 8 and 9). The lowest Ra values are found in an area with a
boundary that closely matches the outline of the Caloris basin
interior smooth plains (Fig. 9a), although the Ra-low extends
somewhat beyond the northeastern boundary of Caloris. The north
polar region (latitudes >65�N) also appears to be a continuous unit,
and it exhibits the highest Ra values measured. Both of these
regions have also been identified as compositionally distinct on
the basis of major-element (e.g., Mg/Si, Al/Si, Fe/Si) measurements
(Weider et al., 2015). Similarly, the moderately high Ra values
observed at mid-equatorial latitudes between �60� and �105�E
are spatially coincident with the highest Mg/Si values observed
on Mercury’s surface (Fig. 9b; Weider et al., 2015).

A comparison of the ACS-derived Ra map to the NS flyby mea-
surements of Lawrence et al. (2010) is also useful. The Lawrence
et al. (2010) analysis yielded Ra values and two-standard-deviation
errors of �(60 ± 10) � 10�4 cm2/g and �(45 ± 15) � 10�4 cm2/g for
x 10-4 cm2/g
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(2013). (b) Map of Ra, with Mg/Si abundance contours from Weider et al. (2015).



Table 3
Comparison of expected and measured Ra values.a

ACS-derived Ra Calculated Ra Differenceb

Terrane Min. Max. Mean Compositionc Value

Caloris interior
plains

45.7 48.7 47.0 CBC 41.3 �5.7

Northern 53.9 56.8 55.9 NC 55.9 0d

High-Mg 52.8 56.3 54.8 HMC 41.3 �13.5
Intermediate 45.7 56.8 53.0 IC 40.0 �13.0

a All Ra values are reported in units of 10�4 cm2/g.
b Derived from calculated Ra value less the mean ACS-derived value, assuming

the ‘‘best guess’’ value of 51.3 � 10�4 cm2/g.
c See Table 2.
d The normalization ðR0

aÞ was derived to zero this value.
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two large regions (approximately to �45� to 45�N, �45� to 45�E,
and �60� to 60�N, 135� to �135�E, respectively). Although the
regions sampled by Lawrence et al. (2010) only partially overlap
the area of our measurements, we note that the lower Ra region
from NS includes the Caloris basin, which our results (Fig. 9) reveal
has a Ra value of 46 g/cm2, consistent with the NS value despite the
fact that Caloris only partially filled the NS measurement footprint.

The global XRS-derived Mg/Si map (Weider et al., 2015) pro-
vides an independent means to characterize geochemically distinct
terranes on Mercury’s surface. The Mg/Si map was selected for
comparison with Ra because (1) its coverage of Mercury’s surface
is nearly complete, and (2) Mg and Ra are uncorrelated, making
the two quantities essentially orthogonal in the space of geochemi-
cal parameters. The lack of correlation between Mg and Ra

(R2 ¼ 0:2, where R is the correlation coefficient) was established
from a reference set of 40 distinct Solar System materials that
includes lunar samples (Haskin and Warren, 1991), chondritic
and achondritic meteorites (Nittler et al., 2004), and Mercury
compositions (Table 2). Following Weider et al. (2015), we applied
a slight smoothing to the raw Mg/Si map to reduce possible sys-
tematic variability in the XRS measurements. The resulting Mg/Si
values exhibit a three-mode distribution that can be divided into
low-Mg (Mg/Si < 0.35), intermediate-Mg (0.35 < Mg/Si < 0.6), and
high-Mg (Mg/Si > 0.6) regions.

Mg/Si-value contours are shown on the Ra map in Fig. 9b. A
number of trends are apparent from this map: (1) the highest Ra

values are found in association with the high-Mg region at mid-
equatorial latitudes, as well as with the low-Mg northern region;
(2) the lowest Ra values are found in the low-Mg interior Caloris
plains; and (3) intermediate Ra regions generally correspond to
intermediate Mg/Si regions. These correlations are also apparent
in Fig. 10, in which Ra is plotted versus Mg/Si values for each
5� � 5� equal-area pixel. Three distinct ‘‘branches’’ are observed
in the data; the branches are labeled ‘‘high Ra, low Mg/Si,’’ ‘‘low
Ra, low Mg/Si,’’ and ‘‘high Ra, high Mg/Si’’ in Fig. 10. The geographic
boundaries of the areas that contribute to these branches form the
basis for the geochemical terranes we define on Mercury’s surface.
The ‘‘best guess’’ Ra value for each of these terranes is given in
Table 3, along with a comparison with the corresponding reference
compositions (Table 2). A discussion of each terrane follows.
5.1. Caloris interior plains terrane

