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ABSTRACT

Spatially resolved observations of carbon on Mercury’s surface are of great scientific importance for the origin and speciation
of volatile elements and for the reflectance properties of the surface, notably for Mercury’s Low Reflectance Material (LRM).
However, such measurements are extremely challenging, even with BepiColombo’s state-of-the-art instrument suite. To overcome
the issues with direct measurement, we have created an entirely new indirect method for characterising localized carbon
enrichments on Mercury with the Mercury Imaging X-ray Spectrometer (MIXS). Elevated abundances of low atomic number
elements increase the spectral intensity of scattered X-rays. This provides a proxy for graphite enrichment which is the currently
preferred hypothesis for the dominant darkening phase in the LRM. We report experimental X-ray measurements including
scattered X-rays and XRF for a library of reference materials and graphite-spiked samples of varying abundances using the
MIXS Ground Reference Facility. By modelling the results using established theory and databases of X-ray fundamental
parameters, we validate the method and enable reliable extrapolation to future MIXS observations. Using modelled solar flares,
fitted to solar X-ray observations from the MESSENGER mission, we estimate that integration times of hundreds of seconds
during intense flares can resolve increases in scatter intensity created by various expected carbon abundances. Through detailed
analysis we find that it may be possible to place an upper bound on graphite content, strengthening the scientific rationale for
dedicated ‘stare’ observations of LRM rich regions during BepiColombo’s extended mission.
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1 INTRODUCTION BepiColombo will provide the data to answer. One key question sur-
rounds the origin of Mercury’s Low Reflectance Material (LRM).
LRM was identified as a major spectral unit after the first MESSEN-
GER flyby (Robinson et al. 2008; Blewett et al. 2009) from imagery
by the Mercury Dual Imaging System (MDIS) (Hawkins et al. 2007).
The defining spectral features of LRM include its low albedo, up to
30% darker than the global average (Robinson et al. 2008; Denevi
et al. 2009) and a comparatively blue sloped and smooth reflectance
spectrum in visible and near infrared, which can include a broad
depression centred near 600 nm (Robinson et al. 2008; Denevi et al.
2009; Murchie et al. 2015).

The Mercury Imaging X-ray Spectrometer (MIXS) (Bunce et al.
2020) is onboard the Mercury Planetary Orbiter (MPO), one of
two spacecraft which comprise ESA/JJAXA’s BepiColombo mission
(Benkhoff et al. 2021) which will commence science operations from
Mercury orbit in 2027. MIXS will probe the elemental composition
of the upper tens of microns of Mercury’s surface. The fluorescent
signal of characteristic X-rays released from surface atoms which
have been excited by solar coronal X-rays will be interpreted to pro-
duce elemental abundance maps of the planet’s surface. MIXS data
will build on the elemental maps produced following NASA’s MES-
SENGER mission (Solomon et al. 2018; Nittler et al. 2020, 2023)
from the X-ray Spectrometer, XRS (Schlemm et al. 2007), onboard.
MIXS comprises two instrument channels: the collimating MIXS-C,
which will collect large fluxes continuously, and MIXS-T, an imag-
ing telescope which will provide high spatial resolution data during
periods of enhanced solar activity.

MESSENGER left several unresolved questions that it is hoped

The interpretation of these features has been that a ‘darkening
agent’ is present globally and enriched in the LRM, reducing its
albedo to the levels observed (Robinson et al. 2008; Denevi & Robin-
son 2008; Riner et al. 2009; Denevi et al. 2009). Several darkening
agents have been considered, since it was determined that nanophase
Fe alone, as a product of space weathering, was insufficient to produce
the spectral properties of the LRM (Blewett et al. 2009; Murchie et al.
2015). Initial candidate darkening agents, by lunar analogy, included
* E-mail: ardf1 @le.ac.uk ilmenite and ulvospinel which, subsequently, were also excluded due
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to incompatibility with measured, low Fe and Ti abundances (Nittler
etal. 2011; Evans et al. 2012; Weider et al. 2014; Cartier et al. 2020).

Higher than expected sulphur abundances (~1-4 wt%) led to sug-
gestions of sulphides contributing to the darkening of Mercury’s
surface, with spectra from MDIS and the Mercury Atmospheric and
Surface Composition Spectrometer (MASCS) (McClintock & Lank-
ton 2007) only sensitive to extremely high (>~70 wt%) abundances
of CaS and MgS (Izenberg et al. 2014; Murchie et al. 2015). Murchie
etal. (2015) considered several proposed darkening agents including
Ca, Mg and Fe sulphides, ilmenite, carbon and nanophase/metallic
Fe. Of the sulphides tested by those authors, all were brighter than
Mercury’s Northern Volcanic Plains which they consider as precur-
sor material with assumed minimal darkening agent, on the basis of
being the opposing spectral end member to LRM. The presence of
sulphides is not forbidden by these results and sulphides may play an
important role as a volatile component in hollows formation (Blewett
et al. 2011, 2013, 2016; Thomas et al. 2014; Barraud et al. 2020,
2023), however higher levels of thermal darkening are required than
have currently been observed, if sulphides are the dominant darken-
ing phase for the LRM (Thomas et al. 2016; Murchie et al. 2015).
IImenite was shown, even with elemental abundance constraints, to
be capable of matching the reflectance of the Northern hemisphere,
however, not realistically the LRM (Murchie et al. 2015).

The remaining plausible darkening agent is carbon which has
been considered in the form of graphite (Murchie et al. 2015; Van-
der Kaaden & McCubbin 2015; Peplowski et al. 2015, 2016; Klima
et al. 2018). Carbon had initially been considered by Denevi et al.
(2009), however other phases were believed to be more probable.
Spectral modelling by Murchie et al. (2015) showed that by consid-
ering Northern Volcanic Plains material and graphite in their antic-
ipated grain sizes, <1 wt% graphite was required to match average
spectra of the Northern hemisphere and ~5 wt% could replicate the
LRM. The authors also acknowledge that although nanophase Fe
cannot replicate the LRM alone, a combination with coarser grained
microphase Fe remained plausible. Subsequent work has suggested
that smaller abundances of graphite could achieve the same effect (Xu
etal.2024). Spectral modelling has been extended to explore the dark-
ening effect of some additional forms of carbon, e.g. sub-microscopic
amorphous carbon (Trang et al. 2017), whilst other forms such as car-
bides remain to be explicitly evaluated.

The spatial distribution of LRM shows a strong association with
crater ejecta, as well as within large expanses of heavily cratered
regions with overlapping ejecta (Robinson et al. 2008; Denevi et al.
2009; Klima et al. 2018). These observations suggest that LRM is
excavated from depth during impacts (Denevi & Robinson 2008;
Rivera-Valentin & Barr 2014; Murchie et al. 2015; Klima et al.
2018). This supports the presence of a subsurface layer of LRM,
endogenic in origin and exhumed to the surface. Such emplacement
is in agreement with work by Vander Kaaden & McCubbin (2015) in
which the authors propose the presence of a primary graphite flotation
crust which has been buried by subsequent volcanism. Their proposal
being based on having identified that in an early Mercurian magma
ocean, graphite would be the stable phase of carbon within the mantle
and would be the only buoyant mineral. Other proposed endogenic
sources may also be consistent with a graphite-rich primary crust
(Lark et al. 2023) or with emplacement of LRM material in the
secondary crust via volcanism (Xu et al. 2024). Exogenic delivery
from cometary impactors have also been considered (Bruck Syal et al.
2015), but is in weaker agreement with the expressed distribution of
LRM (Klima et al. 2018).

