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We present measurements of Mercury’s surface composition from the analysis of MESSENGER X-Ray
Spectrometer data acquired during 55 large solar flares, which each provide a statistically significant
detection of Fe X-ray fluorescence. The Fe/Si data display a clear dependence on phase angle, for which
the results are empirically corrected. Mercury’s surface has a low total abundance of Fe, with a mean Fe/Si
ratio of�0.06 (equivalent to�1.5 wt% Fe). The absolute Fe/Si values are subject to a number of systematic
uncertainties, including the phase-angle correction and possible mineral mixing effects. Individual Fe/Si
measurements have an intrinsic error of �10%. Observed Fe/Si values display small variations (significant
at two standard deviations) from the planetary average value across large regions in Mercury’s southern
hemisphere. Larger differences are observed between measured Fe/Si values from more spatially resolved
footprints on volcanic smooth plains deposits in the northern hemisphere and from those in surrounding
terrains. Fe is most likely contained as a minor component in sulfide phases (e.g., troilite, niningerite,
daubréelite) and as Fe metal, rather than within mafic silicates. Variations in surface reflectance (i.e., dif-
ferences in overall reflectance and spectral slope) across Mercury are unlikely to be caused by variations
in the abundance of Fe.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

Prior to insertion of the MErcury Surface, Space ENvironment,
GEochemistry, and Ranging (MESSENGER) spacecraft (Solomon
et al., 2001) into orbit about Mercury, information on the elemen-
tal composition of Mercury’s surface and interior was limited to
constraints from Earth-based telescopic observations, the three
Mercury flybys of Mariner 10 in 1974–1975, and the three Mercury
flybys of MESSENGER in 2008–2009. Nonetheless, it has long been
deduced that Mercury’s high uncompressed density (�5.0 g/cm3),
the largest among the planets (Solomon, 2003), is a result of a high
metal-to-silicate ratio. Models for Mercury’s interior structure that
include this constraint predict that the planet’s core makes up
�80% of its total volume (Smith et al., 2012; Hauck et al., 2013).
Several hypotheses for Mercury’s formation have attempted to ac-
count for the high core fraction, either by accretion from precursor
materials that were similarly enriched in metal phases (Lewis,
1973; Weidenschilling, 1978) or through an early high-tempera-
ture event that stripped away much of the planet’s silicate portion,
such as a giant impact (Benz et al., 1988) or evaporation in a hot
solar nebula (Fegley and Cameron, 1987).

The data gathered by MESSENGER’s X-Ray Spectrometer (XRS)
and Gamma-Ray Spectrometer (GRS) since orbit insertion in March
2011 allow more definitive estimates of Mercury’s surface composi-
tion to be made. Mercury’s surface material is Mg-rich but Al- and
Ca-poor compared with typical terrestrial and lunar rock types
(Nittler et al., 2011; Evans et al., 2012; Peplowski et al., 2012b;
Weider et al., 2012). Mercury’s surface also has a high abundance
of S, contained mainly in sulfide minerals (Nittler et al., 2011; Evans
et al., 2012; Weider et al., 2012). In addition to the high S, measured
K (Peplowski et al., 2011, 2012a) and Na (Evans et al., 2012; Peplowski
et al., 2014) abundances indicate that Mercury is unlikely to be de-
pleted in volatile elements compared with the other terrestrial plan-
ets. This finding has important ramifications for the giant impact and
evaporation models for Mercury’s formation. Although the loss of
volatile species is a direct prediction of at least one giant impact
model (Benz et al., 2007), the precise geochemical consequences of
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such an event are unresolved and are being actively investigated
(e.g., Stewart et al., 2013).

Although Mercury has a high bulk abundance of Fe, the surface
of the planet contains very little of the element. Both Earth-based
telescopic (Vilas, 1985; Sprague et al., 2002) and MESSENGER flyby
observations (McClintock et al., 2008) indicated, via the absence of
a 1 lm absorption feature in surface reflectance spectra, that the
crust has a very low ferrous Fe content, with less than �6 wt%
FeO in mafic silicates. Denevi et al. (2009) and Lawrence et al.
(2010) proposed that Fe could instead be present on the surface
within Fe–Ti oxides such as ilmenite (FeTiO3). However, orbital
XRS and GRS measurements (Nittler et al., 2011; Evans et al.,
2012) have shown that the total Fe and Ti abundances on
Mercury’s surface are low (<1 wt% Ti; �1–2 wt% Fe) and thus ruled
out such a possibility.

It is now known that Mercury’s surface exhibits a number of
chemical heterogeneities. Large expanses of volcanic smooth plains
in the northern lowlands (Head et al., 2011) and interior to the Cal-
oris basin (Murchie et al., 2008) differ, in their concentration of Mg,
Al, S, and Ca, from the older terrain that surrounds them (Weider
et al., 2012). The distributions of K (Peplowski et al., 2012a) and
Na (Peplowski et al., 2014) also vary over the northern hemisphere.
Here we present the latest estimates for the Fe content of
Mercury’s surface from XRS data and investigate its spatial
distribution.
2. Measuring Fe with the MESSENGER X-Ray Spectrometer

Through the technique of planetary X-ray fluorescence (XRF),
the MESSENGER XRS data have been used to make quantitative
estimates of major element abundances in Mercury’s surface mate-
rial (i.e., the uppermost �100 lm). When incident X-rays from the
Sun’s corona impact Mercury’s surface and induce ionization of
individual atoms, characteristic X-ray photons are subsequently
emitted that can be measured by the XRS on MESSENGER. The
abundances of several major elements in surface material can be
determined from the flux and energy of the fluorescent, as well
as scattered solar, X-rays. The energy of the incident X-rays and
the capabilities of the instrument detectors dictate which elements
can be measured.

The MESSENGER XRS (Schlemm et al., 2007) has three gas-pro-
portional counter (GPC) detectors that face the planet’s surface and
measure the XRF and scattered solar signals, as well as a separate
Sun-facing Si-PIN photodiode detector that simultaneously mea-
sures the solar X-ray spectrum incident on the planet. All four
detectors operate over an energy range of 1–10 keV. A ‘‘balanced-
filter’’ approach (Starr et al., 2000) is employed whereby two of
the GPC detectors have thin foils placed in front of them (one
Mg, one Al) and the third detector has no filter. This arrangement
allows the closely spaced XRF signals from Mg, Al, and Si, which
cannot be resolved in the spectrum from a single detector, to be
deconvolved. The resolution of the detectors is otherwise sufficient
to resolve the spectral contributions of the heavier elements. The
spatial resolution of the XRS measurements varies across the pla-
net. The instrument’s 12� field of view provides a ‘‘footprint’’ on
the surface that varies greatly over the surface because of MESSEN-
GER’s eccentric orbit and the variable data integration periods of
the instrument (Schlemm et al., 2007). The footprints range in size
from <100 km across at high northern latitudes to >3000 km across
at the south pole.

The binding energy of elements increases with their atomic
number (Z), so higher-Z elements require the incidence of more
energetic X-rays to be ionized. During relatively quiescent periods
of solar activity (‘‘quiet Sun’’), XRS can detect Mg, Al, and Si XRF
from Mercury’s surface. During solar flare periods, when the solar
X-ray flux increases at higher energies (i.e., ‘‘hardens’’), XRF of hea-
vier elements (e.g., S and Ca) can be detected; Fe XRF can be mea-
sured only during the strongest, and least common, solar flares. It
is for this reason that it has taken longer to amass a substantial
number of XRS Fe measurements than for the lower-Z elements
(e.g., Weider et al., 2012). With these data we can now investigate
the Fe abundance distribution over Mercury’s surface in a statisti-
cally significant manner, although coverage at high spatial resolu-
tion in the northern hemisphere is still sparse.
3. Methodology

In this paper we present results from XRS measurements that
were obtained from the start of MESSENGER’s orbital mission
through September 2013. We present data acquired during a total
of 55 solar flares (see Table 1), from which statistically significant
(<25% error) Fe abundances were derived from our forward model-
ing procedure (see Section 3.1). These flares all include at least one
individual spectral integration for which the temperature of the
emitting solar plasma is greater than 13.5 MK (the minimum tem-
perature at which we have determined that XRS can reliably detect
Fe XRF from Mercury’s surface). We excluded (following Weider
et al., 2012) flares for which the spectra showed evidence of sub-
stantial contamination from energetic electron events (e.g., Ho
et al., 2011; Starr et al., 2012) or other charged particles (e.g., from
coronal mass ejections), and those that had footprints on the pla-
net’s surface with an area larger than 107 km2. Only one of the
flares for which an Fe abundance was reported by Nittler et al.
(2011) meets our criteria and is included in our data (flare 8 of
Nittler et al., 2011; listed as flare 1 in Table 1); the result we pres-
ent for this flare is from a new analysis of the data following the
updated procedures we describe below.
3.1. Forward modeling

We used a forward modeling procedure (Nittler et al., 2011;
Weider et al., 2012) to fit both the incident solar and planetary
XRF spectra, and thus derive elemental abundances. Our method
is based on the fundamental-parameters approach (e.g., Clark
and Trombka, 1997; Nittler et al., 2001), by which the scattered
solar spectrum and the theoretical fluorescence intensity of each
element in a spectrum are calculated. The model requires several
inputs that include the shape and magnitude of the incident spec-
trum, the viewing geometry, several atomic physics parameters,
and the concentration of constituent elements in the target. The
generated theoretical spectra are compared with the measured
XRS GPC spectra to determine surface elemental abundances.