The Caloris interior plains (CIP) geochemical terrane corre-
sponds to the mapped region of Mercury’s surface with the lowest
Fig. 10. Ra versus Mg/Si values for each 5� � 5� equal-area pixel. Three distinct
branches extend from the average values (Section 5.1). As noted in Section 5, Mg is
not a dominant contributor to neutron absorption, so the apparent correlations
between Ra and Mg/Si observed here are related to the geochemistry of Mercury’s
surface and not the physics of neutron production.
neutron absorption values (dRa < �3 � 10�4 cm2/g; estimated
Ra < 48:7 � 10�4 cm2/g) and low Mg/Si values (<0.38). The CIP ter-
rane (Fig. 11) is spatially confined to the smooth plains interior to
the 1550-km-diameter Caloris basin (Denevi et al., 2009, 2013),
except in the northeastern corner of Caloris where the terrane
extends beyond the basin. Caloris is the youngest large impact
basin on Mercury’s surface (Murchie et al., 2008; Fassett et al.,
2012). Compared with the planetary mean (Robinson et al., 2008;
Denevi et al., 2009), the interior smooth plains have �10% higher
reflectance and a slightly steeper, or ‘‘redder,’’ slope in the wave-
length range. These differences in reflectance and color for the
interior smooth plains are evidence for formation via post-impact
volcanism, rather than emplacement as an impact melt (Murchie
et al., 2008; Denevi et al., 2009). Additional evidence for a volcanic
origin includes the presence of centers of pyroclastic volcanism
along the basin rim (Murchie et al., 2008; Head et al., 2008) and
a density of impact craters less than that of the basin rim and
ejecta interior (Fassett et al., 2009; Denevi et al., 2013). The spatial
scale of our geochemical mapping is insensitive to the small expo-
sures of low-reflectance material (LRM)—likely Caloris impact melt
material (Ernst et al., 2015)—that have been excavated by impact
craters within the interior plains.

The distinctive composition of the Caloris interior plains, as sug-
gested by their color and reflectance properties, is supported by
XRS measurements demonstrating that they consist of material
with lower Mg/Si, S/Si, Ca/Si, and Fe/Si, and higher Al/Si ratios than
the planetary averages (Weider et al., 2015). That the CIP terrane is
almost entirely contained within the boundaries of the interior
plains supports the hypothesis of a distinct composition and possi-
bly a different origin for the spectrally distinct interior and exterior
plains units (Fassett et al., 2009; Denevi et al., 2013).

We used XRS measurements of the CIP area (Weider et al., 2014,
2015), coupled with the low Na/Si and Cl/Si abundances found for
equatorial regions from GRS (Peplowski et al., 2014; Evans et al.,
2014), to create the CBC composition given in Table 2. Ra of the
CBC is 43.1 � 10�4 cm2/g, which is 5.7 � 10�4 cm2/g lower than
the mean GRS-derived value for the region (Table 3). This
comparison suggests that the CIP may contain unidentified
neutron-absorbing elements, although substantially less (by
weight fraction) than other geochemical terranes (see Table 3).

The CIP signature, which includes the lowest Ra values seen on
the surface, does not appear anywhere else in the mapped region at
the �1000 km horizontal scale of the Ra measurements. The
uniqueness of the CIP terrane indicates that the elemental
composition of the CIP, particularly for those elements that control
the neutron measurements, is not widely matched in Mercury’s
northern hemisphere. Our findings suggest that the composition
of the CIP is substantially different from that of the northern vol-
canic plains (Section 5.2), despite the spectral similarities of the
two regions (Denevi et al., 2013). Therefore, we propose the CIP
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Fig. 11. The major geochemical terranes in Mercury’s northern hemisphere. The terranes are color coded by Mg/Si and Ra values, as defined in Fig. 10 (Section 5.1). Regions in
black are unmapped.
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were derived from magmas that originated from a source region
distinct from that of the other volcanic deposits in Mercury’s
northern hemisphere. If the CIP is the result of magmatism trig-
gered by impact-induced heating and convection (Roberts and
Barnouin, 2012), the Caloris-forming event may have sampled a
volume of the mantle that did not contribute to the magmas that
formed the other plains units. The Caloris basin may therefore con-
stitute a window into the vertical and/or horizontal heterogeneity
of Mercury’s mantle, as has also been proposed by Weider et al.
(2015).

5.2. Northern terrane

The northern geochemical terrane defined here corresponds to
the region of Mercury’s surface with the highest mapped neutron
absorption values (dRa > 1:5 � 10�4 cm2/g, estimated
Ra > 53:9 � 10�4 cm2/g) and low Mg/Si values (<�0.4). The spatial
extent of the northern terrane (Fig. 11) is generally limited to
Mercury’s northernmost (>60�N) latitudes. This region is domi-
nated by the northern volcanic plains (NVP) (Head et al., 2011;
Denevi et al., 2013), but the boundaries of the NVP do not corre-
spond to those of the northern geochemical terrane (Fig. 11). We
note that the northern terrane frequently extends to, but does
not cross into, the boundaries of the Caloris basin exterior plains,
as shown in Fig. 11. Although the northern terrane does not corre-
spond to a mapped geomorphological unit, it is spatially related to
variations in the abundances of other elements that were not used
in the definition of geochemical terranes followed here. In particu-
lar, the northern terrane corresponds closely to the high-K region
(Peplowski et al., 2012), the approximate boundaries of the high-
Na region derived from Na/Si variations with latitude (Peplowski
et al., 2014), and a regional low in Al/Si ratios (Weider et al., 2015).

