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Abstract

Olivine is a key constituent in the silicate Earth; its composition and texture informs petrogenetic
understanding of numerous rock types. Here we develop a quantitative and reproducible method
to measure olivine composition in three dimensions without destructive analysis, meaning full
textural context is maintained. The olivine solid solution between forsterite and fayalite was
measured using a combination of three-dimensional (3D) X-ray imaging techniques, 2D back
scattered electron imaging, and spot-analyses using wavelength dispersive electron probe
microanalysis. The linear attenuation coefficient of natural crystals across a range of forsterite
content from ~73-91 mol% were confirmed to scale linearly with composition using 53, 60 and 70
kV monochromatic beams at I112-JEEP beamline, Diamond Light Source utilising the helical fly-scan
acquisition. A polychromatic X-ray source was used to scan the same crystals, which yielded image
contrast equivalent to measuring the mol% of forsterite with an accuracy <1.0 %. X-ray
tomography can now provide fully integrated textural and chemical analysis of natural samples
containing olivine, which will support 3D and 3D+time petrologic modelling. The study has
revealed >3 mm domains within a large crystal of San Carlos forsterite that vary by ~2 Fo mol%.
This offers a solution to an outstanding question of inter-laboratory standardisation, and also
demonstrates the utility of 3D, non-destructive, chemical measurement. To our knowledge, this
study is the first to describe the application of XMT to quantitative chemical measurement across
a mineral solid solution. Our approach may be expanded to calculate the chemistry of other
mineral systems in 3D, depending upon the number, chemistry and density of end-members.
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INTRODUCTION

Combining chemical and textural data from rocks is essential to understand their origins and
formation. Integrating these petrologic data means being able to place chemical analyses within
spatial context, and vice versa. Conventional chemical analysis, however, or the preparation for it,
destroys or modifies spatial context in some way. This study documents an advance in non-
destructive, quantitative, determination of composition that maintains full three-dimensional (3D)
context, using olivine.

Two-dimensional (2D) data using visible light and electron microscopy has underpinned virtually
all study of rocks at the micro-scale. Quantitative measurement using optical properties of
minerals have been used to investigate rocks for over 150 years (Sorby, 1858). It has also long
been recognised that physical properties, some measurable by optical or X-ray diffraction
analyses, can be used to estimate the chemical composition and vice versa (e.g. Jahanbagloo,
1969; Poldervaart, 1950). In more recent decades, electron microscopy has provided higher
resolution and more analytical options, yet remains limited to 2D measurement. 2D analysis
requires cutting, grinding and polishing of the sample, and thus full spatial context for those
observations is lost. Furthermore, the nature of conventional preparation and analysis is
comparatively slow and expensive, representing a limitation to the gathering of large datasets.

Motivation and aims

The density of olivine can be calculated from its chemical composition and its linear attenuation of
X-rays. It is therefore possible to derive chemical information from X-ray attenuation of olivine.
Pankhurst et al. (2014) showed that X-ray microcomputed tomography (XMT) image brightness
can be used as a proxy for the composition of olivine. Those authors demonstrated equivalence
between electron probe microanalysis (EPMA) and XMT results when comparing population
histograms of olivine core compositions and grayscale number from a split sample of tephra. This
is a viable approach because olivine is generally a solid solution between Fe and Mg end-members
(expressed here as the forsterite content Fo = 100 x Mg/[Mg+Fe+Mn], mineral abbreviations
throughout follow Whitney and Evans, 2010). Yet those results, without calibration, are qualitative
and relative only. Different X-ray beam energies required by different samples, instrument
hardware, environmental conditions and operator choices all contribute to the final image
brightness values. Therefore, without calibration, the brightness values from laboratory source
XMT are arbitrary and non-reproducible.

In this study, we test the ability to reliably measure the attenuation of the olivine solid solution in
a volume, using monochromatic XMT, and extract reproducible, quantitative, chemical
information. International standard reference materials (SRMs) are used, as well as other natural
olivine crystals. Our primary aims are to; 1) measure the tomogram image brightness of a range of
olivine compositions using monochromatic X-ray energy; 2) relate those data to density (p) via the
linear attenuation coefficient (u); 3) compare results with p, as calculated using EPMA data; 4)
investigate the use of a regression line as a calibration function that employs image brightness as a
quantitative measure of Fo content in a typical laboratory setting (using polychromatic X-rays).

First we check that the linear attenuation coefficient () for each value of Fo scales linearly with
Mg-Fe substitution across a Fo range of special interest in nature (i.e., common in mantle and
basaltic rocks), using monochromatic X-ray tomography. We then compare 3D image data from
laboratory (polychromatic) sources, in order to estimate an uncertainty that can be used to
determine the core compositions of large numbers of crystals using scan times of <1 hour. Finally,
we investigate the use of X-ray tomography to provide quantitative 3D chemistry on scales useful
for petrogenetic modelling of crystal margins.
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Olivine occurrence and importance

Measuring the chemistry of olivine (Mg,Fe),SiO4 provides insight to its formation, and relationship
with its host rock. Olivine is one of the most important minerals on Earth. It is the most abundant
mineral in the upper mantle and mediates mantle rheology, density, heat flow and melting
(Holtzman et al., 2003; Mizukami et al., 2004). Olivine is also an important component of several
meteorite classes and contain clues as to their evolution (e.g. Rudraswami et al., 2016) as well as
being a rock-forming mineral present in planetary and satellite bodies .

Olivine is a rock-forming mineral in ultra-mafic to mafic magmas. It also occurs in some felsic and
hybridised magmas, and can be indicative of mantle-derived magma input to volcanic systems;
frequently implicated as an eruption trigger (e.g. Sigmundsson et al., 2010; Sparks et al., 1977). In
these systems, olivine can occur across a considerable composition range, as well as preserving
major element chemical zonation within individual grains (Kahl et al., 2013). These observations
are leading to new insights as to the origin, dynamics and timescales of magmatic plumbing
systems (Hartley et al., 2016; Pankhurst et al., 2018a). In order to make better sense of these often
highly complex mineralogical records, large datasets that integrate crystal texture and chemistry
are required.

The most common substitution in olivine is that between 2* cations in the M sites. Iron exchange
for Mg is accompanied by a disproportionately large change in the molecular mass of the unit cell
with respect to its volume change (Deer et al., 1992). Accordingly, Fo (Mg end-member: p = 3.22)
is ~¥26.5% less dense than fayalite (Fa; Fe end-member: p = 4.29), which is the property we exploit
here with X-ray imaging. Since electron density is equitable to proton density for a given solid
solution, XMT images of olivine appear much like back-scattered electron (BSE) images, which are
a measure of atomic density (Z contrast). Thus, we can use state-of-the-art 2D BSE imaging as a
useful method of validating the 3D image data.

3D data and X-ray microtomography

Full three-dimensional (3D) data from natural samples offers the advantage that measurement of
volume distributions, distances between features and shape descriptors can be conducted
directly. Non-destructive 3D data also has advantages for observing large volumes of material to
find and target rare features, as well as providing context for destructive in-situ measurements.
Obtaining accurate 3D, non-destructive, data from what are (in almost every case) opaque
materials, however, is only possible with tomographic techniques using X-rays, neutrons and
muons (Cnudde and Boone, 2013; Marteau et al., 2012; Winkler et al., 2002).