We fit the relatively low-resolution solar spectra from the solar
monitor to characterize the emitting solar plasma (e.g., its temper-
ature and elemental composition). We then employed the CHIANTI
code (Dere et al., 1997) to generate equivalent, high-resolution
model spectra, which were used in the forward modeling proce-
dure. We analyzed only the XRF spectra from integrations that fol-
lowed the temperature peak of the flare (as did Nittler et al., 2011
and Weider et al., 2012), because the plasma prior to the peak can
have a multi-thermal nature (Garcia, 1994) and an isothermal re-
gime is assumed in our modeling. Data from integrations toward
the end of flares, when the plasma temperature is less than
13.5 MK (below which Fe XRF does not occur at a measureable
level), were disregarded in this work.

Typically, the magnitude and spectral shape of detector back-
grounds (generated from the interactions of galactic cosmic rays
or solar energetic particles with the GPC detectors) remain con-
stant on a timescale of tens of hours. The background magnitude,
however, is slightly (10–15%) reduced when the spacecraft is close



Table 1
Solar flares used for Fe XRS data analysis.

Flare Date Start time
(UTC)

Integration
time (s)

Solar temperature
(MK)

Mean incidence
angle (�)

Mean emission
angle (�)

Mean phase
angle (�)

1 13 June 2011 03:53:20 1350 15.4 75.7 20.8 84.3
2 8 August 2011 22:00:39 400 16.3 76.2 12.0 78.9
3 1 September 2011 12:30:42 600 16.7 73.0 27.1 91.6
4 5 September 2011 00:16:35 900 14.9 75.4 21.7 86.8
5 6 September 2011 01:33:05 160 22.6 75.3 25.7 91.0
6 6 September 2011 01:43:45 520 21.1 75.4 26.3 91.8
7 6 September 2011 22:15:24 1000 22.8 65.8 17.0 78.1
8 8 September 2011 21:47:49 4900 16.6 77.9 15.2 82.6
9 9 September 2011 06:03:29 140 21.7 80.0 19.1 92.1

10 2 October 2011 08:49:04 340 16.4 21.3 57.7 77.8
11 18–19 October 2011 23:39:58 400 20.3 63.6 27.5 78.1
12 24 October 2011 08:11:52 300 14.7 53.5 47.9 97.9
13 26 October 2011 10:36:38 705 18.2 80.6 22.3 101.4
14 27 October 2011 12:40:24 1020 18.2 63.9 42.5 102.1
15 27 October 2011 20:24:51 713 19.7 78.0 28.7 103.4
16 27 October 2011 23:33:06 200 16.7 65.0 39.1 102.2
17 29 October 2011 22:53:59 684 18.2 83.9 11.1 87.1
18 29 October 2011 23:38:30 500 15.4 52.5 51.2 101.7
19 30 October 2011 14:57:45 900 16.9 68.6 42.2 103.7
20 31 October 2011 00:47:47 900 16.7 60.7 44.9 101.3
21 31 October 2011 14:57:34 1200 18.4 71.7 39.4 104.1
22 2 November 2011 22:04:48 260 16.5 85.4 5.6 85.4
23 3 November 2011 11:04:09 500 18.4 78.4 10.8 78.6
24 6 November 2011 01:02:16 900 15.6 57.9 46.7 100.2
25 5 December 2011 23:22:21 300 17.4 79.6 23.0 82.7
26 3 July 2012 05:34:09 1700 15.3 41.5 39.3 78.3
27 5 July 2012 06:52:44 800 15.7 52.3 26.4 78.2
28 10 July 2012 06:21:19 600 16.5 80.6 29.5 80.8
29 19 August 2012 18:07:27 1000 23.0 49.4 62.7 87.6
30 6 September 2012 15:16:47 280 15.8 26.8 51.9 78.3
31 12 September 2012 11:16:53 460 17.7 78.2 18.5 88.1
32 15 September 2012 11:15:29 400 18.2 79.2 18.9 90.3
33 19 September 2012 11:08:24 360 26.1 54.7 48.0 99.1
34 20 September 2012 05:21:29 240 29.5 21.7 59.4 75.9
35 23 October 2012 03:11:56 1300 21.7 63.1 42.7 102.0
36 13 November 2012 01:57:13 320 21.6 36.5 45.3 78.1
37 14 November 2012 03:58:15 400 16.1 55.4 48.0 99.9
38 21 November 2012 09:40:15 600 15.6 78.9 14.4 83.7
39 23 November 2012 23:07:12 400 19.9 73.8 15.2 80.2
40 28 November 2012 21:29:12 600 16.4 27.9 23.4 76.7
41 22 December 2012 06:24:32 400 16.6 25.6 54.9 77.3
42 15 February 2013 19:49:52 600 15.2 59.7 53.3 88.9
43 22 April 2013 10:23:53 200 18.1 27.4 53.6 76.9
44 7 May 2013 08:35:23 1160 20.5 50.5 28.5 78.0
45 10 May 2013 00:40:43 1067 19.5 42.7 35.8 78.1
46 18 May 2013 20:02:50 1000 15.8 69.5 48.4 89.8
47 18 May 2013 20:59:30 600 14.8 54.6 46.4 89.5
48 23 May 2013 14:40:50 400 16.9 28.9 52.2 77.3
49 3 July 2013 06:58:10 800 18.0 82.7 24.5 104.4
50 8 July 2013 01:16:10 400 15.8 52.4 35.0 84.8
51 15 August 2013 04:31:30 800 16.9 78.8 18.7 89.7
52 19 August 2013 07:22:50 683 18.7 25.2 55.3 77.1
53 27 September 2013 19:37:34 800 15.1 56.3 48.1 101.5
54 28 September 2013 14:53:34 800 16.4 76.8 29.9 103.3
55 29 September 2013 07:07:34 600 18.3 80.1 27.0 103.9
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to periapsis and the planet blocks a larger portion of the cosmic ray
flux. We derived the detector backgrounds by summing all the GPC
spectra from the (Earth) day of the observation for which the field
of view (FOV) did not include any part of the planet’s surface. For
the large flares analyzed here, the signal-to-noise ratio was gener-
ally sufficiently high that background changes caused by the pla-
net’s proximity were not significant. Therefore we simply scaled
the background spectra, by integration time, to the XRF spectra
as part of the fitting procedure. However, we have found that the
spectral shape of the GPC detector backgrounds changes slightly
during the peak output period of some, but not all, of the largest
solar flares that occur when the planet is outside the instrument’s
FOV. In particular, an enhancement in the background continuum
at energies of �6–8 keV is often observed. The cause of this back-
ground change has not yet been identified, but it may be related
to solar X-rays that are backscattered from Mercury’s surface to
the spacecraft and leak into the instrument at certain viewing
geometries. It may be possible to explain difficulties in fitting the
high-energy channels in our XRF spectra (see Section 3.3) with this
atypical, enhanced background. The background we choose, how-
ever, does not markedly affect our overall chemical results.

3.2. Co-addition of spectra

For several of our 55 flares, the signal-to-noise ratio within the
spectra from single XRS integration periods was insufficient to



S.Z. Weider et al. / Icarus 235 (2014) 170–186 173
provide accurate Fe abundance estimates (we excluded from our
dataset Fe/Si measurements with relative errors of >25%). To miti-
gate this problem, we co-added all the spectra from the consecu-
tive integrations for each flare. For consistency, we used this
procedure even for the flares for which the Fe signal is strong.
However, for three flares (flares 27, 44, and 45 in Table 1) with
footprints in the northern hemisphere, i.e., where the spatial reso-
lution of XRS was the highest, we divided the flares into several
parts according to the terrain on which the footprints lay and ana-
lyzed the co-added spectrum for each of the sections (see Table 2).