MESSENGER made observations which provided further sup-
port for graphite/carbon as the darkening agent in the LRM. Firstly,
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a Northern hemisphere average carbon abundance of 1.4+0.9 wt%
(1) was estimated by the Gamma-Ray Spectrometer (Peplowski
et al. 2015; Goldsten et al. 2007). The measurement has large uncer-
tainties due to the need to deconvolve the signal from the spacecraft’s
own carbon structure and stronger planetary oxygen signal. For this
reason, a definitive detection of carbon cannot be confirmed. How-
ever, a significant body of supporting evidence has been formed,
including measurements of increased thermal neutron flux over three
regions of LRM (Peplowski et al. 2016) during MESSENGER’s low
altitude campaign. The neutron measurements are consistent with
local carbon enrichments of 1.1 to 3.1 wt% in the regions anal-
ysed (Peplowski et al. 2016). This enhancement is in agreement with
the source being carbon, in opposition to other proposed darken-
ing agents such as those containing Fe, which has a much larger
neutron-absorption cross-section. Additionally, recent work to re-
evaluate Mariner-10 vidicon data by Sonke & Robinson (2024) finds
further supporting evidence for carbon’s presence with an increased
reflectance at wavelengths shorter than the MDIS range. Modelling
of spectra from the Visible and Infrared Spectrograph (VIRS) com-
ponent of the MASCS instrument by Trang et al. (2017) found a
best-fitting global average abundance for submicroscopic amorphous
carbon of 1.9 wt% in conjunction with 3.5 wt% submicroscopic Fe
(inconsistent with XRS estimates; Weider et al. (2014)). The results
of Trang et al. (2017) do not show a definitive correlation with the
LRM for either amorphous C or Fe. However, their modelling did not
account for the additional presence of graphitic carbon which would
darken the ‘host’ material.

MIXS will directly evaluate the hypotheses of several proposed
darkening agents with spatially-resolved fluorescence observations
of Low Reflectance Material. Sulphur abundances will be evaluated
over large spatial scales by MIXS-C during normal operation as
sulphur fluorescence requires only moderate solar activity; further
spatially-resolved sulphur measurements will also be possible dur-
ing periods of enhanced solar activity with MIXS-T. During solar
flares, MIXS will provide the opportunity to observe Fe enhance-
ments through K-series emission (6404 eV), doing so with a more
homogeneous distribution of footprints than was the case for MES-
SENGER. Whilst there will be coverage gaps, ongoing work will
investigate the possibility of observing Fe during quiescent periods
through the L-line (705 eV). However, deriving quantitative informa-
tion from the L-line will be challenging due to limited knowledge of
the solar spectrum at low energies. The leading candidate darkening
agent, graphite, will not be directly or exclusively sensed by MIXS,
or necessarily by any of the instruments onboard BepiColombo (such
as those discussed below). There is thus a large motivation to provide
further evidence either in support of, or against, carbon as the dark-
ening agent in the LRM and any mapping of carbon abundance or its
abundance limit across the surface (see e.g. Rothery et al. (2020)).

BepiColombo provides an opportunity to probe deeper into the
LRM’s properties through its instrument suite, and the orbit of MPO
offers the chance to observe LRM located in the Southern hemisphere
with much more detail than ever before. In addition to MIXS, Bepi-
Colombo’s instrument suite notably includes the Mercury Radiome-
ter and Thermal Infrared Spectrometer (MERTIS) (Hiesinger et al.
2020) and the Visible and near-Infrared Hyperspectral Imager (VIHI)
channel of the Spectrometer and Imagers for MPO Bepicolombo
Integrated Observatory SYStem (SIMBIO-SYS) (Cremonese et al.
2020). In this work, we present an indirect, X-ray scattering-based
method which may provide the only spatially resolved geochemical
evidence for carbon enrichments in Mercury’s LRM. We verify this
method with laboratory measurements and predict the sensitivity of
the observations MIXS will make from Mercury orbit.



2 METHODS
2.1 Rationale

Geochemical sensing and mapping of carbon on Mercury’s surface
is of great scientific value in the context of the LRM, however abun-
dance estimates will not be recoverable from the fluorescent carbon
signal, due to a number of factors:

(1) Most importantly, the carbon fluorescent signal itself is ex-
pected to be inherently weak. Carbon has a very low interaction
cross-section with soft X-rays, making it largely transparent, with
most interactions occurring in the surrounding matter. It also has
a low fluorescence yield, meaning few of the photoelectric absorp-
tions that do take place result in the emission of a characteristic X-ray
photon.

(i) Carbon K emission is produced at just 277 eV, with the ab-
sorption edge at 284 eV. These energies fall well below the prac-
tical threshold of SIXS-X, MPO’s solar X-ray monitor, at ~1 keV
(Huovelin et al. 2020) and in a region where the solar X-ray spectrum
is highly temporally variable. This low energy absorption edge also
means carbon is more likely than other elements to be triggered as
secondary fluorescence. For these reasons, the exciting flux is poorly
characterized and determining abundance estimates is unlikely with
MIXS.

(iii) During nominal operations, MIXS-T will incorporate a data
telemetry threshold above the oxygen-K line at 525 eV (Bunce et al.
2020) due to bandwidth constraints.

(iv) Carbon-K emission is below the specified lower energy limit
of MIXS and although detector performance has exceeded this and
is currently calibrated at the carbon fluorescence energy (Majewski
et al. 2014), radiation damage during the mission may raise the lower
energy threshold above this (Bunce et al. 2020). At this energy, the
detector quantum efficiency is also low and significant attenuation is
produced by MIXS’ optical filters.

Thus, an alternative method of sensing carbon enrichment is re-
quired. Despite the challenges in observing a fluorescent signal from
carbon, its presence may be detected in another way, described in the
following section.

2.2 An alternative approach to measuring carbon

The background observed within a spectrum from a remote-sensing
planetary XRF instrument is partially attributable to re-distributed
fluorescence counts, electronic noise and galactic cosmic rays. The
dominant sources however, are solar X-rays which have been scat-
tered from the planetary surface towards the instrument, as well as
particle-induced background which is greatly enhanced during dis-
crete events (Fraser et al. 2010).

For incident soft X-rays at higher energy than all major absorption
edges in a sample, low atomic number (Z) elements (i.e. Z<10) con-
tribute more intense scatter than the major rock forming elements.
Scattered X-rays have previously been used to determine the aver-
age atomic number of targets excited by line emission sources and
thus make inferences about the presence of low-Z elements (Camp-
bell et al. 2013; Hodoroaba & Rackwitz 2014; Perrett et al. 2016).
Such methods use the ratio of inelastic to elastic scatter peaks, how-
ever such a technique is incompatible with the polychromatic and
temporally-variable X-ray source that is the solar corona. Figure la
shows the modelled intensity of X-rays scattered from elements be-
tween Z=4 and Z=26. Both X-rays produced by elastic and by inelastic
scattering are modelled, where the final, scattered energy is 8.5 keV
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. A rapid increase in scattered X-ray intensity is shown with decreas-
ing atomic number. Scatter intensities from mixtures are not linearly
correlated with abundance however, as low-Z materials have smaller
interaction cross-sections than heavier elements.

The scattering properties displayed in Figure 1a allow us to propose
a new method for gathering supporting evidence of carbon enrich-
ment in LRM (or lack thereof). If carbon is the dominant darkening
agent in the LRM, we hypothesise that X-ray observations over dense
patches of LRM will measure increased intensities of scattered X-ray
background in comparison with surrounding material of similar bulk
composition. Alternatively, if the darkening agent is a heavier phase
such as nanophase and/or microphase iron, the intensity of scattered
X-rays from LRM will either show no difference to, or a reduction
from, levels in surrounding material (see Supplementary Figure 1 for
modelled effects of different darkening phases).

2.3 Modelling the scattered X-ray intensity

With knowledge of target bulk composition, illuminating spectrum
and some of the fundamental parameters for the interaction of X-rays
with matter, the intensity of scattered X-rays can be predicted. We
start from the Beer-Lambert law for linear attenuation of light:

I =19 HPx )

where Iz and 12 represent the transmitted and incident intensity at
energy y through a distance x in a material of density p with a total
mass attention coefficient at energy y of uj. All terms are defined
within Table 1. The mass attenuation coefficient is calculated as the
sum of the mass-fraction weighted coefficients of each constituent
chemical element, i.e.

uy = Weul, @
4

where W, is the weight-fraction of the target material that is element
L.

To consider X-ray interactions taking place in an infinitesimal win-
dow of path length dx at penetration distance x, first we differentiate
Equation 1 to find the change in transmitted intensity over this path.

o1t
dx
The modulus of this being R 4, the interaction rate in the region

dx, in dimensions of events per unit time.