We used MESSENGER-derived elemental concentration mea-
surements for high northern latitudes to derive the northern
composition (NC, Table 2), which has a mean Ra value of
55.9 � 10�4 cm2/g (Table 3). The mapped Ra values for the north-
ern terrane are consistent with those calculated for the NC
composition, but the overall normalization of Ra values was
selected to maintain this correspondence (Section 4.2). This high
Ra value, relative to values for other MESSENGER-derived composi-
tions (Table 2), is the result of elevated Na/Si (Peplowski et al.,
2014) and Cl/Si (Evans et al., 2014) ratios for Mercury’s most north-
ern latitudes, as observed by the GRS. Thermal redistribution of Na
and Cl, by analogy with K (Peplowski et al., 2012), has been sug-
gested as a possible explanation for the elevated abundances of
moderately volatile elements in this region (Peplowski et al.,
2014; Evans et al., 2014). However, the observation of low Mg/Si
and Al/Si values in the northern terrane (Weider et al., 2015) pro-
vides evidence against this hypothesis, as Mg and Al are unlikely to
be modified by thermal conditions on the surface.

The northern terrane is the one geochemical unit that may be
subject to neutron flux modification by the presence of H (see
Section 2.3). We predict that the ACS-measured neutron flux may
be lowered by as much as 1% at latitudes >78�N by the H content
of the radar-bright polar deposits. This effect would correspond
to an increase in Ra of 63 � 10�4 cm2/g (Fig. 7). Removing this con-
tribution would modify the mapped Ra values of this region
(Table 3) from (53.9–56.8) � 10�4 cm2/g to (50.9–
56.8) � 10�4 cm2/g. This difference allows for possible additional
neutron absorbers in the region (Section 5.3). The need for and
quantity of such elements, however, depends on the actual magni-
tude of the contribution from H to the ACS measurements. We note
that the northern terrane extends to latitudes that are lower (60�N)
than we would expect to be influenced by the polar H deposits
(>78�N). It is therefore unlikely that H is the dominant chemical
contributor to the measured neuron properties of this unit.

5.3. High-Mg terrane

The high-Mg terrane corresponds to the area of Mercury’s sur-
face that has high neutron absorption (dRa > 1:4 � 10�4 cm2/g,
estimated Ra > 51:5 � 10�4 cm2/g) and the highest Mg/Si values
(>�0.5). The spatial extent of the high-Mg terrane is strongly cor-
related with the large (>5 � 106 km2) high-magnesium region
(HMR) identified by Weider et al. (2015) from XRS observations.
The western and northern boundaries of the high-Mg terrane clo-
sely follow the borders of the younger Caloris exterior plains and
northern volcanic plains, respectively (Fig. 11).

Weider et al. (2015) suggested that the distinct chemical signa-
ture of the HMR might be the result of early high-degree partial
melting, mantle excavation by an unidentified impact basin, and/
or magma originating from a chemically distinct volume of the
mantle. They also observed that the HMR has relatively thin crust
and includes some of Mercury’s most heavily cratered areas.
Measurements of Al/Si, S/Si, and Ca/Si in this area (Fig. 12) show
that the high-Mg terrane has the highest Ca/Si and S/Si content
on the mapped portion of Mercury’s surface, along with the low
Al/Si abundances.

MESSENGER geochemical data acquired within the HMR were
used to derive the high-Mg composition (HMC) of Table 2. A



Fig. 12. (a) Ca/Si versus Al/Si and (b) S/Si values color coded by their parent
geochemical terrane (Fig. 11). Abundance values were derived from the
MESSENGER XRS elemental maps of Weider et al. (2015), re-binned to the 5� � 5�
equal-area pixels of Fig. 9.

Table 4
Summary of hypotheses to account for elevated Ra values in the high-Mg terrane.

Scenario Element ra
a (b) Elemental

concentration

Referenceb Requiredc

High metal concentrations Ti 5.99 0.29 wt% 1.3 wt%
Cr 3.04 0.12 wt% 0.5 wt%
Mn 13.4 0.10 wt% 0.4 wt%

Enrichment in moderately
volatile elements

Na 0.528 2.4 wt% 5.6 wt%
Cl 33.2 0.1 wt% 0.3 wt%

Enrichment in rare-earth
elements (REEs)

Sm 10,100 0.9 ppm 9 ppm
Eu 5660 0 ppm 4 ppmd

Gd 22,800 1.2 ppm 12 ppm

High concentration of solar-
wind-implanted H

H 0.33e 0 ppm �300 ppm

a Reference values at 0.0253 eV from Chadwick et al. (2011). For REEs, resonances
in ra invalidate the assumption of uniformly decreasing ra values with increasing
neutron energy (see Section 2.1). We therefore adopted the effective ra values of
Prettyman et al. (2013) for Sm, Eu, and Gd.

b The reference composition is HMC (see Table 2).
c Elemental concentration required to account for missing Ra (�13 � 10�4 cm2/g)

in the high-Mg terrane.
d Calculated from Sm abundance under the assumption of a mean Solar System

Eu/Sm abundance ratio of 0.48.
e The effect of hydrogen arises from moderation of the epithermal component of