Solar plasma temperature, and thus spectral shape, can change
greatly over the course of a flare. It is therefore important to define
an appropriate solar spectrum to use as an input to the forward
modeling of these ‘‘co-added’’ spectra. We identified two options:
(i) the co-added spectrum that is generated from the fitting of the
equivalent ‘‘co-added’’ solar spectrum (i.e., from the addition of
all the individual solar spectra from each integration), or (ii) the
weighted mean spectrum that is derived by fitting the solar spectra
for each integration separately and then calculating an average,
which is weighted by the overall scale of each spectrum. The tem-
peratures derived are similar in both cases, and the difference in
the subsequent elemental weight ratio results is small, especially
for the low-Z elements (the elemental results derived from the dif-
ferent solar models are mostly equal to within 10%; the variation
increases to �25% for Fe/Si from the weakest flares, for which
the signal-to-background ratio is lowest and uncertainties in the
solar model are greatest). We used the weighted mean spectrum
for the solar input for all of our flare analyses because it more accu-
rately captures the variation of the solar incident flux with time.
3.3. GPC spectral fitting

A non-linear v2 minimization routine was used to compare the
measured XRF spectra with GPC spectra; parameter values were
repeatedly varied until the best fit was obtained. The fitting param-
eters include the energy calibration and resolution of the three GPC
detectors, as well as the elemental abundances (wt%) of Mg, Al, S,
Ca, Ti, Cr, Mn, and Fe. Example co-added XRF spectra (for which
the signals from all three GPC detectors have been summed) with
best-fit theoretical spectra are shown in Fig. 1. Although the stan-
dard forward model provides a good fit to the spectrum across
the entire energy range for some flares (e.g., 6 September 2012;
Fig. 1a), for several others (e.g., 12 September 2012; Fig. 1b) the
model lies below the measured spectrum at high energies
(>7 keV). We found that the fit in this energy region can be greatly
improved (Fig. 1c) by allowing the forward model to include fluo-
rescent Ni (�7.5 keV) and Cu (�8.0 keV) signals. Such contaminat-
ing Cu signal is often observed in the GPC detectors and arises from
interactions between the instrument collimators and charged
Table 2
Sections of flares 27, 44, and 45 (see Table 1) divided according to the terrains (as mappe

Flare Terrain Start time
(UTC)

I
t

27a Smooth plains 06:52:44 2
27b IcP-HCT* 06:56:04 6
44a Northern volcanic plains 08:35:23 1
44b Circum-Caloris smooth plains (north) 08:37:23 2
44c Interior Caloris smooth plains 08:41:23 4
44d Circum-Caloris smooth plains (south) 08:48:03 4
45a Circum-Caloris smooth plains (northwest) 00:40:43 4
45b Odin-type plains and Caloris rim 00:48:10 4
45c Odin-type plains and Circum-Caloris smooth plains

(southwest)
00:56:10 1

* IcP-HCT: Intercrater plains and heavily cratered terrain.
particles that are commonly encountered in Mercury’s orbit. The
origin of possible Ni fluorescence, however, is less obvious. This sig-
nal may arise either as XRF from Mercury’s surface or from detector
materials. Alternatively, it is possible that the spectral misfit is due
to an incorrect background subtraction, connected to the enhanced
GPC backgrounds (in the 6–8 keV region) that are observed during
some large flares (see Section 3.1). For these reasons, we do not in-
fer or report Ni abundances for Mercury’s surface.

It is important to note that including Ni and Cu in the forward
model to improve the high-energy spectral fitting does not mark-
edly affect the chemical results for the other elements. The poten-
tial impact is largest for Fe, because of the proximity of Fe and Ni
XRF lines. However, a comparison with Fe abundances that are de-
rived when Ni and Cu are excluded from the forward model indi-
cates that only a minor (<15%) uncertainty is introduced to the
derived Fe/Si ratios through their inclusion. This value is compara-
ble to the overall uncertainty for a single Fe measurement (see
Section 4.3). We therefore conclude that our results are not sub-
stantially affected by occasional high-energy spectral mismatches
during large flares.
3.4. Limitations to the fundamental-parameters approach

3.4.1. Viewing geometry effects
The fundamental-parameters approach that underpins our for-

ward modeling technique (Clark and Trombka, 1997; Nittler
et al., 2001, 2011) is based on two separate assumptions. The first
of these—that the analyzed surface is completely smooth and flat—
is incorrect for the case of a planetary regolith, such as that at Mer-
cury’s surface. Surface topography occurs on a variety of spatial
scales (e.g., grains, pebbles, hills), and the non-uniform size and
shape of grains in Mercury’s regolith can cause shadowing effects
for the XRF measurements (e.g., Näränen et al., 2008), especially
at large incidence, emission, and/or phase angles.

The ease with which fluorescent X-rays (at a particular energy)
can escape from the surface, compared with that predicted by the
fundamental-parameters approach, depends on the geometry of
the observation. Several theoretical and experimental studies
(e.g., Maruyama et al., 2008; Näränen et al., 2008; Parviainen
et al., 2011; Weider et al., 2011) have shown that for observations
made at a fixed emission angle, the intensity of XRF increases with
increasing incidence angle; for measurements made at a fixed inci-
dence angle, the intensity of XRF decreases with increasing emis-
sion angle. High phase angles (�90� or more) have also been
shown to cause increased XRF flux (Okada, 2004). The magnitude
of these geometry-dependent effects varies with the energy of
the X-ray, the grain size, and the sample composition. We report
elemental abundance results as ratios to Si, so the geometry of
the observations becomes important when the energy of the
d by Denevi et al., 2013) sampled.

ntegration
ime (s)

Solar temperature
(MK)

Mean
incidence
angle (�)

Mean
emission
angle (�)

Mean
phase
angle (�)

00 17.2 48.4 30.3 78.1
00 15.1 53.5 25.0 78.1
20 20.5 76.5 5.0 78.3
40 21.4 64.4 14.1 78.1
00 21.2 42.1 36.3 78.2
00 19.7 11.8 68.7 76.7
47 25.5 59.0 19.6 78.1
80 18.8 38.7 39.8 78.2
40 14.2 23.4 55.4 78.3



Fig. 1. MESSENGER XRS spectra (black, summed gas proportional counter spectra)
and best-fit theoretical spectra (pink), illustrating the effect of varying Ni and Cu
abundances in the forward modeling procedure. (a) 6 September 2012 flare (flare
number 30 in Table 1), for which no Ni or Cu is required to provide a good fit to the
spectrum at high energies (>7 keV); (b) 12 September 2012 flare (flare number 31
in Table 1), for which Ni and Cu are fixed at zero in the forward modeling
procedure; and (c) fit to the 12 September 2012 flare spectrum when the
abundances of Ni and Cu are allowed to float. A noticeable improvement to the
fit at high energies is produced when Ni and Cu are adjustable parameters for fitting
the 12 September flare spectrum. Cyan line indicates detector background.

Fig. 2. The flux of fluorescent Fe X-rays from a specific amount of Fe in a sample
depends on the phase in which it is contained (filled circles). The signal from
forsteritic olivine is more than three times higher (per wt%) than from metal or
sulfides. The open symbols show the calculated Fe XRF flux for a model mineralogy
for Mercury’s bulk surface, constructed from XRS and GRS measurements and
petrologic modeling results (Stockstill-Cahill et al., 2012). The predicted flux from a
homogeneous surface is greater than from a surface that is modeled as a mixture of
several separate minerals.
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element is substantially different (e.g., Fe) from that of Si. Indeed,
we observe a phase-angle effect on our derived Cr/Si and Fe/Si ra-
tios, to which we apply empirical corrections (see Section 4.1).

3.4.2. Mineral mixing effects
The second fundamental-parameters assumption—that the

sample is chemically homogeneous—is also inaccurate when con-
sidering actual rocks that consist of different elements, contained
in a variety of mineral species (e.g., Nittler et al., 2001). The mean
free path of an X-ray varies with its energy (lower for lower-Z ele-
ments) and the material through which it is passing (greater atten-
uation by higher-Z elements). The relative proportions of the
different chemical components in a sample, therefore, can be
important if the regolith grains are larger than the typical X-ray
mean free paths (<100 lm). Following the procedure of Nittler
et al. (2001), we have investigated how mineral mixing corrections
might affect our data, especially for Fe.

The level of Fe XRF we expect to observe, under given flare con-
ditions, depends on the mineral phases that are the predominant
carriers of Fe on Mercury’s surface (see Section 5.1). If surface Fe
were contained solely in FeS or in metal, the Fe XRF flux (for a gi-
ven amount of Fe) should be about three times lower (see Fig. 2)
than if it were present as FeO in a mafic silicate (e.g., olivine), given
a typical solar flare excitation spectrum. This difference is an
example of so-called XRF ‘‘matrix effects,’’ whereby XRF flux
depends non-linearly on all elements present in the sample. We
constructed a model mineralogy for Mercury, for which the surface
was assumed to be a mixture of olivine, pyroxene, plagioclase feld-
spar, oldhamite, troilite, and metallic Fe. We used average bulk
compositions that have been determined from the XRS and GRS
measurements (Evans et al., 2012; Peplowski et al., 2012a,b; Weid-
er et al., 2012) and the petrologic modeling results of Stockstill-
Cahill et al. (2012) to estimate relevant mineral compositions
and relative proportions. We then calculated theoretical XRS GPC
spectra (Fig. 3) for two separate cases: (i) the bulk composition is
homogeneous throughout the surface, and (ii) the surface is heter-
ogeneous and the 1.9 wt% Fe (from the GRS result of Evans et al.,
2012) is split between its three likely mineral phases (0.1 wt% in
FeO, 0.7 wt% in FeS, 1.1 wt% in Fe metal). Our results (see Fig. 2)
show that when the surface is modeled as this specific mineral
mixture, the flux of Fe XRF is �4.5 times lower than for the homo-
geneous model. The difference reflects the lower XRF flux, per wt%
Fe, for metal and sulfides than for silicates. It is also caused by the
different densities of Fe metal (�8 g/cm3), sulfide (�5 g/cm3), and
silicates (�3 g/cm3); for a given amount of Fe, metal and sulfide
grains have a smaller volume (and hence make up a smaller area
in an XRS footprint) than silicate grains.