= —ul plye e’ 3

Ry = pl pIhe H5eP dx @)

The contribution from each interaction mechanism can be consid-
ered separately, the total mass attenuation coefficient is made up of
photoelectric absorption, Rayleigh (u®) and Compton (,uC) scatter-
ing and, at much higher energies than are considered here, pair and
triplet production. Equation 4 can thus be represented through its
Rayleigh and Compton parts:

R§ = ,uﬁp[?,e*”;pxdx 5)

RS = uply,e P dx ©)

where 7y refers to the higher incident energy that produces a Comp-
ton scattered photon with energy v, this energy shift is consistent for
scattering from any element through a given angle.
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Figure 1. Relative scatter intensities (ratioed to Fe) modelled with Equation 10 for element targets observed at 8.5 (a) and 2.9 keV (b). Incidence angle (6) =

30°, emergence angle (¢) = 0°.

Next, an additional Beer-Lambert term is added to account for the
attenuation of the outgoing X-ray through the target to the detector;

this path length is calculable as: x,ms(o) . Where 6 is the incidence
cos(o)

angle and ¢ is the emergence angle, both measured relative to the
surface normal.
Thus, for a scatter angle ¢:

xcos(0)

T —u®
I}ﬁp — #ffplf/)e HypX ,~HyPco5(4) 7
T _ ., 7, Xcos(0)
I$¢ = /J)C,,pl,?/,e /Ly/pxe Hyp cos(¢o) (8)

Lastly, this must be integrated across all energies in a range of
interest and across all path lengths from the target surface to an
extinction path length, P,,4x. The total scatter intensity, IS, is the
sum of both interactions, multiplied by the detector solid angle, 6Q:
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Emax Pinax cos(8)
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When these path length integrals are evaluated for P,qx = o,
i.e. an infinitely thick sample approximation which is valid both at
Mercury and for the samples analysed in Section 3, the result is as
follows:

Emax IOﬂR IO ’uC
8 :/ o) oty 45 90 (10
) T i ¥
Emin 3|1+ Cos(¢)] ['“7' + YCOS(¢)]

Equation 10 is evaluated throughout this paper, firstly, to predict
measurements made in laboratory experiments (Section 3) to verify
this methodology. Subsequently, observations at Mercury are pre-
dicted to evaluate the effectiveness of this technique at detecting the
spectral effects of carbon enrichment in the LRM (Section 4).

The predictions require Equation 10 to be evaluated numerically in
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Table 1. Definition of symbols used in the equations for predicting X-ray scatter intensity. Square brackets denote typical units.

Symbol  Definition
x Length dimension along X-ray path [cm]
A specific energy range
A specific element
P The density of the target material [g cm ™3]

We Weight fraction of element {

I,Z Transmitted X-ray intensity in energy range y [photons s™1]
I?, Incident X-ray intensity in energy range y [photons s~ N
17’,2, Rayleigh scattered X-ray intensity in energy range y and at scatter angle ¢ [photons s™! sr™!]
l%, Compton scattered X-ray intensity received in energy range y and at scatter angle ¢ [photons s~! sr™!]
If‘/, Total scattered X-ray intensity received in energy range y and at scatter angle ¢ [photons s™! sr™!]
y; ¢ Total mass attenuation coefficient of element £ in energy range y [cm” g~!]
,uff{ ° Differential Rayleigh mass attenuation coefficient of element £, scattered through angle ¢ at energy y [cm? g=! sr™1]
,u%‘p Differential Compton mass attenuation coefficient of element ¢, scattered through angle ¢ at energy y [cm? g1 sr™1]
9 Incidence angle (relative to surface normal)
) Emergence angle (relative to surface normal)
17 Scatter angle (measured from direction of travel)
dE An infinitesimal interval of energy
dx An infinitesimal unit of path length

0Q The solid angle scattered into [sr]

discretized energy bins. This is performed with the use of attenuation
coeflicients from the Xraylib library (Schoonjans et al. 2011) through
the Python interface. Xraylib interpolates between measured data
points to provide values for any element at any desired energy and
scattering angle. The Rayleigh and Compton attenuation coefficients
are taken from Elam et al. (2002), with the total attenuation coefficient
also including photo-ionisation data from Kissel (2000).

2.4 Developing a diagnostic technique

An appropriate method for quantifying the X-ray scatter intensity is
required if we are to utilise scattering interactions to provide infor-
mation about the nature of Mercury’s LRM. Our method is consistent
and applied throughout this paper to both our laboratory experiments
and predictions of spacecraft measurements. Our chosen method in-
volves summing the intensity of X-rays from a particular energy range
of the spectrum, which is chosen such that it represents a spectral
region, free of significant line emission and dominated by scattered
X-rays.

The MIXS detectors have a characteristic response to X-ray pho-
tons, approximated by the energy redistribution function shown in
Figure 2. This function, described more completely by Lauf (2011),
shows two non-main-peak features; a Si escape peak at 1740 eV be-
low the main peak, and a low energy tail and shelf. The accumulation
of these low energy tails and shelves can, at some energies, dominate
the background over scattered X-rays, thus the window we select
must be higher than the highest energy peaks observed in the spec-
trum in order to avoid contamination from redistributed counts. The

highest energy peaks anticipated to be resolved above the background
are the Fe K lines, with Kp at 7.058 keV resolved to a full-width at
half-maximum of ~135 eV (Majewski et al. 2014) at the start of the
mission. Nickel and Cu peaks at higher energy were not observed in
all-but one of the silicate reference materials tested in Section 3; nei-
ther are these peaks referenced in analysis of MESSENGER’s XRS
results (Nittler et al. 2020, 2023). The sole analysed sample in which
the Ni K peaks were detected has a reported Ni content of >2000
ppm.

Furthermore, for incident photons with energies below the photo-
electric absorption edge of an element, their scattering contribution
is much greater than for those with energies above. As a result, the
dominance of low-Z material in scatter intensity is only as greatly
exaggerated as in Figure 1a when the incident energy is higher than
the K absorption edge of all major elements in the target. Figure 1b
illustrates this, with the K-edge of elements up to Cl (Z=17) falling
below the energy analysed (2.9 keV) and heavier elements having
K-edges above.

Despite the constraint to consider only energies above the Fe ab-
sorption edge and fluorescence lines, analyses should also be opti-
mized to utilise incident X-ray flux from the Sun that is greatest at
lower energies. The solar spectrum exhibits a steep power law over-
lain by emission lines. Since scatter intensities are typically orders
of magnitude lower than fluorescence line intensities from a target,
maximising the incoming flux by minimising the energy range as
much as can be permitted is necessary to produce statistically robust
data.

We also consider whether there is a significantly optimal angular
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Figure 2. A model of the MIXS detector energy redistribution function
displayed for 2, 5 and 8 keV photons. The features of the redistribution
function are labelled and include the main peak, an escape peak for photons
with energies greater than that of the Si K absorption edge and a low energy
tail which extends into a shelf. For a complete description of this function see
Lauf (2011).

range for scattered X-ray flux. Figure 3 includes a series of plots
which assist in identifying the most suitable conditions; these plots
display data sourced from the Xraylib database (Schoonjans et al.
2011).

Figures 3a and b show that the two mechanisms of scattering vary
in their responses. Both increase in magnitude towards the high-
est scattering angles (backscatter), however Rayleigh scattering is
strongest at low energies, whilst Compton is at its most intense at
higher energy. It is also observable that both are a slow function of
scatter angle, a property which also clear in overall scattering coef-
ficient (Figure 3c). Thus, in the analysis for this paper, we consider
standardized illumination conditions of 30° incidence angle and 0°
emergence angle (this emergence angle is analogous to the nadir
pointing observations MIXS will make during BepiColombo’s pri-
mary mission), representing a 30° phase angle and scattering angle
of 150°.

The presence of two scattering mechanisms for which detected X-
rays cannot be differentiated, and which are sourced from different
energies in the incidence spectrum, creates complications for com-
bining data from multiple observations with differing solar spectral
shapes. As such, it would be ideal to observe a regime in which
one mechanism dominates. Despite the Figure 3c appearing to be
dominated by Rayleigh scatter, the ratio of Rayleigh to Compton
scattering in Figure 3d shows that, Rayleigh scattering dominates at
low energies, however this drops off rapidly and by the energy of
the Fe K series, ceases to be the case. Thus energy range constraints
above restrict us to a range with significant contribution from both
Rayleigh and Compton scattering. The challenge that this presents
for combining observations is explored in Section 4.1.3.2.