Gathering three dimensional (3D) data at the micro-scale has progressively become more routine
in geological research. Crystallographic orientation and boundary data has traditionally been
obtained from thin sections by using universal stages on petrographic microscopes (see Kile, 2009
for a review). Serial sectioning and well-constrained extrapolation has been used to place
measurements into 3D context across cm scales (Bryon et al., 1995; Cooper and Hunter, 1995). X-
ray computed tomographic imaging (Flannery et al., 1987) provides full 3D data (e.g. Denison and
Carlson, 1997; Philpotts et al., 1999). Centimetre to nanometre resolution X-ray imaging has
become increasingly utilised (Cnudde and Boone, 2013; Ma et al., 2016; Macente et al., 2017;
Suuronen and Sayab, 2018). To date, XMT has been used mainly to recover rock textures (e.g.
Cnudde and Boone, 2013; Fonseca et al., 2013; Jerram et al., 2009; Ketcham, 2005; Mock and
Jerram, 2005), and mineralogy (Lemelle et al., 2004), phase size distributions and their evolution
(Hall et al., 2010; Ketcham and Carlson, 2001; Lin et al., 2016; Reyes et al., 2017), and dynamic
processes such as diffusion through porous rocks (Nakashima, 2000). For a thorough introduction
to XMT applications in geosciences we refer the reader to Chudde and Boone (2013), and in more
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detail as applied to igneous texture see (Jerram et al., 2018 and references therein). A key
advantage of XMT is the very high rate of data acquisition that is possible, which can support
efforts to build large datasets efficiently (Pankhurst et al., 2014), and would otherwise rely on
time-intensive analysis.

The transmission of X-rays through a rock depends upon minerals’ chemistry and density, the
thickness of the sample, and the energy of the X-ray beam. X-rays are attenuated by electrons,
limiting the number of photons arriving at the detector (see Pankhurst et al., 2018b for an
introduction and key references). Contrasts in these properties (and thus electron density)
throughout a sample attenuate an X-ray beam to different degrees, producing differences in
detector response. These responses are recorded as image brightness values.

If a reproducible set of beam conditions and settings are used, the values can be directly
compared within and across datasets. For instance, in the case of samples containing one mineral,
if the X-ray energy and linear attenuation coefficient is known, sample thickness can be measured
(Anderson et al., 1998). To map composition in 3D, 2D projections acquired around a sample
(normally the sample is rotated) are tomographically reconstructed; voxel brightness of the
resulting tomographic image can be used to identify different phases (Leber et al., 2004) and the
concentration of certain phases (Yue et al., 2011).

METHODS

Samples

Samples were selected to provide a useful range of natural occurring olivine at the forsteritic end
of the solid solution (~Fo79.90); those compositions dominate olivine occurring in mantle and
basaltic rocks. Intermediate to comparatively evolved olivine (Fosg.70) is less abundant in nature
and could not be obtained in large enough grain sizes; measuring these compositions is planned
for further work at higher resolution. The fayalite end member was nevertheless available. Thus
the sample set contains both a wide spread of compositions, albeit with a higher data density
around the most commonly occurring range Fo7g.go.

Rock samples Killbourne Hole Peridotite (New Mexico, USA), Picrite from Haleyjarbunga lava shield
(Iceland) and an alkali basalt from Papua New Guinea (Star-1) were coarsely crushed. A large (~2
cm) forsterite crystal from the locality of San Carlos, New Mexico, and part of a large (~4 cm) piece
of fayalite from Rockport, Mass (USA), were also coarsely crushed. Olivine was handpicked under a
binocular microscope from the crushed material, and from some tephra samples (flank and
summit samples from the 2010 Eyjafjallajokull) and sand from a green beach from Hawaii (legacy
sample from Papakolea). We direct the reader to Fig. 1 for a description of how the olivine was
mounted for analysis. Not all samples are discussed further; those indicated in Table 1 with an
asterisk were used in the calibration. The remaining samples imaged as part of the stack provides
calibrated material for use in future work.

Preparation for integrated 1, 2 and 3D measurement

Olivine crystals were prepared by setting them in resin discs in order for them to cut, polished and
analysed after the non-destructive XMT scans. This shape minimises the use of vertical field of
view, and the flat upper and lower surfaces afford a stable platform on which to mount other
material, which allows for ready insertion in later experiments (i.e. as internal standards). The
diameter (14 mm) is suitable for re-use in laboratory XMT experiments in which <10 um pixel
resolution is desirable.
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Each disc was composed of a single layer of crystals, set in place using a two-part epoxy resin
(Epothin®) using a soft plastic pipette tube as a mould (Fig. 1). The low initial viscosity of Epothin®
wet olivine surfaces and limited the entrapment of air bubbles. The discs were then flattened with
sandpaper to reduce the height of each to a minimum while still containing all the grains. Each disc
was then labelled using an engraver (removal of resin means the label can be read in the X-ray
images). A stack of the discs was made using double-sided tape, and was then mounted upon a
resin pedestal made from the neck section of the pipette (Fig. 2).

Legacy olivine crystal mounts from Pankhurst et al. (2014) were cut down to ~1 cm?, ~1 mm thick
chips using a combination of a Buehler PetroThin® thin-sectioning system, and a single edged razor
blade. These pre-analysed crystals serve as secondary internal standards across a useful Fo range.
The cores of these crystals are known to be homogenous from previous BSE imaging and EPMA
data (Pankhurst et al., 2018a). The group of chips are labelled as one position in Fig. 1, see Table 1.

X-ray micro-tomography imaging: monochromatic source

To confirm that the relationship between linear attenuation and Fo-Fa solid solution is linear at a
number of single energies, monochromatic X-ray beams were used. The olivine stack was imaged
using 53, 60 and 70 kV beams at the Joint Engineering, Environmental and Processing (JEEP)
beamline (i12; see Drakopoulos et al., 2015) at the Diamond Light Source Ltd., United Kingdom, to
gather absorption image data at each single energy. These energies are typical of peak
polychromatic beams used in laboratory X-ray sources to image igneous rocks up to a thickness of
~2 cm (e.g. Reyes-Davila et al., 2016), which corresponds to the scale of a thin section. Camera
module 2 was used which has a magnification of 0.82, a field of view of 20.3 mm in the horizontal
and 15 mm usable in the vertical (per projection), with a pixel resolution of 7.9 um. A continuous
helical scan-track (with a pitch of 10 mm) was used to collect projection data from the stack of
samples in one scan. This allowed the entire sample to be imaged without increasing the
horizontal field of view, which would have decreased resolution. In addition, this scan mode helps
to significantly reduce ring artefacts within the reconstructed images (caused by the fixed
defective regions on the detector). The raw projections were then pre-processed using the
following techniques: (1) sinogram generation, which extracts tilted slices through the 3D helical
datasets depending on the helical pitch; (2) zinger removal (Rivers, 1998), which removes artificial
bright lines; (3) blob removal, which reduces the impact of dead region(s) on the detector; (4) ring
removal, to clean up small ring artefacts that may remain (Vo et al., in prep); (5) center of rotation
calculation (Vo et al., 2014). Finally, the volume was reconstructed by filtered back-projection
(FBP; Ramachandran and Lakshminarayanan, 1971). All techniques are implemented in python
codes (using h5py, scipy, numpy, pyfftw, and pyCUDA) by N. Vo.

X-ray micro-tomography imaging: polychromatic sources

The purpose of using a polychromatic beam from a non-synchrotron source was to provide a guide
to the potential accuracy and precision of olivine chemical composition that can be achieved using
an instrument common in many research environments. The stack was scanned using an FEl
HeliScan system in Trondheim, Norway. Proprietary software was used to correct subtle beam
hardening, which was largely avoided due to the high angle scanning approach. Data was supplied
in 16-bit tiff format. Samples within the stack were also (circular) scanned at the Research
Complex at Harwell using a Nikon 225 XTH system, using the polychromatic beam characterisation
procedure described in Pankhurst et al. (2018b) to correct for beam hardening at specified density
values (i.e. density of 3.35 g/cm? for the disc containing shards of olivine from San Carlos).