We define mineral mixing factors (following Nittler et al., 2001)
as the ratios of the results we derive from our forward modeling for
an assumed homogenous bulk composition to those derived from
the mixed-mineral scenario. The magnitude of the factors varies
for different elemental ratios; we derive correction factors of
1.11, 0.79, 0.70, 1.10, and 4.98 for Mg/Si, Al/Si, S/Si, Ca/Si, and
Fe/Si, respectively, for our particular assumed mineralogy. If
Mercury’s regolith were made entirely of our modeled minerals with
grain sizes substantially larger than �100 lm, it would be neces-
sary to correct our forward modeled results with these factors.
We do not have a detailed knowledge of the nature of Mercury’s
regolith (e.g., grain size) and so it is impossible to ascertain if such
corrections are necessary. This situation therefore introduces a sys-
tematic uncertainty in our methodology. For two reasons, however,
we do not think that this uncertainty is as large as indicated by
these factors: (i) Mercury’s regolith should be dominated by fine-
grained material after billions of years of steady impact bombard-
ment (e.g., Langevin, 1997), and (ii) the uncorrected Al/Si, S/Si, and
Ca/Si estimates from XRS agree well with the estimates from GRS.
Nonetheless, the calculated correction factor for Fe/Si is large. The
overall normalization and the true overall Fe/Si ratio could thus be
much higher than we report, even if only a small fraction of the Fe



Fig. 3. (a) Theoretical X-ray spectra calculated for a solar temperature of 15 MK and
a model Mercury mineralogy; the surface is modeled both as homogeneous (black)
and as a mixture of several separate minerals (red). The spectra in (b) have been
convolved through the XRS unfiltered GPC detector response. In both models, the Fe
in Mercury’s surface material (1.9 wt%; Evans et al., 2012) is assumed to be present
as FeS or metal (i.e., with no ferrous Fe in silicates). The Fe (also Ca, to a lesser
extent) flux is substantially lower for the mixed surface model, but for the lower-Z
elements Mg, Al, Si, and S the opposite is true. Spectral peaks observed in (a) that do
not correspond to X-ray K-lines are due to scattered solar X-rays at their ionized
energies.

S.Z. Weider et al. / Icarus 235 (2014) 170–186 175
is contained in large metal or sulfide grains. In principle, apparent
differences in derived Fe/Si ratios across Mercury’s surface could
reflect variations of some parameter (e.g., regolith grain size) other
than composition. However, we observe spatially resolved varia-
tions in Fe/Si that correlate with other elements across geologic
boundaries (see Section 4.4), a result that strongly suggests Fe/Si
variability is dominated by intrinsic variations in composition
rather than by some physical parameter. Therefore, even if the
overall normalization remains uncertain (and our ratios are likely
lower limits), relative differences among our derived Fe/Si ratios
are likely to be robust.

4. Results

4.1. Phase-angle corrections

Our derived Mg/Si, Al/Si, S/Si, Ca/Si, and Ti/Si ratios are given in
Table 3 and plotted as a function of the mean phase angle of the
observation in Fig. 4. None of these ratios increase with phase an-
gle, but in contrast, the derived Cr/Si and Fe/Si ratios clearly display
a systematic increase with phase angle (Fig. 5). It should be noted
that Mn/Si is also likely to be affected by a phase-angle effect, but
the small number of Mn/Si values we have measured (Table 3) pre-
vents the derivation of such a correlation. Our dataset thus repre-
sents the first time that phase angle effects have unambiguously
been observed in planetary XRF data, although such an effect has
been proposed to explain the discrepancy between X-ray and gam-
ma-ray measurements of Fe/Si on the asteroid 433 Eros (Okada,
2002). A phase-angle effect had been predicted by many experi-
mental and theoretical studies (e.g., Maruyama et al., 2008;
Näränen et al., 2008; Parviainen et al., 2011; Weider et al., 2011),
but these studies do not directly apply to the MESSENGER XRS
observations in terms of the compositions and viewing geometries
that are considered. We have therefore applied an empirical cor-
rection to the Cr/Si and Fe/Si data to account for the observed
phase-angle effects, so that any true compositional heterogeneity
in these elements on Mercury’s surface can be investigated. To per-
form the corrections, we first determined the lines of best fit
through the data (shown in Fig. 5a and c), to be

Cr=Simeasured ¼ ð0:000375aÞ � 0:0266 ð1Þ

Fe=Simeasured ¼ ð0:002402aÞ � 0:1556 ð2Þ

where Cr/Simeasured and Fe/Simeasured (mass percent ratios) are the
results derived from our forward modeling and a is the mean phase
angle (in degrees) of the observation. Although the theoretical in-
crease with phase angle is closer to a cosine curve (with the in-
crease in elemental ratio occurring at phase angles of more than
�60�), we have used linear fits to the data because they provide a
good match to our results, and because we do not have any mea-
surements at low phase angle (<60�). We divided each measure-
ment by the value predicted by the relevant line of best fit to
remove the phase-angle dependency, and then we multiplied by a
normalization factor. The empirical nature of our corrections means
that although the absolute normalizations are somewhat arbitrary,
the relative differences among measurements are more robust.

Measurements made with phase angles <70� are least likely to
be subject to the phase-angle effect and might provide a better
measure of the absolute normalization. The measurements at low-
est phase angle in our dataset are likely, therefore, to have the most
accurate absolute values. However, several of the measurements at
the lowest phase angles have footprints within a region of the
planet (see Section 4.4) that has lower than average phase-angle-
corrected Fe/Si ratios. Therefore, if we were to normalize all the
data to the average of these measurements, a bias could be intro-
duced. For this reason, and because of the large systematic uncer-
tainty that is potentially connected to mineral-mixing corrections
(Section 3.4.2), we used the mean value of the original data for
the normalization (0.007 for Cr/Si; 0.055 for Fe/Si). The corrected
Cr/Si and Fe/Si results are given in Table 3 and shown as a function
of phase angle in Fig. 5b and d. The assigned errors are scaled in the
same way as the data, i.e., no additional error has been propagated
to account for the uncertainty in the phase-angle correction.

4.2. Correlating elemental ratios

The Mg/Si, Al/Si, S/Si, and Ca/Si ratios for our 55 analyzed flares
are illustrated in Fig. 6 within the context of previously published
XRS (Weider et al., 2012) and GRS (Evans et al., 2012; Peplowski
et al., 2012b) results, all of which are broadly consistent. The new
data we present here come mostly from large XRS footprints over
Mercury’s southern hemisphere, whereas the earlier results (from
both XRS and GRS) are mainly from the northern hemisphere. Our
results are in good agreement with the previously derived range in
composition (Weider et al., 2012) for the intercrater plains and heav-
ily cratered terrain (IcP-HCT) that surround the younger, smooth
plains deposits (Trask and Guest, 1975). However, the majority of
the new data also fall in a compositional range that overlaps with
the northern plains. The agreement between the previous XRS
datasets and the new data we present provides further evidence that
Mercury’s surface is likely dominated by high Mg-silicate minerals,



Table 3
Forward modeled elemental weight ratio results, with associated fitting errors, for the solar flare periods (as listed in Tables 1 and 2).

Flare Mg/Si Al/Si S/Si Ca/Si Ti/Si Cr/Si Mn/Si Fe/Si Cr/Si
(corrected)*

Fe/Si
(corrected)*

1 0.380 ± 0.006 0.267 ± 0.006 0.051 ± 0.002 0.136 ± 0.002 – – – 0.058 ± 0.006 – 0.068 ± 0.007
2 0.393 ± 0.013 0.254 ± 0.015 0.061 ± 0.004 0.205 ± 0.006 – – – 0.061 ± 0.007 – 0.100 ± 0.012
3 0.443 ± 0.011 0.277 ± 0.011 0.069 ± 0.003 0.198 ± 0.004 – – – 0.092 ± 0.008 – 0.078 ± 0.007
4 0.427 ± 0.011 0.259 ± 0.012 0.061 ± 0.004 0.166 ± 0.004 – – – 0.045 ± 0.010 – 0.047 ± 0.010
5 0.429 ± 0.014 0.228 ± 0.013 0.068 ± 0.004 0.187 ± 0.004 – – – 0.075 ± 0.005 – 0.065 ± 0.005
6 0.435 ± 0.008 0.243 ± 0.008 0.076 ± 0.002 0.195 ± 0.003 0.012 ± 0.001 – – 0.071 ± 0.004 – 0.060 ± 0.003
7 0.505 ± 0.005 0.253 ± 0.004 0.063 ± 0.001 0.135 ± 0.001 0.006 ± 0.001 – 0.008 ± 0.001 0.022 ± 0.001 – 0.038 ± 0.002
8 0.433 ± 0.004 0.261 ± 0.005 0.064 ± 0.001 0.156 ± 0.001 0.009 ± 0.001 0.003 ± 0.001 – 0.052 ± 0.003 0.005 ± 0.001 0.067 ± 0.004
9 0.475 ± 0.018 0.276 ± 0.017 0.092 ± 0.005 0.210 ± 0.005 0.010 ± 0.002 – – 0.094 ± 0.008 – 0.079 ± 0.007

