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a b s t r a c t

The composition and chemistry of Mercury’s regolith has been calculated from MESSENGER MASCS 0.3–
1.3 lm spectra from the first flyby, using an implementation of Hapke’s radiative transfer-based photo-
metric model for light scattering in semi-transparent porous media, and a linear spectral mixing algo-
rithm. We combine this investigation with linear spectral fitting results from mid-infrared spectra and
compare derived oxide abundances with mercurian formation models and lunar samples. Hapke model-
ing results indicate a regolith that is optically dominated by finely comminuted particles with average
area weighted grain size near 20 lm. Mercury shows lunar-style space weathering, with maturation-pro-
duced microphase iron present at �0.065 wt.% abundance, with only small variations between mature
and immature sites, the amount of which is unable to explain Mercury’s low brightness relative to the
Moon. The average modal mineralogies for the flyby 1 spectra derived from Hapke modeling are 35–
70% Na-rich plagioclase or orthoclase, up to 30% Mg-rich clinopyroxene, <5% Mg-rich orthopyroxene,
minute olivine, �20–45% low-Fe, low-Ti agglutinitic glass, and <10% of one or more lunar-like opaque
minerals. Mercurian average oxide abundances derived from Hapke models and mid-infrared linear fit-
ting include 40–50 wt.% SiO2, 10–35 wt.% Al2O3, 1–8 wt.% FeO, and <25 wt.% TiO2; the inferred rock type
is basalt. Lunar-like opaques or glasses with high Fe and/or Ti abundances cannot on their own, or in com-
bination, explain Mercury’s low brightness. The linear mixing results indicate the presence of clinopyrox-
enes that contain up to 21 wt.% MnO and the presence of a Mn-rich hedenbergite. Mn in M1 crystalline
lattice sites of hedenbergite suppresses the strong 1 and 2 lm crystal field absorption bands and may
thus act as a strong darkening agent on Mercury. Also, one or more of thermally darkened silicates, Fe-
poor opaques and matured glasses, or Mercury-unique Ostwald-ripened microphase iron nickel may
lower the albedo. A major part of the total microphase iron present in Mercury’s regolith is likely derived
from FeO that is not intrinsic to the crust but has been subsequently delivered by exogenic sources.

� 2010 Elsevier Inc. All rights reserved.

1. Introduction

The surface composition of Mercury is a long-standing issue of
research and debate, with few results that are statistically signifi-
cant as well as widely accepted by the community. This situation
is due to the planet being observationally compromised by its small
solar elongation from Earth-based facilities, and by the limited data
on surface composition provided by Mariner 10 (e.g., Murray et al.,
1974; Rava and Hapke, 1987). Attempts to understand the interior
structure and geologic evolution of the planet have similarly been
limited by disperse and interpretationally challenging results on

crustal mineralogy and chemistry (e.g., Vilas, 1988; Strom and Spra-
gue, 2003; Sprague et al., 2007). While many spectra of Mercury are
available from ground-based visual and near-infrared (VNIR) and
mid-infrared (MIR) photometry and spectroscopy (McCord and
Clark, 1979; Vilas, 1985; Warell, 2003; Warell and Blewett, 2004;
Warell et al., 2006; Sprague et al., 2009), spectral modeling has been
performed on only a small number, with limited sophistication but
nevertheless with important quantifying results (Warell and Blew-
ett, 2004). The recent flybys of the MESSENGER spacecraft have
generated a surge of new relevant data, particularly from the Mer-
cury Atmospheric and Surface Composition Spectrometer (MASCS)
(McClintock et al., 2008a) and the Mercury Dual Imaging System
(MDIS) multi-color imager (Robinson et al., 2008), and have already
increased our insight into Mercury’s surface composition (Solomon
et al. (2008, 2009) and references therein).
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The presence of specific emissivity features seen in MIR spectra
of Mercury obtained with a wide range of telescopes, detectors and
surface footprints have indicated that various low-Fe mafic sili-
cates and feldspars are present, including alkali basalt, feldspars
in the K-spar series or albite–labradorite range, and Mg-rich clino-
and orthopyroxenes (Tyler (Sprague) et al., 1988; Sprague et al.,
1994, 1997, 2002, 2007, 2009; Emery et al., 1998; Sprague and
Roush, 1998; Cooper et al., 2001; details are given in Sprague
et al. (2009), Table 9). The indication is that the type of mineralogy
varies regionally across the surface, a result which has been subse-
quently verified with VNIR spectra (Warell et al., 2006).

However, insight into even more fundamental concepts than
mineralogy has been gained from ground-based observations in
the last few years. An unexpected discovery was made by Warell
(2004) who found from two independent lines of evidence that
Mercury on average is 10–15% darker than the near-side Moon, de-
spite the fact that the lunar near-side harbors 30% by surface area
of dark Fe-, Ti-rich basaltic maria. While Rava and Hapke (1987)
concluded that Mercury’s low Bond albedo indicated the likely
presence of an opaque component of the regolith, the ‘‘Mercury-
fainter-than-the-Moon result” was contrary to the general consen-
sus based on Mariner 10 data analysis (Hapke et al., 1975), and
further apparently conflicted with the fact that Mercury’s surface
was expected to be iron poor (<6 wt.%) from color and microwave
observations and optical spectra (e.g., Rava and Hapke, 1987;
Mitchell and de Pater, 1994; Jeanloz et al., 1995; Blewett et al.,
1997; Warell, 2003). This contradiction became even more plain
when Warell and Blewett (2004) first employed rigorous Hapke
modeling which indicated an FeO abundance of <2 wt.%, an or-
der-of-magnitude less than the lunar near-side maria. Further-
more, the amount of grain-embedded metallic iron particles a
few to tens of nm in size, formed from meteoritic and solar wind
particle impact vaporization maturation processes (Hapke, 2001),
was estimated by Warell and Blewett (2004) to be of the order of
0.2 wt.% in the bulk regolith or less than half that of the lunar aver-
age surface, thus indicating that originally the amount of FeO in the
crust must have been much less than the case of the Moon. The re-
sult would indicate that there must be some darkening agent or ef-
fect operating at Mercury but not at the Moon.

This brightness contrast between the two bodies was subse-
quently verified with MDIS first flyby imaging data (Robinson
et al., 2008). A comparison of the reflectance and color properties
of Mercury, based on a recalibration of Mariner 10 image data,
was discussed in detail by Denevi and Robinson (2008). They
showed that the brightness difference is not only present for
matured surfaces, but also for immature locations (Denevi and
Robinson, 2008). Bright Kuiperian age ray craters on Mercury are
30–50% darker than analogous bright Copernican age ray craters
on the Moon. Denevi and Robinson (2008) determined a corre-
sponding value from MDIS images of about 15%. Though there is
presently some discordance in the absolute brightness difference
between fresh immature ray craters on Mercury and the Moon, it
is at least as large as for mature locations. This suggests that the
mercurian darkening is not due solely to space weathering effects,
but is related to the bulk composition of the regolith and thus
attributable to the existence of minerals present on Mercury that
are intrinsically darker than the lunar anorthosite highland crust.
It may also tell us something about the origin of FeO and micro-
phase iron (mpFe)1 (cf. Section 8).

The search for the cause of this ‘‘darkening” is presently intense,
with some authors suggesting the presence of dark, spectrally neu-
tral (thus difficult to uniquely identify) lunar-like oxides such as
ilmenite (FeTiO3), perovskite (CaTiO3) or ulvöspinel (Fe2TiO4) (e.g.
McClintock et al., 2008a; Robinson et al., 2008; Denevi et al.,
2009). Perovskite was also suggested as a regolith component from
mid-infrared spectral analysis by Sprague et al. (2009). Riner et al.
(2009a) showed that neither synthetic ilmenite, ulvöspinel,
armalcolite ((Mg,Fe)Ti2O5) or ferropseudobrookite (FeTi2O5) could
act as the global darkening agent on their own, as measured reflec-
tances would require regolith abundances of the order of 20–30%.
This would conflict with most available constraints on bulk iron
and titanium abundance except for those presently set by the MES-
SENGER Neutron and Gamma Ray Spectrometers (Table 1). Riner
et al. (2009a,b) suggested the presence of less Fe-rich and more
Ti- and/or Mg-rich opaques such as geikielite (MgTiO3; forms solid
solution with ilmenite) and anosovite (Ti3O5; forms solid solution
with armalcolite) as a possibility.

Radiative transfer modeling by Warell et al. (2009a,b), and as
detailed in this paper, verifies that while indeed a presently
unidentified dark ingredient or effect, in addition to microphase
iron, is required to provide the correct spectral slope and bright-
ness of Mercury, its identity cannot be any single one of Fe-, Ti-rich
oxides such as ilmenite and troilite, or elemental large-grain
metallic iron. Model-derived bulk abundances for these minerals
are of the order of 30 wt.%, resulting in iron (elemental or oxide)
and/or Ti oxide abundances in the surface regolith of between 20
and 40 wt.%, which is higher even than for lunar maria. A possible
solution is the presence of a dark but low FeO + TiO2 glass derived
from local iron-poor regolith, which gives a very reasonable chem-
istry consistent with available constraints (Table 1).

In this paper, we present a number of Hapke models and linear
spectral fitting results of the MASCS spectra obtained at the first
flyby, which were originally presented and put into context by
McClintock et al. (2008a). In combination with compositional re-
sults from linear spectral fitting of MIR telescopic spectra (Sprague
et al., 2009), we discuss the obtained mineralogies and chemistries
of the solutions and the implications for Mercury’s surface
composition.

2. Constraints on Mercury’s surface composition

The constraints on the chemistry and composition of Mercury’s
regolith that are available are few and not well bounded. Only
upper bounds are available on iron and titanium and are derived
from reflectance spectroscopy, microwave radar, and neutron and
c-ray absorption observations, as well as from spectroscopic mod-
eling of infrared and optical observations. A concise review of the
available evidence on the iron abundance, and the difficulties
encountered in the applications of different methods, is given by
Blewett et al. (2009), while Boynton et al. (2007) summarized
the knowledge of the chemistry of Mercury’s surface derived from
ground-based and Mariner 10 data. Table 1 summarizes the pres-
ent estimates on Fe and Ti.

Most mercurian spectra show no unambiguous 1 lm absorp-
tion band due to Fe2+ crystal field absorptions (Blewett et al.,
1997; Warell and Blewett, 2004; Blewett et al., 2009; McClintock
et al., 2008a). Warell et al. (2006) found a shallow absorption with
a band depth of <8% at 1.1 lm at north and south mid-latitudes
near longitude 170�W from telescopic observations. The band
was attributed to the presence of Ca-rich clinopyroxene, which
would signify the presence of about 5 wt.% or more FeO in the
pyroxene. However, a site a northern mid-latitudes near longitude
260�W showed no trace of absorption band. This indicates that iron
in silicates may vary on regional scales across the surface of

1 We use the term mpFe (microphase iron) for reduced native iron particles formed
from maturation processes as suggested by Lucey and Noble (2008), rather than the
alternate terms SMFe (submicroscopic metallic iron) or npFe0 (nanophase iron). The
term mpFe includes maturation-produced iron particles of all size ranges, including
smaller particles <30 nm which primarily redden but also darken, and larger particles
which primarily darken, the regolith.
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Mercury. Sprague et al. (2009) found from mid-infrared telescopic
spectra an abundance of 2–5 wt.% FeO in the regions containing the
Caloris Basin interior, the dark plains west of Caloris Basin, and ra-
dar bright region C (spatially close to the crater Eminescu), and the
shape of the mid-infrared spectrum was well fit with up to 14%
TiO2.

Whole-planet estimates of total iron plus titanium oxide abun-
dances are derived from microwave observations and neutron and
gamma ray spectroscopy. The strictest constraint of the total abun-
dance, <6%, is provided by microwave observations which are
based on extrapolation of modeled loss tangent measurements of
Mercury to frequencies where empirical comparison data for lunar
samples is available (Mitchell and de Pater, 1994; Jeanloz et al.,
1995). Preliminary analysis of MESSENGER Neutron Spectrometer
data constrain the FeO + TiO2 abundance to a maximum of �21
wt.% (Lawrence et al., 2009), while preliminary calibrations of the
MESSENGER Gamma Ray Spectrometer gives an upper bound of
Fe plus Ti at 28 wt.%, though neither of these elements have yet
been detected with certainty (Rhodes, 2009).

The abundance of microphase metallic iron must be consider-
ably less than the lunar value or else the mercurian UV absorption
edge absent in lunar remotely sensed spectra would not be ob-
served (McClintock et al., 2008a). Warell and Blewett (2004) mod-
eled an averaged mercurian spectrum from 0.4 to 1.0 lm derived
from ground-based observations and found mpFe abundances in
the range 0.1–0.2 wt.% which is approximately half the lunar aver-
age bulk regolith value (e.g., Morris, 1980; Taylor et al., 2001).

Sprague et al. (2009) performed an extensive investigation of
Mercury’s surface composition at three different sites (radar bright
region C, dark plains west of Caloris Basin, and Caloris Basin inte-
rior) by employing a spectral deconvolution algorithm to fit
linearly mixed laboratory emissivity spectra of minerals to mid-
infrared telescopic spectra. VNIR reflectance spectroscopy is
sensitive to brightness variations such as due to iron or cation
absorption in crystalline silicate lattices, charge-transfer absorp-
tions in oxides, and Fresnel reflectance for metals, while thermal
infrared spectroscopy is sensitive to fundamental molecular vibra-
tional frequencies, particularly Si–O stretching and bending modes.
MIR methods can thus detect and discriminate not only between
Fe- and Ti-bearing mineralogies but most importantly between
minerals with very low or no absorbing cation abundances (e.g.,
Salisbury, 1993). However, MIR spectra are not strongly indicative
of the presence of Fe, Ti-oxides such as ilmenite which have low
contrast spectra across the wavelength region. Similar to other
spectroscopic remote-sensing methods however, constraining
minerals lacking prominent spectral features within the wave-
length range (e.g., some Fe- and Ti-bearing opaques such as troilite
and ilmenite) is less straightforward. Sprague et al. (2009) found
generally Fe-poor, Mg-rich chemistries and intermediate, mafic
and ultramafic rock compositions. K-spars (orthoclase or sanidine)

as well as Na-bearing plagioclase were consistently present, and
formed the dominant phases together with Ca-rich clinopyroxenes.
Generally, SiO2 abundances determined from MIR spectra are in
the range 32–58 wt.%.

The observation that the absolute reflectance of average Mer-
cury is 15% less than the lunar near-side (Warell, 2004; Robinson
et al., 2008) indicates that one or more darkening agents or effects
are operating on Mercury but are not important on the Moon. As
demonstrated in this paper, possible agents are low-iron oxides
(e.g., a magnesian member of the geikielite–ilmenite (MgTiO3–
FeTiO3) solid solution series (Riner et al., 2009a)), meteoroid im-
pact glasses, and clinopyroxene phases that are dark due to the
presence of strongly absorbing cations (e.g., Mn, Cr) other than
Fe. Darkening of silicates at mercurian daytime temperatures such
as that observed in labradorite by Helbert and Maturilli (2009) is
another possible contributor to the global darkening of Mercury,
as it generally lowers the reflectance of the VNIR spectrum similar
to opaques. Oxides high in titanium and/or iron are unlikely as sole
darkening agents on a global scale because the resulting regolith
oxide chemistries are unreasonable (Riner et al., 2009a,b; Warell
et al., 2009a), i.e., greater than estimated upper bounds (Table 1).
Other high-iron non-silicates such as macroscopic iron metal and
troilite are similarly unlikely as the elemental abundances are in
conflict with present estimates.

Of significance in many of these studies, including the results
presented here, is the apparent absence on Mercury of significant
olivine, Fe-rich pyroxenes and Ca-rich plagioclase, contrary to the
lunar case (e.g., Heiken et al., 1991; Taylor, 1992). While ferrous
iron appears to be low in silicates and may be relatively homoge-
neously distributed across the surface at regional scales (Warell,
2002; Warell and Valegsrd, 2006; Warell et al., 2006; McClintock
et al., 2008a), as evidenced by only minor differences in the shapes
of VNIR spectra of various sites, variations in abundances of other
oxides in various minerals and rocks are likely greater (Sprague
et al. (2009) and references therein). Much of the FeO present in
the regolith and available for formation of mpFe may have been
delivered by exogenic sources such as meteoritic, micrometeoritic,
asteroidal and cometary impacts (Lewis, 1988; Cintala, 1992;
Noble and Pieters, 2003).