2D imaging and 1D chemical analysis
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Seld resin discs were prepared for electron probe microanalysis using standard materials (see
Fig. 2 for analytical workflow). A JEOL electron probe micro-analyser (EPMA) 8320 Superprobe
with five wavelength-dispersive (WD) spectrometers housed at the University of Leeds Electron
Microscopy and Spectroscopy Centre was used to collect high resolution and high contrast
backscattered electron (BSE) images. Brightness and contrast settings, which are normally
adjusted according to user subjectivity and according to the feature of interest in each frame,
were instead tuned to internal reference materials (San Carlos olivine: near detection limit; Fe-
oxide; near saturation). EPMA spots (nominally 1 um size) were measured at the University of
Iceland with the setup described in Pankhurst et al. (2017). While colourgreater precision is able to
be achieved using wider beams, higher current and longer analysis times, we wished to compare
the XMT results with typical EPMA settings for olivine. Smithsonian Institute (Washington D.C.,
USA) distributed micro-beam reference materials (RM) San Carlos Olivine (NMNH 111312-44) and
Springwater Meteorite Olivine (USNM 2566) were used as primary and secondary RMs
respectively.

The Springwater Meteorite RM returns precise major and minor oxide concentrations when run as
a secondary standard (see Table 2). No significant drift was detected through the run, and as such
we assign a maximum 20 uncertainty to each position of £0.25 mol % Fo.

Building a calibration between techniques

Positions of EPMA spot analyses were precisely located on BSE images in order to calibrate
composition with BSE grayscale brightness, following the approach of Pankhurst (2018a). First, the
BSE images were assessed using a variety of lookup tables in Imagel (Rasband, 2015) to confirm
homogeneity of the crystal cores or shards. Circles of 10 um diameter were located in regions of
constant grayscale, which were then measured and deleted from the image to form a white
‘target’. Using the software CrossHair v1.1 (Lin, 2007), these spots could be co-located with high
spatial accuracy using the JEOL interface, which also employs a crosshair location option. Two or
three spot analyses were taken from the 10 um diameter position, in the core of each crystal or
shard, and averaged. Thus, an appropriate level of spatial accuracy that links the chemical and
image data was attained.

Optical microscope work and BSE images helped identify the locations of chemical spot analyses in
the 3D images. These locations were checked for intensity gradients before values were recorded
using ImageJ, using circular regions ~100 um in diameter, recording the mean and standard
deviation. We applied a non-local mean filter to the data for presentation purposes, but report all
grayscale and 20 values after applying a 2-pixel median filter, which is well below the sampling
resolution, yet necessary to minimise noise. It should be noted that it is possible to frame average
using numerous projections at each angle. This would have the same effect (at least for the
purpose here, since we do not ascribe meaning to features less than 5 pixels), yet would take
almost an order of magnitude more instrument time to achieve the same image quality. The
location reproducibility between 3D images is estimated at <10 um in XY and <20 um in Z, which is
well below the voxel sampling resolution.

Density calculations using X-ray attenuation

Linear attention of olivine end-members at different X-ray energies were calculated using the
National Institute of Standards and Technology Physical Measurement Laboratory Database;
[https://physics.nist.gov/PhysRefData/Xcom/html/xcom1.html| Results from this database are
reported as mass attenuation coefficients, from which linear attenuation is derived simply as a
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function of material density. Density values from Deer et al. (1982) were used and can be
considered to scale as a linear function of composition (Bloss, 1952) across the range of interest
here (Fo73-91). Thus attenuation is also predicted to be linear as a function of composition (Fig. 5).
Values from online calculations are reported in the supplementary Table S1.

Calculations here assume a perfect solid solution between forsterite and fayalite, since tephroite
(Tep; Mn end-member) is present only up to a few percent and has very similar density to fayalite.
All other end members are in low enough abundance to warrant this assumption to a first order in
typical igneous rocks (e.g. monticellite is rarely above half a percent). Values are expressed as Fo
mol %, and implies the remainder is comprised of Fa and Tep.

RESULTS

Linear attenuation as measured by monochromatic X-rays, or image brightness values from
polychromatic X-rays were extracted from tomograms and are presented in Table 3. The quality of
the fayalite sample images was poor in comparison to the forsteritic samples; streak artefacts are
evident (see Supplementary Figure 1).This is reflected in the considerable spread of linear
attenuation values at constant chemical composition (FoO).

Homogeneous brightness levels are observed in the cores of crystals in both polychromatic and
backscatter electron image data (Fig. 3). The fayalite sample is the exception, this sample was too
attenuating to be imaged satisfactorily (while using the same beam conditions as the rest of the
stack). Relative image brightness (i.e. grayscale level) is in good qualitative agreement between
the two (compare Fig. 3b i to iii and ii to iv).

Example calculations of linear attenuation according to solid solution chemistry are presented in
the supplement, as are full EPMA results. Each tomographic image dataset is several gigabytes in
size; we illustrate selected potions of these data as renders and slices in Figs 3 and 4, including
comparisons to BSE images. Calibration of image data with chemical composition is illustrated in
Figs. 5 and 6.

DISCUSSION

Relationship between linear attenuation and composition

Densitometric calculations predict that the olivine solid solution can be considered linear in the
Fo73-91 range. Compositions measured by EPMA and linear attenuation () are well correlated (R®
> 0.9) at the three monochromatic energies (Fig. 5). It is likely that the particle size used for the
fayalite (chosen to match the less dense, more forsteritic, samples) did not allow comparable
transmission. This explains why, in addition to the wide spread of linear attenuation values, the
average linear attenuation value for fayalite is slightly lower than that predicted from the Fo73-91
array.

Discrepancy is also observed between calculated and measured p at any given position along the
solid solution; the measured attenuation is lower than expected. This may be due to a scaling
effect in detector response, although it is possible that the cause is associated with a property of
the crystals themselves (i.e. leading to higher transmission than anticipated). While the measured
and calculated trends do not match, their relative positions as a function of kV is the same.
Whether this offset is a function of the imaging setup or reflective of a physical property of olivine,
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neither poses a barrier for the practical application developed below. Current work is being
undertaken to resolve why this offset occurs.

An advance in measuring chemistry using quantitative densitometry

Retrieving quantitative and reproducible image data of materials using polychromatic X-ray micro-
computed tomography systems is an active field of research. The original technique was designed
to provide qualitative information in medical and materials research in 3D, and thus instrument
drift, optical and digital artefacts and scintillator degradation did not inhibit the collection of
meaningful data. In contrast, these issues must be mitigated against to achieve useful,
reproducible, quantitative image data.

Davis et al. (2015) showed that by first characterising a polychromatic beam using a step wedge,
and then using a virtual phantom of the material of interest, a beam hardening correction could be
derived. Then, the quantitative density distribution of simple materials could be calculated in 3D.
While those authors’ motivation was partly to map the mineral density of teeth, the approach is
the same as ours. Rather than air ‘diluting’ the electron density of a single substance via a texture,
we are measuring the relative proportions of end-member composition along a single solid
solution, with a unique chemical result for a given density.

Helical scan data returns a linear fit to Fo content of crystal cores (Fig. 6a), and is shown to return
higher precision (derived simply from image noise) than the synchrotron data. We reiterate that
our intention was not to compare precision between monochromatic and polychromatic beams;
increasing the length of each scan would result in higher signal:noise. The important result is that
laboratory systems are shown produce at least the same quantitative measurement for olivine
crystal cores in <1 hour than can be achieved with a synchrotron source in <10 min at 53 kV. The
comparison is shown simply to demonstrate that laboratory source systems offer a practical and
accessible solution to the construction of very large, quantitative, olivine crystal core datasets that
have acceptable precision and accuracy with which to compare populations of crystals. Laboratory
scans can be externally calibration using the procedures of Pankhurst et al. (2018b) and/or by
using internal olivine standards.

In this study we have proven that within analytical uncertainty, the olivine solid solution has a
linear response to both X-ray energy and Fo content in the range Fo73.9:. The degree of variation in
attenuation evident at the same composition may be due to crystallographic effects, although
more study is required to resolve this question. This means that 3D chemical relationships
between individual grains can be recovered using the attenuation of monochromatic and
polychromatic X-ray beams.