10 0.489 ± 0.006 0.318 ± 0.006 0.105 ± 0.003 0.221 ± 0.003 – – – 0.030 ± 0.005 – 0.053 ± 0.009
11 0.330 ± 0.010 0.250 ± 0.010 0.068 ± 0.002 0.184 ± 0.003 0.015 ± 0.001 – – 0.035 ± 0.004 – 0.060 ± 0.007
12 0.500 ± 0.012 0.281 ± 0.013 0.087 ± 0.007 0.232 ± 0.006 – – – 0.128 ± 0.014 – 0.088 ± 0.010
13 0.429 ± 0.013 0.273 ± 0.012 0.077 ± 0.003 0.177 ± 0.004 0.016 ± 0.002 0.010 ± 0.002 – 0.081 ± 0.007 0.006 ± 0.001 0.051 ± 0.005
14 0.372 ± 0.006 0.266 ± 0.007 0.078 ± 0.003 0.216 ± 0.003 0.017 ± 0.002 – – 0.096 ± 0.003 – 0.059 ± 0.002
15 0.310 ± 0.010 0.254 ± 0.011 0.063 ± 0.003 0.188 ± 0.003 0.011 ± 0.001 – – 0.074 ± 0.003 – 0.044 ± 0.002
16 0.453 ± 0.016 0.230 ± 0.016 0.053 ± 0.006 0.173 ± 0.006 – – – 0.070 ± 0.010 – 0.043 ± 0.006
17 0.357 ± 0.015 0.236 ± 0.015 0.062 ± 0.004 0.169 ± 0.005 0.012 ± 0.002 – – 0.065 ± 0.006 – 0.067 ± 0.006
18 0.405 ± 0.008 0.238 ± 0.009 0.073 ± 0.003 0.186 ± 0.003 0.010 ± 0.002 – – 0.070 ± 0.006 – 0.044 ± 0.004
19 0.377 ± 0.011 0.262 ± 0.012 0.072 ± 0.004 0.185 ± 0.004 – – – 0.081 ± 0.009 – 0.048 ± 0.005
20 0.402 ± 0.006 0.279 ± 0.006 0.073 ± 0.002 0.202 ± 0.002 0.013 ± 0.002 – – 0.089 ± 0.004 – 0.056 ± 0.002
21 0.406 ± 0.010 0.261 ± 0.010 0.066 ± 0.003 0.187 ± 0.003 0.011 ± 0.002 – – 0.095 ± 0.004 – 0.055 ± 0.002
22 0.370 ± 0.012 0.215 ± 0.012 0.074 ± 0.004 0.184 ± 0.005 – – – 0.052 ± 0.006 – 0.058 ± 0.006
23 0.458 ± 0.009 0.240 ± 0.009 0.060 ± 0.002 0.161 ± 0.002 – – – 0.044 ± 0.004 – 0.072 ± 0.007
24 0.442 ± 0.007 0.282 ± 0.008 0.072 ± 0.003 0.208 ± 0.003 0.010 ± 0.002 – – 0.102 ± 0.005 – 0.066 ± 0.003
25 0.428 ± 0.020 0.249 ± 0.019 0.060 ± 0.006 0.161 ± 0.006 – – – 0.051 ± 0.008 – 0.065 ± 0.011
26 0.520 ± 0.005 0.287 ± 0.006 0.086 ± 0.002 0.181 ± 0.002 – – – 0.038 ± 0.003 – 0.065 ± 0.006

27a 0.398 ± 0.008 0.333 ± 0.010 0.060 ± 0.003 0.180 ± 0.003 – – – 0.019 ± 0.004 – 0.033 ± 0.008
27b 0.522 ± 0.008 0.301 ± 0.009 0.057 ± 0.003 0.167 ± 0.003 – – – 0.029 ± 0.007 – 0.050 ± 0.011

28 0.482 ± 0.010 0.218 ± 0.009 0.092 ± 0.004 0.215 ± 0.004 – – – 0.062 ± 0.008 – 0.089 ± 0.011
29 0.350 ± 0.006 0.256 ± 0.007 0.077 ± 0.002 0.171 ± 0.002 0.010 ± 0.001 0.005 ± 0.001 0.002 ± 0.001 0.042 ± 0.002 0.005 ± 0.001 0.042 ± 0.002
30 0.485 ± 0.010 0.290 ± 0.010 0.069 ± 0.004 0.173 ± 0.004 – – – 0.037 ± 0.007 - 0.064 ± 0.012
31 0.376 ± 0.010 0.256 ± 0.010 0.062 ± 0.003 0.158 ± 0.003 0.010 ± 0.001 0.006 ± 0.001 – 0.066 ± 0.004 0.001 ± 0.001 0.065 ± 0.003
32 0.353 ± 0.013 0.275 ± 0.014 0.061 ± 0.004 0.151 ± 0.004 – – – 0.066 ± 0.008 – 0.059 ± 0.007
33 0.408 ± 0.010 0.218 ± 0.009 0.078 ± 0.003 0.200 ± 0.003 0.015 ± 0.001 – – 0.058 ± 0.003 – 0.039 ± 0.002
34 0.351 ± 0.007 0.252 ± 0.007 0.094 ± 0.003 0.215 ± 0.002 0.016 ± 0.001 0.004 ± 0.001 – 0.024 ± 0.002 0.014 ± 0.003 0.049 ± 0.004
35 0.356 ± 0.009 0.267 ± 0.010 0.084 ± 0.004 0.257 ± 0.003 0.021 ± 0.002 0.011 ± 0.001 – 0.089 ± 0.003 0.006 ± 0.001 0.055 ± 0.002
36 0.419 ± 0.005 0.249 ± 0.006 0.091 ± 0.002 0.201 ± 0.002 0.010 ± 0.001 0.003 ± 0.001 – 0.030 ± 0.002 0.007 ± 0.002 0.052 ± 0.004
37 0.535 ± 0.008 0.279 ± 0.009 0.074 ± 0.003 0.207 ± 0.003 – – – 0.085 ± 0.005 – 0.055 ± 0.003
38 0.391 ± 0.008 0.266 ± 0.009 0.063 ± 0.003 0.161 ± 0.003 – – – 0.047 ± 0.007 – 0.057 ± 0.008
39 0.592 ± 0.014 0.191 ± 0.012 0.124 ± 0.004 0.230 ± 0.004 0.010 ± 0.002 – – 0.036 ± 0.006 – 0.053 ± 0.009
40 0.434 ± 0.004 0.292 ± 0.005 0.086 ± 0.002 0.192 ± 0.002 – – – 0.031 ± 0.003 – 0.060 ± 0.007
41 0.355 ± 0.006 0.321 ± 0.007 0.102 ± 0.003 0.230 ± 0.003 – – – 0.029 ± 0.004 – 0.052 ± 0.008
42 0.473 ± 0.007 0.304 ± 0.009 0.082 ± 0.004 0.206 ± 0.004 – – – 0.074 ± 0.010 – 0.070 ± 0.009
43 0.412 ± 0.009 0.237 ± 0.009 0.079 ± 0.003 0.162 ± 0.003 – – – 0.021 ± 0.004 – 0.040 ± 0.008

44a 0.350 ± 0.014 0.276 ± 0.015 0.035 ± 0.004 0.112 ± 0.003 – – – 0.018 ± 0.003 – 0.030 ± 0.005
44b 0.326 ± 0.007 0.247 ± 0.007 0.051 ± 0.002 0.129 ± 0.002 – – – 0.018 ± 0.002 – 0.031 ± 0.004
44c 0.244 ± 0.004 0.304 ± 0.005 0.050 ± 0.002 0.151 ± 0.001 0.010 ± 0.001 – – 0.013 ± 0.002 – 0.022 ± 0.003
44d 0.398 ± 0.005 0.271 ± 0.005 0.079 ± 0.002 0.186 ± 0.002 – – – 0.016 ± 0.002 – 0.030 ± 0.004
45a 0.429 ± 0.007 0.230 ± 0.007 0.080 ± 0.002 0.192 ± 0.002 0.013 ± 0.001 0.003 ± 0.001 0.006 ± 0.001 0.028 ± 0.002 0.008 ± 0.002 0.048 ± 0.003
45b 0.436 ± 0.005 0.248 ± 0.005 0.073 ± 0.002 0.169 ± 0.002 – – 0.005 ± 0.001 0.015 ± 0.002 – 0.026 ± 0.004
45c 0.444 ± 0.006 0.261 ± 0.006 0.089 ± 0.002 0.182 ± 0.002 – – – 0.019 ± 0.003 – 0.032 ± 0.006
46 0.410 ± 0.007 0.307 ± 0.008 0.072 ± 0.002 0.189 ± 0.003 – – – 0.055 ± 0.003 – 0.050 ± 0.003
47 0.461 ± 0.006 0.248 ± 0.006 0.063 ± 0.002 0.160 ± 0.002 – - – 0.062 ± 0.003 – 0.057 ± 0.003
48 0.513 ± 0.008 0.295 ± 0.009 0.072 ± 0.003 0.170 ± 0.003 – – – 0.030 ± 0.005 – 0.055 ± 0.009
49 0.705 ± 0.035 0.271 ± 0.031 0.083 ± 0.009 0.178 ± 0.009 0.016 ± 0.005 0.024 ± 0.005 – 0.126 ± 0.017 0.013 ± 0.003 0.073 ± 0.010
50 0.340 ± 0.009 0.313 ± 0.011 0.078 ± 0.004 0.212 ± 0.004 0.014 ± 0.002 – – 0.052 ± 0.009 – 0.059 ± 0.010
51 0.444 ± 0.014 0.245 ± 0.015 0.053 ± 0.004 0.145 ± 0.004 – – – 0.054 ± 0.006 – 0.050 ± 0.006
52 0.483 ± 0.005 0.237 ± 0.005 0.090 ± 0.002 0.185 ± 0.002 – 0.002 ± 0.001 – 0.020 ± 0.002 0.005 ± 0.002 0.038 ± 0.004
53 0.439 ± 0.011 0.271 ± 0.011 0.056 ± 0.004 0.165 ± 0.005 – – – 0.063 ± 0.013 – 0.039 ± 0.008
54 0.406 ± 0.014 0.258 ± 0.016 0.061 ± 0.005 0.162 ± 0.005 – – 0.067 ± 0.009 – 0.040 ± 0.005
55 0.432 ± 0.017 0.240 ± 0.015 0.054 ± 0.005 0.158 ± 0.004 – 0.003 ± 0.002 – 0.085 ± 0.007 0.002 ± 0.001 0.050 ± 0.004

* Cr/Si and Fe/Si results corrected for the phase-angle effect (see Section 4.1).
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feldspars, and sulfide phases such as oldhamite (CaS) and nininge-
rite (MgS).