After considering all the above constraints, we choose to quantify
X-ray scattering by analysing the intensity of X-rays detected across
the range 8.00 keV to 10.00 keV. We note that this energy window
falls outside of the nominal range of telemetry for MIXS-T events.
The exact upper limit is pixel dependent, owing to individual gain
and offsets, however the median value is ~7 keV. Telemetry can be
extended to cover this energy range, however this requires a focal
plane assembly (FPA) mode cycle.

RASTI 000, 1-19 (2025)

Table 2. Range of compositional abundances included in the terrestrial ref-
erence material catalogue. Compositions sourced from the GeoRem online
database (Jochum et al. 2005).

Lower Bound  Upper Bound
Oxide wt% wt%
NaO 0.03 10.59
MgO 0.01 43.51
AL O3 0.15 59.20
SiO; 34.40 97.81
P»0s5 0.01 1.39
SO3 0.02 0.19
K>O 0.01 12.81
CaO 0.04 15.90
TiOy 0.01 3.77
MnO 0.00 0.77
Fe,03 0.04 55.85
Element ppm ppm
C 37 19 600
F 30 28 500
S 0 11230
v 0.2 526
Cr 14 24270
Co 0.2 210
Ni 1.5 2044
Cu 1 1230
Zn 0.6 1300
Zr 0.7 11 000
Rb 0.3 3600
Sr 3 4 600
Ba 1.5 4000
Th 0.04 1003
8] 0.02 650

3 LABORATORY EXPERIMENTS
3.1 Method
3.1.1 Experiment Outline

In order to test the practicality of the theoretical method outlined
in Section 2.2 and proceduralized in Section 2.4, we have carried
out ground-based experiments across a range of well characterized
materials. These materials are separated into two categories, the first
is a collection of natural terrestrial reference materials covering a
broad range of compositions described in Table 2. Secondly a series
of samples were prepared synthetically, consisting of a particular
reference material, ‘WS-1" (Dolerite, Whin Sill, UK), spiked with
increasing graphite abundances. The composition of WS-1 is reported
in Table 3. WS-1 is selected on basis of being a readily available and
well characterized igneous rock, beyond this it does not represent a
Mercury analogue. The graphite abundances within these samples
range from O to 70 wt%, in steps of 10 wt%.

3.1.2 Sample Preparation

All samples were prepared as pressed powder pellets (example shown
in Supplementary Figure 2) to ensure a homogeneous composition
and smooth surface. The samples were prepared under standardized
procedures which are detailed below.

The powder pellets of reference materials were prepared using
7 g of material, mixed in an agate mortar with a binder: 2.5 ml
of elvacite® (20%) solubilized in acetone and stirred until complete
evaporation of acetone under an infrared heat lamp. The dry powders
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Figure 3. Scattering attenuation coefficients shown as functions of energy and scattering angle over the angular range expected during BepiColombo’s primary
mission. Data sourced from Xraylib (Schoonjans et al. 2011) and produced for the composition of ‘WS-1’ (Table 3), a dolerite detailed in Section 3. Displayed

are the Rayleigh (a), Compton (b) and Combined (Rayleigh + Compton) (c), as

well as specific evaluations at a fixed scattering angle of 150° (d). Within (d) the

left axis displays the Combined (Rayleigh + Compton) coefficient (blue), whilst the right axis displays the ratio of Rayleigh:Compton (orange), with the dashed

horizontal line indicating a Rayleigh:Compton ratio of unity.

Table 3. Composition of WS-1 dolerite, determined by wavelength-dispersive XRF.

Element Na,O MgO AlOs3 SiO, P,Os SO3 KO CaO TiO, MnO FeyOs3
Wt % 2.64 5.34 13.76 51.40 0.30 0.19 1.32  8.78 2.46 0.18 13.48

Element v Cr Co Ni Cu Zn Zr Rb Sr Ba Th
ppm 337 49 47 48 69 125 194 36 463 378 3

were then pressed under 15 tons for 20 seconds, producing pellets
with a diameter of 28 mm and a thickness of 3-5 mm.

For preparation of the graphite-dolerite mixtures, powders of both
dolerite and graphite (MERCK product code: 1.04206) were dried
and stirred for mixing. A binder was then added and mixed with
a glass rod: Mowiol® solution is produced by dissolving beads of
polyvinyl alcohol ((CH>, CHOH],,) with methanol whilst being heated
and then adding de-ionized water. Once thoroughly mixed, the mate-
rial was pressed under 10-11 tonnes for 60 seconds. The pellets have
a diameter of 32 mm and were allowed to dry for a period of >24
hours. Additional details are provided in supplementary materials.

3.1.3 Experimental Conditions

The samples were analysed under a standardized methodology with
the MIXS Ground Reference Facility (GREF) (Bunce et al. 2020;
Hall et al. 2025; Cartwright et al. 2025). The GREF is a large, high-
vacuum chamber which consists of:

(i) The QM+ (qualification model) MIXS detector and electronics
box,

(ii) A rotating sample stage which houses up to five samples si-
multaneously,

(iii) A rhodium target X-ray tube, collimated by a tungsten aper-
ture, and

(iv) Coaxially aligned, rotating arms for the source and detector.

The rotating arms allow for replication of the full range of inci-
dence and emergence angles MIXS will observe in orbit. As out-
lined in Section 2.4, the experiments described here were all carried
out with an incidence angle of 30° and an emergence angle of 0°.
Ray tracing of the 3D geometry shows the range and distribution
of scattering angles reaching the detector under this configuration
(Figure 4).

We illuminated the samples with the X-ray tube operating at an
accelerating voltage of 10 kV, emission current of 0.6 mA and ob-
served with the detector cooled to -50°C. The spectra were collected
over integration times of ~3600 s and converted to intensity in units
of cts s~ eV 1 across the entire detector.

RASTI 000, 1-19 (2025)
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Figure 4. Blue histogram (left axis) - The distribution of scattering angles
produced by the experimental configuration of GReF when centred at 6 =
30°, ¢ = 0°. Black lines (right axis) - The combined scattering attenuation
coeflicient for energies of interest to this work over the same angular range;
data from the Xraylib database (Schoonjans et al. 2011), sampled at intervals
of 0.05°.

We integrated the intensity across the energy window of interest
from the calibrated spectra. These results were then compared against
modelled results, calculated from Equation 10 using published ele-
mental abundances and a modelled incident spectrum. The modelling
considers an energy resolution, dE, of 10 eV. The modelled incident
spectrum (described fully by Hall (2022) and Hall et al. (2025)) ac-
counts for specificities of the GREF system including attenuation by
a Be window on the X-ray source and collimation.

The scatter angle we model is uniformly 150°. The lines displayed
in Figure 4 show that the Xraylib coefficients used in this modelling
are linear with angle across the energy range of interest at the angles
produced in this experiment. Since the distribution of angles also
shown in Figure 4 is approximately uniform, approximating the angle
as the central value of 150° is a valid assumption.

3.2 Experimental Results

Example calibrated laboratory spectra from the reference material
catalogue and from the graphite spiked samples are shown in Fig-
ures 5a and 5b, respectively. The spectra show fluorescence peaks
from each of the major elements within the samples; for heavier
elements, both the K, and Kz peaks are resolvable. An additional
peak feature can be seen from the Rh L-series, which is visible in the
scattered flux from the X-ray source. Low-energy lines such as those
from O and Na exhibit relatively small peaks as there is little illumi-
nating flux at low energies where incident X-rays are attenuated by
the Be window mentioned above. The energy window we consider
for this work is highlighted in green.

Across the energy region of interest (8.00-10.00 keV), the spec-
tra in Figure 5 show differing levels of spectral background, whilst
the carbon containing samples in Figure 5b display the expected in-
creases in scattering at higher energies with the addition of low-Z
graphite. There is a turnover which exists between ~3 and ~5 keV,
below which, the lower carbon containing samples exhibit higher
spectral background. We attribute this to the reduction in the balance
material (WS-1) with increasing carbon content. Lower abundances
of balance elements yield smaller fluorescence peaks. The low energy
shelf of the energy redistribution function (Figure 2) from these peaks
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therefore also reduces in magnitude with higher carbon content. This
effect cannot be explained by a physical reduction in scattered X-rays
as the incident flux in the very low energies is entirely attenuated by
the Be windows in GREF, yet this effect persists.