Present advantages and limitations

A practical advantage of laboratory systems is that image resolution is scales with the field of view
due to the conical beam shape. Reducing the distance between the sample and source improves
the resolution. With a smooth ‘zoom’, the resolution can be optimised to the scale of interest. At
synchrotron facilities that use a parallel beam, image resolution is essentially fixed by the camera
module at any sample distance. Finally, the rapid developments in laboratory-source X-ray imaging
systems, in particular improvements in electron gun stability, offer greatly enhanced
reproducibility than earlier generations. Like any comparative technique, the use of internal
standards is essential for calculating uncertainty, regardless of whether synchrotron or laboratory
sources are used. Unlike EPMA, however, the standards and samples can be measured
simultaneously (i.e. in the same field of view), which bypasses drift correction.
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At crystal margins, where chemical zonation is both common and shown to contain valuable
temporal information (e.g. Hartley et al., 2016; Pankhurst et al., 2018a), the comparison between
BSE and laboratory X-ray images is encouraging, yet not sufficient at the resolution in the present
study to retrieve quantitative data within ~100 um from the crystal rim with comparable accuracy
to EPMA (see Fig. 3). This is likely due to subtle beam hardening effects which are non-linear in
regard to material composition, and also depend upon the region of interest’s position in the
sample itself. Method development to overcome these final limitations for application, for
example, element diffusion modelling, is currently being researched. Optimisation techniques
could combine 1) pre-filtering a polychromatic beam while retaining useful image contrast, 2) use
of analogue phantoms of homogeneous composition that bracket that of the sample density in
conjunction with 3) collecting beam intensity data (Pankhurst et al. 2018b) which would allow a
researcher to tune beam-hardening correction factors a posteriori using (2) as monitors of beam
hardening effects.

San Carlos Olivine compositional variation

The potential for some compositional mismatch between our olivine from San Carlos to that of the
San Carlos SRM was anticipated from inter-laboratory comparisons using Smithsonian and non-
Smithsonian material (Fournelle, 2011). Nevertheless, our results were unexpected. Despite
originating from a single crystal, two distinct compositions were observed in the XMT data (Fig. 7).
Each shards’ grouping is corroborated by the BSE, EPMA and laboratory XMT data. Most shards
are composed of F090.9, yet four pieces are slightly more evolved; all returning Fo89.1. This
demonstrates that extremely subtle differences in olivine chemistry can be resolved by XMT

Each shard appeared to be homogeneous in BSE intensity across each shard is either flat or E'
contains gradients corresponding to Fo variation far less than our EPMA uncertainty. These subtle
gradients could be due to real variation, or a function of preparation. There is no relationship with
Z distance (determined using the autofocus feature of the probe for EPMA software; Donovan et
al., 2012), and the subtle tilt of the polished surface is unlikely to explain such gradients. It is
conceivable that BSE signal intensity could be mediated by crystal orientation, yet if this was the
case, and in a population of 11 randomly oriented shards, we should expect a spread of values
rather than two distinct groups. Differences in polishing or perhaps even stage position (which
might indicate an electrical bias in the chamber) can also be ruled out; the groupings are not
spatially related. EPMA profiling including trace element mapping, and determination of
crystallographic orientation, is planned for these shards, which may resolve these questions. The
simplest explanation is that this single large crystal is zoned and comprised of distinct domains

with relatively sharp boundaries between them. Further XMT work is planned for complete
crystals.

Fournelle (2011) reported values across a range between ~Fogg to Foo1.5 for non-USNM San Carlos
olivine, with the highest peak at Foggg (Fig. 7). This composition corresponds to the group with the
largest number of shards (group 2), and is consistent with a homogeneous core that dominates
the volume of a crystal. The sub-dominant group 1 could be explained as being derived from a
slightly more evolved overgrowth or diffusion rim, which is almost ubiquitous in volcanic olivine
(e.g. Hartley et al., 2016; Kahl et al., 2011). The accepted value of USNM San Carlos Olivine is
based on what is a comparatively tiny volume of crushed material which, intriguingly, sits between
the two “extremes” (Fournelle, 2011).

Investigating 3D chemistry and texture without a linking step

Reconciling textural information with chemical data continues to drive petrologic research, and is
an essential feature in any viable petrogenetic model. When measuring in 2D, however, there is
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always some potential for chemical data to be mis-located in terms of its textural context. For
example, the middle of a crystal in 2D is not necessarily its core. A measurement 100 um from a
crystal rim in 2D could be less in 3D. Thus 2D measurements of texture and chemistry provide the
potential to integrate information at a population level only (e.g. Morgan and Jerram, 2006). This
is because what is measured from individual grains cannot be directly carried over to the third
dimension due to these sectioning effects at the single-grain scale. Good representation is usually
achieved simply by measuring over a wide enough area to capture a statistically meaningful
dataset, yet these statistics do not provide context at the scale of individual grains. To link two-
dimensional mineralogical observations to dynamic, physical processes that occur in three
dimensions either some form of careful stereoscopic correction, extrapolation or reasoned
assumption in regard to the third direction must be made (e.g. Morgan and Jerram, 2006). Current
work is investigating olivine chemistry and size in natural rocks that contain other minerals.

In comparatively simple cases this does not preclude robust conclusions to be formed. However,
since crystals can have complex histories (Kahl et al., 2013), population trends may not accurately
reflect bulk magma behaviour or history. Technology that inherently links direct textural and
chemical measurements overcomes the issue, since integration can be conducted at the grain
scale. To aid definition of grain boundaries in samples that contain phases with similar attenuation
to that of olivine, multiple X-ray tomographic techniques such as phase contrast imaging (Wang et
al.,, in press; Wang et al., 20164, b) can be used. Crystallographic orientation can also be
determined using XMT (McDonald et al., 2015), which raises the possibility of extracting 3D maps
of Fo content that are fully integrated with diffusion anisotropy for individual crystallographic
domains.

Since these data are quantitative and reproducible, they are poised to address questions requiring
fully integrated spatial and chemical context in 3D, and in in-situ experiments: 3D plus time (see
Alvarez-Murga et al., 2017; Baker et al., 2012; Cai et al., 2014; Pistone et al., 2015).
Monochromatic X-ray beams <53 kV are recommended to measure variation within single crystals
to achieve enhanced contrasts (reducing uncertainty further) and to avoid beam hardening effects
(compare the 53 with the 70 kV data in Fig. 5). The use of dual-energy laboratory X-ray systems
(Liu et al., 2009) in geological research will likely allow quantitative 3D chemical measurement of
mineral systems with three dominant end-members, such as pyroxene and feldspar.

XMT provides useful spatial context for the characterisation of new, and possibly existing, natural
micro-beam standards. Such material must be homogeneous by definition. XMT provides a rapid
method to determine how suitable a material might be, before comparatively more laborious
analysis is conducted.

Quantitative X-ray micro-tomography can now provide raw data to further improve diffusion
models (see Shea et al., 2015), targeting for in-situ Fe-Mg isotope analysis (Sio et al., 2013), and
place such observations within full 3D textural analysis of olivine, which itself contains vital
evidence for petrogenetic processes (Erdmann et al., 2014; Vinet and Higgins, 2011). With
measurements of the volume, density and shape of crystals, physical behaviour (such as settling
velocity) can be explored, and related back to chemical records in those crystals. Linking these
insights will underpin developments such as determining dynamic processes in sills (e.g. Egorova
and Latypov, 2013; Gibb and Henderson, 1992; Holness et al., 2017) crystal mushes (e.g. Thomson
and Maclennan, 2013), and piecing together volcanic plumbing system behaviour (Pankhurst et al.,
2018a).

Where a significant mass (10s to 100s mg) of olivine grains are required for isotopic
measurements, checking an entire population of grains before chemical digestion can be difficult.
Peridotite xenoliths, while not necessarily preserving direct evidence for melt-rock interaction in
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the form of, for example, pyroxenite veins, may still preserve cryptic metasomatic effects of this
process distal from the location of the pyroxenite itself. Screening olivine grains in crushed
peridotite for chemical zoning derived from melt-rock interaction prior to digestion would be one
such use of this technique. Another is obtaining 3D chemical information of olivine in-situ,
providing context of such processes involved in the deposition, removal, and modification of
accessory phases (Harvey et al., 2015).

