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P L A N E T A R Y  S C I E N C E

The scale of a martian hydrothermal system explored 
using combined neutron and x-ray tomography
Josefin Martell1*, Carl Alwmark1, Luke Daly2,3,4, Stephen Hall5,6, Sanna Alwmark1,7,8, 
Robin Woracek9, Johan Hektor10,11, Lukas Helfen12, Alessandro Tengattini12,13, Martin Lee2

Nakhlite meteorites are igneous rocks from Mars that were aqueously altered ~630 million years ago. Hydrothermal 
systems on Earth are known to provide microhabitats; knowledge of the extent and duration of these systems is 
crucial to establish whether they could sustain life elsewhere in the Solar System. Here, we explore the three-
dimensional distribution of hydrous phases within the Miller Range 03346 nakhlite meteorite using nondestructive 
neutron and x-ray tomography to determine whether alteration is interconnected and pervasive. The results 
reveal discrete clusters of hydrous phases within and surrounding olivine grains, with limited interconnectivity 
between clusters. This implies that the fluid was localized and originated from the melting of local subsurface ice 
following an impact event. Consequently, the duration of the hydrous alteration was likely short, meaning that 
the martian crust sampled by the nakhlites could not have provided habitable environments that could harbor 
any life on Mars during the Amazonian.

INTRODUCTION
Liquid water is essential to life as we know it. Consequently, the quest 
to understand when and where water was present on Mars has been 
key to understanding whether life could have existed there. In the 
1970s, measurements made by the Viking lander confirmed the pres-
ence of phyllosilicates on Mars (1). Subsequently, hydrous minerals 
and related phases have been detected by several remote sensing in-
struments, such as the Compact Reconnaissance Imaging Spectrom-
eter for Mars (2, 3), in situ measurements and observations by Mars 
rovers (4–6), and in studies of martian meteorites (7–12), all of which 
have advanced our knowledge of the behavior of water on ancient 
Mars. However, until drill core samples are brought back to Earth 
[e.g., (13)], detailed laboratory analyses of martian hydrous phases 
are limited to those in martian meteorites [e.g., (12)]. Nakhlites are 
a group of igneous martian meteorites that are rich in pyroxene 
phenocrysts embedded in a fine-grained mesostasis alongside lesser 
amounts of olivine phenocrysts. One key finding in these meteorites 
is evidence for preterrestrial, martian, aqueous alteration of olivine 
grains (11, 12). The aqueous alteration manifests in olivine grains 
that are, in some instances, crosscut by veins of iddingsite, which is 
a collective term for fine-grained hydrous minerals (e.g., smectite, 
iron oxy-hydroxides, and salts) that formed due to low-temperature 
aqueous alteration of the olivine (11, 14–16). A martian origin of the 
iddingsite has been confirmed by elevated D values in the iddingsite 
alteration veins (17) and by isotopic and chemical compositions that 
are consistent with in situ analyses on Mars [e.g., (11, 18, 19)].

All nakhlites found to date are thought to derive from the same 
volcanic system, on the basis of their similar petrology, geochemistry, 
and ejection age of 11 million years (Ma) (11, 20). The nakhlites 
were emplaced in at least four magmatic events, with crystallization 
ages ranging from ~1416 to 1322 Ma ago (21). Suggested source 
locations are the large volcanic terrain of the Northern Plains, Tharsis, 
Elysium-Amazonis volcanic plains, and Syrtis Major (22, 23).