The phase-angle-corrected Fe/Si values are plotted as a function
of Mg/Si, Al/Si, S/Si, and Ca/Si in Fig. 7. Although the new mean XRS
and the earlier GRS (Evans et al., 2012) Fe/Si values (0.06 ± 0.02 and
0.08 ± 0.01, respectively) are consistent at the one-standard devia-
tion (1r) level, the GRS estimate is offset toward the higher end of
the XRS dataset. This mismatch could indicate either that the
southern hemisphere has less Fe than the northern hemisphere,
or that there is a systematic uncertainty in one, or both, of the
datasets. For example, only a small contribution from the mineral
mixing effects we discuss in Section 3.4, or a change to the absolute
phase-angle normalization (see Section 4.1), would be required to
account for the difference.

Ti/Si, Cr/Si, and Mn/Si values can also be derived from the for-
ward modeling of some of the flare XRF spectra we have analyzed



Fig. 4. (a) Mg/Si, (b) Al/Si, (c) S/Si, (d) Ca/Si, and (e) Ti/Si forward modeling results
for the 55 solar flares, plotted as a function of the mean phase angle of each
observation.

Fig. 5. (a) Cr/Si and (c) Fe/Si forward modeling results for the 55 solar flares, plotted as a
clear correlation with phase angle. The line of best fit through the data is shown in both
respectively. Details of the phase-angle correction are given in Section 4.1.
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(Table 3). The number of reliable measurements we obtain for these
high-Z and minor elements is limited by the poor XRF counting sta-
tistics. Variations in their abundances across the surface are there-
fore difficult to determine with confidence. Mean values for each of
these ratios, however, are consistent with the estimates that were
previously provided by Nittler et al. (2011). We use the values given
in Table 3 to calculate mean Ti/Si, Cr/Si (corrected for the phase-
angle effect), and Mn/Si ratios (with standard deviations) of
0.012 ± 0.003, 0.005 ± 0.002, and 0.004 ± 0.003, respectively.
4.3. Errors in derived Fe/Si ratios

The errors we quote for the elemental ratios of individual flare
measurements (Table 3) were derived with the non-linear spectral
fitting procedure and are based on the counting statistics and
goodness of fit. For several reasons, however, the true errors are
likely to be somewhat larger. Systematic uncertainties may arise
from such factors as: (i) the solar spectra fitting procedure,
(ii) the choice of GPC detector background, (iii) the empirical
phase-angle corrections, (iv) possible effects of averaging the view-
ing geometry for large footprints, and (v) mineral mixing effects.

We can assess the overall uncertainty on individual measure-
ments by comparing the results from overlapping XRF footprints.
In an ideal situation, separate measurements of the same region
should give the same result; we therefore calculated the degree
of areal overlap and difference in measured Fe/Si for all pairs of
our 55 flare footprints. Our ‘‘overlap factor’’ (OF) is defined as

OF ¼ ðAolÞ2=ðA1 � A2Þ ð3Þ

where A1 and A2 are the surface areas of two overlapping footprints
and Aol is the area of their overlap.

A plot of the difference in measured Fe/Si (in units of the stan-
dard deviation) versus OF for all of the footprint pairs is shown in
Fig. 8a. The level of agreement between any two measurements
tends to increase as the degree of overlap between their footprints
increases. This trend indicates that repeated measurements for a
specific area are reproducible and that much of the variability we
observe in the Fe/Si dataset is due to real chemical heterogeneity
on Mercury’s surface. However, several pairs of footprints with
OF values of >0.8 have Fe/Si ratios that differ by more than 2r,
which indicates that the fitting errors we derived for individual
flare measurements are smaller than the true errors.
function of the mean phase angle of each observation. Both element ratios display a
cases. The data, corrected for phase angle, are shown in (b and d) for Cr/Si and Fe/Si,



Fig. 6. Forward modeled Mg/Si, Al/Si, S/Si, and Ca/Si elemental weight ratios. (a) Mg/Si versus Al/Si; (b) Ca/Si versus Al/Si; (c) Mg/Si versus Ca/Si; (d) Mg/Si versus S/Si; (e) Ca/
Si versus S/Si; and (f) Al/Si versus S/Si. Ellipses indicate the composition ranges from previously published XRS data (Weider et al., 2012) for the northern plains (orange) and
the intercrater plains and heavily cratered terrain (ICP-HCT; blue). Also shown are the 1r error ranges for GRS measurements of Mercury’s northern hemisphere (pink) from
Evans et al. (2012) and Peplowski et al. (2012b). Dashed lines denote mixing trends between (c) pure diopside (CaMgSi2O6) and a Ca-, Mg-free composition, (d) pure
niningerite (MgS) and a Mg-, S-free composition, and (e) pure oldhamite (CaS) and a Ca-, S-free composition.
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We show the same data in Fig. 8b, but with an additional 10%
relative uncertainty added to each of the flare measurements.
Because of the incorporation of larger relative uncertainties in this
figure, all pairs of footprints with OF > 0.6 have Fe/Si ratios that
agree to within 2r. We therefore infer that the magnitude of
additional systematic uncertainties in our Fe/Si measurements
(excluding possible mineral mixing effects) is no more than
�10%, and we conclude that this value is close to the intrinsic
uncertainty associated with the individual Fe/Si measurements.

4.4. Mapping Fe/Si

Because repeated measurements of the same region give repro-
ducible results (see previous section), we have combined the data
from the 55 flares to construct a map of Fe/Si across Mercury’s
surface (Fig. 9a) by assigning the derived values from our forward
modeling to each flare footprint. The size and shape of the foot-
prints vary across the surface, because they depend on the space-
craft altitude and the instrument pointing geometry at the time
of the observation, as well as on the integration period; smaller
footprints are generally located in the northern hemisphere. We di-
vided the surface into 0.25� � 0.25� pixels and assigned to each
pixel a weighted average Fe/Si value of all the footprints that over-
lap with it, which we calculate as

Fe
Si

� �
av
¼
PN

i¼1wi
Fe
Si

� �
iPN

i¼1wi

ð4Þ

where N is the number of footprints overlapping with a given pixel,
and wi the weighting factor, defined as



Fig. 7. Forward modeled Fe/Si (corrected for phase-angle effect; see Section 4.1), Mg/Si, Al/Si, S/Si, and Ca/Si elemental weight ratios. (a) Fe/Si versus Mg/Si; (b) Fe/Si versus
Al/Si; (c) Fe/Si versus S/Si; and (d) Fe/Si versus Ca/Si. Colored lines indicate the composition ranges from previously published XRS data (Weider et al., 2012) for the northern
plains (orange) and the intercrater plains and heavily cratered terrain (ICP-HCT; blue). Also shown are the 1r error ranges for GRS measurements of the elemental
composition of Mercury’s northern hemisphere (pink) from Evans et al. (2012) and Peplowski et al. (2012b). The dashed line in (c) denotes the mixing trend between pure
troilite (FeS) and an Fe-, S-free composition.
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wi ¼
1

Ai � r2
i

ð5Þ

where Ai is the surface area of the footprint and ri is the error of the
Fe/Si measurement from flare i. The average is therefore weighted
to favor data from footprints with smaller areas (since they are
more likely to sample a geologically well-defined region on the sur-
face) and to measurements with smaller analytical errors. Similarly,
the uncertainty for a given pixel is defined as a weighted standard
error of the mean for the individual Fe/Si measurements:

r ¼
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When only a single XRS footprint overlaps with a pixel, the pixel
is assigned the measured Fe/Si and an error that is based on the
analytical uncertainty of the measurement and the estimated
intrinsic uncertainty of 10% (see previous section).

Our mapping procedure is essentially non-uniform image
smoothing, so direct comparisons of the Fe/Si map with other
parameters (e.g., reflectance, phase angle) require that these other
data be smoothed in an identical fashion. To produce a smoothed
map of phase angle (i.e., the phase angle for each of the Fe/Si mea-
surements), as shown in Fig. 9d, we substituted phase angle mea-
surements for (Fe/Si)i in Eq. (4) (the values for wi, however, are still
based on the Fe/Si measurements). We also similarly derived an
‘‘effective resolution’’ map (Fig. 9b) by substituting the equivalent
diameter of each flare footprint (under the simplifying assumption
that each footprint is circular) for the Fe/Si values in Eq. (4). To pro-
duce smoothed reflectance maps (Fig. 9c and e; see Section 5.2), we
took the average value for the given spectral parameter over all
pixels in the ith Fe/Si measurement footprint and used these mean
values in lieu of (Fe/Si)i in Eq. (4) (with values for wi still based on
the Fe/Si measurements).