III

There are a number of emergent “non-traditional” stable isotope systems where, as mass
spectrometer sensitivity continues to improve, the transition from bulk-rock to mineral aggregate
measurements, and toward single-grain and sub-grain measurement (Sio et al., 2013) will
inevitably progress. Olivine is already of particular interest for Mg isotope studies (Chaussidon et
al., 2017), and bulk-rock isotopic measurements of Fe (e.g. Huang et al., 2011), Ni (e.g. Gall et al.,
2017) and Cr (e.g. Farkas et al., 2013) are the vanguard for similar measurements on olivine
aggregates. The proliferation of mass spectrometer amplifiers that can precisely record beam
intensities of a few millivolts will mean that olivine mineral separates, demonstrably free of
metasomatic effects prior to chemical preparation, will be critical for these applications.

IMPLICATIONS AND APPLICATIONS OF 3D CHEMICAL MEASUREMENT OF OLIVINE

Calibrated 3D X-ray images now can contain spatial and chemical information per voxel. A number
of key advances are now possible:

e Crystal chemical populations can be fully integrated with size distributions, textural
features and spatial relationships. These data will help unravel complex petrogenetic
relationships in particular.

e Samples of extreme value can be chemically analysed using a non-destructive method.

e Composition can be tracked in 3D-plus-time during in-situ experiments.

e 3D olivine growth, dissolution and diffusion models can be tested using natural 3D data.

e Olivine separates can be screened for metasomatic effects prior to digestion and isotopic
analysis.

e Microbeam standards can be screened for major element heterogeneity (entire existing
mounts or material prior to mounting), and potentially reduce analytical inaccuracy due to
standard inhomogeneity.
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Tables

Table 1. Description, source, and position of olivine sample discs arranged in a stack and scanned in

XMT systems.

Position of disc

in stack (see Sample description Source/reference
Fig. 2)
1 Legacy crystals cut from grain mounts Pankhurst et al. (2014)
+1 mm sized crystals from the 2010
2* flank eruption of Eyjafjallajokull T. Thordarson
(Fimmvorduhals: FO7a above b).
3 Killbourne Hole Peridotite olivine. Harvey et al. (2012)
4 H?I(?yjarbunga lava shield (picrite) G. Fitton/T. Thordarson
olivine.
5 Star-1 (alkali basalt; Papua New Guinea). M. Turner/I. Smith
6 Green Sand Beach (Hawaii). G. Fitton
7* San Carlos Forsterite. J. Harvey
Natural History Museum,
8 Rockport Fayalite. London, UK (BM.1985,
MI8988)
9 Eyjafjallajokull Summit eruption (2010, T. Thordarson

Iceland) E60: b above a.

*Indicates samples used for primary calibration here, the other samples were not analysed
by EPMA (i.e. cut ground and polished). Instead, they were retained to be used as internal
reference materials in subsequent work.
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Table 2. Electron Probe Microanalysis secondary reference material results. Individual oxide results
are accurate within 2o of accepted values. Note the precision on major oxides used to calculate Fo
content: FeO, MgO and MnO (Mn was included in all Fo calculations due to its comparatively high
abundance in the fayalite sample). The exception is SiO,, which is known to give inferior results in
the type specimen. Since the Mg and Fe content dominate the attenuation contrast in the solid
solution of interest here, no added uncertainty is ascribed to the data.

Springwater Meteorite olivine

Oxide As secondary RM Accepted value
_ (Jarosewich et al.,

(n=44) 1980)

wt % 20 wt %

SiO, 39.76 0.31 38.95
TiO, 0.08 0.04 nr
Al,O5 bd na nr

Cr,03 0.04 0.02 0.02

FeO 16.64 0.23 16.62
MnO 0.31 0.02 0.3

MgO 43.65 0.42 43.58
CaOo bd nr

Total 100.21 0.74 99.47

Forsterite %* 82.38 +0.25 82.11

bd = below detection, na = not applicable, nr = not reported

*calculated using Fe, Mg and Mn as per all EPMA calculations presented
here
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Table 3. Crystal core Fo content, calculated density, and image data.

Crystal Polychromatic Monochromatic
core Fo* Density** data data
Intensity (16-
glem® 5% error | bit) 20 u (53 kV) 20

ol3t 75.03 3.55 0.18 12819 61 1.43 0.09
ol4 76.29 3.54 0.18 12732 74 1.38 0.11
olé 75.22 3.55 0.18 12816 69 1.44 0.11
ol7 78.18 3.52 0.18 12561 105 0.00
ol8 79.92 3.50 0.17 12571 82 1.29 0.09
ol9 79.75 3.50 0.17 12571 67 1.29 0.10
ol10 76.28 3.54 0.18 12789 70 0.00
ol11 78.37 3.51 0.18 12695 61 1.36 0.09
ol12 80.54 3.49 0.17 12491 62 1.30 0.09
ol13 80.73 3.49 0.17 84 0.00
ol15 79.86 3.50 0.17 12547 59 1.29 0.10
ol16 85.70 3.43 0.17 12139 172 1.13 0.11
ol17 78.45 3.51 0.18 12634 77 1.38 0.09
ol18 73.96 3.56 0.18 155 1.48 0.09
ol19 74.09 3.56 0.18 12768 67 1.45 0.12
ol20 74.03 3.56 0.18 12793 66 1.46 0.12
ol21 87.11 3.42 0.17 12172 65 1.13 0.09
ol22 81.53 3.48 0.17 12380 138 1.28 0.10
ol23 86.19 3.43 0.17 12196 72 1.16 0.08
ol24 77.58 3.52 0.18 12604 85 1.36 0.08
ol25 80.36 3.49 0.17 12504 65 1.32 0.12
ol26 80.50 3.49 0.17 12500 62 1.32 0.09
ol27 83.29 3.46 0.17 67 0.00
ol28 87.04 3.42 0.17 12144 60 1.13 0.09
ol29 78.53 3.51 0.18 12595 64 1.32 0.08
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ol30 79.45 3.50 0.18 12532 71 1.34 0.12
ol31 78.08 3.52 0.18 12595 85 1.39 0.11
ol32 75.92 3.54 0.18 12745 56 1.41 0.08
ol33 73.57 3.57 0.18 12841 71 1.48 0.11
ol34 78.90 3.51 0.18 12517 88 1.32 0.10
ol35 80.10 3.49 0.17 12501 69 1.34 0.08
SC_1 90.95 3.37 0.17 11947 29 1.03 0.15
SC_2 90.92 3.37 0.17 11976 25 1.04 0.14
SC_3 90.92 3.37 0.17 11958 29 1.06 0.16
SC_4 89.10 3.39 0.17 12099 33 1.10 0.16
SC_5 90.89 3.37 0.17 11988 34 1.03 0.13
SC_6 89.08 3.39 0.17 12061 52 1.07 0.18
SC_7 90.96 3.37 0.17 11978 59 0.97 0.16
SC_9 90.93 3.37 0.17 11970 32 1.04 0.15
SC_10 89.09 3.39 0.17 12057 33 1.08 0.14
SC_11 90.87 3.37 0.17 11951 34 1.03 0.14

*average values per crystal core (see Table S2 for full results)

**calculated from numerical mixing of Fo and Fa end-members

tolXX are abbreviated from FMVD7_1mm_a_olXX (see Table S2)
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1. Pre-XMT disc preparation
prep Slice of pipette tube
(internal diameter 14 mm)
< oo
AR
Thin film of petroleum
on glass cover slip
2. XMT scanning
Axis of sample rotation
during scanning
X-ray beam
4 — — direction
(parallel)
Stack of 14 mm resin discs
containing particles
dominated by olivine
crystals.