ACS measurements rather than neutron absorption (see Figs. 3 and 4).
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comparison of the calculated Ra value for the HMC and our ‘‘best-
guess’’ Ra values for the high-Mg terrane, shown in Table 3, high-
lights the large difference between the expected and measured
Ra values of �13 � 10�4 cm2/g. This difference indicates that the
elemental composition of the high-Mg terrane is not fully repre-
sented by the HMC composition. Specifically, the material of this
terrane must contain a substantial abundance of one or more addi-
tional neutron-absorbing elements. We consider several possible
solutions to this missing-neutron-absorber problem below.
5.3.1. Increased Ti, Cr, and Mn
On the Moon, Ra is closely correlated with the Fe and Ti content

of surface materials (e.g., Elphic et al., 2000). Although Mercury’s
surface is markedly depleted in these elements (1 wt% < F
e < 2.5 wt%, Ti < 0.8 wt%) relative to lunar materials
(1.7 wt% < Fe < 21.8 wt%, 0.1 wt% < Ti < 6.1 wt%; Prettyman et al.,
2006), increased concentrations of these or similar elements in
the HMR may be the source of the missing neutron absorption in
this region. Recent XRS measurements of the HMR have revealed
Fe/Si values of 0.07–0.10 (1.7–2.5 wt% Fe for 25 wt% Si), the highest
yet observed on Mercury (Frank et al., 2015). These measurements
confirm that at least one of the most typical neutron-absorbing ele-
ments is more abundant in the HMR. However, a higher Fe content
in the HMR is already included in the HMC composition of Table 2
and thus cannot account for the missing absorption.

A possible solution to the missing-neutron-absorber problem is
that the transition metals Ti, Mn, and Cr, are also elevated in the
high-Mg terrane. In the absence of elemental concentration maps
for these elements, we used global mean values (Ti/Si = 0.012, Cr/
Si = 0.005, Mn/Si = 0.004) for each region in our reference composi-
tions (Table 2). Without knowledge of their relative spatial dis-
tributions, we assumed that all three elements track together,
and we considered the consequence of increasing each by a uni-
form factor. We iterated this normalization until the Ra value of
the HMC matched the mean value for the high-Mg terrane. The
results, shown in Table 4, indicate that Ti, Mn, and Cr concentra-
tions would need to be increased by a factor of 4.4 relative to
our HMC concentrations to account for the missing �13 � 10�4 -
cm2/g of absorption. The validity of this hypothesis can be tested
with future XRS measurements, but we note that this
enhancement is larger than the approximately factor of two
increase in Fe concentrations in the HMR relative to the IC
(Table 2).
5.3.2. Moderate neutron absorbers
GRS measurements have shown that Cl and Na are two of the

most important neutron absorbers on Mercury. Moreover, the con-
centrations of these elements are known to vary across Mercury’s
surface (Peplowski et al., 2014; Evans et al., 2014). Spatially
resolved Na and Cl abundances for the HMC are not available, so
we used the mean equatorial values. Following Section 5.3.1, we
estimate that a factor of 2.4 increase in the abundance of Cl and
Na is required to account for the missing neutron absorption in
the high-Mg terrane (Table 4).

The Caloris interior plains are at latitudes comparable to those
of the high-magnesium terrane, so the former would need to have
lower Na/Si and Cl/Si ratios to maintain the average GRS-measured
value at mid and equatorial latitudes. That change would lower the
Ra value for the CIP from our current estimate of 41.3 � 10�4 cm2/
g, a value that is already lower than the measured values for this
region (�45.7–48.7 � 10�4 cm2/g). Although invoking higher Na
and Cl is therefore a possible solution to the missing Ra value in
the high-Mg terrane, such a solution would be problematic for
the CIP.
5.3.3. Rare earth elements
The rare earth elements (REEs) Sm, Eu, and Gd have extremely

high microscopic neutron-absorption cross sections of 10,100,
4550, and 22,800 barns, respectively. These values are orders of
magnitude higher than those of more abundant elements
(Table 2), so even minor amounts of these trace elements can cause
notable increases to the Ra value of the regolith. This phenomenon
was noted for the Moon, for which Elphic et al. (2000) used thermal
neutron measurements to map Gd and Sm abundances across the
lunar surface. The HMC already includes estimates of Gd and Sm
abundances derived from the mean northern hemisphere Th con-
centration and the mean Th/Gd and Th/Sm concentrations for
Solar System materials. Elevated REEs in the high-Mg terrane,
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beyond the concentrations assumed in Table 2, could provide a
possible explanation for the missing neutron absorbers.

Following Sections 5.3.1 and 5.3.2, we estimated the REE abun-
dances required to account for the missing neutron absorbers in
the high-Mg terrane by scaling the adopted HMC Gd and Sm values
by a single normalization. We have also included Eu by adopting a
typical Eu/Sm weight ratio (0.48) for Solar System materials
(Lodders and Fegley, 1998). The required normalization, a factor
of 10.5, provides total REE abundances of 9 ppm Sm, 4 ppm Eu,
and 12 ppm Gd (Table 4) to account for the missing �13 � 10�4 -
cm2/g. These concentrations are approximately 50 times those
found in CI chondrites (Lodders and Fegley, 1998), a common refer-
ence material thought to represent bulk Solar System composition.