The fluid alteration of the nakhlite meteorites took place on 
Mars ~633 ± 23 Ma ago [(24) and references therein] during the 
Amazonian period. Aqueous activity on Mars during this time is 
generally believed to have been limited to occasional melting of 
subsurface glaciers or permafrost (25, 26), from which fluids could 
migrate within the bedrock when heated, e.g., from an impact-
induced hydrothermal system (7, 25, 27). The impact event would 
have also served to generate a series of fractures and microstructures 
within the rock that allowed fluids to percolate (7). In the martian 
meteorite Miller Range (MIL) 03346, a shock deformation–driven 
hydrothermal system is supported by the correlation between micro-
structures characteristic of shock events in augite and the occurrence 
of secondary minerals derived from fluid-rock reactions being found 
within the mesostasis, connecting the shock event to the aqueous 
alteration (7). Such conditions could have provided transient habit-
able environments for possible martian microorganisms. However, 
the compositional relationships between secondary minerals and 
their host rock, together with the low water-to-rock ratio of the 
nakhlites, suggest that the solutes from which secondary minerals 
precipitated were sourced locally, and thus, fluids did not migrate 
large distances through the martian crust (10, 28–30). Therefore, a 
key question regarding aqueous alteration within nakhlites and their 
potential as a habitable environment is: What was the extent and 
duration of the hydrothermal system? To accurately determine 
whether fluid alteration of the nakhlites was local (millimeters to 
centimeters) or regional (meters to kilometers), we set out to 
characterize the three-dimensional (3D) distribution of secondary 
minerals derived from water-rock reactions on Mars. To achieve this, 
we have combined x-ray and neutron tomography to nondestructively 
characterize specimens of the nakhlite MIL 03346. Furthermore, we 
have conducted electron backscatter diffraction analysis (EBSD) on 
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a polished slab of the sample to investigate the relationship between 
altered phases and shock deformation and scanning electron mi-
croscopy (SEM)–EBSD imaging to verify the tomography results.

X-ray and neutron imaging
Neutron tomography is a nondestructive 3D imaging method that 
has shown promising results in the field of earth sciences (31) and is 
frequently used in paleontology but has also been used in a few, rela-
tively recent, studies of planetary materials (32–36), including struc-
tural characterization of iron meteorites (32). Neutron interaction 
with matter differs from that of x-rays, as it does not follow a linear 
relationship with atomic number. Accordingly, the same minerals will 
have different attenuation coefficients for the two modalities where, 
e.g., hydrogen and boron will yield high neutron attenuation, while 
minerals rich in elements such as iron are comparatively lower attenu-
ating to neutrons than to x-rays (37, 38). X-ray computed tomography 
(XCT) is a conventional method for nondestructive 3D imaging (39–43) 
and an excellent technique to detect and image minerals comprising 
heavy elements; neutron tomography has a complementary contrast, 
essential in delineating, for example, hydrous phases from anhydrous 
phases of similar x-ray attenuation, and thus enables pinpointing of 
hydrous material. In studies where hydrous phases are of particular 
interest, combining neutrons and x-rays provides a powerful tool for 
nondestructive analysis of mineral textures, modal mineral abundances, 
and shape orientations of a whole suite of minerals (37, 44, 45).

RESULTS
Hydrous phases in olivine and mesostasis
The reflected light optical photomicrograph of the interior of the 
MIL 03346,230 sample (Fig. 1A) exposes two contrasting regions: a 

yellow-tinted region that is crosscut by several large fractures and a 
less deformed region where both relatively euhedral, dark-green 
augite grains and mesostasis can be easily distinguished. Reflected 
light and backscatter electron (BSE) imaging reveal that the mesos-
tasis in the less deformed regions contains skeletal titanomagnetite 
and, in a few instances, titanomagnetite with twinning. In contrast, 
the yellow-tinted region (outlined in Fig. 1, A and B) is character-
ized by heavily fractured augite grains and one heavily altered olivine 
grain containing pervasive iddingsite veins (Fig. 1, C and D). In the 
upper right part of the sample is one slightly larger, ~0.6-mm olivine 
grain. Both olivine grains are more easily discerned in the BSE im-
age (Fig. 1, B, C, and E) and are both crosscut by <10-m veins of 
iddingsite (Fig. 1, C and E), where the veins’ orientations appear to 
be crystallographically controlled with a weak preferred orientation 
[similar to, e.g., (10)]. The iddingsite is also distinguished by a dark 
red color in reflected light photomicrographs (Fig. 1, D and F). The 
upper right olivine grain (Fig. 1, E and F) contains a network of frac-
tures but appears slightly less affected by aqueous alteration than the 
other olivine grain. This observation is confirmed by the neutron 
images (Fig. 2), where hydrous components occur more abundantly 
in the upper left part of the sample. For a detailed description of 
other phases in MIL 03346, consistent with the observations in our 
study, the reader is referred to (9, 15–17, 46, 47).