The carbon fluorescence line (277 eV), overlays an increase in in-
tensity in all spectra due to thermal noise, however we do not observe
a carbon fluorescence peak which correlates with carbon content.
This is an anticipated result for reasons described in Section 2.1,
however, more so as there are very few incident X-rays around the
absorption edge energy owing to Be windows which attenuate low
energy flux from the X-ray source.

The scatter intensities integrated across the energy region of in-
terest (8.00-10.00 keV) are displayed in Figure 6, plotted against
average atomic number of each sample, Z, calculated as:

Z= W7 (11)
7

In Figure 6, the laboratory observations and the modelled values
have been normalized separately to the measurement of WS-1. This
is performed due to uncertainties in the magnitude of the modelled X-
ray source spectrum. This is a laboratory limitation; reconciling the
modelled source spectrum and real source spectrum measurements
is extremely difficult, as the count rates under direct illumination
exceed the detector’s maximum readout rate. Even at greatly reduced
emission current, significant pileup occurs throughout the spectrum.
The choice to normalize the values to the WS-1 sample in particular
is arbitrary, however, with this in mind, we acquired excessively long
WS-1 integration times to improve precision in its spectrum.

Figure 6 shows two main curves; the first tracks the silicate refer-
ence materials as a group, whilst the second follows the carbon-spiked
samples. Both groups increase in intensity with a decrease in average
atomic number, however the curvature of the reference materials is
greater than the carbon-spiked samples. This change is attributed to
the low X-ray interaction cross-section of carbon in comparison to
the major rock forming elements. As a result, very large abundances
of carbon are required for the effects of its high scattering coefficient
to dominate the observed scatter. At high abundances, where car-
bon begins to dominate interactions, the scattering intensity rapidly
increases, consistent with expectation from Figure 1.

3.3 Discussion of Experiments

The laboratory spectra shown in Figure 5 clearly demonstrate ob-
served differences in the scattered X-ray intensity from regions of
smooth continuum under the same observing conditions. Some of
the samples in the catalogue were observed to exhibit evidence of
X-ray diffraction. One such peak appears centred at ~9.2 keV as
the graphite concentration rises, labelled « in Figure 5b. Diffraction
effects are not anticipated to present themselves in the same way
at Mercury as observed here due to the scales of the instruments’
footprints, however effects of powder diffraction from Mercury’s re-
golith are plausible and warrant further investigation. This particular
diffraction peak only becomes resolvable in our spectra at higher car-
bon abundances than anticipated for Mercury, beginning to become
resolved at >30 wt%.

The experimental results displayed in Figure 6, support this scatter-
based method as being sensitive to changes in carbon content. The
results have shown that to produce changes in scatter intensity, which
are of the same magnitude as the variance across the reference mate-
rials, requires large carbon abundances. However, the compositional
variability within this catalogue greatly exceeds that which is ex-
pected within a MIXS footprint or a Mercurian terrane. Within sec-
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(b) Laboratory measured spectra from the sample series spiked with increasing graphite content.

Figure 5. Spectra from the MIXS Ground Reference Facility, taken at 6 = 30°, ¢ = 0° with the X-ray source operating at 10 kV. Green region highlights the

energy range analysed for scatter intensity (8.00-10.00 keV).

tion 4, we directly investigate MIXS’ ability to resolve these scatter
changes against compositional variability in the underlying geochem-
ical terranes.

The modelled results demonstrate good agreement with the ob-
served values, giving confidence in the predictive capabilities of the
model. We observe an under-prediction from the model for high car-
bon content samples, notably >~40 wt% and increasing thereafter.
We attribute this largely to the rise the diffraction peak mentioned
above, however, poorly constrained fundamental parameters for car-
bon could also contribute; there are believed to be larger uncertainties
for low atomic number elements (Brunetti et al. 2004; Hall 2022).

4 PREDICTED MIXS OBSERVATIONS
4.1 Method

With confidence in the predictive model, from laboratory verifica-
tion, we now simulate observations of LRM with the scatter analysis
technique of Section 2.4. We use these predictions to assess the plau-
sibility of the method for providing evidence for/against the presence
of localized carbon enrichments. In this process we continue to eval-
uate Equation 10 with various solar-like incidence spectra and pre-

dicted Mercury compositions. The scatter intensities are predicted,
as observed by the spacecraft with various levels of carbon enrich-
ment. We also consider the co-addition of spectra acquired during
multiple flare events and the sensitivity to carbon in that case.

4.1.1 Input Solar Spectrum

The solar spectrum is extremely temporally variable in both intensity
and spectral shape. Flare events rapidly release large quantities of en-
ergy, during which the X-ray spectrum ‘hardens’ (increases intensity
at higher energy relative to low) during flares with higher temperature
plasma in the active region. The composition of the emitting plasma
also determines the emission lines within that spectrum. Variations
in the incident spectral shape means that the scattered light can have
differing contributions from Rayleigh and Compton scatter, making
co-addition of multiple observations challenging.

As the region of interest is at relatively high energy, the expected
count rates in the incident, and by extension, detected spectra are
negligible at those energies during quiescent periods. Thus, solar
flares are required to utilise our methodology. We therefore model
the count rates from best-fitting spectra to a variety of solar flares in
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Figure 6. The observed and modelled scatter intensities between 8.000 and 10.000 keV in GReF observations of the reference material catalogue (red/pink) and
graphite spiked samples (blue). Experimental results and modelled results have independently been normalized to the measurement of WS-1.

order to estimate the integration times required, under each of these
conditions, to resolve the effect of carbon addition.

For these predictions, we sample five solar flares which were ob-
served by the MESSENGER spacecraft during its over 4 year orbital
phase around Mercury. We have selected these spectra on the basis of
using the best-fitting plasma temperature as a proxy for flare magni-
tude. Using the fit data provided by Nittler et al. (2020), we identify
the highest temperature flare event, as well as the 90th, 75th, 50th
and 25th percentile. It should be noted that MESSENGER operated
across a weak solar maximum and BepiColombo is currently antici-
pated to observe more frequent and more intense flares (see Section
4.3).

For each of these events, we have fitted to the calibrated data
records (Starr 2018) from MESSENGER’s SAX (Solar Assembly
for X-rays) to derive a representative incident spectrum. We use the
CHIANTI code (Version 10.1) (Dere et al. 1997; Del Zanna et al.
2021; Dere et al. 2023) as was used in MESSENGER analyses,
described in detail by Nittler et al. (2011); Weider et al. (2014),
to generate representative solar spectra at high (1 eV) resolution.
We first convolve the CHIANTI output with a model of the SAX
quantum efficiency (generated using Xraylib parameters) as well as
a Gaussian with FWHM (full-width at half-maximum) derived from
the telemetered SAX detector temperature according to the relation
reported by Starr et al. (2016) and corrected for the illumination angle
onto the SAX detector. We then use a least-squares fitting technique
to optimize the fit for solar temperature and emission measure to
SAX data. The fitting routine is applied to data in the range of 1.5 to
9 keV. The best-fitting parameters are then used to generate a high
resolution (1 eV) input spectrum from which to calculate the scatter.
The details of the flare events investigated, as well as the temperature
fits, are given in Table 4.

A limitation of these spectral fits is that the solar plasma com-
position has not been varied; we instead use the coronal abundance
estimates reported by Dere et al. (2023) and available in CHIANTI.
The fits are also isothermal fits, as were the reported fits from MES-
SENGER XRS data, however Dennis et al. (2015) demonstrated that
the multi-thermal fitting with a differential emission measure is nec-
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essary for interpreting specific XRF spectra. The development of the
MIXS solar spectral fitting routine is ongoing and these limitations
are being addressed as part of that process.