The full map containing data from all 55 flares is displayed in
Fig. 10a. Fe/Si values for pixels with more overlapping footprints
have greater accuracy because of the averaging procedure. For
comparison, the maps in Fig. 10b and c show only those pixels that
have data from at least two or three overlapping footprints, respec-
tively. Although in Section 4.3 we concluded that the intrinsic rel-
ative error on a single Fe/Si measurement is �10%, the uncertainty
associated with a given map pixel can be much smaller because of
the effect of averaging several overlapping results. Subtle differ-
ences in Fe/Si over larger areas are therefore discernable, although
the sharp compositional boundaries in the southern hemisphere
(apparent in Fig. 10) are artifacts of the mapping procedure. To
ascertain the statistical significance of variations in Fe/Si across
Mercury’s surface, we generated significance maps that illustrate
pixels for which the Fe/Si values are significantly different from
the planetary average at 2-r, 2.5-r, and 3-r levels (Fig. 11).

The Fe/Si map has good coverage but poor spatial resolution in
the southern hemisphere (see Fig. 9b), whereas the northern hemi-
sphere of Mercury remains largely unmapped in Fe/Si from XRS re-
sults. It is difficult therefore to investigate whether heterogeneity
in the distribution of Fe/Si across the surface of Mercury is related
to the spatial variations of Mg/Si, Al/Si, S/Si, and Ca/Si that have



Fig. 8. (a) The difference in measured Fe/Si (expressed in numbers of standard
deviations) versus the degree of spatial overlap for pairs of footprints from the 55
analyzed solar flares. The spread in measured Fe/Si decreases with increasing
degree of footprint overlap, which indicates that repeated measurements for
specific areas are generally reproducible and that much of the variability we
observe in the Fe/Si dataset is the result of chemical heterogeneity on Mercury’s
surface. In (b) an additional 10% relative uncertainty has been propagated into each
of the flare measurements.
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previously been identified (Weider et al., 2012). Nonetheless, the
few data we have for the northern hemisphere provide some evi-
dence that the smooth plains deposits that have been sampled
by XRS have significantly lower Fe/Si (Figs. 9 and 10) than the
southern hemisphere average. In particular, data for the Caloris ba-
sin indicate that Mg/Si and Fe/Si are lower for the smooth plains
within the Caloris basin than in the surrounding terrain (Table 2).
If we assume that the northern volcanic plains (Head et al., 2011)
also have a low Fe content, then the average Fe/Si ratio would be
expected to be lower in the northern hemisphere than in the
southern hemisphere, as there are few large deposits of smooth
plains south of the equator (Denevi et al., 2013). However, such
an outcome would enhance the mismatch between the XRS and
GRS estimates of Fe/Si that we noted in Section 4.2, as the GRS
has only sampled Mercury’s northern hemisphere. Alternatively,
the Fe content of the northern plains may be broadly similar to
the southern hemisphere average we have derived. This may be
the case if the Fe abundance is correlated with the S content (see
Section 5.1), as we observe for heavily cratered terrain in the
northern and southern hemispheres. Better coverage of the Fe/Si
map in the northern hemisphere (i.e., observations during addi-
tional strong solar flares) is needed to address this issue more fully.

Two regions with slightly lower than average Fe/Si (red colors in
Fig. 10 and blue in Fig. 11) can be seen in the southern hemisphere,
centered near 30�S, �30�E and 30�S, +160�E. In addition, the region
surrounding 50�S, 60�E has a somewhat higher Fe/Si ratio than
average (yellow–green color in Fig. 10 and red in Fig. 11). Although
the overall differences in the Fe contents of these regions are small,
they can be resolved because of the large number of overlapping
footprints and our ability to average several measurements. These
heterogeneities appear to be significant at the 2-r and 2.5-r confi-
dence levels, but they are less evident at the 3-r level (Fig. 11).

To investigate whether the apparent heterogeneity in Fe/Si ratio
is related to a residual phase-angle effect, we plotted the value for
each pixel in the phase-angle map versus the Fe/Si value (Fig. 9f).
We do not find a correlation, which indicates that the large-scale
southern hemisphere heterogeneity in Fe/Si is not due to a residual
phase-angle effect caused by an incorrect empirical correction. In
addition, significant Fe/Si variations derived from measurements
acquired during single flares (i.e., at constant phase angle) in the
northern hemisphere (see Table 2) indicate differences in Fe/Si
among geological units around the Caloris basin (Figs. 10 and 11)
and correlate with other changes in composition (e.g., Mg/Si). We
are therefore confident that the variations in Fe/Si that we observe
reflect chemical heterogeneity on Mercury. The low-Fe/Si region
near 30�S, 160�E in our map coincides with an area of high-
reflectance smooth plains, which have color properties that are
distinct from most other circum-Caloris plains and are more
similar to plains interior to the basin. This pattern supports our
earlier suggestion that Mercury’s smooth plains deposits tend to
have Fe/Si ratios that are lower than the average value for the
southern hemisphere.
5. Discussion

5.1. Possible Fe-bearing mineral phases

It has long been known, from Earth-based telescopic observa-
tions (e.g., Vilas, 1985) as well as from MESSENGER flyby measure-
ments (Robinson et al., 2008; McClintock et al., 2008), that
Mercury’s surface silicate minerals contain little or no FeO. The
ubiquitous absence of a diagnostic absorption band at �1 lm in
reflectance spectra from Mercury’s surface indicates that there is
less than �6 wt% FeO (�4.7 wt% Fe) in silicates (Vilas, 1988;
Blewett et al., 2002). More recent comparisons of Mercury’s spectra
with those of low-Fe silicates indicate that this upper limit could
be as small as �0.5 wt% FeO (Klima et al., 2013). Our results con-
firm the earlier XRS and GRS observations (Nittler et al., 2011;
Evans et al., 2012) that the total Fe content of Mercury’s surface
is low, at �1.5 wt%. Furthermore, Mercury’s low oxygen fugacity
(between �2.5 and �6.5 log units below the iron-wüstite buffer;
McCubbin et al., 2012; Zolotov et al., 2013), which has been in-
ferred from the observed high S and low Fe contents, makes it
likely that the majority of the Fe is present in a reduced form
and is contained within non-silicate minerals.

Zolotov et al. (2013) showed that at the highly reduced condi-
tions inferred for Mercury’s mantle, the FeO content of silicates de-
rived from partial melts would be lower (�0.03–0.8 wt%) than the
equivalent Fe abundances indicated by the XRS and GRS measure-
ments. Fe on Mercury’s surface is therefore most likely present in
sulfides and/or metal. Troilite (FeS), with a dark and red reflectance
spectrum, has been proposed as a possible component of Mercury’s
surface material (e.g., Sprague et al., 1995; Blewett et al., 2013).
However, the abundance of FeS is limited by the concentration of
Fe we detect from XRS and by the weak correlation between
Fe/Si and S/Si in our data (Fig. 5c). As such, it is more likely that
Fe is largely contained either in metallic phases and/or as a minor
component in other sulfide phases, such as niningerite (MgS),
daubréelite (FeCr2S4), or djerfisherite (K6Na(Fe,Cu,Ni)25S26Cl),
which are thought to exist on Mercury’s surface (Nittler et al.,
2011; Weider et al., 2012). Although oldhamite (CaS) is likely to
be a major sulfide phase on Mercury (Nittler et al., 2011; Weider
et al., 2012), this mineral incorporates almost no Fe into its struc-
ture (e.g., McCoy, 1998; Mittlefehldt et al., 1998). If Fe is included
only as a minor component in sulfide minerals and in its metallic



Fig. 9. Maps, in simple cylindrical projection, of (a) Fe/Si, (b) effective XRS spatial resolution, (c) smoothed spectral reflectance at 750 nm, relative to the maximum
reflectance value for Mercury at this wavelength, (d) smoothed phase angle, and (e) smoothed spectral reflectance slope (ratio of reflectance at 430 to that at 1020 nm,
wavelengths that span the range of the reflectance data). (f) Fe/Si versus phase angle for each pixel in the maps.
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phase, such an arrangement could account for the absence of
strong correlations between Fe/Si and the other elemental ratios
we report (Fig. 7).

Another possible group of Fe-bearing minerals on Mercury’s
surface is the Fe-silicides. These phases form under extremely
reducing conditions and have been found in aubrites (Casanova
et al., 1993), for example, as perryite (Ni,Fe)5(SiP)2. Fe-silicides,
e.g., fersilicite (FeSi), ferdisilicite (FeSi2), and hapkeite (Fe2Si), have
also been detected in a lunar regolith breccia meteorite (Anand
et al., 2004) and in an Apollo 16 regolith sample (Spicuzza et al.,
2011), where they are thought to represent vapor-deposited mate-
rial that results from micrometeoroid impacts.