This hypothesis of elevated REEs, relative to CI chondrites, in the
high-Mg terrane requires a mechanism to concentrate these ele-
ments into the surface materials. On the Moon, REEs and other
incompatible elements are concentrated in KREEP, a material
believed to represent the residue of fractional crystallization of
the lunar magma ocean. The high-Mg terrane contains some of
the lowest K abundances found in Mercury’s northern hemisphere
(Peplowski et al., 2012), so a similar process is unlikely to have cre-
ated an enhancement of REEs in the high-Mg terrane. Another
possibility is that the REEs are contained in oldhamite (CaS), a min-
eral known to be a host of REEs in meteorite samples (Dickinson
and McCoy, 1997). The correlation between Ca/Si and S/Si on
Mercury (Nittler et al., 2011; Weider et al., 2012) is consistent with
the presence of oldhamite on the surface. The highest Ca/Si and S/Si
values are observed in the HMR (Fig. 12), which supports the
hypothesis that oldhamite, and by extension REEs, are concen-
trated in the HMR.

Attributing the missing neutron absorbers in the high-Mg
region to REEs in oldhamite requires extending this supposition
to other regions on Mercury. The other geochemical terranes have
S and Ca abundances that are approximately 50% of those found in
the high-Mg terrane (Fig. 12), suggesting that these regions have
similarly reduced concentrations of oldhamite and, by extension,
REE abundances. These regions would therefore be expected to dis-
play �6.5 � 10�4 cm2/g of neutron absorption from REEs. This
value is 5–6 times that predicted from our Th-derived Sm and Gd
estimates (Table 2) but is consistent with the differences in Ra val-
ues for the CBC/CIP and IC/intermediate terrane (Table 3), as well
as notionally consistent with the difference between the NC and
northern terrain when also considering the potential effects of H
(Section 5.2). A detailed examination of the relationship between
variations in Ra and in Ca/Si and S/Si ratios is required to explore
further the hypothesis that oldhamite is a major REE carrier on
Mercury.

Terrestrial analogs for Mercury surface materials offer another
way to examine the likelihood of elevated REEs in the high-Mg
region. Given that REEs are highly incompatible during silicate par-
tial melting, we can investigate the extraction of low-degree partial
melts from mantle source regions that contain REEs. For instance,
mid-ocean ridge basalts (MORBs), which have K/Th ratios similar
to those on Mercury (Peplowski et al., 2011, 2012), also have ele-
vated concentrations of REEs (3.5 ppm Sm, 1.3 ppm Eu, 5.1 ppm
Gd; Lodders and Fegley, 1998). These values are within a factor
of 2–3 of the values that are required to account for the missing
neutron absorbers in the high-Mg terrane (Table 3). Weider et al.
(2012) showed that terrestrial komatiites are a match to some
XRS-derived major element ratios within Mercury’s intercrater
plains and heavily cratered terrain (IcP/HCT). A large number of
the IcP/HCT XRS measurements fall within the high-Mg terrane,
so komatiites may constitute an approximate terrestrial analog
for materials in the high-Mg terrane. Mean REE concentrations
within Gorgona komatiites (1.3 ppm Sm, 0.6 ppm Eu, and
2.3 ppm Gd; Aitken and Echeverria, 1984) are elevated with
respect to CI chondrites, but they are still a factor of 5–7 lower than
that required to resolve the missing absorption problem on the
basis of REEs alone.
5.3.4. Hydrogen
The missing �13 � 10�4 cm2/g in the high-Mg terrane could be

an artifact of the thermal plus epithermal neutron mixture mea-
sured by the ACS. In this scenario, the neutron absorption decrease
occurs in the epithermal energy range but manifests as an appar-
ent increase in neutron absorption, because of our assumption that
all neutron variability at mid-latitudes is attributable to thermal
neutrons (Section 2.3). Under this hypothesis, �300 ppm of H
(Fig. 4) in the high-Mg terrane would be required to account for
the 3.6% lower count rate in the high-Mg terrane than for inter-
mediate terrane (Section 5.4).

The high-Mg terrane is a mid-latitude to equatorial feature, so H
in this region is unlikely to be in the same form as the water ice
near the poles (e.g., Lawrence et al., 2013a). The hydrogen might
instead take the form of adsorbed H in minerals, e.g., as a result
of solar wind implantation. The high-Mg terrane includes some
of Mercury’s oldest surfaces (Weider et al., 2015) and therefore
has had the most time to accumulate solar H. The possibility of ele-
vated H in this region is thus increased. The similarly ancient lunar
highlands have a mean hydrogen concentration of 65 ppm and a
maximum of 121 ppm (Lawrence et al., 2015), which is lower than
the 300 ppm required here. Although the solar wind flux is higher
at Mercury, the maximum lunar concentration represents a sat-
uration value (Lawrence et al., 2015) that would presumably be
met earlier at Mercury. On the Moon, only fresh (rayed) craters
appear to be sufficiently young to contain abundances of solar-
wind-implanted H resolvably lower than average. It is therefore
unlikely that this hypothesis can account for differences in the
neutron properties among our geochemical terranes, which are
equivalently old relative to rayed craters.