3. Spectral analysis

In the following two sections, MASCS spectra are modeled with
Hapke’s radiative transfer-based model, and deconvolved with lin-
ear spectral fitting, to derive constraints on the types of minerals,
modal mineralogy (relative mass abundances of minerals in a mix-
ture) and oxide composition of Mercury’s surface.

The site locations for the analyzed spectra are near the mercu-
rian equator between longitudes 136�E (224�W) and 175�E

Table 1
Estimates of iron and titanium in Mercury’s regolith.

Indicator/method Interpretation References

No or shallow 1 lm band FeO [ 3 wt.% in silicates Blewett et al. (1997) and Warell and Blewett (2004)
Blewett et al. (2009) and McClintock et al. (2008a)

Presence of 1.1 lm band FeO J 5 wt.% in clinopyr Warell et al. (2006)
Microwave loss tangent FeO + TiO2 < 6 wt.% Mitchell and de Pater (1994) and Jeanloz et al. (1995)
Neutron absorption FeO + TiO2 < 14–21 wt.% Lawrence et al. (2008, 2009)
Gamma ray spectrometer Fe < 17 wt.% (2r bound), estimated 9 wt.% Rhodes (2009)
Gamma ray spectrometer Ti < 11 wt.% (2r bound), estimated 6 wt.% Rhodes (2009)
UV absorption present mpFe < lunar McClintock et al. (2008a)
Mid-infrared spectral fitting FeO � 3–5 wt.% Sprague et al. (2009)
Mid-infrared spectral fitting TiO2 < 24 wt.% Sprague et al. (2009)
Hapke modeling FeO < 2 wt.%, mpFe � 0.1–0.2 wt.% Warell and Blewett (2004)
Meteoritic contribution FeO � 1–5 wt.% Lewis (1988), Noble and Pieters (2003), and Heiken et al. (1991)
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(185�W) as detailed in McClintock et al. (2008a) and illustrated in
Fig. 1. Their labels and identities are as follows: SCE – Small Crater
Ejecta from impact crater about 10 km in diameter. IP – Intermedi-
ate Plains unit just east of SCE. LRM – Low Reflectance Material. CR
– Crater Ray overlying a smooth plains unit. TP1 and TP2 – rela-
tively young smooth plains units (1 and 2) in Tir Planitia. EQAVE
– EQuatorial AVErage of all flyby 1 MASCS spectra.

The EQAVE spectrum is an average spectrum form a large num-
ber of sites along an approximate equatorial trajectory including
the individual sites SCE through TP2. As such it may be expected
to show spectral and compositional properties which are interme-
diate of those of the individual sites, and which may be used as a
representation of the average mercurian surface for the first flyby.
No ‘‘end-member” sites were spectrally characterized during this
flyby. Particularly absent from the MASCS data set are very young
bright ray craters, low reflectance material, and bright crater floor
deposits seen by MDIS elsewhere on the first flyby hemisphere.

Given that the MASCS spectra from flyby 1 represent surface
footprint areas of between 5 km2 and 150 km2 in size (McClintock
et al., 2008a) of a regolith surface of mixed provenance, we should
not expect any spectrum to represent a single rock type, although
in some cases a single lithology may dominate. Furthermore, the
MASCS track was far from ideal, in that it passed too far south to
include a good example of the circum-Caloris ‘‘low reflectance
plains” or the high-reflectance plains within Caloris, both of which
are now accepted as lava-dominated units (Fassett et al., 2009;
Head et al., 2008, 2009; Denevi et al., 2009).

4. Hapke modeling

The Hapke model and the minerals included is described in de-
tail in Warell and Davidsson (2010), which also describes the mod-
eling methodology and validates the code with reflectance spectra
of mineral mixtures, meteorite and lunar sample spectra, and re-
motely sensed lunar spectra. Modal abundances of the major min-
erals in the Apollo 11 soil sample 10084 (Taylor et al., 2001),
modeled from a telescopic VNIR spectrum (McCord et al., 1981)
in the range 0.6–2.5 lm, are predicted with an accuracy of 6%.
We estimate that the abundances derived here for Mercury, on
the assumption that the minerals included in the model are pres-
ent on Mercury’s surface, are of the order of 10% in accuracy. The
error is likely somewhat larger for Mercury than for the lunar spec-
tra as modeled parameters cannot be constrained from in situ mea-
surements or samples, and the fact that discriminative absorption
bands are not clearly present.

4.1. Modeling approach

The Mercury spectra were modeled in a large number of runs by
employing grid searches in Hapke parameter space where multi-
component mineralogy, modal abundances, mineral chemistries,
and amount of submicroscopic metallic iron were varied. The input
model mineralogies were based on estimates of the mineral com-
position of Mercury surface as described in Section 2. Mineral mod-
al abundances were varied in steps of 5% or 10% from 0% to 100%,
chemistry in steps of 0.1 or 0.2 throughout the full compositional
ranges, and mpFe abundance in steps of 0.01 or 0.02 wt.%. Chemis-
try is defined by the An (anorthite) number for plagioclase
(An# = Ca/(Ca + Na) on an atomic basis), and by the Mg number
for pyroxenes and olivine (Mg# = Mg/(Fe + Mg) on an atomic ba-
sis). This grid provided up to 100,000 model variations depending
on the complexity of the model. Grain size was kept constant at
20 lm, following the result of the one- and two-component trial
models. In Figs. 2–4, reflectance spectra of model end-member
minerals are shown for this grain size.

Fig. 1. Map showing the locations and labels of the six local sites of MASCS spectra which are analyzed, adapted from McClintock et al. (2008a, Fig. 2). The original labels (B–F)
are parenthesized, while our labels are provided immediately below with the following identifications according to McClintock et al.: SCE – Small Crater Ejecta, IP –
Intercrater Plains, LRM – Low Reflectance Material, CR – Crater Ray overlying a smooth plains unit, TP1 and TP2 – relatively young smooth plains units (1 and 2) in Tir Planitia.
The EQuatorial AVErage spectrum (our label ‘‘EQAVE”) is derived from an average of all spectra along the white track obtained as MASCS scanned the surface from the
morning terminator (left) towards the limb (right). Eastern longitudes and latitudes at 10� intervals are marked.

0.5 1 1.5 2
0

0.2

0.4

0.6

0.8

1

Wavelength (µm)

R
ef

le
ct

an
ce

 (R
EF

F)

Plg An5

Plg An95
Cpx Mg90Opx Mg90

Opx Mg50Cpx Mg50

Augite

Armalcolite
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size of 20 lm.
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The calculated model reflectance spectra were compared to the
MASCS spectra by computing relative root-mean-square (RMS)
values. Good models were defined as those for which RMS values
were less than twice the RMS value (�0.4%) of a multi-order polyo-
mial fit to each MASCS spectrum. This criterion resulted in a range
of selected best-fit spectral models whose reflectance curves were
within the envelope of scatter in the MASCS spectra (2% in a rela-
tive sense, while the absolute brightness calibration of the MASCS
spectrum is within about 5% compared to MDIS and ground-based
spectra, Domingue et al., 2010). In this sense, the presented miner-
alogic and compositional ranges for the model runs should objec-
tively indicate the modeling uncertainty. Typically, 20–30 models
were thus selected in each model run, from which the average
mineralogy and oxide chemistry was derived. The oxide chemistry
of the models were calculated from measured oxide abundances of
the same samples for which spectra were measured or else calcu-

lated from the stoichiometric formula of the mineral, as described
in Warell and Davidsson (2010).

The EQuatorial AVErage (‘‘EQAVE”) spectrum of McClintock
et al. (2008a) was used as a baseline spectrum in setting up model
grids (as described in Warell and Davidsson (2010)) to be used for
all MASCS spectra, as its reflectance and spectral shape is interme-
diate to the spectra obtained at the first MESSENGER flyby of Mer-
cury. In this way models for which oxide or elemental abundances
for the EQAVE spectrum violated available constraints on Mer-
cury’s surface composition (Table 1) could be discarded, and we
denote such models as ‘‘unreasonable”. Model grids for which
oxide abundance solutions for the EQAVE spectrum were reason-
able were then used to fit the other MASCS spectra individually,
deriving mineral compositions and modal abundances indepen-
dently to the solution of the EQAVE spectrum.

In the following we show that a range of Hapke models with
variations in silicate and non-silicate mineral compositions, modal
abundances and amount of microphase iron provide good fits to
the Mercury spectrum. As noted above, in addition to small RMS
values and good reproduction of the general spectral features,
including the lack of any appreciable absorption bands, constraints
derived with other methods (Section 2) have to be met to isolate
reasonable models.

4.1.1. Photometric quantities of Mercury
The parameters used in the modeling of reflectance spectra

from intimate mixture w-spectra are b = 0.14 and c = 1.1 of the
double Henyey–Greenstein particle scattering function, the oppo-
sition effect parameters h = 0.09, B0 = 2.2, and mean surface rough-
ness �h ¼ 13�. These values were determined for the average
mercurian surface from integral phase curve photometry in the
UBVRI range by Warell and Bergfors, 2008 and are similar to the
V-band results of Mallama et al. (2002), Warell (2004) and Domin-
gue et al. (2010).

The MASCS spectra published by McClintock et al. (2008a) from
flyby 1 were obtained at a phase angle g of about 90�. Our model
spectra were photometrically adjusted to the same geometry as
the MASCS spectra, which were calculated for incidence angle
73� and emergence angle 14.5�, after the observed spectra were
ratioed to the bidirectional reflectance of a perfect diffuse Lamber-
tian scatterer, illuminated normally. Thus, the MASCS spectra are
in units of the radiance factor (RADF, also known as I/F), related
to the bidirectional reflectance r as

RADFði; e; gÞ ¼ prði; e; gÞ: ð1Þ

The maturation-produced microphase iron is assumed to be distrib-
uted in particle rims. The internal scattering coefficient s was set to
0 for all components, including the glasses. The wavelength interval
was restricted to the range 0.3–1.3 lm in order to reduce effects on
the derived mineralogy from a possibly uncorrected thermal com-
ponent at the longest NIR wavelengths covered by MASCS.

4.1.2. Grain size
Grain size is an important parameter as it affects the absolute

reflectance level. The same grain size was used for all mineral com-
ponents in the models, even though natural soils have a wide grain
size distribution (e.g., McKay et al., 1974). However, the optical
properties of the lunar soil has been shown to be controlled by
the smallest size fraction, <10 lm, whose average grain size can
be rather well characterized (Taylor et al., 2001). Models are sensi-
tive to grain size variations as they control the spectral slope. A
range of area weighted grain sizes were tested in trial runs to
determine the optimal value to be used in subsequent more com-
plex modeling, and it was found that 20 lm generally provided the
best fits (Fig. 5).
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Fig. 3. Modeled reflectance spectra of end-member minerals (olivine, orthoclase,
rutile, iron metal, troilite, and ilmenite) used in Hapke modeling for a grain size of
20 lm.
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It is well known that the grain size in the fine fractions of lunar
soils is related to composition. Taylor et al. (2001) showed that
grain size decrease of Apollo 17 soil sieve fractions is related to
an increase in modal abundance of agglutinitic and feldspathic
components, whereas volcanic glass, pyroxene, olivine and oxides
decrease. The general situation is likely to be similar for Mercury,
given the dominating importance of micrometeoritic and meteor-
itic bombardment on the evolution of grain size of both bodies
(Langevin and Arnold, 1977; Cintala, 1992; Langevin, 1997). These
effects are related to mechanical strength of the minerals.

Thus, the assumption in the present modeling that the average
grain size of the regolith constituents is the same regardless of
composition may be wrong. One might expect, e.g., that dense
iron- and titanium-rich oxides may have larger average grain size
than less dense minerals. A larger grain size for opaque oxides,
which would on average increase the average w and thus the
reflectance of the bulk mixture, has not been implemented here
however as the magnitude of such intra-mineral grain size differ-
ences is poorly constrained.

4.1.3. Agglutinitic glass
We have substantial knowledge of the properties of different

types of glass on the Moon (e.g., Heiken et al., 1991). Impact and
agglutinitic glasses are the most important in terms of bulk abun-
dance and remote-sensing implications, while lunar pyroclastic
glasses are seen in some returned samples and some remotely
sensed locations (e.g., Pieters and Tompkins, 2005).

Impact glass, small beads or irregular pieces of glass lacking
clastic inclusions, is generally present in abundances of 2–5 vol.%
in the bulk lunar soil. Impact glass is formed by impact melting
of existing regolith and is present as impact melt products with
various amounts of crystalline material with a range of iron and
titanium compositions (Tompkins et al., 1997). Prominent halos
of unusually dark impact melt glass ejecta are present around a
number of Copernican-age craters (Pieters et al., 1994; Hirata
et al., 1999) and may explain also the low-albedo annulus of the
mercurian crater Basho (Denevi and Robinson, 2008). The low albe-
do of these glasses may be due to shock-induced heating as ob-
served in, e.g., ordinary chondrites (Britt and Pieters, 1994),

‘‘shock blackened” glass, or rapidly quenched glass darkened due
to minor doping of absorbing elements (e.g., Mn, S, Pb, Zn, Sm, or
Gd) in a vacuum environment (Melinda Hutson, pers. comm.;
Eugster et al., 2006).

Agglutinates, which are known only from the Moon, are matu-
ration-produced aggregates of smaller particles (mineral grains,
glass, older agglutinates) bonded by vesicular, flow-banded im-
pact-melted glass. Agglutinates are formed from melting and mix-
ing of regolith, induced by micrometeoritic bombardment, and
have irregular, heterogeneous and clast-rich morphologies always
containing minute amounts of microphase metallic iron and often
troilite. On average they are present in abundances of 25–30% of
the bulk regolith volume, but may amount to more than 60% in
the most mature soils (McKay et al., 1974). Agglutinitic glass in-
creases in abundance by merging of bulk regolith grains in melt
particles formed at impacts, and the abundance is positively corre-
lated with the maturity of the soil (McKay et al., 1974). They are
macroscopically large, up to 1 mm in size or greater.

Agglutinates are generally dark compared to impact glass, even
though they are preferentially derived from the plagioclase-rich
finest fraction of lunar soil (Taylor et al., 2001). The high opacity
is contributed by maturation-induced vapor-phase deposited
microphase iron particles present in the rims of the smallest soil
grains, which are distributed within and coarsen to larger particles
(>50 lm in size) at the high-temperature agglutinate formation
process (Pieters et al., 2000; Keller and Clemett, 2001).

It is known from lunar analogy and impact process melt produc-
tion at elevated impact energies (e.g., Cintala, 1992) that the mer-
curian surface, with maturation processes an order-of-magnitude
more rapid than at 1 AU, is likely to be at least as abundant in both
impact generated as well as agglutinate glass as the most mature
lunar Apollo return samples. The presence of these agglutinates
on Mercury has been indicated from Hapke modeling of optical
spectra (Warell, 2003) from their very strong backscattering effi-
ciency, caused by adhering smaller particles and internal cracks,
voids and embedded mineral grains (e.g. Hapke, 1993, 2001).

Thus the presence of substantial glass, both as impact melt and
agglutinates, is expected on Mercury and the MASCS spectra pro-
vide the possibility to constrain the chemistry of this glass. The fact
that both impact generated glass and agglutinitic glass can be dark
due to different processes, and the absence in Mercury’s spectrum
of well-defined absorption features which may allow identification
of the type of glass, suggest that a wide range of glasses should be
used in the modeling. Our modeling of agglutinitic glass on Mer-
cury is therefore based on the selection of a wide variety of lu-
nar-like base glasses of various compositions and reflectances
which were model-matured by the addition of small-scale surficial
microphase iron (i.e., less than about 50 lm in size; cf. Hapke,
2001; Warell and Davidsson, 2010), and which we refer to as
agglutinates. These matured glasses are dark and red depending
on the amount of microphase iron and have subdued absorption
bands, similar to observed lunar agglutinates. Due to the poorly
quantified amount of absorbing FeO and TiO2 on Mercury, as well
as presence of other absorbing elements within possibly iron-poor
glasses which may be present, we do not however explicitly force
the mercurian agglutinate particles to any particular brightness in
order to conform to knowledge of lunar agglutinates, e.g., as was
opted in the lunar reflectance spectral modeling of Denevi et al.
(2008).

4.2. Model results

In Table 2 we present the results of the Hapke models which fit
the Equatorial Average reflectance spectrum (McClintock et al.,
2008a). A number of the models provide good spectral fits in an
RMS sense but have compositions that fall outside the estimated
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bounds of the constraints of Table 1. The remaining models, tagged
as ‘‘reasonable”, are discussed further in Section 4.3.1 where we
present models of individual sites and compare their composi-
tional properties with each other.