4.1.2 Mercury Compositions

The model projects the above solar illumination onto a surface of
a Mercury-like composition. Multiple compositions are evaluated
to represent different Mercurian surface terranes and are evaluated
with both a base level of carbon and an enriched carbon content
to represent LRM produced by mixing of graphite with overlying
surface material. The terrane compositions are taken from the abso-
lute abundances reported by Peplowski & Stockstill-Cahill (2019),
in particular the chosen terranes are:

(i) ‘Rachmaninoff Basin’
(ii) ‘Low-Mg North’
(iii) ‘Intermediate High-K’

Rachmaninoft is chosen on the basis of being a well constrained,
localized area around which we anticipate one of the strongest LRM
deposits on Mercury (Klima et al. 2018) and as such represents the
greatest opportunity for this work. The Low-Mg Northern terrane
is one composition existing within the Borealis Planitia, a region
which has been inferred to makeup the opposing end-member to
the LRM (Murchie et al. 2015). Lastly, the intermediate high-K ter-
rane is chosen as it represents ‘intermediate’ values among Mercury
compositions of Mg/Si and Al/Si, albeit with enriched K content.

4.1.3 Model Approach

4.1.3.1 Single Observation We model observations from both
MIXS-T and MIXS-C from Mercury orbit with the illuminating
spectra of Table 4, the compositions of Section 4.1.2 and a fixed
geometry of 8§ = 30°, ¢ = 0°. The footprints of MIXS-T and MIXS-
C will change with altitude, however, a given composition, the flux
to the detector is scale invariant. Table 5 shows the scale of the
footprints evaluated at various points in the orbit.



Scattered X-ray observations of LRM with MIXS 11

Table 4. Solar flare events used in this work with temperature fits as reported by Nittler et al. (2020) and as produced with our fitting routine. Flares classes
as reported by the GOES-15 spacecraft (Machol et al. 2022) where available. Bracketed values with GOES classification represent angular separation between
Earth and Mercury from the Sun. The event of 26 Dec 2013 is not classified as it was not well observed by GOES-15.

Heliocentric

Start Date/Time (UT)  Integration Time (s)  Temperature (MK)  Our Temperature (MK)  GOES Flare Class Distance (AU)
2014/10/16 12:56:39 20 37.34 32.95 M6.2 (3.5°) 0.33
2012/10/09 23:25:44 40 20.73 19.66 M2.4 (114.5°) 0.47
2014/10/14 20:30:14 20 16.93 15.87 M3.3 (9.5°) 0.34
2012/06/13 19:23:33 450 14.13 14.08 C9.7 (98.2°) 0.37
2013/12/26 02:57:30 2000 12.12 12.72 N/A (172.8°%) 0.46

Table 5. MIXS instrument footprints at various points in the orbit, units are km. Singular MIXS-T detector pixels represent 1 arc min, the values in this case are
pixel edge lengths, these pixels are unresolved by the optic which has a FWHM of ~9 arc min.

Apoherm  Semi-Major Axis  Periherm
MIXS-T Detector Pixel 0.451 0.295 0.140
MIXS-T Total Footprint Diameter 28.857 18.897 8.936
MIXS-C Footprint Diameter 271.215 177.602 83.989

For each terrane and solar spectrum, the incident X-ray flux is cal-
culated by multiplying the modelled CHIANTI spectrum by the ratio
of pixel footprint area (determined by instrument and altitude) to the
area of the SAX detector window. We have then generated 3600 indi-
vidual compositions to replicate variability in each terrane. For each
sample composition, the abundance of each element is sampled from
a Gaussian distribution; those distributions have means and stan-
dard deviations corresponding to the values reported in Peplowski &
Stockstill-Cahill (2019). Once all elements have been sampled, the
overall composition is re-normalized to 100 wt%.

The modelled scatter intensity can now be calculated for each
sample composition through Equation 10; we evaluate this with
dE =10 eV. This includes multiplication by the effective solid angle
of the instrument as seen from the surface, set by the altitude of the
spacecraft and the effective area of the optic. The effective area of
MIXS-T at this energy is approximated at 5 cm?, extrapolated from
the on-axis results reported by Fraser et al. (2010). For MIXS-C
the effective area is 0.768 cm?, this is calculated as an average of
the effective area from each off-pointing angle, weighted by the con-
tributing footprint areas at each angle. The effective area as a function
of angle is constant at 1.4 cm? over the central 3.25° off-axis and
decreases linearly to zero at 5.2°.

This process is evaluated twice, firstly for the background ter-
rane; here a base level of carbon of 1 wt% is added prior to re-
normalisation, representing a global level which is consistent with
estimations by Peplowski et al. (2015, 2016). Secondly, the same
compositions are calculated with the addition of a further 4 wt%
carbon before re-normalisation. This is consistent with the strongest
deposits of LRM (Peplowski et al. 2016; Klima et al. 2018), which
present the greatest opportunity to make these measurements. We
histogram the distributions produced by modelled LRM and non-
LRM material to estimate the flux required to resolve differences
between the two populations and the integration times this demands.

We also test higher abundances of carbon to predict the integra-
tion times required to identify upper limits. We model up to 12 wt%
enrichments, in these cases we model only the Rachmaninoft com-
position with the highest temperature flare.

We do not include the effect of detector quantum efficiency or at-
tenuation by optical blocking filters, since, at these energies, the de-

tector QE is ~100% (Majewski et al. 2014) and transmission through
the filters is >99%, meaning any reduction to the count rates will not
be significant.

4.1.3.2 Multiple Observations In order to achieve the counting
statistics required to meet a particular level of sensitivity, we may
wish to combine observations of the same region. By nature, the in-
cident solar spectrum will be different for two or more observations
and, as described previously, this complicates analyses. We inves-
tigate the inherent uncertainty produced on estimation of carbon
enrichment by inference from the ratio of scattered flux to incident
flux for co-added spectra. The input spectra for this are also modelled
solar spectra from CHIANTI fits to real SAX data from the MESSEN-
GER mission. We fit to the 10 continuous flare events in the catalogue
of Nittler et al. (2020) which have the highest maximum flare tem-
perature, giving 224 individual, non-overlapping spectra from which
to sample.

We model 100,000 combinations of spectra. Each combination
comprises a random number of flares between 1 and 5. Each flare
is taken from the 224 generated best-fitting CHIANTI spectra and is
assigned a random duration between 20 and 40 seconds. For each
flare in a combination, we model the interactions with the same base
composition, Rachmaninoff +1 wt% carbon, and then add a random
carbon enrichment of between 0 and 8 wt%. This generates a large
and continuous dataset with which to empirically identify the trends
with carbon content and with flare temperature.

We quantify each combination with an average flare temperature,
taken as the count-weighted average of the plasma temperatures of
each flare spectrum from which it is constituted. An empirical fit
with a third order polynomial is then used to correct for the effects of
average flare temperature on the measured ratio. By linear regression
between the new, corrected ratio and carbon enrichment, we can
make predictions of carbon enrichment from a measurement of this
quantity alone. In this work, we evaluate the residuals between the
inferred carbon content and ‘real’ carbon content. Changes in plasma
composition also affect these results and is an unavoidable challenge
when combining observations taken during multiple flares, which
perhaps emanate from different active regions. These differences
can be accounted for, however, this requires good knowledge of the
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composition of the active region. Most importantly to this work, the
Fe and Ni abundances should be well characterized as they produce
emission lines within our region of interest (Phillips 2004). Again,
planned development of the MIXS solar fitting routine will address
this.

4.2 Modelling Results

A sample solar spectrum used as an input into the modelled MIXS
observations is displayed in Figure 7. The ‘true’, observed data from
SAX is shown, along with the best-fit modelled spectrum in the fitting
range (1.5-9 keV). These spectra feature an overturn at ~2 keV, below
which Be filters attenuate the incident X-ray flux. The major feature
of the spectrum is the Fe peak complex around 6.7 keV; this and
other smaller peak complexes sit atop a steep continuum. The high-
resolution spectrum which produces the SAX modelled curve and
which is ultimately used as the input for MIXS simulations is also
shown, with sharp emission lines throughout.

4.2.1 Single Observation

We present a select few histograms here which are representative of
the core range of scenarios which have been explored for single flare
analysis (Figure 8). These histograms, fitted with Gaussian distribu-
tions, display the dispersion of scatter intensity caused by simulated
variability in the composition of the underlying terrane.

In Figures 8a and 8b the difference in flux received by a MIXS-T
detector pixel and the flux collimated by MIXS-C can be observed.
MIXS-T gives the option of combining pixels to obtain higher count
rates (at the expense of spatial resolution). However, even summing
over all illuminated pixels, the integrated count rate for this energy
range is ~15x lower than for MIXS-C.