Alternatively, a H enhancement may originate from the mag-
matic source region of the high-Mg terrane. Such an effect has been
observed in lunar materials. In particular, OH-bearing minerals
have been found in association with KREEP-rich materials (e.g.,
McCubbin et al., 2010; Klima et al., 2013) known to have experi-
enced an unusual magmatic history relative to that of the lunar
highlands. The hypothesis that the high-Mg terrane is the mani-
festation of a distinctive magmatic source region on Mercury
(Weider et al., 2015) raises the possibility that high-Mg terrane
materials may have incorporated a similarly distinctive H concen-
tration compared with the rest of the surface.
5.4. Intermediate terrane

The intermediate terrane we define has Ra and Mg/Si values
that do not differ substantially from the planetary averages, i.e.,
the values do not lie within any of the three regions delineated
in Fig. 10. XRS major-element measurements suggest that the
intermediate terrane may actually consist of a number of different
geochemical terranes that are not apparent in the thermal neutron
absorption map (Weider et al., 2015). Despite this complication,
we expect that the intermediate terrane generally corresponds to
the intermediate composition (IC) of Table 2, which was derived
from MESSENGER elemental concentration measurements taken
outside of the other geochemical terranes, or from global average
values.

Elemental abundance ratios for the intermediate terrane
(Fig. 12) indicate that it has generally intermediate values of Ca/
Si and S/Si, but Al/Si ratios that are generally higher than in the
northern and high-Mg terranes. Only the CIP terrane has higher
Al/Si ratios. The intermediate terrane consists mostly of intercrater
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terrain (e.g., Whitten et al., 2014), but it also extends into some
areas of smooth plains.

As shown in Table 3, our ‘‘best guess’’ Ra values are substan-
tially lower than the mean Ra value of the intermediate terrane.
However, the intermediate terrane has the largest range of Ra val-
ues, supporting the hypothesis that it consists of several geochemi-
cal units that are not resolved in this study. As a result, a detailed
examination of any potential missing neutron absorbers for this
region is not warranted.
6. Conclusions

Data from MESSENGER’s Gamma-Ray Spectrometer anti-coinci-
dence shield have yielded the first maps of neutron absorption
across Mercury’s surface. These maps have been used to infer the
distribution of thermal-neutron-absorbing elements across the
planet. This information has been combined with other
MESSENGER geochemical measurements to identify and map four
distinct geochemical terranes on Mercury. Interpretation of the
neutron absorption map and the inferred geochemical terranes
leads to the following observations:

� At regional scales, Na, Cl, and Fe are the dominant contributors
to observed variability in the concentrations of neutron-ab-
sorbing elements on Mercury.
� The Caloris interior plains terrane has a distinct elemental

composition, with low Ra, Fe/Si, and Mg/Si, as well as high Al/
Si. The boundaries of this terrane are generally consistent with
the geomorphological boundaries of the Caloris interior smooth
plains. A small difference between the expected and measured
Ra values suggests that this region may host unidentified neu-
tron-absorbing elements.
� The northern geochemical terrane is found at high northern lati-

tudes and corresponds to a region with high Ra, Na/Si, Cl/Si, and
K abundances, intermediate–to-low Al/Si content, and low Mg/
Si abundances.
� The Ra value, Al/Si ratio, and K content of the northern terrane

differ from those of the Caloris interior plains, indicating differ-
ent elemental compositions. We suggest that the source mag-
mas for these two volcanic units therefore originated from
portions of the mantle with different compositions.
� The boundaries of the northern terrane do not match the

boundaries of the northern volcanic plains (NVP). The NVP
include areas within both the northern terrane and the inter-
mediate terrane. This finding is consistent with other maps of
Mg/Si, Al/Si, and K abundances and demonstrates that the
NVP are not a compositionally homogenous unit.
� The high-Mg terrane, which has high Ra values and the highest

Mg/Si content on the planet, closely corresponds to the high-
magnesium region (HMR) identified from XRS observations
(Weider et al., 2015). The cause of the elevated Ra values in this
area is due, in part, to elevated Fe/Si content, but Fe cannot
account for the full enhancement. Elevated concentrations of
other transition metals (Ti, Cr, Mn), moderate absorbers (Na,
Cl), rare-earth elements (Gd, Eu, Sm), or H each provide possible
explanations.
� The northern and high-Mg terranes closely follow, but do not

cross, the boundaries of the Caloris exterior plains. Those plains
are part of the intermediate terrane, which has an elemental
composition closer to the planetary average than the other geo-
chemical units.

An unexpected result of this analysis is the demonstration that
the NVP and the Caloris basin interior plains are geochemically dis-
tinct, despite their generally similar reflectance and color
characteristics (Denevi et al., 2009, 2013). There is also a lack of
correlation between the boundaries of the northern geochemical
unit and the northern smooth plains, despite the general unifor-
mity of their morphological and color characteristics. Our observa-
tions, together with those of Weider et al. (2015), therefore show
that the relations between geological units and geochemical ter-
ranes on Mercury are complex. The increasingly detailed geo-
chemical measurements returned by MESSENGER are only now
providing sufficient information to provide insights into these
relations.
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Appendix A. Data reduction methodology

A.1. Introduction

The need to normalize the measured neutron count rate, CnðtÞ,
to a standard viewing geometry so that compositional information
can be derived from the ACS measurements is described in
Section 3.3. In addition to being sensitive to surface composition,
CnðtÞ is a function of the following parameters:

� Altitude, h, more conveniently expressed as the solid angle, X,
subtended by the planet (Section A.3).
� Vertical velocity, calculated from the time derivative of the alti-

tude, dh
dt .