One- and two-component mineral mixtures matured with
mpFe were tested in initial solutions, with area weighted grain
sizes of 10, 20 and 40 lm and varying amounts of mpFe. Grain
sizes of 20 lm consistently provided the smallest RMS values.

These models show that in addition to mpFe, another darkening
agent is required to lower the reflectance of the spectrum while
maintaining the correct slope of the continuum. Silicate models
with mpFe can provide the correct reflectance, but the slopes are
too red. A spectrally neutral or blue component or effect provides
the required broad spectral darkening.

It was evident from the modeling attempts above that at least a
few mineral components are required to provide good fits with re-
spect to Mercury’s reflectance spectrum while at the same time
providing a chemistry meeting the observational constraints.

Four- and five-component models with mpFe, including one or
two opaques or non-silicate components, were tested to evaluate if
derived chemistries were allowed by other constraints, in an at-
tempt to set upper abundance limits on the total opaque component.

All opaque minerals (ilmenite, troilite and macroscopic iron) as
well as rutile, by themselves or in combination with another opa-
que, provide good fits to the spectrum but solutions exceed or ap-
proach limits on the chemistry derived from other methods. In one
five-component model, armalcolite was tested in combination
with ilmenite, with the same result. Models H21, H22 and H23 pro-
duce iron and titanium abundances that are near the limit cur-
rently set by the MESSENGER Neutron and Gamma Ray
spectrometers. They allow an approximate estimate of the maxi-
mum opaque abundance in the regolith to be derived, which is
about 10 wt.% of the bulk given that the opaques are ‘‘lunar”.

Three glasses with varying chemistry in terms of iron and tita-
nium oxides, as detailed in Warell and Davidsson (2010) and be-
low, were tested. All of these glasses provided bulk chemistries
that were in agreement with chemical boundary constraints. How-

ever, the model with the most Fe- and Ti-rich glass predicted a
spectrum with a 1 lm band which is not evident in any MASCS
spectrum. An additional darker glass containing low amounts of
FeO and TiO2 but also a small amount of Fe2O3 was also included
in the study.

In the following we take more detailed look at models that pro-
vide good fits to the Equatorial Average spectrum in terms of both
low RMS and reasonable chemistry. This means that derived oxide
or elemental compositions are within present bounds on iron and
titanium given in Table 1, and that at least a subset of the solutions
in each model run closely match the spectrum of Mercury. Model
compositions are given in Tables 3 and 4, respectively, and plots
of spectral fits are provided.

4.2.1. Models with plagioclase
Five different models include four components with plagioclase

and different agglutinate base glasses (Fig. 4), to investigate the ef-
fect on the fit of varying the glass composition, and the resulting
regolith bulk chemistry.

The input to model H10 includes plagioclase feldspar, clinopy-
roxene and orthopyroxene throughout their full compositional
ranges, and an iron-free and moderate-Ti base glass (‘‘Gl5”). The
maximum modal abundance of clinopyroxene is 50% while the
average is about half this value. Most models are dominated by
plagioclase feldspar in modal abundances of 30–60%, and on aver-
age tend towards Na-rich (albite). The agglutinate is required in all
good solutions with abundances in the range 20–30%. Orthopyrox-
ene is selected in minor abundances in some models. The derived
oxide abundances show FeO + TiO2 at about 7 wt.% with some
nearly iron-free solutions.

In model H11 (Fig. 6), the agglutinate base glass (‘‘Gl1”) is high-
er in iron than in model H10 but the solution sets are similar
(though orthopyroxene is never selected) and the fits equally good,
indicating that the two glass spectra are not different enough to
cause drastically different abundances in the matured spectral
models. The chemistry of this solution is on average more iron-
rich, as expected, with FeO + TiO2 � 9 wt.% with only little scatter.

Table 2
Summary of Hapke intimate mixture models of the EQuatorial AVErage spectrum.

Model Feldspar (%) Clinopyr. (%) Orthopyr. (%) Non-sil. (%) FeO (wt.%) TiO2 (wt.%) Fe (wt.%) mpFe (wt.%) Note

Ilmenite (H5) 68 1 1 30 14 18 – 0.05 Too high FeO + TiO2

Troilite (H6) 52 14 4 30 3 1 37 0.05 Too high Fe
Rutile (H7) 32 37 2 30 2 36 – 0.05 Too high TiO2

Fe metal (H8) 48 7 5 40 1 1 63 0.03 Too high Fe
Glass1 (H11) 60 14 0 26 6 3 – 0.07 Too deep 1 lm band
Glass1 (H15) 57 19 0 24 6 3 – 0.07 Reasonable
Glass5 (H10) 49 24 4 24 4 3 – 0.06 Reasonable
Glass5 (H14) 61 13 0 26 1 3 – 0.07 Reasonable
Glass5 (H26) 36 9a 8 47 2 6 – 0.07 Reasonable
Glass7 (H13) 70 0 0 30 3 1 – 0.06 Reasonable
Glass7 (H17) 58b 17 0 25 2 3 – 0.07 Reasonable
Glass7 (H19) 59c 14 0 26 5 1 – 0.06 Reasonable
Glass7 (H20) 66d 5 0 29 3 1 – 0.06 Reasonable
Glass11 (H24) 48 30 2 20 5 3 10 0.07 Reasonable
Ilm, Rut (H21)e 62 – – 7, 15 6 5 30 0.07 Too high Fe
Ilm, Gl7 (H22)e 41 26 – 11, 21 10 8 15 0.06 Too high FeO + TiO2

Ilm, Arm (H23)f 60 11 – 12, 10 9 17 14 0.06 Too high FeO + TiO2

Note: ‘‘Reasonable” models are those for which present constraints on the presence of iron and titanium in Mercury’s surface are met (Table 1), in addition to providing close
fits to spectral reflectance, slope and shape. Unless otherwise noted the models have four components plus mpFe, and feldspar is plagioclase with chemistry free to vary. The
table gives compositions as modal abundances (%) or by weight (wt.%). The ‘‘Non-sil” column gives abundance of the model component(s) identified of the first column.
Abundances of oxides and iron are for the bulk. Iron and titanium compositions (wt.%) of the glasses are the following: Glass1 – FeO 16, TiO2 10. Glass5 – FeO 0, TiO2 10.
Glass7 – FeO 8.8, TiO2 1.5. Glass11 – FeO 5.8, Fe2O3 7.0, and TiO2 2.1.

a Clinopyroxene is set to augite.
b Feldspar is set to orthoclase.
c Feldspar is labradorite heated to mercurian conditions.
d Feldspar is labradorite as in H19 but at room temp.
e Models H21 and H22 have two opaques of four total mineral components, plus mpFe.
f Model H23 has two opaques of five total mineral components, plus mpFe.
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Table 3
Modal mineralogy and chemistry for reasonable Hapke intimate mixture models of Mercury’s EQuatorial AVErage spectrum.

Mineral Chemistry Modal abundance

Average 1r Minimum Maximum Average 1r Minimum Maximum

Models with plagioclase, various glasses
Model H10
Plagioclase (An) 35 29 10 90 0.49 0.10 0.30 0.60
Clinopyroxene (Mg) 58 14 50 90 0.24 0.19 0.00 0.50
Orthopyroxene (Mg) 62 16 50 90 0.04 0.05 0.00 0.10
Glass5 (Gs) 20 0 20 20 0.24 0.05 0.20 0.30
mpFe (wt.%) – – – – 0.060 0.000 0.060 0.060

Model H11
Plagioclase (An) 15 20 10 90 0.60 0.13 0.40 0.70
Clinopyroxene (Mg) 64 16 50 90 0.14 0.18 0.00 0.40
Orthopyroxene (Mg) – – – – 0.00 0.00 0.00 0.00
Glass1 (Gs) 20 0 20 20 0.26 0.05 0.20 0.30
mpFe (wt.%) – – – – 0.071 0.011 0.050 0.080

Model H13
Plagioclase (An) 18 10 10 30 0.70 0.00 0.70 0.70
Clinopyroxene (Mg) – – – – 0.00 0.00 0.00 0.00
Orthopyroxene (Mg) – – – – 0.00 0.00 0.00 0.00
Glass7 (Gs) 20 0 20 20 0.30 0.00 0.30 0.30
mpFe (wt.%) – – – – 0.060 0.000 0.060 0.060

Model H24
Plagioclase (An) 31 28 10 90 0.48 0.11 0.00 0.60
Clinopyroxene (Mg) 53 9 50 90 0.30 0.10 0.20 0.70
Orthopyroxene (Mg) 66 17 50 90 0.02 0.05 0.00 0.30
Glass11 (Gs) 20 0 20 20 0.20 0.00 0.20 0.20
mpFe (wt.%) – – – – 0.067 0.009 0.060 0.090

Model H26
Plagioclase (An) 31 29 10 90 0.36 0.21 0.00 0.70
Augite (Gs) 20 0 20 20 0.09 0.06 0.00 0.20
Orthopyroxene (Mg) 67 18 50 90 0.08 0.11 0.00 0.45
Glass5 (Gs) 20 0 20 20 0.47 0.14 0.25 0.75
mpFe (wt.%) – – – – 0.066 0.005 0.060 0.080

Models with K-spar, various glasses
Model H14
Orthoclase (Gs) 20 0 20 20 0.61 0.12 0.40 0.70
Clinopyroxene (Mg) 65 16 50 90 0.13 0.17 0.00 0.40
Orthopyroxene (Mg) – – – – 0.00 0.00 0.00 0.00
Glass5 (Gs) 20 0 20 20 0.26 0.05 0.20 0.30
mpFe (wt.%) – – – – 0.072 0.010 0.050 0.080

Model H15
Orthoclase (Gs) 20 0 20 20 0.57 0.12 0.40 0.70
Clinopyroxene (Mg) 59 14 50 90 0.19 0.16 0.00 0.40
Orthopyroxene (Mg) – – – – 0.00 0.00 0.00 0.00
Glass1 (Gs) 20 0 20 20 0.24 0.05 0.20 0.30
mpFe (wt.%) – – – – 0.067 0.011 0.050 0.080

Model H17
Orthoclase (Gs) 20 0 20 20 0.67 0.04 0.60 0.70
Clinopyroxene (Mg) 72 18 50 90 0.03 0.05 0.00 0.15
Orthopyroxene (Mg) 72 17 50 90 0.01 0.02 0.00 0.05
Glass7 (Gs) 20 0 20 20 0.29 0.02 0.25 0.30
mpFe (wt.%) – – – – 0.060 0.000 0.060 0.060

Models with labradorite at mercurian conditions
Model H19
Labradorite heated (Gs) 20 0 20 20 0.59 0.09 0.50 0.70
Clinopyroxene (Mg) 53 10 50 90 0.14 0.11 0.00 0.25
Orthopyroxene (Mg) 63 16 50 90 0.00 0.01 0.00 0.05
Glass7 (Gs) 20 0 20 20 0.26 0.02 0.25 0.30
mpFe (wt.%) – – – – 0.056 0.006 0.050 0.070

Model H20
Labradorite cool (Gs) 20 0 20 20 0.66 0.07 0.50 0.70
Clinopyroxene (Mg) 64 16 50 90 0.05 0.08 0.00 0.25
Orthopyroxene (Mg) 67 17 50 90 0.00 0.01 0.00 0.05
Glass7 (Gs) 20 0 20 20 0.29 0.02 0.25 0.30
mpFe (wt.%) – – – – 0.060 0.004 0.050 0.070

Columns list the average, minimum and maximum of chemistry and modal abundance for the individual models with RMS values smaller than the values listed for each
model run. Abundance of mpFe is given as wt.%. An estimate of the compositional scatter in the solutions is given by the 1r standard deviation for each mineral, with small
values representing that the solution set tends towards a well-defined chemistry. Parenthesized abbreviations in the left-most column indicate unit of data in the chemistry
columns: mpFe – microphase metallic iron. An – anorthite number. Mg – magnesium number. Gs – grain size (in lm).
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Model H13 includes a high-reflectance, feldspathic low-Ti and
moderate-Fe base glass (‘‘Gl7”) for the agglutinate. This glass is
brightest of all modeled base glasses, and has pronounced Fe2+

bands at 1.1 and 1.9 lm. The fits are excellent (i.e., the fit is within

Table 4
Oxide chemistry (wt.%) for Hapke intimate mixture models of Mercury’s EQuatorial
AVErage spectrum.

Oxide Average 1r Minimum Maximum

Models with plagioclase, various glasses
Model H10
Na2O 3.5 1.7 0.6 5.9
CaO 10.3 3.2 4.4 16.0
Al2O3 25.9 5.4 17.2 37.7
SiO2 49.5 4.2 40.6 53.9
TiO2 3.2 0.3 2.8 3.7
FeO 4.0 1.6 0.8 6.3
MgO 3.7 0.6 2.6 6.6

Model H11
Na2O 5.5 1.7 0.6 6.7
CaO 6.6 3.6 4.0 14.9
Al2O3 25.6 4.0 19.1 31.2
SiO2 50.6 2.8 40.4 51.5
TiO2 3.3 0.3 2.7 3.5
FeO 6.1 1.5 5.0 9.3
MgO 2.2 1.1 1.4 4.5

Model H13
Na2O 6.1 0.8 5.1 6.7
CaO 4.9 1.1 4.0 6.2
Al2O3 31.8 1.6 30.5 33.7
SiO2 51.5 1.9 49.3 53.0
TiO2 0.5 0.0 0.5 0.5
FeO 2.8 0.0 2.8 2.8
MgO 2.3 0.0 2.3 2.3
K2O 0.1 0.0 0.1 0.1

Model H24
Na2O 3.6 1.6 0.4 5.8
CaO 10.1 2.7 6.6 17.3
Al2O3 25.8 5.0 11.3 36.9
SiO2 47.9 3.9 39.0 52.1
TiO2 0.9 0.2 0.7 1.8
FeO 5.1 1.1 3.6 7.9
MgO 3.2 1.8 1.8 11.0
Fe2O3 3.3 0.1 3.1 3.7

Model H26
Na2O 2.4 1.8 0.0 6.7
CaO 9.3 2.7 3.6 13.3
Al2O3 26.4 6.1 14.4 40.9
SiO2 48.9 3.8 39.6 56.2
TiO2 5.8 1.8 2.8 9.4
FeO 1.7 1.1 0.4 4.6
MgO 5.5 3.2 2.3 15.6

Models with K-spar, various glasses
Model H14
Na2O 4.4 1.0 3.0 5.6
CaO 9.8 2.6 6.8 13.5
Al2O3 25.0 3.5 20.0 29.0
SiO2 52.2 0.2 51.7 52.4
TiO2 3.4 0.3 3.1 3.9
FeO 1.1 0.8 0.5 2.8
MgO 4.1 1.9 2.1 6.6

Model H15
Na2O 5.0 0.8 3.7 5.9
CaO 7.9 2.4 5.1 11.4
Al2O3 25.4 3.7 20.1 29.6
SiO2 49.8 0.3 49.3 50.3
TiO2 3.1 0.3 2.6 3.5
FeO 6.5 1.4 5.0 9.3
MgO 2.4 1.0 1.4 4.5

Model H17
Na2O 5.7 0.3 5.2 5.9
CaO 5.6 0.8 5.0 7.2
Al2O3 31.2 1.2 28.4 32.1
SiO2 51.1 0.1 51.0 51.4
TiO2 0.6 0.1 0.5 0.7
FeO 3.0 0.5 2.8 4.5
MgO 2.7 0.5 2.3 3.6
K2O 0.1 0.0 0.1 0.1

Table 4 (continued)

Oxide Average 1r Minimum Maximum

Models with labradorite at mercurian conditions
Model H19
Na2O 5.1 0.6 4.5 6.0
CaO 7.2 1.6 5.1 8.9
Al2O3 28.5 2.7 25.7 32.1
SiO2 50.9 0.3 50.5 51.5
TiO2 0.7 0.1 0.5 0.8
FeO 4.6 1.4 2.8 6.0
MgO 3.0 0.6 2.3 3.9
K2O 0.1 0.0 0.1 0.1

Model H20
Na2O 5.6 0.5 4.5 5.9
CaO 5.9 1.2 5.1 8.9
Al2O3 30.7 2.1 25.6 32.1
SiO2 51.1 0.2 50.5 51.3
TiO2 0.6 0.1 0.5 0.8
FeO 3.4 0.9 2.8 6.5
MgO 2.6 0.5 2.3 4.2
K2O 0.1 0.0 0.1 0.1

Columns give average, minimum and maximum wt.% values of the best-fit model
solutions, as well as the 1r standard deviation value.