3. Pre-EPMA preparation Disc gently ground to flat
surface (~half crystal
volume lost)

=SSR | Standard 25 mm diameter

| grain mount.
Thin film of resin used to
stick flattened disc down,
cured, then filled with resin

_.:, to complete mount
hd Z 25 mm disc gently

re-ground and polished
through grades, finishing
on % pm diamond paste
Graticule scored for
orientation

Fig. 1. Schematic of sample preparation for integrated XMT and 2D

analysis. 1) Crystals were first set into 14 mm diamter resin discs, 2)

scanned, and 3) selected discs were prepared into standard 25 mm mounts

for a variety of 2D analysis.
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Fig. 2. Re-projection image from reconstruction of stack. Stack is comprised of resin discs that
each contain a sample (or sample subset) of olivine. Refer to Table 1 for sample descriptions.
White bar is 10 mm. *Indicates samples investigated with BSE imaging and EPMA.
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XMT slices

BSE images

(iv: BSE)
PepeuatReg,
(ii: XMT)

Greyscale
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pm

Fig. 3. lllustration of comparative 3D and 2D imaging techniques focussed upon the mineral
olivine. In most cases these particles retained some vesiculated glassy matrix around the olivine
crystals after being hand-picked from loose tephra. a) 3D image data from polychromatic beam,
field of view = 8 mm. i) volume render of Fimmvoérduhals sample (sample 2a in stack) ii) XY
orthoslice through attenuation image; insets correspond to b). b) Comparison between XMT slices
(i and ii) and BSE images (iii and iv), white bars = 0.5 mm, no image filtering was performed. c)
image intensity profiles from the same location in XMT and BSE data. Each line is 10 pixels wide. A
qualitative match is observed: a reverse zone (darker — more Mg rich) is observed around a
homogeneous core. The shape of the XMT-derived profile has a broader reverse zone than the
BSE-derived profile, and the XMT profile in the core region is flatter than in the BSE.
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Fig. 4. Olivine attenuation causing beam hardening at margins of grains, and its correction. a)
oblique view of olivine grains (volume render, green). Image brightness is shown as red-blue
colour map in XZ cutaway and grayscale in XY, the latter approximates the 2D plane that was cut
and polished (disc. b) San Carlos olivine shards. According to image brightness, each exhibit
internal chemical homogeneity equivalent to that below EPMA uncertainty i) X-ray image after
polychromatic beam-characterisation correction to a density value of 3.34 g cm?, ii) profiles
demonstrating step function across resin-crystal boundary. c) collection of olivine crystals with
inter- and intra-crystal heterogeneity wrapped in plastic film i) before and ii) after correction to a
density value of 3.45 g cm?. iii) image cii subtracted from image ci demonstrates the approximately
radial beam hardening effect is reduced, and highlights the higher sensitivity to the correction in
materials with low attenuation (i.e. the film). Compare box A and B in each image. The brightening
is reduced/removed from i to ii; the difference is shown in iii.




757

758

759

760

N Calculated* Measured R?
-~ 53kv = m m —O— 099
- 60kVv. = =m = —— 098
AR N g 706V = omw —O— 091
L o ™
— a .
-~ - % Typical 20 uncertainty
|~ g .
h H
<
H
- .
M 4
o
-
o
37
o = —
C}-

72 74 76 78 8 82 84 8 88 90 92
Fo (mol%)

Fig. 5. Calculated vs measured linear attenuation of the olivine solid solution from Fo;3.9;. Good
linear fits are found in all datasets across Fo73.91. There are no significant trends in the magnitude
of the offset with composition or energy. Greater contrast is observed when using lower energy.
At a given Fo content, the difference between the measured 53 and 60 kV values is the same as
the difference between the calculated 52 and 60 kV values, within a range of 0.025 u (line i). The
same test was applied to 53 and 70 kV data (line ii) and 60 and 70 kV data (line iii), where a total
range of ~0.05 u was found, which is less than the scatter in any of the measured datasets. No
significant trends in the magnitude of the offset with composition or energy are observed.




Fig. 6. Crystal core image brightness
from polychromatic X-ray source vs
chemical analysis (a) and
monochromatic source (b). Indications
of accuracy and usability in a non-
synchrotron setting are shown. a) A
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(a) B USNM San Carlos LS Fig. 7. Subtle chemical heterogeneity
I non-USNM San Carlos between and within shards of a single
B crystal of San Carlos forsterite. a) linear
11 ey = attenuation as measured using
-8 monochromatic X-rays vs. EPMA spot
g this study this study ‘%‘g analyses show a distinct clustering into
5 group 1 group 2 s Fo~gg and Fo~g; groups (1 and 2
o8 .
5] EE respectively). These correspond to the
: most common compositions of non-
|3 USNM San Carlos olivine reported by
- Fournelle (2011). b) laboratory-source X-
- ) ' ' .Jl“L ' I ' ray image. Distinct differences between
88 89 90 91 92 shards are observed. The image
Fo (mol%)

intensity is displayed using an arbitrary
colour scheme (green = higher). The
range corresponds to ~2 mol % Fo (see
a), and is displayed without any
filtration to provide an indication of the
current signal:noise limit achievable
with a modern laboratory scanner and
~1 hour scan time.
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767  Supplementary Information

768  Table S1: Example calculations of mass, and linear attenuation coefficients. Mass attenuation
769  coefficients (MAC) are calculated using the publically available XCOM database (Berger et al.,
770  2016), from which linear attenuation coefficients (LAC) are derived using published values of
771  density (Deer et al., 1982).

Photon

energy Fa Fo

(KeV) (p=4.39) (p=3.271)

MAC* u | mac u
cm?/g cm?/g

40 2.17 9.51 0.43 1.39
41 2.03 8.9 0.41 1.33
42 1.9 8.34 0.39 1.28
43 1.78 7.83 0.38 1.23
44 1.68 7.36 0.36 1.18
45 1.58 6.94 0.35 1.14
46 149 6.55 0.34 1.1
47 1.41 6.19 0.33 1.07
48 1.33 5.86 0.32 1.03
49 1.26 5.55 0.31 1
50 1.2 b5.27 0.3 0.98
51 1.14 5.01 0.29 0.95
52 1.09 4.77 0.28 0.93
53 1.04 454 0.28 0.9
54 0.99 4.34 0.27 0.88
55 0.94 414 0.26 0.86
56 0.9 3.96 0.26 0.85
57 0.86 3.8 0.25 0.83
58 0.83 3.64 0.25 0.81
59 0.8 3.49 0.24 0.8
60 0.76 3.36 0.24 0.78
61 0.74 3.23 0.24 0.77
62 0.71 3.11 0.23 0.76
63 0.68 2.99 0.23 0.75
64 0.66 2.89 0.22 0.73
65 0.63 2.79 0.22 0.72
66 0.61 2.69 0.22 0.71
67 0.59 2.6 0.22 0.71
68 0.57 2.52 0.21 0.7
69 0.56 2.44 0.21 0.69
70 0.54 2.37 0.21 0.68
71 0.52 2.29 0.21 0.67
72 0.51 2.23 0.2 0.66
73 0.49 2.16 0.2 0.66
74 0.48 2.1 0.2 0.65
75 0.47 2.05 0.2 0.64
76 0.45 1.99 0.2 0.64
77 0.44 1.94 0.19 0.63
78 0.43 1.89 0.19 0.63
79 0.42 1.84 0.19 0.62
80 0.41 1.8 0.19 0.62

*mass attenuation coefficient
772



773  Table S2: Full results from olivine EPMA. All oxide results reported in wt%. NMNH-111312-44 (Sand Carlos olivine) used as primary reference
774  material, USNM-2566 (Springwater Meteorite olivine; see Table 2) and a pre-characterised chip of GEO2 olivine (see Pankhurst et al., 2017), used as a
775  secondary reference materials.