� Spacecraft attitude as expressed by the angle between the
detector boresight vector and the spacecraft-to-planet nadir
vector (h), and the angle that measures the rotation of the
spacecraft about the nadir vector (/).
� Components of the spacecraft velocity, V, in the spacecraft coor-

dinate frame (x; y; z).
� Local GCR flux, as sampled by the NS triple-coincidence counter,

CT.

In this appendix we detail the empirical corrections that are
applied to CnðtÞ to remove these sources of variability.
Corrections are performed in decreasing order of importance, and
some are multivariate in nature, as a result of interdependencies
in the sources of variability. The resulting time series of neutron
count rates, normalized to our reference geometry, contains infor-
mation on Mercury’s surface composition. Corrections are derived
and tested on modeled neutron count rates (Section A.2), which
serve as a guide to the normalization process.

A.2. Step 1: Model creation and normalization

We produced modeled neutron count rates for the entire ACS
dataset, building on techniques developed for analysis of NS data
(Lawrence et al., 2010, 2013a). Additions were made to incorporate
the ACS detector and its response to neutrons. The MESSENGER
ephemeris was included in the neutron model on a spectrum-by-
spectrum basis. In the model we used these inputs to simulate



Fig. A1. Neutron count rates for (a) the data and (b) the model as functions of solid
angle (X) and vertical velocity (dh/dt, in units of km per 20 s). Values are normalized
to the mean value at the reference geometry, h = 1000 km (X = 0.15).
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GCR-induced neutron production within Mercury’s regolith (e.g.,
McKinney et al., 2006), neutron interactions in the regolith as they
travel to the surface, neutron transport to the ACS (Feldman et al.,
1989), and neutron detection by the ACS (e.g., Fig. 2a). The models
accurately reproduced the observed variability arising from sys-
tematic effects, such as variable spacecraft altitude and attitude-
dependent detector response (Fig. 5). The model accounts for the
ACS disk and annulus count rates separately, and as was the case
for the data, we limited our analysis to the annulus events
(Section 2.2). Models were carried out for multiple surface
compositions (Table 1), under the assumption of compositional
homogeneity across the surface. A perfectly corrected model, with
all systematic variability removed, would thus produce a uniform
neutron count rate map for Mercury’s surface. This assumption
facilitates the use of the models as a test bed for checking the valid-
ity of count-rate corrections prior to applying them to the data.

Our first step in the count-rate corrections was to normalize the
modeled count-rate time series to the measured count-rate time
series. A least-squares minimization routine was used to derive
the optimum values for a linear correction to the raw modeled
count rates to match the measurements. The resulting
normalization,

Cn ¼ 0:41 Cn ðrawÞ � 3:08; ðA1Þ

indicates that the simulations overestimate the annulus-measured
neutron count rates by a factor of 1/0.41 = 2.44. The most likely
sources of this discrepancy are differences between the modeled
and actual GCR flux and/or differences in the modeled and actual
response of the ACS. For example, the light output of the BC454
scintillator is not included in the simulations and can introduce
an efficiency loss to the system. The offset (�3.08) is attributed to
imperfect removal of the high-altitude backgrounds from the ACS
spectra (Section 3.2).

A.3. Step 2: Solid angle and vertical Doppler correction

The dominant source of variability in the modeled and mea-
sured count rates is the altitude of the spacecraft about Mercury
(Fig. 5a). This relationship is more conveniently expressed in terms
of the fractional solid angle (X), the portion of the GRS/ACS 4p-sr
field of view that is subtended by Mercury. X is calculated from

XðhÞ ¼ 1� cosðhmaxÞ
2

ðA2Þ

where h is the spacecraft altitude and hmax is the angle from the sub-
nadir point to the horizon. hmax is

hmaxðhÞ ¼ a cos
½ðRM þ hÞ2 � R2

M�
1=2

ðRM þ hÞ

" #
; ðA3Þ

where RM is the radius of Mercury (2440 km).
The relationship between thermal neutron count rates and the

solid angle is complicated by a second-order effect originating
from Doppler enhancement/suppression on the inbound/outbound
portions of MESSENGER’s orbit (e.g., Feldman and Drake, 1986).
The result is a double-valued function for the count rate versus
solid angle. This effect prohibits a simple correction based on count
rate versus solid angle (e.g., Peplowski et al., 2012). We resolved
this ambiguity by performing an empirical correction to the data
as a function of both X and dh

dt . First, the CnðtÞ was recast as a func-
tion of X and dh

dt as

CnðtÞ ! Cn X;
dh
dt

� �
: ðA4Þ

Our reference geometry specifies normalizing to the average value
at an altitude of 1000 km (X0 = 0.15). Averaging between the
inbound (dh/dt < 0) and outbound (dh/dt > 0) portions of the orbit
effectively normalizes the data to a vertical velocity of 0 km s�1.
The normalized count rate C0n X; dh

dt

� �
may be calculated as
C0n X;
dh
dt

� �
¼ Cn X;

dh
dt

� �
� N1 X0;X;

dh
dt

� �� ��1

; ðA5Þ
where the normalization N1 is shown in Fig. A1. C0n X; dh
dt

� �
was recast

back to a normalized count-rate time series, C0nðtÞ, for which the
systematic dependence on altitude and vertical velocity has been
removed.
A.4. Step 3: Galactic cosmic ray correction