Fig. 6. Best-fit Hapke model solutions (dashed lines) to the Equatorial Average
MASCS spectrum (solid curve) for model H11. The lower curves illustrate the
residuals between the spectra.

Fig. 7. Best-fit Hapke model solutions (dashed lines) to the Equatorial Average
MASCS spectrum (solid curve) for model H13. The lower curves illustrate the
residuals between the spectra.
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the scatter of the MASCS spectrum with no indication of minor
absorption bands at 1 or 2 lm; Fig. 7) and do not predict any
absorption band in Mercury’s spectrum, consistent with the re-
ported mineralogy which has only Na-rich plagioclase and glass.
The oxide chemistry shows iron and titanium oxides at 5 wt.% with
all iron contained in the glass.

Model H24 includes a dark and red-sloped base glass with both
ferrous and ferric iron from Cloutis and Gaffey (1993), where it is
identified as ‘‘G11”. This is a synthetic lunar analog glass measured
at RELAB (SC-EAC-050) and derived from melted pyroxene, plagi-
clase and ilmenite. The postfusion oxide composition (wt.%) of
the glass is 45.6 SiO2, 21.5 Al2O3, 11.1 CaO, 6.0 MgO, 2.1 TiO2, 5.8
FeO and 7.0 Fe2O3. The presence of ferric iron, a result of unsuc-
cessful control of oxygen fugacity in the lab fusion process, should
be noted as it is virtually absent in lunar samples. This may be true
also for mercurian agglutinates but this is not known. The fits of
this model to Mercury’s spectrum are very similar to those of mod-
el H11 (Fig. 6) and they are thus not presented as a separate plot.
The resulting bulk oxide chemistry has FeO, Fe2O3 and TiO2 at
abundances of 5, 3 and 3 wt.%, respectively.

Model H26 contains the same glass (‘‘Gl5”) as H10 but the clino-
pyroxene compositional suite is replaced with an augite of Mg
number 59 measured at RELAB by Cloutis (PP-EAC-096, PYX172).
The augite spectrum for a grain size of 20 lm is shown in Fig. 2
and has a strongly red-sloped continuum with a less defined
1 lm band than clinopyroxenes in other models. The fits are excel-
lent and very similar to those of model H13 with a slight deviation
only at the longest wavelengths. It is notable that the agglutinate
modal abundance of this model is about twice, and the clinopyrox-
ene about half, of the values of models with plagioclase and clino-
pyroxene chemistry free to vary. The chemistry shows somewhat
reduced FeO and elevated TiO2 compared to the same models.

4.2.2. Models with K-spar
Models H14 (Fig. 8), H15 (Fig. 9) and H17 (Fig. 10) are similar to

models H10, H11 and H13, respectively, except that the feldspar is
orthoclase K-spar rather than plagioclase. Compared to H10, model
H14 has more feldspar and displays less variation in terms of FeO,
as well as lower FeO with a mean of 1 wt.%. The combined FeO + -
TiO2 is 4–5 wt.%. In terms of modal mineralogies of the compo-
nents, the solutions of model H15 is very similar to H11, but has
no orthopyroxene and with iron and titanium oxides adding up
to about 8 wt.%. The spectral fits of model H17 are excellent and
very similar to H13, but allows a small component of clinopyrox-
ene. Iron and titanium oxide as present at near 6 wt.%. Though a
few minor differences between the orthoclase versus plagioclase

comparative model sets are evident, it would be very difficult to
distinguish orthoclase from plagiclase using VNIR modeling. This
is not unexpected given the close similarity in absolute reflectance
and absorption features (steep near-UV absorption edge, shallow
1.2 lm band) of these silicates in the VNIR range. All fits to the
Mercury spectrum are very similar.

4.2.3. Models with labradorite at mercurian conditions
Model H19 explores the possibility that the observed darkening

of Mercury relative to the Moon may be fully or partly explained by
thermal effects of the mercurian environment (cf. Section 1). This is
exemplified with a labradorite feldspar of composition An#60 with
a reflectance (measured at RELAB) that is lower by 20–30% relative
to the unheated sample, resulting from heating to Mercury tem-
peratures of +500 �C in an evacuated oven (Fig. 11, Helbert and
Maturilli (2009) and Helbert, priv. comm.). The best solutions
(Fig. 12) are dominated by labradorite, always contain an apprecia-
ble amount of glass, and from zero up to 25% clinopyroxene. The
latter component introduces a weak absorption at 1 lm which is
not evident in the Mercury spectra and thus only small amounts
are likely. Additionally, a few solutions allow a very small amount
of orthopyroxene. In all cases, the compositions of these silicates
are in our iron-poor range near Mg#60. The total abundance of iron
and titanium oxides is near 7 wt.%, with only a small part of this
from Ti. The average solution derives most of the iron from the
agglutinate base glass.

Fig. 8. Best-fit Hapke model solutions (dashed lines) to the Equatorial Average
MASCS spectrum (solid curve) for model H14. The lower curves illustrate the
residuals between the spectra.

Fig. 9. Best-fit Hapke model solutions (dashed lines) to the Equatorial Average
MASCS spectrum (solid curve) for model H15. The lower curves illustrate the
residuals between the spectra.

Fig. 10. Best-fit Hapke model solutions (dashed lines) to the Equatorial Average
MASCS spectrum (solid curve) for model H17. The lower curves illustrate the
residuals between the spectra.
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Model H20 (Fig. 13) is similar to H19 except that the labradorite
spectrum used is that of the untreated ‘‘cool” sample, prior to
exposure to heating. Inclusion of the unheated labradorite sample,
as it is brighter, does not allow as much clinopyroxene as model
H19. Modal abundances of both plagioclase and glass components
are therefore slightly increased. The clinopyroxene tends to the
somewhat more Mg-rich end-member. The amount of iron oxide
in the model is on average slightly decreased, due to the smaller
amount of required mafic minerals, and total FeO + TiO2 is 6
wt.%. It is also worthwhile to compare this model to H13, where
components are the same except for the plagioclase which was free
to vary in chemistry. Modal glass abundances are the same, and the
oxide chemistry shows only small differences.

4.3. Models of individual sites

4.3.1. Compositional variations between sites
In this and the following section, we analyze the compositions

of individual sites to ascertain if systematic variations are present.
McClintock et al. (2008a) and Robinson et al. (2008) used the equa-
torial average spectrum and a central disk standard spectral area,
respectively, as a reference for comparing the local site spectra,
by computing spectral ratios between individual spectra and the
reference spectrum. Subtle spectral variations, particularly in the
near-UV region, are then enhanced in relative contrast. In the com-
parison of derived oxide abundances for the individual sites, we
use the same approach of dividing the site oxide abundances to
those derived for the EQAVE spectrum, on a model-by-model basis.
This way, relative variations in derived chemistry are accentuated.

Mineral modal abundances and chemistries are given in Table 5,
and oxide chemistries in Table 6, for the individual sites. Plots of
oxide abundance variations relative to the Equatorial Average
spectrum are also illustrated for a selection of models for which
the Equatorial Average spectral fits were presented (Figs. 14–18).
The quality of the spectral fits to the six individual site spectra
are very similar to those of the Equatorial Average spectrum, with
variations primarily in absolute reflectance, and are therefore not
shown. Before turning to a discussion of the compositional varia-
tions between the sites, we study the effect of abundance varia-
tions of mpFe, as it exerts major control on reflectance.

4.3.2. Microphase iron variation
The abundance of mpFe is well determined in the models, and

controls the absolute reflectance level. One might therefore ask
the question whether the reflectance variations among the sites,
amounting to 45%, cause major variations also in mpFe abundance.
For all the models except H10, the microphase iron abundances are
around 0.065 wt.% and are similar to within about 10%. Model H10
shows larger variation with the darkest sites having twice as much
mpFe as the brightest sites, indicating lunar-like space weathering
behavior. The large smFe abundance variation is unique among the
models which makes it a clear outlier and H10 is therefore not fur-
ther considered in the mpFe analysis. However, reduced amount of
mpFe at brighter sites (SCE and CR) is consistent with them being
less mature, which is in agreement with their identification as re-
cently emplaced ejecta material. This lunar-like mpFe abundance
trend is observed in all model solutions.

The small variation of mpFe affects the absolute reflectances
measured at the flyby 1 geometry at a level of only 0.1%. The var-
iation in reflectance between the sites appears thus to be of sec-
ondary importance for the amount of mpFe. Though small, there
is still a negative correlation between mpFe and reflectance
(Fig. 19), analogous to the case of the Moon (Fig. 20), showing that
lunar-like space weathering is occurring. Thus, we can conclude
that the absolute reflectance variations between the sites must
be due to other factors than varying amount of mpFe.

Fig. 13. Best-fit Hapke model solutions (dashed lines) to the Equatorial Average
MASCS spectrum (solid curve) for model H20. The lower curves illustrate the
residuals between the spectra.
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Fig. 11. Bidirectional reflectance spectra of heated (dashed lines) and unheated
(‘‘cool”, solid lines) labradorite 25–63 lm grain size powders (thick lines) measured
at RELAB, with models (thin lines) for a grain size of 20 lm used in Hapke models
H19 and H20.

Fig. 12. Best-fit Hapke model solutions (dashed lines) to the Equatorial Average
MASCS spectrum (solid curve) for model H19. The lower curves illustrate the
residuals between the spectra.
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A range of pristine lunar soil samples has been characterized by
the Lunar Soil Characterization Consortium (LSCC, 2009). In the
work of Taylor et al. (2001), nine mare soils of similar FeO and
TiO2 abundances were selected, and several sieve fractions of the
<45 lm grain size fraction were characterized chemically and pet-
rographically. The <45 lm soil fraction dominates the spectral
properties of the bulk lunar soil and contains about 40% of the bulk
mass. Though of similar chemical compositions, the varying matu-
rities of the lunar soil samples, as measured by the Is/FeO value2 of
the <250 lm grain size fraction, imply different abundances of mpFe

which strongly affects the reflectance (e.g., Hapke (2001)). This is
illustrated in Fig. 20, using data from the LSCC and Denevi et al.
(2008).

In the LSCC mare soil suite, FeO abundances vary by a modest
22% (14.3–17.4 wt.%; one of the selection criteria), while TiO2

abundances vary by as much as a factor 6 (1.6–9.5 wt.%). While
the presence of Ti in the crystal lattice of silicates introduces a
strong allowed UV oxygen-metal charge-transfer absorption, Fe
controls the overall reflectance and is responsible for crystal field
transition absorptions at 1 and 2 lm (e.g., Burns (1993)). At
0.56 lm, the continuum is free of these absorptions features in
all but the most Ti- and Fe-rich silicates.

Fig. 20 shows the correlation between Is/FeO and reflectance at
0.56 lm for highland and mare samples, between abundance of
mpFe and Is/FeO for mare samples, as well as between mpFe and
reflectance for mare samples. Our modeled mpFe abundances for

Table 5
Average mineral compositions and modal abundances (wt.%) for individual sites from Hapke modeling.

Mineral Site

TP1 TP2 IP SCE CR LRM

Chem Abun Chem Abun Chem Abun Chem Abun Chem Abun Chem Abun

Models with plagioclase, various glasses
Model H10
Plagioclase (An) 32 0.34 32 0.40 23 0.27 30 0.50 10 0.46 20 0.34
Clinopyroxene (Mg) 53 0.34 51 0.39 55 0.40 55 0.28 58 0.34 62 0.24
Orthopyroxene (Mg) 70 0.01 71 0.01 70 0.03 69 0.02 68 0.00 66 0.03
Glass5 (Gs) 20 0.30 20 0.20 20 0.30 20 0.20 20 0.20 20 0.40
mpFe (wt.%) – 0.070 – 0.060 – 0.080 – 0.040 – 0.040 – 0.080

Model H11
Plagioclase (An) 22 0.48 21 0.56 18 0.49 22 0.49 23 0.50 24 0.48
Clinopyroxene (Mg) 59 0.23 62 0.15 61 0.20 59 0.21 58 0.22 59 0.22
Orthopyroxene (Mg) 69 0.01 68 0.01 68 0.02 67 0.02 68 0.02 68 0.02
Glass1 (Gs) 20 0.28 20 0.29 20 0.29 20 0.27 20 0.26 20 0.28
mpFe (wt.%) – 0.070 – 0.067 – 0.068 – 0.065 – 0.062 – 0.065

Model H13
Plagioclase (An) 14 0.58 14 0.58 18 0.55 58 0.56 51 0.63 44 0.51
Clinopyroxene (Mg) 72 0.08 74 0.12 72 0.07 52 0.16 56 0.08 55 0.16
Orthopyroxene (Mg) 67 0.01 65 0.01 64 0.03 55 0.03 58 0.02 61 0.01
Glass7 (Gs) 20 0.33 20 0.30 20 0.35 20 0.25 20 0.28 20 0.32
mpFe (wt.%) – 0.064 – 0.062 – 0.067 – 0.063 – 0.057 – 0.064

Models with K-spar, various glasses
Model H14
Orthoclase (Gs) 20 0.55 20 0.63 20 0.48 20 0.46 20 0.47 20 0.45
Clinopyroxene (Mg) 63 0.14 67 0.07 61 0.18 61 0.21 60 0.22 60 0.22
Orthopyroxene (Mg) 69 0.02 70 0.01 69 0.04 68 0.04 68 0.04 67 0.04
Glass5 (Gs) 20 0.30 20 0.28 20 0.30 20 0.28 20 0.27 20 0.29
mpFe (wt.%) – 0.067 – 0.067 – 0.069 – 0.065 – 0.063 – 0.065

Model H15
Orthoclase (Gs) 20 0.47 20 0.52 20 0.46 20 0.44 20 0.44 20 0.43
Clinopyroxene (Mg) 57 0.25 59 0.20 58 0.24 59 0.27 59 0.28 60 0.28
Orthopyroxene (Mg) 69 0.01 70 0.01 69 0.02 68 0.03 68 0.03 68 0.03
Glass1 (Gs) 20 0.27 20 0.27 20 0.28 20 0.26 20 0.25 20 0.27
mpFe (wt.%) – 0.066 – 0.064 – 0.066 – 0.063 – 0.060 – 0.063

Model H17
Orthoclase (Gs) 20 0.60 20 0.55 20 0.52 20 0.52 20 0.52 20 0.50
Clinopyroxene (Mg) 69 0.03 74 0.10 71 0.11 68 0.11 66 0.13 65 0.14
Orthopyroxene (Mg) 73 0.02 70 0.02 67 0.03 66 0.04 66 0.04 66 0.04
Glass7 (Gs) 20 0.34 20 0.33 20 0.34 20 0.32 20 0.31 20 0.33
mpFe (wt.%) – 0.065 – 0.064 – 0.068 – 0.066 – 0.063 – 0.065

Model with labradorite at mercurian conditions
Model H19
Labradorite heated (Gs) 20 0.55 20 0.56 20 0.52 20 0.52 20 0.53 20 0.51
Clinopyroxene (Mg) 55 0.14 56 0.15 55 0.14 59 0.15 59 0.15 59 0.16
Orthopyroxene (Mg) 62 0.01 62 0.01 62 0.01 61 0.02 62 0.02 63 0.02
Glass7 (Gs) 20 0.31 20 0.28 20 0.32 20 0.31 20 0.30 20 0.31
mpFe (wt.%) – 0.061 – 0.058 – 0.063 – 0.060 – 0.057 – 0.060

Abundance of mpFe is given as wt.%. The 1r variation of quoted values is comparable to those for the EQuatorial AVErage spectrum given in Table 3. Parenthesized
abbreviations in the left-most column indicate unit of data in the chemistry columns: mpFe – microphase metallic iron. An – anorthite number. Mg – magnesium number. Gs
– grain size (in lm).

2 Is is the amount of native iron in a sample as measured by ferromagnetic
resonance techniques, which is primarily sensitive to particles in the size range 4–
33 lm (Housley et al., 1976). A maturity measure is formed by dividing Is by the FeO
abundance in the soil to normalize the effect of a greater amount of mpFe forming in
samples with more FeO available.
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Mercury are a factor 5 smaller than for the lunar highland soils, and
up to a factor 10 smaller than bulk mare soils. For a factor 2 de-
crease in reflectance of the mercurian models, the mpFe abundance
increases by about 10%. For the Moon, the mpFe increases by 90%.
Thus, the control of mpFe on reflectance is considerably weaker for
Mercury than for the Moon, signifying a drastic difference in com-
position, process of maturation, or both.