SAMPLE SiO, TiO, Al,O4 FeO MnO MgO CaO Cry04 TOTAL Fo Fa Te
FMVD7_1mm_a_ol3 38.38 0.12 0.01 22.78 0.33 38.94 0.24 0.01 100.81 75.02 24.62
FMVD7_1mm_a_ol3 38.41 0.11 bd 22.75 0.32 38.91 0.24 0.01 100.74 75.04 24.62
FMVD7_1mm_a_ol4 38.72 0.10 0.01 21.82 0.29 39.80 bd 0.02 100.70 76.24 23.45
FMVD7_1mm_a_ol4 38.70 0.10 bd 21.65 0.29 39.70 bd 0.02 100.05 76.33 23.35
FMVD7_1mm_a_ol6 38.20 0.09 0.01 22.67 0.29 38.99 0.18 0.00 100.45 75.16 24.52
FMVD7_1mm_a_ol6 38.12 0.10 0.02 22.50 0.28 38.94 bd 0.01 99.76 75.29 24.40
FMVD7_1mm_a_ol7 38.89 0.09 0.01 19.86 0.30 40.71 bd 0.03 99.63 78.26 21.42
FMVD7_1mm_a_ol7 38.94 0.11 0.01 20.06 0.29 40.72 bd 0.02 99.84 78.10 21.59
FMVD7_1mm_a_ol8 39.11 0.10 0.02 18.84 0.26 42.52 0.47 0.03 101.34 79.87 19.85
FMVD7_1mm_a_ol8 39.20 0.09 0.01 18.64 0.26 42.34 bd 0.03 100.25 79.97 19.75
FMVD7_1mm_a_ol9 39.26 0.10 0.02 18.68 0.26 41.82 bd 0.03 99.72 79.74 19.98
FMVD7_1mm_a_ol9 39.24 0.10 0.01 18.75 0.25 41.99 bd 0.02 99.97 79.76 19.98
FMVD7_1mm_a_ol10  38.32 0.10 0.02 21.77 0.29 39.71 0.21 0.00 100.42 76.24 23.44
FMVD7_1mm_a_ol10  38.37 0.09 0.01 21.68 0.27 39.71 bd 0.01 100.13 76.33 23.38
FMVD7_1mm_a_ol11 38.78 0.09 0.01 19.97 0.28 41.16 0.43 0.02 100.74 78.37 21.33
FMVD7_1mm_a_ol11 38.77 0.11 0.01 20.00 0.27 41.22 0.33 0.02 100.73 78.38 21.34
FMVD7_1mm_a_ol12  39.21 0.10 0.02 18.18 0.24 42.68 bd 0.02 100.04 80.51 19.23
FMVD7_1mm_a_ol12  39.22 0.10 0.01 18.11 0.24 42.70 0.23 0.03 100.64 80.57 19.18
FMVD7_1mm_a_ol13  38.94 0.11 0.01 17.92 0.24 42.77 bd 0.03 99.62 80.76 18.98
FMVD7_1mm_a_ol13  39.09 0.10 0.01 17.96 0.24 42.68 0.28 0.02 100.39 80.70 19.05
FMVD7_1mm_a_ol15  39.10 0.09 0.01 18.72 0.23 42.10 bd 0.02 99.89 79.84 19.91
FMVD7_1mm_a_ol15  39.28 0.10 0.01 18.67 0.25 4217 bd 0.03 100.02 79.89 19.84
FMVD7_1mm_a_ol16  39.83 0.10 0.03 13.69 0.17 46.29 0.37 0.06 100.55 85.62 14.20
FMVD7_1mm_a_ol16  39.91 0.07 0.03 13.50 0.18 46.30 bd 0.06 99.89 85.78 14.03
FMVD7_1mm_a_ol17  38.85 0.10 bd 19.85 0.26 40.99 bd 0.01 99.50 78.42 21.30
FMVD7_1mm_a_ol17  38.92 0.10 0.01 19.78 0.28 41.08 bd 0.01 99.71 78.49 21.21
FMVD7_1mm_a_ol18  38.13 0.09 bd 23.51 0.34 38.06 0.77 0.00 100.90 73.98 25.64
FMVD7_1mm_a_ol18  38.20 0.09 0.00 23.53 0.33 37.99 0.18 0.00 100.33 73.94 25.69
FMVD7_1mm_a_ol19  38.21 0.10 0.01 23.42 0.34 38.21 bd 0.01 99.73 74.13 25.49
FMVD7_1mm_a_ol19  38.14 0.08 0.01 23.48 0.35 38.15 0.05 bd 100.24 74.05 25.57
FMVD7_1mm_a_ol20  37.87 0.09 bd 23.46 0.32 38.11 bd bd 99.30 74.06 25.58

FMVD7_1mm_a_ol20  38.12 0.10 0.01 23.49 0.34 38.04 bd 0.00 99.65 73.99 25.63



FMVD7_1mm_a_ol21
FMVD7_1mm_a_ol21
FMVD7_1mm_a ol22
FMVD7_1mm_a ol22
FMVD7_1mm_a ol23
FMVD7_1mm_a_ol23
FMVD7_1mm_a_ol24
FMVD7_1mm_a_ol24
FMVD7_1mm_a_ol25
FMVD7_1mm_a ol25
FMVD7_1mm_a ol26
FMVD7_1mm_a ol26
FMVD7_1mm_a ol27
FMVD7_1mm_a_ol27
FMVD7_1mm_a_ol28
FMVD7_1mm_a_ol28
FMVD7_1mm_a_ol29
FMVD7_1mm_a ol29
FMVD7_1mm_a 0l30
FMVD7_1mm_a ol30
FMVD7_1mm_a_ol31
FMVD7_1mm_a_ol31
FMVD7_1mm_a_ol32
FMVD7_1mm_a_ol32
FMVD7_1mm_a_ol33
FMVD7_1mm_a 0l33
FMVD7_1mm_a_ol34
FMVD7_1mm_a_ol34
FMVD7_1mm_a ol35
FMVD7_1mm_a ol35

RP_1

RP_1r

RP_2

RP_2r

RP 3

RP_3r

RP 4

40.14
40.11
39.34
39.41
40.04
40.16
38.72
38.68
38.97
38.97
39.06
39.00
39.33
39.54
40.18
40.30
38.95
38.95
39.13
38.97
38.69
38.71
38.48
38.55
37.99
37.86
38.74
38.71
39.09
39.04
29.62
29.63
29.64
29.49
29.59
29.73
29.64

0.07
0.07
0.09
0.10
0.09
0.07
0.10
0.09
0.09
0.08
0.08
0.09
0.08
0.09
0.07
0.07
0.08
0.10
0.09
0.08
0.09
0.10
0.10
0.10
0.07
0.09
0.09
0.09
0.09
0.10
0.11
0.13
0.12
0.10
0.12
0.13
0.12

0.03
0.02
0.02
0.01
0.02
0.02
0.01
0.01
0.00
0.01
0.02
0.01
0.02
0.02
0.03
0.03
0.01
0.02
0.01
0.02
0.02
0.02
0.00
0.02
0.01
0.00
0.01
0.01
0.02
0.02
bd
bd
bd
bd
bd
bd
bd

12.28
12.30
17.26
17.25
13.01
13.08
20.55
20.53
18.24
18.30
18.12
18.05
15.61
15.73
12.33
12.33
19.89
19.76
19.05
19.00
20.18
20.18
22.00
21.90
23.82
23.95
19.50
19.50
18.45
18.48
66.52
66.59
66.46
66.34
65.90
66.27
66.23

0.15
0.17
0.23
0.24
0.17
0.16
0.29
0.29
0.24
0.25
0.24
0.26
0.21
0.22
0.16
0.17
0.27
0.28
0.27
0.26
0.29
0.29
0.31
0.31
0.33
0.31
0.27
0.28
0.26
0.25
2.55
2.56
2.59
2.60
2.55
2.55
2.54

47.13
47.27
43.33
43.31
46.22
46.34
40.44
40.46
42.48
42.51
42.43
42.46
44.42
44.41
47.12
47.07
41.20
41.27
41.83
41.84
40.93
40.88
39.33
39.41
37.84
37.78
41.50
41.46
42.20
42.33
0.01
-0.01
0.00
0.02
-0.01
0.01
-0.01

bd
0.21
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
0.43
bd
bd
0.47
bd
bd
0.08
bd
bd
0.01
0.62
bd
0.33
0.03
bd
bd
0.19
bd
bd
bd

