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Introduction: Geochemical data from the X-Ray 
Spectrometer (XRS) and Gamma-Ray Spectrometer 
(GRS) instruments on the MErcury Surface, Space 
ENvironment, GEochemistry, and Ranging 
(MESSENGER) mission have revealed that the distri-
bution of major elements (Mg, Al, S, Ca, K, Na) over 
the surface of the innermost planet is not uniform [1–
4]. The XRS results [2] for Mg, Al, S, and Ca indicate 
that the large expanses of volcanic smooth plains mate-
rial in the northern lowlands [5] and interior to the 
Caloris basin [6] differ compositionally from the older 
terrains that surround them and suggest that they crys-
tallized from chemically distinct melts. Although K is 
more abundant across a region that approximately 
matches the northern volcanic plains than outside, it 
has been proposed that this distribution is primarily a 
result of a surface heating process that mobilizes and 
redistributes K from equatorial and hot-pole regions to 
the polar regions and the exosphere [3] rather than 
further evidence of the compositional differences be-
tween different terrains [2]. It is possible that this pro-
cess also influences the distribution of Na across Mer-
cury’s surface [4]. More recent analyses of XRS data 
indicate that the surface abundance of Fe may also 
vary, but such variation has been documented across 
Mercury’s southern hemisphere [7]. 

The XRS uses gas proportional counters (GPCs) to 
acquire X-ray fluorescence (XRF) spectra (1–10 keV) 
from Mercury’s surface when X-rays emitted by the 
solar corona are sufficiently energetic to cause ioniza-
tion of atoms. An additional solid-state detector that 
faces the Sun simultaneously measures the solar X-ray 
spectrum. Low-mass elements (i.e., Mg, Al, Si) can be 
ionized even when the solar flux is weak (during “qui-
et” Sun’ conditions). Higher-mass elements can be 
excited only by more energetic incident X-rays that are 
released during solar flares. Here we present global 
abundance maps for Mg, Al, S, and Ca, all with respect 
to Si, derived from all XRS XRF data that have been 
analyzed to date. 

Data Selection and Methodology: The element 
ratio maps shown in Figure 1 were constructed from 
previously reported flare analyses and a preliminary 
analysis of a subset of the available quiet Sun data 
(Mg/Si map only). The flare data include: (i) results 
from the first three months of MESSENGER’s orbital 

mission for large-area footprints mostly in the southern 
hemisphere [1]; (ii) data obtained during 2011 for rela-
tively small-area footprints mostly in the northern 
hemisphere [2]; and (iii) results from the strongest so-
lar flares to have occurred during the entire orbital 
mission that can provide estimates of the Fe abundance 
[7]. Quiet Sun data include >1200 individual spectra 
acquired during April and October of 2011. 

The forward modeling procedure that we use to an-
alyze the flare data has previously been described in 
detail [1,2]. The quiet Sun data, however, are dealt 
with differently. Solar spectra, as for the flare analyses, 
are individually fit to infer the temperature of the X-
ray emitting solar plasma. Rather than directly fitting 
each quiet Sun GPC spectrum, we use a matrix ap-
proach, which was originally developed for the Apollo 
lunar XRF experiments [8], to extract the Mg, Al, and 
Si X-ray counts that are incident on the XRS. This 
method uses the total counts in each GPC, in the 1–
2 keV energy range, and exploits the different detec-
tion efficiencies of the three GPCs at the three X-ray 
line energies. Measured Mg/Si and Al/Si photon ratios 
are then compared with theoretical calibration curves 
for the appropriate solar temperature to derive ele-
mental mass ratios. Mg/Si ratios derived in this way 
are found to be ~25% higher than those derived from 
flare analyses for the same locations on Mercury’s 
surface. This discrepancy most likely reflects large 
uncertainties in determining the solar plasma tempera-
ture during quiet Sun conditions. We therefore applied 
an empirical correction to the quiet Sun data to match 
the flare results. Al/Si ratios have not yet been quanti-
fied for the quiet Sun data. 

The spatial resolution of the XRS observations var-
ies because of MESSENGER’s highly eccentric orbit 
and different integration periods. To generate maps, 
the surface of the planet is divided into 0.25°×0.25° 
pixels. Each pixel is assigned the mean elemental ratio 
of all the XRS footprints that overlap with it. The 
Mg/Si map has slightly more extensive coverage than 
the others due to the inclusion of quiet Sun results. 

Discussion: Although our current maps provide in-
complete coverage (especially in the northern hemi-
sphere), they show that the compositional variations 
previously identified [2] do not simply relate to smooth 
plains boundaries. Although the northern volcanic 
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plains and Caloris basin interior plains generally show 
low Mg/Si, S/Si, and Ca/Si ratios, there are striking 
elemental variations within the older, surrounding 
intercrater plains and heavily cratered terrain. The 
green ellipse in Figure 1a indicates a particularly inter-
esting region of the planet, which has the highest 
Mg/Si, S/Si, and Ca/Si ratios, as well as low Al/Si rati-
os. Fe data for this area are sparse, but we note that the 
area of lowest Fe/Si [7] lies just to its south. The 
northern boundary of the Mg-rich area has a sharp drop 
in Mg/Si (from ~0.8 to ~0.3) and is nearly, but not 
precisely aligned with the border of the northern vol-
canic plains [9]. Moreover, the Mg-, S-, and Ca-rich 
region is spatially coincident with the highest concen-
tration of “hollows” [10]. This relation may be evi-
dence of a link between local surface composition and 
the formation of these enigmatic landforms. Correla-
tion of these global major-element maps with other 
datasets, including GRS element maps, color and re-
flectance parameter maps, geomorphology, and topog-
raphy will enable further investigations of Mercury’s 
geological history and crustal heterogeneity. 
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Figure 1. Maps of Mercury’s surface composition from MESSENGER XRS data: (a) Mg/Si; (b) Al/Si; (c) S/Si; and 
(d) Ca/Si.  This Mollweide projection is centered on 0° longitude.  Cyan outlines indicate smooth plains boundaries [9].  
The green ellipse in (a) denotes a region with high Mg, S, and Ca contents, and a low concentration of Al. 
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