Table 6
Average oxide chemistry (wt.%) for individual sites from Hapke modeling.

TP1 TP2 IP SCE CR LRM

Models with plagioclase, various glasses
Model H10
Na2O 2.7 3.2 2.4 3.7 4.7 3.0
CaO 12.0 12.1 12.6 10.6 9.8 10.5
Al2O3 22.4 22.4 19.5 25.4 21.9 23.1
SiO2 49.5 50.0 50.3 50.3 53.0 50.4
TiO2 4.1 3.0 4.3 2.8 2.9 5.2
FeO 4.7 5.4 5.2 3.2 3.9 2.9
MgO 4.5 4.0 5.7 3.9 3.7 5.0

Model H11
Na2O 4.2 4.8 4.4 4.2 4.1 3.9
CaO 8.8 7.5 8.3 8.6 8.8 9.1
Al2O3 23.6 25.5 23.5 23.9 24.2 23.9
SiO2 48.8 49.2 49.1 48.8 48.7 48.3
TiO2 3.7 3.6 3.8 3.6 3.4 3.7
FeO 7.7 6.8 7.7 7.5 7.4 7.6
MgO 3.1 2.6 3.3 3.4 3.3 3.5

Model H13
Na2O 5.3 5.3 4.8 2.4 3.2 2.9
CaO 6.7 6.7 6.5 10.9 9.3 10.1
Al2O3 28.2 28.2 28.9 32.5 34.1 30.5
SiO2 51.8 51.8 50.6 44.9 45.8 46.4
TiO2 0.7 0.7 0.8 0.7 0.6 0.8
FeO 3.3 3.3 4.1 5.0 3.9 5.3
MgO 3.8 3.8 4.2 3.5 3.0 3.9
K2O 0.1 0.1 0.1 0.1 0.1 0.1

Models with K-spar, various glasses
Model H14
Na2O 4.7 5.4 4.2 4.1 4.2 4.0
CaO 7.9 6.7 8.6 9.1 9.2 9.3
Al2O3 26.9 29.0 25.2 24.3 24.3 24.2
SiO2 51.7 52.1 51.5 51.6 51.7 51.5
TiO2 3.8 3.4 3.9 3.8 3.6 3.8
FeO 1.7 0.9 2.5 2.7 2.8 2.8
MgO 3.2 2.5 4.1 4.3 4.3 4.4

Model H15
Na2O 4.3 4.6 4.1 4.0 4.0 3.8
CaO 9.1 8.3 8.9 9.4 9.5 9.6
Al2O3 23.0 24.3 22.8 22.1 22.0 21.8
SiO2 49.0 49.2 48.9 49.0 49.3 49.0
TiO2 3.6 3.5 3.7 3.5 3.4 3.7
FeO 7.9 7.3 8.0 7.8 7.8 8.0
MgO 3.2 2.9 3.5 4.0 4.0 4.1

Model H17
Na2O 5.2 4.8 4.5 4.6 4.6 4.4
CaO 5.8 7.0 7.1 7.1 7.3 7.6
Al2O3 30.5 28.9 28.3 28.0 27.7 27.3
SiO2 50.6 50.7 50.4 50.5 50.6 50.4
TiO2 0.7 0.8 0.8 0.8 0.8 0.8
FeO 3.7 3.7 4.4 4.5 4.5 4.9
MgO 3.5 4.0 4.4 4.4 4.5 4.6
K2O 0.1 0.1 0.1 0.1 0.1 0.1

Model with labradorite at mercurian conditions
Model H19
Na2O 4.8 4.9 4.5 4.5 4.7 4.5
CaO 7.5 7.5 7.7 7.7 7.6 7.9
Al2O3 28.3 28.1 27.8 27.4 27.6 27.3
SiO2 50.5 50.8 50.3 50.5 50.7 50.4
TiO2 0.8 0.7 0.8 0.8 0.8 0.8
FeO 4.6 4.3 5.0 4.7 4.5 4.8
MgO 3.6 3.5 3.9 4.2 4.1 4.2
K2O 0.1 0.1 0.1 0.1 0.1 0.1
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Fig. 14. Oxide abundances of different sites relative to the Equatorial Average
(EQAVE) spectrum for model H11. In this and similar plots for other models, data for
the following sites are shown: LRM (thick solid line), CR (thick dot-dashed line), SCE
(dashed line), IP (dotted line), TP1 (thin dot-dashed line), TP2 (thin solid line). The
relative abundance for the EQAVE spectrum is unity for all oxides and is not plotted
to reduce clutter.
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Fig. 15. Oxide abundances of different sites relative to the Equatorial Average
spectrum for model H14.
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Fig. 16. Oxide abundances of different sites relative to the Equatorial Average
spectrum for model H15.
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4.3.3. Compositional variation
We are now in a position to analyze the compositions of the dif-

ferent sites in terms of mineralogy and oxide chemistry, under the
assumption that the correction for maturation through the optical
effects of microphase iron has been adequately accounted for.
According to the results presented in Section 4.3.2, model H10 is
not considered.

In terms of mineralogy, it is difficult to see any clear general
trends between the sites in terms of mineral abundances. Plagio-
clase abundance is almost exclusively in the range 45–60%, pyrox-
ene normally at 10–25%, orthopyroxene 4% or less, and glasses
regardless of composition near 30%. All models display a tendency
for lower glass abundance at darker sites (LRM, IP) than at brighter
sites (SCE, CR) by a few percent, but this is within error margins.
Plagioclase composition is near An#20 for all sites except in model
H13 where the two brightest sites (SCE and CR), as well as the
darkest (LRM) show intermediate (labradorite) compositions. This
is accompanied with an inverted trend in clinopyroxene Mg num-
bers with these same sites having Mg# near 55, and the others near
75. Both these trends are in the direction of darker minerals within
each silicate suite. Clinopyroxene composition generally is near
Mg#60. Though orthopyroxene always appears in very small mod-
al abundances, the chemistry appears well determined at Mg#60–
70, somewhat higher than the Mg number of clinopyroxene.

In terms of oxide composition, the SiO2 abundance of the vari-
ous sites are almost exclusively in the range 48–52 wt.%, i.e., mafic
in terms of igneous rock classification. This is similar to results
from MIR spectroscopy (Section 2). Among the oxides present in
all model solutions (i.e., K2O excluded), SiO2 abundances relative
to EQAVE show the smallest model-to-model variations (only
2%), signifying that this oxide has the most well determined
abundance.

In terms of relative oxide chemistry (i.e., site oxide abundance
over EQAVE oxide abundance), IP is most similar to EQAVE, fol-
lowed by TP1 and TP2 (cf. Figs. 14–18). This is contrary to the rel-
ative reflectances between these sites, where TP2 is most similar to
EQAVE, followed by TP1 and IP. Spectrally, TP2 is nearly indistin-
guishable from EQAVE (see McClintock et al., 2008a, Fig. 3).

LRM is most dissimilar to EQAVE in terms of average oxide
chemistry, followed by CR. As noted above, these two sites have
the darkest and brightest spectra of the modeled sites, respectively.
SCE is not extreme in its chemistry, despite being on average as
spectrally bright as CR.

Though differences are small as might be expected from their
spectral similarity, the IP site thus appears chemically most simi-
lar, and LRM most dissimilar, to the Equatorial Average mercurian
surface. However, this is likely to be a simple consequence without
wider significance of the fact that IP-type terrain is the most exten-
sive unit along the MASCS-sampled track during flyby 1 (McClin-
tock et al., 2008a). LRM is among the least typical, with no LRM
‘‘end-member” surface area sampled by the instrument during fly-
by 1.

Among the plagioclase component oxides (CaO, Na2O, and
Al2O3), Al2O3 similarly displays only small variations between the
sites for all models, <5–10%. The oxide that shows the largest abun-
dance deficit among the sites is Na2O, which is depleted relative to
EQAVE abundance in nearly all models by about 8%. CaO is usually
somewhat enhanced.

Among the refractory component oxides (FeO, MgO, and TiO2),
the average FeO content is generally enhanced relative to EQAVE.
This is also the case for MgO. The variation in site-averaged FeO
abundances between models is as much as 46%, which should be
compared to the variation in MgO of 26%. As the absolute reflec-
tance is the spectral property with the dominant variation between
the different sites (the relative difference is 45% between the faint-
est and brightest), this reflects the importance of transitions
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Fig. 17. Oxide abundances of different sites relative to the Equatorial Average
spectrum for model H17.
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Fig. 18. Oxide abundances of different sites relative to the Equatorial Average
spectrum for model H19.
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Fig. 19. The relation between abundance of microphase iron and continuum
reflectance (at 0.56 lm) for the six local sites (identified by different symbols) in
Hapke models H11 to H19 of Table 5. A linear fit (solid line) with 1r error envelope
(within dashed lines) of the derived mpFe abundance for the whole ensemble of
solutions is indicated. Symbols for the sites are: LRM (plus), CR (circle), SCE (up-
triangle), IP (pentagram), TP1 (asterisk), and TP2 (square).
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involving Fe2+, and in a more limited sense Mg2+, in controlling
overall spectral reflectance values.

CR, followed by LRM and SCE, show the highest enrichments of
FeO relative to EQAVE (46%, 37% and 25%, respectively, as an aver-
age of all models). This trend is shared by MgO, which on average is
most enriched in LRM, with CR and SCE also considerably enriched.
TiO2 is most enriched in LRM, usually followed by CR.

This interesting behavior, with CR, LRM and SCE being consider-
ably enriched in cations responsible for causing or moderating the
strength of absorption bands in reflectance spectra, must be con-
sidered in relation to the highly disparate absolute reflectances of
these three sites. SCE and CR have the highest reflectances, while
LRM has the lowest reflectance (the relative difference is 45%),
yet the mafic oxides are enriched in all three sites, and at compa-
rable levels for CR and LRM. It indicates that their brightnesses may
be controlled dominantly by their different amounts of mpFe and
to a lesser degree by the absorbing oxides. This is consistent by
the greater abundance of mpFe derived for LRM compared to CR
in all models, which is relatively elevated by up to 12%. The two
nearby sites SCE and IP, as judged by color relations and geological
context, may have similar compositions but different maturities
with SCE being geologically younger crater ejecta (McClintock
et al., 2008a). This is supported by all described models for which
the relative mpFe abundance is consistently lower for SCE by about
5%, while the absolute oxide abundances are indistinguishable
within the precision of the data (generally within 1% of each other).

5. Linear spectral mixing

For comparison to the Hapke models, and to identify mineral
phases whose spectra can match spectra of Mercury’s surface, we
fit the same MASCS spectra with the linear spectral fitting routine
of Ramsey (1996) and Ramsey and Christensen (1998), calculating
linear mixes of mineral and glass spectra from our spectral library
(cf. Sprague et al., 2009). This exercise utilizes the benefits of an ex-
tremely fast fitting routine and a large number of spectral end-
members which is not presently possible with Hapke modeling.
In addition, it enables us to explore solution sets comprised of clus-
ters of mineral spectra to gain insights to the many possible com-
binations that result in good fits to the MASCS data. While it is
unlikely that any of the derived solution sets is exactly correct, this
helps us from fixating on preconceived ideas of what Mercury’s
mineralogy ‘‘ought to be” based on our knowledge of the Moon,
alerts us to possibilities that can be explored in future modeling,
and identifies mineral phases for which we must obtain vacuum
environment spectra.

While the MASCS spectra from different locations exhibit a rel-
atively low reflectance, a red slope and a significant curvature be-
tween 800 and 1400 nm, the quantitative expression of these
characteristics varies from location to location. We have therefore

selected three locations for our linear mixing study: SCE, LRM, and
TP2. Two linear mixing fits (cases 1 and 2) are presented for each to
illustrate the range of best-fit mineral classes and abundances.

We follow the lead of Mustard et al. (1998) who studied the
compositional variations between the lunar Grimaldi Basin high-
land-mare boundary using both intimate and linear spectral mix-
ing from spectral end-members obtained from the lunar surface.
For our Mercury study we extend this technique and use a spectral
library composed of a wide range of terrestrial spectral end-mem-
bers rather than spectral end-members from Mercury itself. We
hope to demonstrate that, as in the lunar case, the results provide
insights to the possible mineralogy of the regolith and an indica-
tion of the surface lithology.

No correction for viewing and illumination geometries are ap-
plied to the spectral library to match those of the observations
(i.e., surface roughness and shadowing are neglected, and particles
are assumed to scatter isotropically). Scattering and absorption in
the medium is not explicitly considered. Components of different
grain size fractions are realistically often chosen – grain size in
regoliths is partly a function of material strength. Darkening, red-
dening and decrease in spectral contrast due to space weathering
processes is not considered. This is likely the primary complicating
factor, as microphase iron exerts major control of the brightness,
contrast and continuum shape of the spectrum. However, spectra
of iron and other opaques are included in the spectral library.
The silicates in the spectral library have not been subjected to
space weathering processes and mercurian environmental condi-
tions such as heating and cooling, micrometeoroid bombardment,
ion and electron sputtering, or solar wind plasma bombardment.
However, we do include synthetic glasses containing melts of
pyroxene, olivine, ilmenite, and plagioclase which serve as excel-
lent analogs for basalt-like surfaces vitrified by meteoroid bom-
bardment. The absence in the spectral library of samples having
been subjected to these physical processes thus does not allow a
full consideration of these effects.

Our library contains 164 spectral end-members, and all of the
available small grain size fractions (including 0–24 lm, 0–45 lm,
and 45–100 lm). The spectral end-members are from JHU
(Salisbury et al., 1991), RELAB (Pieters, 1983), USGS (Clark et al.,
2007), Riner et al. (2009a) with samples provided courtesy of
Denton Ebel (The Natural History Museum), Burbine et al. (2002),
Pieters and Hiroi (2004) and Wagner et al. (1987). The samples
are natural minerals and well characterized synthetic glasses
(Cloutis and Gaffey, 1993; Fig. 27). Quartz, plagioclase, orthoclase,
microcline, Fe-poor hypersthene, augite, diopside, hedenbergite,
beryl, jadeite, Fe-poor olivine, garnet, sphalerite, spinel, horn-
blende, ilmenite, ulvöspinel, ferropseudobrookite, armalcolite,
rutile, troilite, iron, and chalcopyrite, as well as synthetic glasses
composed of plagioclase, olivine, pyroxene, and ilmenite were in-
cluded at a variety of grain sizes. The suite of eight ilmenite spectra
of several grain sizes and the suite of six synthetic opaque oxide
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Fig. 20. Measured and Hapke modeled iron abundances for lunar soils. The left panel shows the maturity as Is/FeO of the <250 lm fraction for mare (circles) and highland
(squares) soils as a function of the 0.56 lm REFF reflectance (data from LSCC). The central panel shows the Is/FeO values for mare soils as a function of modeled mpFe
abundance (from Denevi et al. (2008)). The right panel shows the modeled mare mpFe values as a function of 0.56 lm reflectance. Sample 71061 (marked with a cross),
containing a large proportion of black beads, was poorly modeled and is excluded in the fits in the two rightmost panels.
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samples studied by Riner et al. (2009a) were included. Because a
quick visual assessment of the MASCS spectra show no or very
shallow absorption bands centered near 0.9 or 1.2 lm, no olivine,
hypersthene, plagioclase, or clinopyroxenes with absorption fea-
tures deeper than 5% relative to the continuum at these wave-
lengths were used in the spectral library. Also, no calcite,
anhydrite, or rare Pb minerals were included.

The mineral phases of the linear mixture solutions are automat-
ically selected by the least squares fitting algorithm, not the user.
All spectral end-members chosen for solutions to the spectral fit-
ting are shown in Table 7. The name of the spectrum includes
the grain size (gs) of the sample and the laboratory from which
the spectrum was obtained. The chemistry of each sample to the
extent that it is known from the literature is given in column 2.

5.1. Linear mixing results

Figs. 21–23 show the first linear mixing fit solutions (‘‘Fit 1”) for
the three locations, with end-member identities and abundances
given in Table 8. The goodness of fit is computed from a least
squares fit (‘‘Residuals”) and is illustrated by the lower curves in
the plots. The most or second most abundant component of these
solutions is armalcolite–anosovite (0.85(Mg,Fe)Ti2O50.15Ti3O5)
from the Riner et al. (2009a) suite of opaque oxides. Each fit also
contains about 10% hedenbergite, a high-Ca inosilicate whose pure
form is at the high-Ca and high-Fe corner of the clinopyroxene
quadrilateral.