0.06
0.05
0.03
0.02
0.06
0.06
0.02
0.01
0.02
0.01
0.02
0.02
0.04
0.06
0.06
0.06
0.01
0.01
0.02
0.03
0.02
0.01
0.01
0.00
0.00
0.02
0.01
0.02
0.02
0.03
0.00
0.00
0.00
0.01
0.00
0.01
bd

99.67
100.20
100.02

99.87

99.15

99.21

99.66

99.82

99.77

99.56

99.56

99.39

99.32

99.51

99.29

99.60
100.09
100.82

99.81
100.18
100.69
99.98
99.76
100.37
99.56
99.97
100.11
100.69
99.44
100.58
98.81
98.58
98.40
98.71
97.93
98.56
98.08

87.11
87.11
81.54
81.53
86.21
86.18
77.57
77.59
80.38
80.33
80.47
80.52
83.35
83.23
87.05
87.03
78.46
78.59
79.42
79.48
78.09
78.07
75.86
75.98
73.64
73.51
78.91
78.89
80.09
80.11

12.74
12.71
18.22
18.21
13.61
13.65
22.12
22.09
19.36
19.40
19.27
19.20
16.43
16.53
12.78
12.79
21.25
21.10
20.29
20.24
21.60
21.62
23.80
23.69
26.00
26.14
20.80
20.81
19.64
19.62
96.23
96.27
96.19
96.14
96.25
96.22
96.30

3.74
3.75
3.80
3.82
3.78
3.75
3.73



RP_4r
RP_5
RP_5r
RP_6
RP_6r
RP_8
RP_8r
RP_9
RP_9r
RP_10
RP_10r
RP_11
RP_11r
RP_12
RP_12r
RP_13
RP_13r
RP 14
RP_14r
RP_15
RP_15r
SC_1
SC_1r
SC_1r2
SC 2
SC 2r
SC 2r2
SC_3
SC 3r
SC_3r2
SC 4
SC 4r
SC 4r2
SC_ 5
SC b5r
SC 5r2
SC_6

29.71
29.60
29.57
29.76
29.79
29.74
29.71
29.55
29.64
29.75
29.75
29.77
29.76
29.79
29.79
29.64
29.62
29.79
29.74
29.69
29.79
41.20
41.13
40.98
41.05
40.94
40.95
41.17
41.19
41.16
40.70
41.19
40.85
41.24
41.26
41.16
41.03

0.12
0.11
0.11
0.12
0.09
0.10
0.12
0.11
0.11
0.12
0.12
0.12
0.13
0.12
0.13
0.12
0.11
0.13
0.13
0.13
0.13
0.08
0.08
0.07
0.08
0.08
0.08
0.09
0.09
0.09
0.08
0.10
0.08
0.08
0.08
0.09
0.10

bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd

66.57
66.31
66.35
66.62
66.86
66.55
66.42
66.14
66.21
66.42
66.61
66.62
66.41
66.33
66.37
66.25
66.15
66.62
66.64
66.35
66.43
8.82
8.82
8.83
8.87
8.83
8.85
8.88
8.86
8.87
10.55
10.49
10.48
8.83
8.87
8.91
10.53

2.57
2.57
2.54
2.54
2.53
2.53
2.54
2.56
2.58
2.53
2.55
2.54
2.56
2.53
2.57
2.54
2.56
2.55
2.49
2.59
2.58
0.13
0.13
0.13
0.14
0.14
0.13
0.12
0.14
0.12
0.16
0.15
0.15
0.13
0.12
0.14
0.15

0.01
0.01
bd
0.01
0.02
0.01
0.01
bd
bd
0.01
0.00
0.03
0.00
0.01
bd
0.01
0.01
0.00
0.01
bd
0.02
50.33
50.48
50.58
50.42
50.52
50.55
50.61
50.56
50.47
49.16
48.35
49.08
50.38
50.29
50.53
49.08

bd
bd
bd
bd
bd
bd
bd
0.05
bd
bd
0.08
bd
bd
bd
bd
bd
bd
0.17
0.17
bd
0.19
0.12
bd
bd
bd
bd
bd
bd
0.06
bd
bd
bd
bd
bd
bd
0.00
bd

0.00
0.00
bd
0.00
0.00
0.00
0.00
0.00
bd
bd
bd
bd
0.00
0.00
0.00
0.01
0.01
0.00
0.01
0.00
0.00
0.03
0.03
0.02
0.02
0.08
0.02
0.02
0.02
0.01
0.01
0.01
0.02
0.02
0.02
0.03
0.02

98.56
98.17
98.09
98.93
98.72
98.39
97.95
98.37
98.41
98.58
99.07
98.97
98.29
98.64
98.80
98.29
97.91
99.23
99.16
98.63
99.08
100.70
100.32
100.39
100.05
100.23
100.15
100.54
100.91
100.61
100.26
100.29
100.53
100.13
100.20
100.85
100.60

90.93
90.96
90.95
90.89
90.94
90.94
90.92
90.92
90.91
89.11
89.01
89.17
90.92
90.89
90.87
89.12

96.20
96.21
96.32
96.26
96.26
96.27
96.25
96.22
96.22
96.25
96.27
96.21
96.25
96.26
96.26
96.24
96.22
96.27
96.32
96.24
96.18
8.94
8.91
8.91
8.97
8.91
8.93
8.95
8.94
8.97
10.73
10.83
10.68
8.94
8.99
8.99
10.72

3.77
3.77
3.73
3.72
3.70
3.71
3.73
3.77
3.80
3.72
3.73
3.72
3.75
3.72
3.78
3.74
3.77
3.74
3.64
3.81
3.78



776

SC_é6r
SC 6r2
SC 7
SC 7r
SC 7r2
SC 9
SC 9r
SC 9r2
SC_10
SC _10r
SC _10r2
SC_11
SC 11r
SC_11r2

r denotes repeat spot analysis, <10 um from the original. r2 is a second repeat, also <10 um from the original

40.91
40.97
41.18
41.18
41.22
41.22
41.14
41.22
41.04
40.84
40.82
41.19
41.22
41.08

0.09
0.09
0.08
0.08
0.09
0.09
0.09
0.08
0.09
0.08
0.09
0.09
0.07
0.09

bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd

10.59
10.62
8.81
8.81
8.87
8.87
8.85
8.81
10.59
10.55
10.52
8.93
8.92
8.83

0.15
0.15
0.13
0.13
0.12
0.14
0.14
0.12
0.15
0.16
0.16
0.12
0.14
0.13

49.08
49.09
50.63
50.49
50.55
50.54
50.49
50.38
49.07
49.16
48.95
50.47
50.36
50.26

bd
0.12
bd
0.00
bd
bd
bd
bd
bd
0.17
bd
bd
0.08
bd

0.03
0.02
0.02
0.02
0.04
0.02
0.02
0.03
0.01
0.01
0.01
0.01
0.02
0.02

100.53
101.06
100.81
100.70
100.65
100.58
100.43
100.24
100.31
100.97
100.15
100.44
100.80
100.16

89.07
89.04
90.99
90.96
90.92
90.91
90.92
90.95
89.06
89.10
89.09
90.86
90.83
90.91

10.78
10.80
8.88
8.90
8.95
8.96
8.94
8.92
10.79
10.73
10.74
9.02
9.03
8.96



1. Pre-XMT disc preparation Slice of pipette tube

internal diameter 14 mm)

Thin film of petroleum
on glass cover slip

CA

Axis of sample rotation
during scanning

X-ray beam
4 — — direction
(parallel)

Stack of 14 mm resin discs
containing particles
dominated by olivine
crystals.

3. Pre-EPMA preparation Disc gently ground to flat
surface (~half crystal
volume lost)

<S5 Standard 25 mm diameter
grain mount.

Thin film of resin used to
stick flattened disc down,
cured, then filled with resin
to complete mount

25 mm disc gently
re-ground and polished
through grades, finishing
on % pum diamond paste

Graticule scored for
orientation
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