Distributions of MIXS-C intensities are shown in Fig-
ures 8c, 8d and 8e for the three different terranes under illumination
from the highest temperature solar flare of the MESSENGER mis-
sion as reported by Nittler et al. (2020). The separation of the means
between 0 and 4 wt% carbon enriched material, expressed in number
of standard deviations, was found to be very consistent for a given
composition across all incidence spectra. These results are shown in
Table 6.

The separation, in standard deviations, is greatest for the Rach-
maninoff terrane, which can be attributed to having narrower dis-
tributions. These are lowest for the Rachmaninoff composition as
this has the smallest variance in the composition of background
(non-carbon) material, most critically in Ca. Calcium is the second
heaviest element included and is significantly more abundant than
Fe, as such a large proportion of the interactions take place in Ca
atoms, meaning large variability in its abundance creates wide dis-
tributions in scattered X-ray intensity. In the case of the Northern
Low-Mg terrane, this effect broadens the distributions to the point at
which the means are only separated by ~10.

Considering the percentage difference between the means of the
two populations (Table 6), we calculate the number of counts required
to produce a matching uncertainty considering only Poisson statistics.
Combining these required total counts with the mean intensities, we
estimate the required integration times, for each considered flare, to
statistically resolve the two populations, this is displayed in Table 7.

Notably, the required integration times for the 90th percentile flare
are higher than for the 75th percentile flare. This result highlights a
limitation of ranking by the temperature of the solar fits. The emission
measure in the fit to the 90th percentile flare is ~5x lower than that
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of the 75th percentile flare, the effect of this outweighs the hardening
effect of the spectrum in this case, this is also reflected in the GOES
flare classifications for these flares in Table 4.

The count rates, separation of means and derived resolving inte-
gration times produced for higher carbon abundances are shown in
Table 8.

4.2.2 Multiple Observations

Modelled ratios of detected flux to incident flux for different com-
binations of flares are shown in Figure 9, colour coded by carbon
content. The ratios demonstrate a clear correlation with plasma tem-
perature, which is fitted with a polynomial. Note that the absolute
magnitude of the ratio is related to geometric factors of the MIXS-C
field of view and effective area; the ratio reflects the X-rays collected
by MIXS compared to the incident flux over the entire observation
footprint. It is clear that the effects of flare temperature dominate over
the increase in measured ratio caused by increases in carbon content.
However, increasing carbon content does systematically increase the
ratio, which can be seen more clearly following temperature correc-
tion using the fitted polynomial (Figure 10).

With the linear fit between carbon enrichment and temperature-
corrected ratio (shown in Figure 10), predicted carbon enhancements
can be derived directly from the corrected ratios. The residuals be-
tween the ‘predicted’ and true carbon enrichment are displayed in
Figure 11 against flare temperature; this figure also shows the means
and standard deviations for data in each 2 MK temperature bin. In
all cases except the highest temperature bin the mean lies within one
standard deviation of zero, however the histogram hints that some
underlying temperature-related structure persists in the data.

4.3 Discussion of Models

Our predicted count rates first find that MIXS-T, whose design is not
optimized for high-energy observations, does not yield ample count
rates for this technique to resolve enrichments of carbon at anticipated
abundances. Even when the entire detector array is combined, in the
best case of Rachmaninoff composition with the highest temperature
solar flare, the estimated integration time required is >1400 seconds.
Therefore, plausible methodologies all relate to use of MIXS-C,
herein we will only consider MIXS-C observations.

Before considering the limits on abundance resolvability due to
overall counting statistics, we consider the variability induced from
compositional variation (excluding carbon) within each terrane. As
described in Section 4.2.2, the Rachmaninoff composition exhibits
the smallest distributions of scatter intensities within each (carbon-
free/carbon-bearing) population, owing to having the lowest standard
deviations in abundances reported by Peplowski & Stockstill-Cahill
(2019). The broader scatter distributions for other terranes, created by
Ca variability may be attributed to the larger spatial areas which con-
tribute to each terrane classification. In the context of our proposed
method, we note that any acquired data which meets the requirements
for scattered counts at high energy, will also have high fluorescence
counts from all major elements up to and including Fe. This means
that the major element composition of the region being analysed will
be well constrained and the corresponding compositional variability
will be reduced. As a result, an increase in sensitivity may be possi-
ble in practice over that modelled here which uses the bulk terrane
compositional variation.

The integration times reported in Table 7 show that under some of
the most energetic solar flares observed by MESSENGER, measure-
ments using this technique are plausible. The integration times of
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Figure 7. Best fit to the 2014/10/16 solar flare. Showing real SAX data (blue), best-fitting modelled data convolved with SAX response (orange) and raw,

high-resolution best-fitting modelled data (green).

Table 6. Separation of the means for 0 and 4 wt% carbon enrichment in different scenarios, expressed in % of the 0 wt% mean and n o of the 0 wt% population

in brackets. Values taken from the MIXS-C model.

Flare Temperature Percentile

Rachmaninoff ~ Northern Low-Mg

Intermediate High-K

25 2.18 (3.76)
50 2.20 (3.69)
75 2.21(3.77)
90 2.25(3.82)
100 2.34 (3.96)

2.16 (0.97) 2.17 2.12)
2.17 (1.00) 2.18 (2.12)
2.18 (1.01) 220 (2.13)
222 (1.02) 2.24 (2.16)
2.31 (1.03) 233 (2.21)

Table 7. Estimated integration times required to statistically resolve the difference in scatter intensity between 0 and 4 wt% additional carbon to 1 o-. Values are

in seconds and taken from the MIXS-C model.

Flare Temperature Percentile

Rachmaninoff ~ Northern Low-Mg

Intermediate High-K

25 67,591
50 45,778
75 2,625
90 4,646
100 267

71,612 69,344
48,554 46,957
2,782 2,693
4,927 4,765
282 273

hundreds of seconds are consistent with the duration of peak activity
for energetic solar flares (~tens of minutes) and are operationally
viable. The scatter intensity is similar in magnitude for each of the
terranes and thus the integration time is not greatly different for the
same carbon enrichment. This, combined with knowledge of the ma-
jor element composition, potentially opens up different targets across
the surface in addition to the preferred Rachmaninoft ejecta. How-
ever, such high carbon enrichments are not currently anticipated on
large spatial scales elsewhere on Mercury’s surface (Klima et al.
2018).

The integration periods we consider show the value of carrying
out targeted ‘stare’ observations of an LRM rich region and a re-
gion of surrounding terrane. Such ‘stare’ campaigns are planned for
BepiColombo’s extended mission but will naturally involve collect-
ing over a range of emergence angles. The exact angles involved
may have to be interpreted post the data collection. MIXS-C data is
telemetered as time-tagged histograms, nominally every 3 seconds.
This allows the opportunity to temporally bin data at chosen points

in analysis once a desired number of counts have been recorded.
MESSENGER also carried out targeted observations to maximize
the chance of coinciding with a solar flare, this was successful in
one notable case, providing high-quality data from North-East of
Rachmaninoff (Weider et al. 2016).

The frequency of solar flares is logarithmic with intensity, lower
class (and typically lower temperature) flares occur exponentially
more frequently than more intense flares. Therefore, suitably ener-
getic solar flares to enable these observations are rare, however, there
are perhaps more opportunities than the MESSENGER list implies.
The MESSENGER spacecraft had pointing requirements that pre-
vented XRS’ bore sight from always intercepting the surface, since
the catalogue of Nittler et al. (2020) considers only solar flares with
associated XRS spectra, some solar flares are undoubtedly excluded.
As BepiColombo is not subject to the same constraints, MIXS will
always be intercepting the surface and gathering suitable data when
on the day-side. Lastly, BepiColombo will arrive at Mercury shortly
after solar maximum (Labonville et al. 2019; Bunce et al. 2020), a
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Figure 8. Histograms of scatter intensity measured by MIXS in the energy range 8.00-10.00 keV, modelled from different Mercury terranes and under differing
solar conditions. 6 = 30°, ¢ = 0°. Note the varying orders of magnitude in scatter intensity between certain plots.

period when solar flares are expected to occur with both elevated
frequency and intensity. Solar cycle 24, during which MESSEN-
GER orbited Mercury was a weak solar maximum, with solar cycle
25 having already recorded higher sunspot numbers (e.g. Clette &
Lefevre (2015)). These factors lead to the suggestion that MIXS may
be in operation during more and higher temperature solar flares than

RASTI 000, 1-19 (2025)

MESSENGER, aiding our methodology. Analysis of higher carbon
abundances suggest that providing an upper limit on carbon enrich-
ments in regions of LRM will be possible under less demanding solar
conditions.