The second set of spectral fits (‘‘Fit 2”) were calculated to ad-
dress the question of whether the high armalcolite–anosovite
abundances (between 26% and 40%) indicated in the first set of fits
would be replaced by other mineral phases if armalcolite–anoso-
vite, or other Ti-bearing synthetic phases, were not allowed for
selection in the linear mixing. We therefore removed all of the opa-
que phases provided by Riner from the spectral end-member li-
brary and made a new set of linear fits to the same three MASCS
spectra. All other spectral end-members in the spectral library re-
mained. Figs. 24–26 illustrate the resulting fits. Table 9 gives the
names and compositions of the spectral end-members of the Fit

1 solution sets, along with the laboratory from which the spectra
were obtained, and the upper limits to the abundances returned
by the linear mixing algorithm.

The most outstanding result in Fit 2 solutions is the dominance of
synthetic glasses containing pyroxene, plagioclase and ilmenite.
There is a notable absence of the glasses that contained olivine in
their pre-fusion state. The pyroxene component in each of the
synthetic glasses is an orthopyroxene hypersthene slightly more
Fe-rich than Mg-rich. The plagioclase in the glass is anorthite. Spinel
comprises about 5% of the solution set end-member abundance in

Table 7
Spectral end-member components found in MASCS linear spectral fitting.

Spectral end-member Identity/formula

albite_fig1_WHW NaAlSi3O8

albite_hs324.3b.402_gs265-350_USG NaAlSi3O8

amalcolite (85%), anosovite (15%)_RIN 0.85(Mg,Fe)Ti2O50.15Ti3O5

bytownite_hs105.4002_gs74-250_USG Na0.2Ca0.8Al1.8Si2.2O8
eh5_chondrite_fig2_WHW MgSi2O6

glass32_CG 67%pyx032_27%plag108_7%ilm101
glass41_CG 53%pyx032_21%plag108_25%ilm101
glass44_CG 29%pyx032_57%olv003_11%plag

1083%ilm101
glass62_CG 57%pyx032_21%plag108_No_ilm
hedenbergite_017_gs0-75_REL Fe42.5Mg10Ca47.5, with 10% Fe3+

hedenbergite_032_gs125-250_REL Fe40Mn10Mg0.5Ca49.5

ilmenite_fig5_WHW FeTiO3

ilmenite_5-10 um_RIN FeTiO3

labradorite_hs17.12437_gs74-250_USG Ab_50 Ab_30
pyx019_011_gs45-90_REL Mg-rich, Fe-moderate, Ca-rich,

some Na
pyx033_019_gs45-90_REL Mn-rich, Mg-moderate, Fe-low,

Ca-rich, Na-rich
pyx122_057_gs45-90_REL Mn-rich, Fe-poor, Ca-rich, some Na
opxstandard_049-c_gs0-45_REL hypersthene, MgO 25 wt.%;

FeO 19 wt.%
sanidine_gds19.19863_gs_unknown_REL KAlSi3O8

spinel_126_026_gs0-45_REL PLE (Mg spinel)

Reference abbreviations: CG = Cloutis and Gaffey (1993), REL = RELAB database,
RIN = Riner et al. (2009a), USG = USGS spectral library, WHW = Wagner et al.
(1987).

Fig. 21. Linear mixing spectral fit (case 1) of the MASCS SCE spectrum.

Fig. 22. Linear mixing spectral fit (case 1) of the MASCS LRM spectrum.

Fig. 23. Linear mixing spectral fit (case 1) of the MASCS TP2 spectrum.
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two of the Fit 2 solutions. It is the second most abundant opaque
on the Moon (following ilmenite), is a high density mineral, and
is dark even in its magnesian form. The spinel labeled
‘‘Spinel_126_026_gs0-45” was selected in all solution sets where
spinel appears as a spectral end-member. It is an Mg-rich variety de-
scribed more fully in Burbine et al. (2008). Hedenbergite and other
clinopyroxenes (‘‘pyx122_057” and ‘‘pyx033_019”) appear as a
notable spectral end-members also selected but at a lower abun-
dance than in the Fit 1 sets. This is of great importance because
pyx122_057 is a high-Ca and high-Mn (21 and 27 wt.% CaO and

MnO, respectively) clinopyroxene. The third clinopyroxene selected
in both solution sets is pyx033_019. It is also a Mn- and Ca-rich
phase (7.7 and 17.6 wt.% MnO and CaO, respectively) and contains
a notably high Na2O abundance of 2.6 wt.%. Such pyroxenes tend

Table 8
Abundances of spectral end-members from linear mixing fits of MASCS spectra (Fit 1
solutions).

Spectral end-member Reference Abundance
(wt.%)

Small Crater Ejecta (SCE)
glass_44_29%pyx032_57%olv003_11%plag108_3%ilm03 REL 36
armalcolite (85%), anosovite (15%) – C1MR132 RIN 26
glass_32_67%pyx032_27%plag108_7%ilm101 REL 10
hedenbergite_032_gs125-250 REL 9
spinel_126_026_gs0-45 REL 7
glass_62_57%pyx032_21%plag108_No_ilm REL 5
pyx033_019_gs45-90 REL 4
eh5_chondrite_fig2 WHW 2
ilmenite_fig5 WHW 1

Low Reflectance Material (LRM)
armalcolite (85%), anosovite (15%) – C1MR132 RIN 40
glass41 53%pyx032_21%plag108_25%ilm REL 26
glass44 29%pyx032_57%olv003_11%plag108_3%ilm03 REL 16
hedenbergite_032_gs125-250 REL 7
spinel_126_026_gs0-45 REL 6
hedenbergite_017_gs0-75 REL 2
ilmenite_fig5 WHW 1
albite_fig10 WHW 1

Tir Planitia Smooth Plains Location 2 (TP2)
glass 44_29%pyx032_57%olv003_11%plag108_3%ilm03 REL 32
armalcolite (85%), anosovite (15%)–C1MR132 RIN 31
glass 32_67%pyx032_27%plag108_7%ilm101 REL 12
hedenbergite_032_gs125-250 REL 10
spi126_026_gs0-45 REL 6
Ilmenite 5-10 um–C1MR13 RIN 3
bytownite_hs105.4002_gs74-250 USG 2
opxstandard_049-c_gs0-45 REL 2
pyx019_011_gs45-90 REL 2

First column gives the mineral name in abbreviated form, it designated number,
and the grainsize of the mineral separate (gs) in micrometers. Second column
indicates source of spectral data: REL = RELAB, RIN = Riner et al. (2009a),
USG = USGS, WHW = Wagner et al. (1987). Abundances have been rounded to
whole numbers and are upper limits. For mineral identities see Table 7.

Fig. 24. Linear mixing spectral fit (case 2) of the MASCS SCE spectrum.

Fig. 25. Linear mixing spectral fit (case 2) of the MASCS LRM spectrum.

Fig. 26. Linear mixing spectral fit (case 2) of the MASCS TP2 spectrum.

Fig. 27. Spectra of synthetic glasses selected in the linear mixing fits of MASCS
spectra. Spectra are from Cloutis and Gaffey (1993).
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to be dark and even blue when containing Mn2+ and Mn3+ cations.
These effects may significantly contribute to the color of Mercury’s
regolith.

It is interesting that plagioclase feldspar is primarily included in
these solution sets as part of the synthetic glasses rather than as
plagioclase mineral phases from the spectral library. This is be-
cause the slope and curvature of both the MASCS spectra from
Mercury’s surface and the plagioclase spectra in the VNIR labora-
tory spectra are altered by vitrification. The non-vitrified plagio-
clase mineral phases in the spectral library are not chosen. This
is in contrast to spectral fits to well-defined spectral bands in the
mid-infrared spectral region that indicate the presence of abun-
dant Na-bearing crystalline plagioclase at several locations on Mer-
cury’s surface (Sprague et al., 1994, 2009; Sprague and Roush,
1998).

Denevi et al. (2009) suggested that at most 15–20% ilmenite,
used as a proxy for any Fe- and Ti-bearing oxide, is required in
the regolith to explain the slope of MDIS spectra. When the suite
of opaque oxides is permitted as possible end-members in the lin-
ear mix (Fit 1), the ilmenite abundance is low (1–7%) but the
resulting total TiO2 abundance is consistent with those of Sprague
et al. (2009) for three broad locations on Mercury’s surface. The
TiO2 is provided through the armalcolite and anosovite which are
Ti-rich. The FeO abundance is between 4% and 6%. When the TiO2

abundance is added, the sum of FeO plus TiO2 from all phases in
solution set 1 exceeds the upper limits of the Neutron Spectrome-
ter data on MESSENGER (Lawrence et al., 2009). However, if neither
armalcolite nor anosovite are permitted, the ilmenite abundance of
the spectral fits (Fit 2) is within the range (15–19%) suggested by
Denevi et al. (2009), and is largely contributed through the impact
glass analogs (Cloutis and Gaffey, 1993 glasses).

As can be seen by an examination of Table 10, the glasses se-
lected in the solution sets vary in FeO composition from 13 to 19
wt.%, TiO2 from 1 to 12 wt.%. They also have significant MgO vary-

ing from 9 to 33 wt.%. It is significant that the most highly abun-
dant glass in each of the Fit 2 solutions is glass #41 with 24 wt.%
FeO, 12 wt.% TiO2 and 9 wt.% MgO, and not the MgO-rich and Ti-
poor glass #44.

All spectra required a significant percentage of glass to fit the
slope and curvature. Because Mercury’s regolith must be highly
vitrified from meteoroid bombardment, this result is not surpris-
ing. Not only do the glasses have spectral shapes and slopes that
clearly resemble the MASCS data, but spectra of other minerals
were also repeatedly selected.

Fig. 28 illustrates the spectra of spinel, armalcolite and anoso-
vite, and hedenbergite which were required for good fits to the
data. Of importance is that spinel and high-Ca pyroxene were also
required for good spectral fits in the mid-infrared wavelength re-
gion in the work of Sprague et al. (2009). The mid-infrared spec-
trum of armalcolite–anosovite was not available for that study,
but spectra of rutile (TiO2) contributed to the best MIR fits and
were responsible for the high TiO2 content, similar to that found
here for the Fit 1 solution set.

The linear mixing results may be summarized as follows:

� The Fit 1 spectral end-members included the Riner et al. (2009a)
ilmenites and other Ti-bearing oxides. The high abundance of
armalcolite and anosovite found is remarkably consistent with
the MIR results of Sprague et al. (2009). In that paper, it is

Table 9
Abundances of spectral end-members from linear mixing fits of MASCS spectra (Fit 2
solutions).

Spectral end-member Reference Abundance
(wt.%)

Small Crater Ejecta (SCE)
Glass_41 53%pyx032_21%plag108_25%ilm REL 53
Glass_32 67%pyx032_27%plag108_7%ilm REL 18
Glass_44

29%pyx032_57%olv003_11%plag108_3%ilm03
REL 9

Spinel_126_026_gs0-457.6496 USG 7
hedenbergite_032_gs125-250 REL 6
iron_fig5 WHW 3
sanidine_gds19.19863_gsunknown USG 2
pyx122_057_gs45-90 REL 1

Low Reflectance Materia (LRM)
Glass41 53%pyx032_21%plag108_25%ilm REL 74
Glass32 67%pyx032_27%plag108_7%ilm REL 9
Glass62 57%pyx032_21%plag108_No_ilm REL 6
hedenbergite_032_gs125-250 REL 3
sanidine_gds19.19863_gs_unknown REL 2
Glass44 29%pyx032_57%olv003_11%plag1083%ilm03 REL 2
labradorite_hs17.12437_gs74-250 USG 2
pyx033_019_gs45-90 REL 2

Tir Planitia Smooth Plains Location 2 (TP2)
Glass41 53%pyx032_21%plag108_25%ilm REL 57
Glass32 67%pyx032_27%plag108_7%ilm REL 19
Glass62 57%pyx032_21%plag108_No_ilm REL 11
Spinel_126_026_gs0-45 REL 5
hedenbergite_032_gs125-250 REL 5
albite_hs324.3b.402_gs265-350 USG 2
pyx122_057_gs45-90 REL 2

For abbreviations see Table 8. Abundances have been rounded to whole numbers
and are upper limits.

Table 10
Oxide abundances (wt.%) of glasses selected in MASCS linear spectral fitting.

Glass ID Pre-fusion Post-fusion

32 41 44 62 32 41 44 62

SiO2 45.9 36.7 42.9 49.3 45.5 39.5 41.2 48.8
TiO2 3.3 12.2 1.4 0.2 3.3 13.0 0.8 0.6
Al2O3 9.6 7.6 4.1 9.8 11.3 7.8 1.2 12.1
Fe2O3 3.6 2.9 1.9 3.9 6.4 14.1 6.8 11.0
FeO 18.8 24.1 13.4 17.2 15.0 12.9 7.4 10.0
MnO 0.4 0.3 0.2 0.4 0.4 0.4 0.3 0.4
MgO 11.7 9.4 33.1 12.8 10.9 40.1 40.1 11.6
CaO 5.7 4.5 2.5 5.9 6.4 5.3 1.6 7.2
Na2O 0.5 0.4 0.2 0.5 – – – –
Total 99.5 98.1 99.6 99.9 99.3 101.9 99.2 101.6

Data are from Cloutis and Gaffey (1993).

Fig. 28. Spectra of low reflectance mineral phases selected in the solution sets to
linear mixing fits of MASCS spectra.
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pointed out that the high TiO2 abundance may be a result of the
relatively large abundance of rutile (TiO2) selected in the spec-
tral fits, resulting in an overestimate of TiO2 and an underesti-
mate of SiO2. While not possessing unambiguous spectral
bands, the rutile spectrum did provide the correct slope in the
10–13 lm region. The spectral fits in this study support the rel-
atively high TiO2 abundances inferred by Sprague et al. (2009)
and by Lawrence et al. (2009) from the MESSENGER Neutron
Spectrometer.
� The Fit 2 solutions have higher FeO and SiO2 abundances than

any ground-based observations indicate on the basis of VNIR
FeO absorption bands. This is driven in a large degree by the
composition of the glasses chosen for the spectral mixes. The
Gamma Ray Spectrometer on MESSENGER will be able to differ-
entiate between these extremes in SiO2 and TiO2.
� When clinopyroxene phases other than hedenbergite are

selected, they are Ca-, Mn-, and Mg-rich. We suggest it is Mn-
rich chemistry that contributes to Mercury’s dark surface. Spec-
tral characteristics of augite and diopside have been identified
in mid-infrared spectra of Mercury’s surface (Sprague et al.,
2002, 2009).
� Hedenbergite is present in both solution sets for all three loca-

tions. Pure hedenbergite is a high-Ca, high-Fe end-member of
the pyroxene quadrilateral and is found on Earth in igneous
rocks along with augite and diopside. Vernazza et al. (2010) also
find hedenbergite in their linear spectral fits to near-infrared
IRTF SpeX spectra of Mercury. In solid solution, hedenbergite
can and does substitute Mn2+ in place of some Fe2+ in M1 lattice
sites and we suggest that this may be one possible source of the
darkening of Mercury’s regolith. The low reflectance of the
hedenbergite is enhanced because the bands can blend together
suppressing the continuum.
� Orthopyroxene phases are chosen only when the Riner et al.

(2009a) opaque phases are permitted (Fit 1) and then only in
two cases, and in each case it is Mg-rich.
� Major mineral phases selected in both Fit 1 and Fit 2 solutions

have low Na2O and K2O abundance. Exceptions to this state-
ment are the indication of sanidine in the SCE (Small Crater
Ejecta) Fit 2, and the selection of pyx033_019 (with 2.6 wt.%
Na2O) for SCE in Fit 1 and LRM in Fit 2. Albite and labradorite
were each chosen as trace phases only. The paucity of alkalis
indicated is likely driven by the fact that crystalline plagioclase
feldspars are not selected in the linear mix as they have rela-
tively high-reflectance while the MASCS data are notably low
in reflectance. Another fact is that the fused glass compositions
of Cloutis and Gaffey (1993) contain no Na2O or K2O.
� With the spectral library used, quartz was never chosen, even as

a minor component. Similarly, quartz was not found to be a
component at the three broad locations (radar bright C, dark
plains west of Caloris Basin, and Caloris Basin interior) in spec-
tral fits of mid-infrared spectroscopy (Sprague et al., 2009).
However, the wavelength region of the MIRSI instrument at
the IRTF used in the latter observations does not encompass
the Christiansen emissivity maximum for quartz (7.5–7.7 lm)
and there are no defining spectral features of quartz in the spec-
tral region of the MASCS data used in this study. Thus there is
still great uncertainty in whether quartz is present in Mercury’s
regolith materials.