The very low FeO contents predicted for silicates under the
highly reducing conditions inferred for Mercury is also supported
by the partial melting experiments on the enstatite chondrite
meteorite Indarch (McCoy et al., 1999), which may be geochemi-
cally similar to Mercury’s precursor materials (Nittler et al.,
2011). These experiments produced three immiscible melts:
Fe-rich metal, Fe-bearing sulfide, and silicate (containing very little
Fe). However, if Indarch is indeed analogous to the materials that
accreted to form Mercury, these experiments predict that the
Fe-rich metal and sulfide melts should have segregated into the
core during the planet’s original differentiation. The mantle, from
which later partial melts were derived to form the upper crust
we observe, would have been almost entirely devoid of Fe (under
the assumption that core formation was completely efficient). It
is therefore surprising to detect Fe, even at the low levels indicated
by the XRS and GRS data.

It is unlikely that the Fe we observe is a geologically recent
exogenous coating from the deposition of Fe-rich meteoritic mate-
rial, given that variations in Fe (and other elements) correlate
strongly with the boundaries of geological units that are billions
of years in age (e.g., those associated with the Caloris basin). The
younger Caloris units (interior volcanic plains and exterior smooth
plains; e.g., Denevi et al., 2013) have lower Fe/Si ratios than the
older heavily cratered terrain, which could be evidence of meteor-
itic material accumulating on Mercury’s surface over time. An anal-
ogous situation has been suggested to explain the correlation
between the H content and age of geological units on asteroid 4
Vesta (Prettyman et al., 2012). However, we also observe a differ-
ence in the Fe/Si ratio between the circum-Caloris and Caloris inte-
rior smooth plains, which are more similar in age. In addition, the
Fe/Si ratio of Mercury’s surface is lower by a factor of �25 than
chondritic material. Mixing meteoritic material into Mercury’s
existing crust (at a level that can produce the observed Fe/Si ratios)
is unlikely to cause the variations in other elemental ratios we de-
tect, which correlate with the same geological boundaries.

We propose instead that the surface Fe content, and presum-
ably the Fe content of the mantle source regions of the surface vol-
canic units, is the result of a ‘‘late veneer’’ of accreted material.
Such a late veneer is analogous to that proposed for Earth to ac-
count for the abundances of highly siderophile elements in the ter-
restrial mantle (e.g., Morgan, 1986; Wang and Becker, 2013).
Undifferentiated (i.e., Fe-bearing) material may have been added
to Mercury following the principal period of core formation, but
prior to the formation of much of the upper crust, which according
to one model for the early impact flux at Mercury (Marchi et al.,
2013) is dated at about 3.8–4.1 Ga. In this scenario, Mercury’s man-
tle and crust would contain elevated abundances of highly sidero-
phile elements (e.g., Re, Os, Pt). Such trace elements cannot be
detected from orbit but would be a potential late veneer signature
in rock samples from Mercury, which we may obtain in the future.



Fig. 10. Map of Fe/Si, corrected for phase angle, on the surface of Mercury (in a Mollweide projection centered on 0�E) derived from the 55 flare observations. See text for
details of the map generation. The map in (a) includes all data for which Fe/Si information has been derived; the maps in (b) and (c) include only those pixels for which there
are least two and three overlapping footprints, respectively. Smooth plains deposits, as mapped by Denevi et al. (2013), are outlined in black. Large-scale regions in the
southern hemisphere with substantially lower (more red) and higher (more yellow) Fe/Si than the mean value (�0.06) can be identified in all three versions of the map.
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Fig. 11. Statistical significance of the observed surface Fe variations (see Fig. 9). Red and blue regions have an Fe/Si ratio that is at least (a) 2r, (b) 2.5r, or (c) 3r above or
below, respectively, the planetary average (green).
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5.2. Role of Fe in Mercury’s spectral reflectance

Mercury’s surface reflectance spectra are generally flat and fea-
tureless (in the wavelength range 400–1000 nm), and the planet’s
terrains are characterized mainly by small differences in overall
reflectance and spectral slope (Robinson et al., 2008; McClintock
et al., 2008; Denevi et al., 2009; Blewett et al., 2013). However,
low-Fe enstatite—the mineral thought to dominate Mercury’s
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surface (Nittler et al., 2011; Weider et al., 2012; Stockstill-Cahill
et al., 2012; Charlier et al., 2013)—has a higher reflectance and
steeper-sloped spectrum than Mercury’s surface (Blewett et al.,
2013). Given the substantial Na content of Mercury’s surface
(Peplowski et al., 2014), low-Fe olivine (forsterite) is likely to be
an additional major mineral component (Stockstill-Cahill et al.,
2012; Charlier et al., 2013), but its reflectance is also higher than
that of the planet. A mixture of mafic silicate minerals (e.g., ensta-
tite and forsterite) and a dark, red component is therefore required
to match Mercury’s spectrum. This latter phase is not thought to be
Fe metal, because its steep spectral slope is dissimilar to the rela-
tively shallow spectrum for the planet (Robinson et al., 2008).

Ilmenite (FeTiO3), with its low reflectance and flat reflectance
spectrum, was proposed as a potential darkening agent on Mercury
(e.g., Denevi et al., 2009; Riner et al., 2009, 2010). However, the low
Fe and Ti abundances reported here (Table 3), and by Nittler et al.
(2011), rule out the possibility that ilmenite is a major mineral
phase on Mercury’s surface. Likewise, troilite has the appropriate
spectral characteristics to account for aspects of Mercury’s reflec-
tance (Blewett et al., 2013), but the amount that can be present
at the surface is limited by our results (see Section 5.1).

Laboratory reflectance spectra of oldhamite (CaS) indicate that
the mineral is too bright to darken and redden Mercury’s surface.
Oldhamite also exhibits absorption features at �500 and
�950 nm that are not observed in spectra of Mercury’s surface.
However, repeated heating of this material to Mercury daytime
temperatures causes its spectral slope to decrease and absorption
bands to weaken (Helbert et al., 2013). Nanophase opaque phases
Fig. 12. Fe/Si ratio versus (a) relative reflectance at 750 nm, expressed as percent-
age of the maximum reflectance on Mercury at this wavelength and (b) the slope of
the spectral reflectance (ratio of relative reflectance at 430 nm to that at 1020 nm).
The values for each pixel in the Fe/Si map are divided into two groups according to
the size of the footprints of the flare measurements from which they were derived;
white and black points correspond to effective footprint resolutions of <1000 km
and >1000 km, respectively.
(products of space weathering) can also darken, redden, and reduce
the strength of absorption bands in reflectance spectra (e.g., Hapke,
2001; Noble and Pieters, 2003; Noble et al., 2007; Lucey and Noble,
2008; Lucey and Riner, 2011). Riner and Lucey (2012) concluded
that the albedo variations among different terrains on Mercury,
specifically high-reflectance red plains (HRP), intermediate terrain,
and low-reflectance material (LRM) (Robinson et al., 2008), cannot
be explained solely by the addition of an opaque mineral such as
ilmenite or Fe metal. They showed that differential accumulation
of space weathering products can account for the albedo differ-
ences, with the LRM containing the highest levels of these products
and the HRP containing the least.

To investigate whether the large-scale variations in Fe/Si we
observe are related to surface reflectance variations, we have
plotted the Fe/Si values versus the relative reflectance at 750 nm
and spectral slope (ratio of reflectance at 430 to that at 1020 nm)
on a pixel-by-pixel basis in Fig. 12. We see neither a strong
correlation between Fe/Si and relative reflectance (Fig. 12a) nor
one between Fe/Si and spectral slope (Fig. 12b). If color differences
among Mercury’s terrains were caused primarily by variable Fe
concentrations, we would expect to observe a positive correlation
in Fig. 12b. The similar absence of correlations in the data from
both the largest and smallest XRS footprints indicates that averag-
ing our data over large regions does not necessarily prevent trends
from being observed. Our results therefore show that differences in
Fe can play only a minor role in causing the surface reflectance
variations across Mercury’s surface. Alternatively, if Fe-silicides
(see previous section) are the main Fe-bearing phase and a major
cause of impact darkening on Mercury’s surface, reflectance
variations connected to the presence of space weathering products
may not correlate with changes in the Fe/Si ratio.
6. Conclusions

The analysis of 55 flare XRS measurements has provided esti-
mates of the Fe/Si content and its spatial variation over Mercury’s
surface. These results are subject to a phase-angle effect, for which
an empirical correction to the values has been made. The results
confirm that the total Fe content of the surface is low, but there
is resolvable heterogeneity across the planet. Large regions with
an Fe content that is significantly different from the planetary
mean are observed in the southern hemisphere, and there is evi-
dence that many smooth plains deposits have a lower Fe/Si ratio
than surrounding, older terrains. Fe on Mercury’s surface is most
likely contained as a minor component in sulfide phases, as Fe me-
tal, or in Fe-silicides, rather than as ferrous Fe within mafic sili-
cates. It is unlikely that Fe (within sulfide, metal, or silicate
phases) plays a major role in producing the variations in surface
reflectance that have been used to define Mercury’s spectral terrain
types.

There is evidence for an offset between the estimate of the Fe/Si
ratio from XRS (mainly for the southern hemisphere) and from GRS
(for the northern hemisphere). The reason for this offset remains
unresolved, but it could be related to the empirical phase-angle
correction for the XRS dataset and/or mineral mixing effects. We
anticipate that the collection of further Fe measurements over
Mercury’s northern hemisphere during MESSENGER’s second ex-
tended mission will provide a basis for further investigation of
chemical heterogeneity in and around Mercury’s volcanic smooth
plains.
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