The results for combining solar flares provide an indication that
this too may be a suitable method to provide carbon enrichment esti-
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Table 8. MIXS-C modelled results between 8.00 and 10.00 keV for Rachmaninoff composition with varied excess carbon. Modelled for 16 Oct 2014 flare,

6 =30° ¢ =0°.
Carbon Enrichment (wt%)  Mean Count Rate (s™!)  Separation of Means (%/c")  Required Integration Time (s)

4 7.00 2.34/3.96 267

5 7.04 2.96/4.95 167

6 7.08 3.58/5.99 114

8 7.17 4.87/8.15 62

10 7.26 6.20/10.38 38

12 7.36 7.59/12.71 25
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Figure 9. Ratio of detected scattered X-ray intensity to incident surface flux
in the MIXS-C FOV, plotted against count-weighted average flare temper-
ature for modelled observations of carbon enriched material. Flares have a
fixed (‘Coronal’) plasma composition. Red line shows the empirically fitted
third-order polynomial that is used to approximate the response of changing
temperature on the ratio.
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Figure 10. The correlation with carbon enrichment in modelled data of the
ratios in Figure 9 following a plasma temperature correction. Colours here
represent the average emitting plasma temperature and the solid red line
indicates the linear best-fit (later used to predict carbon content)

Figure 11. Residuals between the true carbon enrichment which is an input to
the calculation and the carbon enrichment predicted by the temperature cor-
rected ratio. White circles show each of the 100,000 modelled observations.
A 2D histogram of the residuals is overlain, whilst the blue points display
local means and standard deviations in 2 MK wide temperature bins.

mations where exceptionally large solar flares are not observed over
a target region. For a given solar plasma composition, carbon enrich-
ment estimates have an inherent uncertainty of + <1 wt%, in addition
to the uncertainty of the achieved counting statistics. However, when
combining measurements taken from flares with different plasma
composition, this uncertainty can increase greatly. High confidence
in solar fits will be required to utilise this method. In particular, good
fitting of the Fe and Ni abundances in the emitting plasma is im-
portant, as these elements contribute emission lines to our identified
energy window.

5 COMBINED OUTLOOK OF EXPERIMENTATION AND
MODELLING

Through Section 3, we have determined that our scatter-based ap-
proach to identifying carbon (or low-Z) enrichments is a viable
methodology. We demonstrate the ability to accurately model the ob-
servations we make in a laboratory environment. Using this model,
we have estimated the integration times required to resolve carbon-
enhanced material at Mercury. The results, presented in Section 4
determine that single observations with energetic solar flares can re-
solve anticipated carbon abundances with integration times that are
achievable. We have also identified that combining multiple obser-
vations may be suitable if adequate solar conditions are not achieved.
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5.1 Additional Considerations

Some final considerations for application of this technique include
that there is likely one other candidate which could significantly in-
crease the scattered X-ray intensity, oxygen. Modelled results show
that an absolute increase in oxygen abundance of ~2x that of car-
bon would produce a similar level of scattering increase in the <+10
wt% region (see Supplementary Figure 1). Verification of the oxy-
gen abundances through the fluorescence spectrum, directly and/or
via stoichiometry are therefore important. Oxygen fluorescence can,
however, be observed even under quiescent solar conditions. Direct
determination of the oxygen abundance is challenging for similar
reasons to carbon: limited knowledge of the incident spectrum at low
energy and a requirement to lower the instrument event threshold.

The results we model here assume a compositionally homoge-
nous sample with a smooth surface. In modelling observations of
laboratory samples, this assumption is valid, however there may be
additional considerations for orbital observations, particularly when
crossing geochemical boundaries or extreme topography.

Lastly, in principle, the identified energy window includes the
Ir L series, beginning at 9.175 keV which may be excited as self-
fluorescence from reflective coatings on the MIXS optic. The ab-
sorption edge for this emission is at 11.215 keV and as such will only
be triggered by scattered X-rays in which case fluorescence will be
extremely low intensity, or more significantly by energetic particles.
Particle induced X-ray fluorescence was also observed by MESSEN-
GER’s XRS (e.g. Ho et al. (2011)) and is expected to only occur at
specific points (predominantly magnetic-cusps) on select orbits.

‘With consideration of these effects, we determine that this method-
ology has the potential to be applied during orbital operations of the
BepiColombo mission. In the following section we outline our pro-
posed methodology for carrying out these observations and analyses.

5.2 Final Proposed Methodology

We determine the most suitable application of our technique, which
maximizes the carbon sensitivity, to be as follows.

Spectra from the wide field of view, collimating, MIXS-C will
be combined to produce long integration spectra. The scattered X-
ray intensity, measured across 8.00-10.00 keV, will be summed. If
there is evidence of instrumental self-fluorescence, identified by Ir
L line fluorescence, the upper energy limit may be reduced. These
observations would be further supported with dedicated ‘stare’ cam-
paigns during BepiColombo’s extended mission, as were successfully
utilised by MESSENGER (Weider et al. 2016). One key target is the
Rachmaninoff basin ejecta, with smaller scale targets including the
Basho and Atget impact craters. To resolve predicted changes in scat-
ter intensity for these regions, serendipitous occurrences of energetic
solar flares are required. Two separate integrations are necessary,
one which targets a region believed to be LRM-rich and another of
surrounding material.

The major element compositions for these regions will be derived
from the spectra by the conventional MIXS method of analysing the
fluorescence lines. Using this information, forward modelling with
varying levels of carbon content, as has been shown here, can place
an estimation on carbon enrichment through relative differences in
the scatter intensities. Consideration of the rapidly changing solar in-
cidence spectrum following a solar flare peak is likely to be required.
The total integrated counts for each region will be the determining
factor for the level of sensitivity to carbon that this method provides.

In the absence of a single suitably large solar flare, observations
taken during multiple, smaller flares may be combined. This re-
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quires good knowledge of the solar plasma composition, a routine
for which is in development, as well as application of a correction for
plasma temperature. Combining flares also requires consideration of
changing observation geometry and the most suitable analysis will
be determined by the data which is returned in practice.

6 SUMMARY

We identify a new method for observing the effects of carbon enrich-
ment in LRM relative to surrounding material of similar composition
using MIXS. These effects are observed as an increase in scattered
X-ray intensity, most notably at energies higher than 7.2 keV (the Fe
K absorption edge). We have made laboratory measurements using
a flight qualified MIXS detector and samples of known composition
to physically verify these effects and validate a predictive model.
We have then used that model to evaluate the conditions required
to make these measurements with MIXS from Mercury orbit and
resolve carbon-rich from non-carbon-rich material.

Our modelled results show that low variability in the overlying ter-
rane is required, particularly in heavy rock forming elements (e.g. Ca,
Fe). However, such variability is not unexpected for well constrained,
regions of Mercury and the exact major element composition of the
areas observed will be well characterized from the fluorescence sig-
nal. We find that energetic solar flares are a requirement for making
these measurements, however this analysis would greatly benefit from
targeted ‘stare’ observations, involving targeted pointing for several
minutes. Application of our methodology will be restricted only to
observations with MIXS-C, for which the footprint ranges between
~84 and 270 km.

The sensitivity to carbon will ultimately be determined by the to-
tal number of counts recorded in the energy range. With integration
times of hundreds of seconds under energetic solar flares, 1o res-
olution may be achieved for carbon enrichments of ~4 wt%. This
leads us to propose targeted observations of regions believed to be
strongest in LRM, including Rachmaninoff basin ejecta to maximize
the likelihood serendipitous flare activity. The required integration
time rapidly decreases for increasing carbon abundance and higher
upper limits (e.g. 6-8 wt%) are more easily achieved. Through com-
bining observations, similar capabilities may be achievable through
multiple, smaller solar flares, however, this invokes additional un-
certainty (£>0.5 wt%) and requires good knowledge of the emitting
solar plasma for each flare.
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