6. Oxide abundances from mid-infrared spectroscopy

In this section we further discuss the results of Sprague et al.
(2009) who presented emittance spectra obtained with MIRSI on
the IRTF, and provided tentative compositions for three broad loca-
tions on Mercury’s surface that represent unique and different rock
and regolith types: (1) the area around and including radar bright

region C as defined by Harmon, 1997, (2) a section of low reflec-
tance blue plains which surround the Caloris Basin, and (3) volcan-
ics within the Caloris Basin. Roughly, radar bright region C is
considered an intercrater plains unit and may be compared to loca-
tion IP in our analysis of MASCS spectra. The dark plains west of
Caloris Basin are roughly considered low reflectance blue plains
and may be compared to the LRM location. The Caloris Basin inte-
rior is composed of high-reflectance plains and is not represented
among the regions for which MASCS spectra are available. The fact
that the regions are unique and different from one another has also
been found by Denevi et al. (2009) using visual and near-infrared
multiband imaging data from MDIS on MESSENGER.

Sprague et al. (2009) present detailed mineral phase and abun-
dance solution sets for several case studies for each of the three
locations and summarize the results in terms of classes of mineral
phases for each location, pointing out similarities and differences.
In Table 11, the corresponding oxide and elemental abundances
for these locations are presented, based on the measured chemistry
of the samples (Sprague et al., 2009; Tables 1–6), or, when the ac-
tual chemistry is unknown, based on the chemical formula of the
mineral phases. For radar bright region C, there is one spectral fit
for two special cases: one where the K-spar is restricted to be
orthoclase, and another where the K-spar is restricted to be sani-
dine. For the dark plains west of Caloris Basin and for Caloris Basin
two independent spectral fits and solution sets of mineral phases
were obtained. In Table 11 we have averaged the two solution sets
for each location for presentation in this analysis.

Sprague et al. (2009) make the point that while the identifica-
tion of mineral phases appears to be robust, some changes in the
exact composition of the mineral phases or their relative abun-
dances will likely occur when the data are refit with a spectral li-
brary prepared specifically for the analysis of Mercury, e.g. by
including spectra of samples heated in a vacuum environment.
Here, we recognize this deficiency of the solution sets but proceed
in the spirit of science progressing one step at a time using the
tools available to us.

7. Comparison of compositions from VNIR Hapke modeling and
MIR spectral fitting

We now compare the results of the Hapke modeling and the lin-
ear mixing fits to the mid-infrared spectra presented in Sprague
et al. (2009). Because abundance estimates in linear mixing solu-
tion sets from the MASCS data set have greater uncertainties than
the Hapke modeling and mid-infrared spectral fitting, we do not
consider the VNIR linear mixing results in the following discussion.

Computed oxide abundances (wt.%) are presented in Figs. 29
and 30 for the seven Hapke models of the MASCS Equatorial

Table 11
Oxide abundances (wt.%) for three locations on Mercury’s surface computed from
linear mixing fits of MIRSI mid-infrared telescopic spectra (Sprague et al., 2009).

Oxide Radar bright
region C

Dark plains west
of Caloris Basin

Caloris Basin
interior

MgO 12.2 9.3 7.7
Al2O3 9.3 11.0 10.7
CaO 2.4 8.0 9.1
SiO2 40.2 40.2 43.1
TiO2 25.1 22.5 20.0
Na2O 1.3 2.3 2.2
K2O 2.6 0.2 1.5
Fe2O3 1.0 1.7 1.9
FeO 5.0 4.7 3.3
Cr2O3 0 0.2 0.1
MnO 0 0.2 0.1
H2O 0 0.2 0.1
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Average spectrum (data from Table 4). In Figs. 31 and 32, results for
the linear mixing fits of Sprague et al. (2009) to three locations ob-
served by ground-based MIR spectroscopy (data from Table 11) are
shown. Also shown in the last two plots are predicted values for
unique Mercury formation models and for two lunar samples.
The Mercury formation models are those which present interesting
and distinct possible formation scenarios that may be tested by
information on the surface chemistry derived from spectral analy-
sis of Mercury’s regolith (either from spacecraft or ground-based
instrumentation).

The site locations of MASCS spectra and MIRSI mid-infrared
spectra do not overlap and results are therefore expected to differ
due to compositional variations of the surface. The formal errors of
oxide abundances derived from Hapke models and MIR linear mix-
ing fits are small (a few wt.%), as seen from the limited variation in
oxide abundances between different solutions for the same loca-
tions in both wavelength ranges (Tables 6 and 11). However, it is
likely that total errors are considerable greater considering the
assumptions of the different techniques and the restrictions im-
posed by the nature of the minerals in the spectral databases.

We find that:

� Both Hapke and MIR linear spectral fits result in the choice of
Ca- and Mg-rich clinopyroxene and Na-rich plagioclase.
� The MgO abundances derived from Hapke models (3–6 wt.%)

are lower than those from MIR linear mixing (8–12 wt.%). The
difference may be due to the fact that the sampled locations
on Mercury are not identical.
� FeO abundances are 1–8 wt.% from Hapke models and 3–5 wt.%

from MIR mixing and are thus consistent. The linear fits to the
MASCS data however give inflated values that are inconsistent
with the absence of FeO absorption features in the MASCS data.
However, as pointed out by Riner et al. (2009a), ilmenite spectra
from fine grain size separates have reflectance spectral features in
the 0.9–1.2 lm region that can mask absorption bands owing to
Fe2+ charge exchange in FeO. This possibility is supported by this
study but does not seem likely based on the low FeO abundances
determined from MASCS Hapke models or from mid-infrared
MIRSI data. It is more likely that the high FeO values from MASCS
spectral fitting are a result of employing non-weathered end-
member spectra, such that the FeO bands of mafic minerals are
‘‘balanced” by minerals having reflectance peaks at the same
wavelengths in order to achieve a featureless continuum.
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Fig. 29. Total alkali (Na2O + KaO) versus SiO2 abundance (wt.%) for the seven Hapke
models (identified by model number) of the MASCS EQuatorial AVErage spectrum
(data from Table 4), with reference lunar and Mercury model compositions. (see
above-mentioned references for further information).
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Fig. 30. TiO2 abundance (wt.%) versus Mg number for the seven Hapke models
(identified by model number) of the MASCS EQuatorial AVErage spectrum (data
from Table 4), reference lunar and Mercury model compositions.
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Fig. 31. Total alkali (Na2O + KaO) versus SiO2 abundance (wt.%) for three locations
observed by ground-based MIR spectroscopy (data from Table 11). RBC = Radar
bright region C, CB = Caloris Basin, DP = Dark plains west of CB. Symbols for
reference lunar and Mercury model compositions are specified in Fig. 29.
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Fig. 32. TiO2 abundance (wt.%) versus Mg number for three locations observed by
ground-based MIR spectroscopy (data from Table 11). RBC = Radar bright region C,
CB = Caloris Basin, DP = Dark plains west of CB. Symbols for reference lunar and
Mercury model compositions are specified in Fig. 30.
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� While MASCS Hapke models indicate low TiO2 abundances (1–4
wt.%), MIR data indicate higher TiO2 abundance (up to �25
wt.%). In the MIRSI spectral fits it is a consequence of TiO2(rutile).
The inclusion of rutile in Hapke model H7 resulted in a TiO2 abun-
dance significantly above limits from other measurements (36
wt.%).
� The Ti versus Mg number field (Figs. 30 and 32) derived from

MASCS Hapke models fall in the range of very low Ti (VLT) to
low Ti basalts of the Moon, while the corresponding field from
MIR linear mixing is above that of lunar high Ti basalts (Taylor,
1992). The alkali contents we derive for Mercury are all greater
than any lunar basalt, which averages <1 wt.% in K2O + Na2O
abundance. Possibly, the range of Mg numbers in the mercurian
compositions is more extensive than the lunar basalts.

In Table 12 we have summarized a range of different oxide com-
positions calculated from formation models of Mercury, and mea-
sured for the Moon. The lunar samples give an appreciation of the
range of composition evident for a small body, and we should not
expect the case for Mercury to be different.

The three Mercury mantle plus crust models from Göttel (1988)
(an extremely iron-rich, an extremely volatile-rich, and an inter-
mediate preferred model) synthesize the results of a number of
widely varying formation models (equilibrium solar nebula con-
densation, post-accretion vaporization, iron-silicate fractionation,
and giant impact) calculated at that time. A recent model for the
crust is that of Brown and Elkins-Tanton (2009) in which a very
low-iron crust is formed from CB chondrite composition with
FeO < 4 wt.% in the bulk magma ocean, where lavas produced by
adiabatic melting during solid-state overturn of the mantle are
able erupt to form the earliest crust. The mineralogy is quartz-rich
with substantial low-Ca plagioclase and clinopyroxene and some
Mg-rich olivine and spinel.

The ‘‘VNIR” and ‘‘MIR” models in Table 12 are the averages of the
regolith compositions presented in this paper, based on MASCS Hap-
ke models and mid-infrared spectral fitting, respectively. As they are
averages of sites belonging to different lithologies, they may in some
sense represent samples of an average mercurian surface composi-
tion. It is important to realize however that the measured abun-
dances for Mercury’s surface presented in this paper cannot be
representative of the bulk silicate fraction (mantle plus crust) that
are predicted in the Göttel (1988) models. The crust, whether ‘‘pri-
mary” or ‘‘secondary” (Taylor, 1989) or both, must be chemically dif-
ferentiated from the mantle by processes dependent on its
emplacement mechanisms. Space weathering may further change
the surface elemental abundances, so none of the models in Table 12
is likely to correspond to the detected surface composition.

For the Moon, we list three rock compositions typifying the three
main highland rock types (Taylor, 2009, 1992), and two regoliths
from a highland and a mare site (Taylor et al., 2001). The FAN compo-
sition is that of a ferroan anorthosite rock, a plutonic rock which is
distinct from other pristine lunar rocks. It averages about 96 vol.%
plagioclase, has high Al2O3 concentrations, low molar Mg numbers
and high An numbers. FAN suite igneous rocks originated in the lunar
magma ocean as a globe-encircling low-density accumulate crystal-
lized at the surface, and is also associated with low concentrations of
incompatible lithophile elements such as La and Th.

Troctolite is also an anorthositic rock part of the Mg-suite igne-
ous highland rocks, and is enriched in KREEP (K, Rare Earth Ele-
ments, and P) compared to the FAN suite. The KREEP component
represents the residual liquid left over from crystallization in the
lunar magma ocean. Mg-suite rocks have typically 50–65 vol.% pla-
gioclase cumulate together with a mafic silicate which is olivine in
troctolitic rocks. Their ages and ranges of trace element concentra-
tions indicate derivation from numerous magma events and are
typically younger than the FAN suite.

The alkali suite is the third type of highland anorthositic rock
which are generally enriched in alkalis, with sample 15382 belong-
ing to the KREEP basalt subtype which may represent the parent
magma for Mg-suite and other alkali suite rocks. KREEP basalts
average about 50 vol.% plagioclase with minor amounts of a range
of minerals including K-spar, phosphates and ilmenite, but has no
olivine. Al2O3 concentrations are in the range 13–16 wt.%, Mg num-
bers of 52–65, and REE abundance is high.

The soil samples 10084 and 62231 represent mature soils from
mare and highland locations, respectively, and as such should be
more adequate comparisons for the VNIR and MIR compositions
we derive for Mercury. The soils are mixtures of components from
a range of sites, and mare samples in particular bear the signature
of inmixed highland soils delivered by meteoritic impacts after crys-
tallization of the extruded mare basalt. The 10084 mare soil repre-
sents the chemistry of secondary titanium-rich mafic basaltic
crust, formed from partial remelting of the solidified products (pri-
marily pyroxene and olivine) of a deep magma ocean, erupted to
the surface 3.0–3.8 Gyr ago (Grove and Krawczynski, 2009). The
62231 highland soil sample is intermediate in composition to the
ferroan anorthosite and troctolite rock compositions given in
Table 12.

In summary, we note that while the Hapke and MIR composi-
tional results agree in FeO, CaO and SiO2, indicating a low-iron crust
of substantial Ca-poor plagioclase, other oxides differ substantially.
At this stage, we are unable to deduce if these differences are due to
actual compositional variations of the surfaces observed (which are
not overlapping), or due to limitations in the modeling approaches or

Table 12
Oxide composition (wt.%) of Mercury models and lunar samples.

Mercury Moon

Model/unit Refr. rich Preferred Vol. rich CB chond. Hapke VNIR Linmix MIR KREEP FAN Troctolite Highl. soil Mare soil
Reference G88 G88 G88 BE09 This paper This paper BVSP81 BVSP81 BVSP81 T01 T01
Sample Mantle Mantle Mantle Crust Regolith Regolith 15382 15415 76535 62231-91 10084-78

Na2O 0 0.2–1 1.4 4.6 5.0 1.9 0.9 0.4 0.2 0.4 0.4
CaO 15.2 3.5–7 3.0 4.3 7.5 6.5 9.4 20.4 10.8 15.4 11.8
Al2O3 16.6 3.5–7 3.3 4.3 27.6 10.3 16.9 35.6 19.9 26.3 13.1
SiO2 32.6 38–48 45.0 67.2 50.8 41.1 52.5 44.5 43.0 45.0 41.7
TiO2 0.7 0.15–0.3 0.1 3.2 2.1 22.5 1.9 0.0 0.1 0.6 7.5
FeO 0 0.5–5 15.1 0.4 4.0 4.3 9.0 0.2 5.0 4.9 14.8
MgO 34.6 32–38 32.1 16.0 3.1 9.7 7.8 0.3 20.0 6.2 8.1

The ‘‘VNIR” model is the average composition from the reasonable EQuatorial AVErage MASCS spectrum Hapke model solutions H10, H11, H13, H14, H15, H17, and H19
(Table 3). The ‘‘MIR” model is the average of the linear mixing-derived compositions from the telescopic IRTF/MIRSI spectra of Caloris Basin interior, dark plains west of
Caloris Basin, and radar bright region C (Table 11), with best-fit solutions and derived mineral compositions described in Sprague et al. (2009). Lunar sample numbers with a
second indicator (the Is/FeO value of the <250 lm size fraction and due to Morris (1978)) are soils, others are rocks. The chemistries of lunar soils are for the <45 lm size
fraction. References are: G88 – Göttel (1988), BE09 – Brown and Elkins-Tanton (2009), BVSP81 – Basaltic Volcanism Study Project (1981), T01 – Taylor et al. (2001).
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the available minerals of the two approaches. Compared to the
Moon, however, our mercurian compositions are high in Na2O, low
in CaO, low to intermediate in Al2O3, intermediate in SiO2, somewhat
mare-like in TiO2, highland-like in FeO, and low to intermediate in
MgO. Compared to Mercury formation models, our solutions have
lower SiO2 and MgO and higher FeO, Al2O3 and CaO than the CB-
chondritic crust model, and are generally consistent with Göttel’s
preferred (perhaps tending to the more refractory-rich) mantle com-
position model. Generally, both the average VNIR Hapke model and
the MIR linear mixing oxide compositions are within a factor of two
to that of the average lunar highland (Taylor, 1982, Table 4.2) for all
oxides except for TiO2 and Na2O which are modeled as considerably
more abundant on Mercury.

8. Discussion

For the majority of Hapke models presented in this paper,
microphase iron abundances are around 0.065 wt.% and are similar
to within 10%. An exception is the apparently immature CR site,
which is consistently modeled as having a lower than average
mpFe abundance, and for which a couple of models have relative
mpFe abundances 15% lower than average. Thus it appears that
for the exception of geologically young ray craters, the general
maturation level may have reached a steady state, and that the
FeO (in mafic silicates and/or oxides or glasses as well as a likely
significant exogenic component) available for mpFe formation is
likely to form a uniformly distributed veneer of material. The small
variation of mpFe affects the absolute reflectances measured at the
flyby 1 geometry at a level of only 0.1%. Thus, most the observed
absolute reflectance variations of some 45% between the sites is
due to other factors than maturation.