Neutrons are produced on Mercury via interactions between
GCRs and the regolith (Section 2.1). Changes in the surface-inci-
dent GCR flux therefore result in changes in the magnitude of the
neutron flux from the surface. The NS triple-coincidence count rate
(CT) is a GCR proxy (Feldman et al., 2010; Lawrence et al., 2013a)
that was used to remove this effect empirically. C0nðtÞ is plotted
as a function of CT in Fig. A2. We re-binned the C0nðtÞmeasurements
into bins of CT, fit a linear relationship between C0nðtÞ and CT

(Fig. A2), de-trended the data, and normalized to a reference CT

value of 26.5 counts s�1. These steps yielded a new time series,
C00nðtÞ, for which the systematic dependence on altitude, vertical
velocity, and GCR conditions have been removed. Since the neutron
model is predicated on a uniform GCR flux throughout the mission,
it does not require this correction.



Fig. A2. Measured neutron count rate, after altitude and dh/dt corrections, versus
the NS triple-coincidence count-rate (triples) value, a proxy for galactic cosmic ray
flux. Raw data (gray) are re-binned by triple value (black points, error bars), and a
linear fit to the rebinned values is shown (black line).

Fig. A3. Neutron count rates for (a) the data and (b) the model as functions of
spacecraft attitude (see Section A.5). Values are normalized to the mean value at the
reference geometry, h = 0�.
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Fig. A4. Data versus model normalization factors for the (a) detector response and
(b) altitude corrections. The black line is the 1:1 line expected if the normalizations
were identical.
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A.5. Step 4: Detector response correction

The quantity C00nðtÞ strongly varies as a function of the detector
orientation, relative to Mercury (e.g., Fig. 5b). This effect is the result
of neutron transmission losses through ACS-surrounding spacecraft
components, e.g., the spacecraft adapter ring and sunshade (Leary
et al., 2007; Goldsten et al., 2007), as well as axial asymmetries in
the detector volume. We express the GRS attitude in terms of the
angles h and / (see Section A.1 and Peplowski et al., 2012). We recast
C00nðtÞ as a function of h and / for both the measured and modeled
datasets. Following the procedure detailed in Section A.3, we nor-
malized C00nðtÞ to the reference h value (h0 = 0�) as

C 000n h;/ð Þ ¼ C 00n h;/ð Þ � N2 h0; h;/ð Þ½ ��1
; ðA6Þ

where N2 is the normalization shown in Fig. A3. Note that / is
unspecified at h = 0� and is therefore not considered in the normal-
ization. We recast C000n ðh;uÞ as a new time series C000n ðtÞ for which the
systematic dependences on altitude, vertical velocity, local GCR
conditions, and spacecraft attitude have been removed.
A.6. Step 5: Minor corrections

Steps 1 through 4 remove the majority of the systematic vari-
ability from the neutron time series, but weak correlations
between C000n ðtÞ and Vx;Vz are still observed. The Vx dependence,
which originates from the non-isotropic response of the detector,
partially mimics the Doppler filter technique used by the NS to seg-
regate thermal and epithermal neutrons in the lithium glass detec-
tors. Following the procedures used in steps 2 and 4, C000n ðtÞ was
plotted as a function of Vx and Vz, and empirically corrected to
reference Vx and Vz values of zero. Because of the small magnitude
of these corrections, we have omitted inclusion of the details of
these corrections.
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A.7. Application of the corrections

Although this appendix details the model and measurement
corrections as parallel steps, in practice this procedure was per-
formed first for the model. The order and nature of the corrections
were iterated with the goal of creating a nearly uniform model
count-rate map (Section A.2). Once the correction procedure was
optimized, it was then applied to the dataset. The corrections
themselves were developed independently for the modeled and
measured neutron count rates, and in general there was excellent
agreement between the two. The correction factors for the model
versus those for the measurements for steps 2 and 4 are plotted
in Fig. A4. For the detector response (Fig. A4a), the two corrections
plot along the 1:1 line expected if the two corrections are essen-
tially identical. This result indicates that the normalized sim-
ulations successfully reproduced the response of the ACS.

A different situation is observed for the X corrections (Fig. A4b).
For these values, the corrections are similar near the reference alti-
tude (X = 0.15), where the correction is �1:1, but they diverge at
large (>1.5) values. This discrepancy, which occurs over
Mercury’s high northern latitudes, results from degeneracies
between Mercury’s surface composition and MESSENGER’s orbit.
During the timeframe of the reported ACS measurements,
MESSENGER’s altitude decreased systematically with increasing
latitude. As a result, latitude-dependent variations in surface
composition trade off with altitude-induced variations in signal
intensity. Even before this work, Mercury’s north polar region
was known to be compositionally distinct in terms of Mg/Si, Al/Si
(Weider et al., 2012, 2015), K (Peplowski et al., 2012), Na/Si
(Peplowski et al., 2014), and Cl/Si (Evans et al., 2014). In particular,
the presence of elevated Na and Cl raises neutron absorption in this
region, a phenomenon that can account for the divergence in the
corrections since the model is for a homogenous surface composi-
tion. These observations led us to apply the model-derived N1 cor-
rection to the data for the Cn X; dh

dt

� �
correction. This step is required

to avoid removing a compositional signal from the data during the
correction process.
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