Since the amount of mpFe in the silicate grains of the regolith is
a function of the available FeO (e.g., Hapke, 2001), Mercury’s sur-
face must be deficient in FeO compared to the Moon. If the amount
of mpFe is directly and linearly related to the amount of FeO from
which it was reduced, Mercury would be at least ten times poorer
in ferrous iron than the Moon, with <1–2 wt.% FeO. The abundance
of mpFe is determined both by the FeO in the original crust and by
the continual rate of FeO delivered by meteoritic infall. On the
Moon, the amount of FeO contributed by infall is proportionally
less important in increasing the total mpFe abundance than on
Mercury. The Moon started out with high intrinsic FeO values
(5–20 wt.%), onto which an amount of about 1% exogenic material
has been added (Heiken et al., 1991; Taylor, 2009), implying �0.1%
FeO. Thus, the mpFe abundance on the Moon is dominantly con-
trolled by initial FeO abundance and not by later meteoritic infall,
with approximate average abundances of about 0.3 wt.% mpFe and
15 wt.% FeO, resulting in a conversion factor of FeO to mpFe of
about 0.3/15 � 0.02 (Morris, 1980; Pieters et al., 2000) (bulk soil
mpFe abundances range from <0.1 to 0.5 wt.%). Mercury on the
other hand started out with a low amount of intrinsic FeO (proba-
bly <2 wt.%), to which a significant amount exogenic material, cor-
responding to as much as perhaps 20% of the bulk or 5 wt.% FeO,
has been added (Heiken et al., 1991; Lewis, 1988; Noble and Piet-
ers, 2003). Thus, late meteoritic contribution of FeO dominates
over the initial amount on Mercury, and the overall conversion fac-
tor is of the order of 0.065 wt.% mpFe/6 wt.% FeO � 0.01. Interest-
ingly, the conversion factors for the two bodies are similar, given
the uncertainties, indicating that the main processes responsible
for vapor deposition reduction of ferrous iron, ion sputtering and
micrometeoritic bombardment (Hapke, 2001), in combination are
similarly effective on the two bodies.

We find that the reflectance values of the sites are not strongly
coupled to absorbing cations in FeO, TiO2 or MgO in the Hapke
modeling. Also, it is shown in this paper, as well as by Riner

et al. (2009a), that lunar-like opaques such as ilmenite, ulvöspinel
or armalcolite cannot be solely responsible for the low reflectance
of Mercury’s surface, as abundances of the order of 30% would be
needed, in violation of estimated Fe and Ti constraints from other
methods (Section 2). The modal abundances and derived chemis-
tries from Hapke models with one or more of these lunar-like opa-
ques demonstrate that they cannot be present globally in
abundances greater than about 10 wt.% without violating other
constraints on iron and titanium composition. Other darkening
agents may be an iron-poor opaque or oxide, an iron-poor glass,
and/or an evolutionary effect such as temperature-induced dark-
ening, for which increasing Fe or Mg is not related to decreased
reflectance. Materials that show such behavior are, e.g., Mg-rich
oxides such as geikielite, or opaques which do not contain substan-
tial Fe that form oxygen-metal charge-transfer or crystal field
absorption transitions. It is also possible that Fe-poor or Fe-free sil-
icates which decrease in reflectance when heated to Mercury tem-
peratures in a vacuum environment are active agents. These three
suggested materials may act in unison to lower the reflectance,
rather than each one on its own. It is also clear that regional vari-
ations in reflectance on Mercury, such as associated with the Low
Reflectance Material (LRM; McClintock et al., 2008a, Robinson
et al., 2008; Denevi et al., 2009) cannot be caused by tempera-
ture-induced effects alone, unless such are closely correlated with
minerals that show such behavior. As the reflectance of LRM
deposits are very low, their brightnesses may not be dominantly
controlled by semi-transparent silicates, but by one or more opa-
ques which may be Fe-poor.

From the linear mixing we find the low reflectance may be cou-
pled to the presence of significant MnO in clinopyroxenes. Mer-
cury’s surface may have a significant component of Mn-rich
pyroxene in regolith materials such as pyx033_019 and
pyx122_057 that were the only pyroxenes chosen for the best fits
to the data (other than hedenbergite). The hedenbergite spectra
chosen in the linear mixing of the MASCS data are low reflectance
(between 0.04 and 0.08 over the spectral range 0.35–1.3 lm) as
shown in Fig. 28. In high-Ca pyroxene, such as hedenbergite, Ca2+

fills the highly distorted and non-centrosymmetric M2 eightfold
coordination site that when filled with Fe2+ is responsible for the
diagnostic 1 and 2 lm absorption bands (Straub and Burns,
1990). Smaller cations such as Mn2+, Mg2+ and Fe2+ may fill the
M1 bridging site. The Fe2+ crystal field absorption bands prominent
in reflectance spectra of olivine and other pyroxenes may be miss-
ing in reflectance spectra of hedenbergite if Ca2+ exclusively occu-
pies the M2 site (Fig. 1 of Straub and Burns (1990)). In addition,
because of the Ca2+ occupation of the M2 site, the distance between
the absorption bands is at its maximum in hedenbergite (Pieters
and Englert, 1993, p. 19), suppressing the continuum reflectance.

The reflectance spectrum of high-Ca augite is similarly affected.
Solid solution phases coexisting with hedenbergite (diopside and
augite) have both been indicated in the analysis of mid-infrared
spectral data from Mercury’s surface (Sprague et al., 2009). The
selection of this mineral in every linear mixing solution set indi-
cates that it may contribute to Mercury’s low reflectance.

Hedenbergite is present in some chondrites and in skarns in ter-
restrial alteration zones associated with Zn, Mn, and other elements
of economic interest. Its origin is attributed to alteration through
heating under oxidizing conditions (Hashimoto and Grossman,
1987). It could also contribute to the notable abundance of Ca ob-
served in Mercury’s exosphere (Bida et al., 2000; Killen et al., 2005;
McClintock et al., 2008b, 2009) along with the presence of Mg- and
Ca-rich clinopyroxene like diopside that have been identified by
ground-based spectroscopy (Sprague et al., 2002; Warell et al.,
2006).

We find 20–45 wt.% agglutinitic glass in the MASCS Hapke mod-
els for Mercury, dependent on the composition and reflectance of
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the matured base glass. Linear mixing of MASCS spectra of the
same sites (Fit 1 solutions) indicate 40–50 wt.% vitrified glass of
various compositions. Though the highest allowed abundances ap-
proach those of the most mature lunar soils (60 wt.%), these num-
bers are likely an underestimate of the true abundance. This is also
indicated by the substantially greater, by an order-of-magnitude or
more, impact melt production rate at Mercury (Cintala, 1992; Borin
et al., 2009). The abundances should be compared to the value
determined from the Apollo 11 telescopic spectrum with the same
Hapke modeling code, as described by Warell and Davidsson
(2010), for which the glass abundance was correctly modeled at
about 60 wt.%. The reason for the generally low agglutinate abun-
dances indicated by Hapke modeling is not clearly evident. The lu-
nar model included a high-Ti, high-Fe glass (selected from LSCC
data) with an average VNIR reflectance about a factor 2 lower than
the bright feldspathic Ti-free, Fe-poor glass used for Mercury,
which was required to obtain a reasonable chemistry for the
majority of mercurian models (Tables 2 and 3). Possibly the mercu-
rian agglutinates are darker (due to opaques, presence of doped
absorbing elements, and/or large mpFe particles) while at the same
time not having the high Fe abundances of lunar counterparts. We
also find that the mercurian regolith is adequately modeled by an
mpFe abundance that is almost half that of the Apollo 11 site, while
the grain size of the lunar and mercurian models is the same
(20 lm).

Taking into account the optical effects of microphase iron (Britt
and Pieters, 1994; Hapke, 2001) present in the mercurian regolith
is not particularly straightforward. While this component is not
specifically included in the linear mixing spectral library, metallic
iron and vitrified glasses of varying iron abundances are. While
our Hapke model considers its primary optical effects, it does not
allow for the secondary effects of microphase iron size variations
(e.g., Noble et al. (2007), Lucey and Noble (2008)). We anticipate
that introduction of the optical effects of the larger microphase
iron particles, and the effect of porosity on the absolute reflectance,
may introduce refinements in the derived compositions or physical
properties of Mercury’s surface. Microphase iron may be expected
to be present in larger sizes near the mercurian equator than closer
to the poles, due to the increased efficiency of Ostwald ripening at
elevated temperatures (Noble and Pieters, 2003). As the MASCS fly-
by spectra all are obtained at the equator, some of the observed
darkening may be caused by large mpFe, which would decrease
the need for other opaques, and would possibly affect the average
grain size estimate.

The mineral assemblages and modeled oxide abundances that we
find for Mercury are broadly consistent with high-Al, high-Mg oliv-
ine-poor basalt and high-Ca and high-Mn clinopyroxene and heden-
bergite bearing lithologies. All of these phases are consistent with
volcanic emplacement of crustal units. However, because the rego-
lith must be substantially affected by meteoroid input and space
weathering, we are reluctant to force a simple petrogenetic explana-
tion upon the observations. Further study may reveal useful insights
based on compositional differences between surface units.

We have made progress toward adding to our knowledge of
Mercury’s surface composition in this study. More detail and con-
fidence in results will await a synthesis of results from radiative
transfer modeling of reflectance spectra (e.g., Warell et al.,
2009a,b), linear spectral mixing of thermal emission spectra (e.g.,
Sprague et al., 2009), and extensive laboratory measurements of
a range of minerals in mercurian environmental conditions (e.g.,
Helbert and Maturilli, 2009). The mineralogy will be inferred from
spectral features controlled by chemical bonds, and elemental
abundances from measurements by the MESSENGER and BepiCo-
lombo Gamma Ray, Neutron (Lawrence et al., 2009) and X-ray
Spectrometers (Schlemm et al., 2007; Fraser et al., 2010), which
determine elements independently of their chemical state.

Global average measurements are likely to be of limited value
because mid-infrared telescopic (Cooper et al., 2001) and MES-
SENGER (e.g., Blewett et al., 2009a) results have shown that Mer-
cury is spectrally diverse and has a surface consisting very
largely of volcanically emplaced plains units of various (but an-
cient) ages (e.g. Denevi et al., 2009; Head et al., 2009; Watters
et al., 2009). These volcanic units are secondary crust (as defined
by Taylor (1989)), owing their origin to partial melting events in
the mantle, but must be sitting on something older. This older
crust has yet to be identified. We note however that recent work
by Head et al. (pers. comm.) has identified a number of terrain
areas which are substantially more cratered (based on the area
density of craters larger than 20 km) than the global average,
which are thus more likely to be older and less resurfaced. For
example, although the term ‘‘heavily cratered terrain” has crept
into some of the Mercury literature, no such unit was mapped
on the USGS maps based on Mariner-10 images (see Mercury
geology downloads at http://webgis.wr.usgs.gov/pigwad/down/
mercury_geology.htm) nor has it yet been recognized in the
new areas of the globe imaged by MESSENGER. It is important
to try to find and characterize Mercury’s most ancient crust
(Rothery et al., 2009), whether as in situ exposures or impact ba-
sin ejecta (such as the LRM), because its composition may reflect
crust-forming processes different to those whereby the volcanic
secondary crust was formed, offering additional insights into
the composition of the mantle.

Avenues of further investigation of Mercury’s surface composi-
tion include the introduction of laboratory spectra for a much
broader range of composition for minerals that have been sub-
jected to mercurian environmental conditions, and anticipated lev-
els of mpFe from space weathering processes. Also, study of the
effects of internal scattering in the highly complex agglutinate
components of different chemistries, grain sizes, microphase iron
particle content, must be made. Further research must be con-
ducted on glasses to understand the systematic effects of variation
of major oxide abundances (primarily the strongly absorbing Fe
and Ti) and the effects of minor amounts of darkening elements
such as Mn and Zn. The detailed chemical composition versus
absorbance spectra for these glasses must then be combined in a
chemically dependent model of optical constants for use in radia-
tive transfer modeling. Detailed spectral study of small grain size
solid solutions of high-Ca and Mn-bearing pyroxenes near the
hedenbergite corner of the pyroxene quadrilateral could reveal
the abundance and compositions of pyroxenes best replicating
the MASCS data.

9. Conclusions

We have analyzed seven MASCS reflectance spectra from differ-
ent site locations on Mercury, obtained at the first MESSENGER fly-
by (McClintock et al., 2008a), with Hapke radiative transfer-based
models and three locations with linear spectral fitting. We have
also analyzed previously published ground-based mid-infrared
regolith mineral abundances (Sprague et al., 2009) from three dif-
ferent regions on the same hemisphere of Mercury in terms of
oxide abundances. From these efforts, the following may be
concluded:

1. The MASCS spectra are best modeled with an average area
weighted grain size of about 20 lm for the Hapke modeling
and a grain size of 0–45 lm for the linear spectral fits.

2. The microphase iron abundance of the different sites aver-
ages 0.065 wt.%, with a relative variation of about 10%. Mer-
cury shows lunar-style space weathering, as evidenced by
somewhat lower mpFe at brighter sites.
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3. The microphase iron present in Mercury’s regolith is argued
to be, to a significant or even dominating amount, due to
reduced FeO delivered by exogenic sources, and not prefer-
entially due to iron-bearing silicates in the initial crustal
composition, contrary to the case for the Moon.

4. Microphase iron in grain rims is not sufficient to explain its
15% lower reflectance compared to the Moon, requiring the
need for a darkening agent(s) or effect(s) which cannot pres-
ently be uniquely identified.

5. Hedenbergite is repeatedly indicated as a mineral phase on
Mercury’s surface in all linear mixing solution sets in this
study. Ca2+ fills the highly distorted and non-centrosymmet-
ric M2 eightfold coordination site that when filled with Fe2+

is responsible for the diagnostic 1 and 2 lm absorption
bands. Smaller cations such as Mn2+, Mg2+ and Fe2+ may fill
the M1 bridging site. Mn acts as a strong darkening agent.
Ca- and Mg-rich clinopyroxenes other than hedenbergite
are also present on Mercury’s surface and, with Mn present
in M1 sites, would contribute to the darkening of Mercury’s
surface and the presence of the very shallow or non-existent
1 lm crystal field absorption in Mercury’s spectrum.

6. Hapke-modeled mineral modal abundances for the equato-
rial average spectrum (dominantly intermediate terrain)
are 35–70% Na-rich plagioclase or orthoclase, up to 30%
Mg-rich clinopyroxene, <5% Mg-rich orthopyroxene, minute
olivine, 20–45% low-Fe, low-Ti agglutinitic glass, and 0–10%
of one or more opaques.

7. Hapke-modeled oxide abundances for the Equatorial Aver-
age spectrum indicate an average of 50 wt.% SiO2, 25 wt.%
Al2O3, 4 wt.% FeO and 3 wt.% TiO2.

8. Spectral fitting of MIR spectra indicate an average of 41 wt.%
SiO2, 10 wt.% Al2O3, 4 wt.% FeO and 23 wt.% TiO2. The TiO2

abundance is considered a likely overestimate resulting in
a concurrent underestimate of SiO2.

9. Both the average MASCS Hapke and the MIR spectral fitting
oxide compositions are within a factor of two of that of the
average lunar highland (Taylor, 1982, Table 4.2) for all oxi-
des except for TiO2 and Na2O which are found to be substan-
tially more abundant on Mercury. The inferred rock type is
basalt. In terms of silicate mineralogy, mercurian plagioclase
appears more Na-rich, pyroxenes generally appear to be less
Fe-rich, and orthopyroxene seems to be present in smaller
amounts than in lunar highlands.

10. Iron- and titanium-rich lunar-like opaque oxides (ilmenite,
ulvöspinel, armalcolite) are unlikely to be able to, as single
opaque minerals, explain Mercury’s darkness without violat-
ing constraints on FeO. Lunar-chemistry opaques (in partic-
ular, ilmenite and spinel) or agglutinate glasses cannot be
abundant but may be present locally, or globally if in small
amounts.

11. Thermally induced darkening of silicates, e.g. labradorite,
caused by heating to Mercury dayside temperatures in a vac-
uum environment, may contribute to Mercury’s low reflec-
tance but more laboratory work is required to fully
understand if this mechanism is viable.

12. Possible materials that, on a global scale, may cause Mer-
cury’s low reflectance without violating compositional con-
straints include Mn-rich minerals such as clinopyroxene. In
addition, opaques, glasses and agglutinates that are low in
both iron and titanium and are dark because of strongly
absorbing elements such as, e.g., Sm, Gd, Zn, Mn, Pb are
plausible.

13. More than one darkening agent or effect is likely to operate
in unison, including Mg-rich opaques poorer in Fe than lunar
opaques, microphase iron particles larger than �50 nm and
thermally fused by Ostwald ripening, ubiquitous Fe-poor

agglutinate glasses, thermally darkened silicates, and the
presence of low reflectance mineral phases such as some
high-Ca, high-Fe, Mn-, or Mg-clinopyroxenes near the
hedenbergite corner of the clinopyroxene quadrilateral.
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