3D renderings of olivine and hydrous constituents
Thresholding of the tomography data enables separation between 
different mineral phases. Figure 2 (A to D) shows 3D renderings of 
MIL 03346,230 where olivine grains and hydrous constituents have 
been highlighted. Tomography reveals that, aside from the two olivine 
grains exposed in the BSE images, the sample also contains two slightly 
smaller olivine grains. Three of the olivine grains are somewhat 

Fig. 1. A polished section of MIL 03346,230. (A) Photograph of the interior of MIL 03346,230. Note the yellow tint in the left region of the sample, marked by dotted 
lines. Mineral grains in the yellow-tinted region are heavily affected by aqueous alteration. (B) BSE image of the same section as in (A). Light gray olivine grains, marked 
with arrows, are situated in the altered areas. The white boxes show locations for detailed images in (C) to (F). (C) BSE image of the upper left olivine grain, marked with a 
box in (B). Iddingsite veins are cutting through a fractured olivine grain. Augite grains and a fine-grained mesostasis (dark gray) containing titanomagnetite (bright, skeletal 
grains) are also shown in the figure. (D) Photograph of the upper left olivine grain, same as in (C). Iddingsite veins have a dark red color. (E) BSE image showing details of 
the upper right olivine grain. The grain is fractured and crosscut by iddingsite veins that are predominantly oriented east to west in the image. (F) Photograph of the same 
grain as in (E), where the dark red iddingsite veins have been outlined.
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clustered together (Fig. 2). The hydrous phases appear to center 
around the olivine grains and extend from these via fractures in the 
mesostasis. There is no visible interconnectivity of hydrous phases 
between clusters 1 and 2 (Fig. 2). The correlation between hydrous 
constituents and olivine grains and, to some extent, the association 
between hydrous material and the fractured area (yellow-tinted in 
Fig. 1) can be seen when comparing single corresponding slices 
from the neutron and x-ray volumes. Figure 2E depicts one such 
slice—first, by showing only the high-resolution x-ray image where 
the major mineral phases are easily discerned, and second, by showing 
the same x-ray image at reduced resolution, overlain with highly 
attenuating phases from the corresponding neutron tomography 
slice (see also figs. S1 and S2). The hydrous phases are visible as 

bright features in and around the right-side olivine grain and in parts 
of the mesostasis. Minor, local regions of hydrous constituents outside 
the clusters can also be found distributed within the mesostasis of 
the meteorite (Fig. 2A). A 3D rendering of MIL 03346,231 that shows 
similar clustering of hydrous phases can be found in the Supple-
mentary Materials (fig. S3). Video renderings of both samples are 
also available in the same file (movies S1 and S2).

EBSD map of shock textures
Crystallographic orientation EBSD data were collected from a ~2-mm2 
region of the polished section of MIL 03346,230 (Fig. 3A), selected 
because of the high abundance of aqueous alteration phases (see also 
Fig. 1A). The band contrast image (Fig. 3B) visualizes the quality of 
the electron backscatter diffraction patterns (EBSPs); the quality 
can be a result of the degree of crystallinity where higher crystallinity 
(brighter areas) yields better EBSPs (and, thus, a higher-quality 
mapping), differential polishing, and beam sensitivity of the phases. 
Figure 3C shows the grain-relative orientation distribution (GROD) 
angle map, which represents internal misorientation relative to the 
average orientation of the grain. The GROD angle map color bar 
ranges from blue to red, where green-yellow-red colors represent an 
increased degree of internal misorientation (maximum GROD angle 
was 10°) relative to the grain average. Within the analyzed area, inter-
nal deformation increases toward the yellow-tinted region, where 
grains are more fractured, and individual grains can display an 
internal misorientation of up to 10°. Figure 3D shows an EBSD map 
with an inverse pole figure (IPF) coloring scheme, where different 
colors correspond to different grain orientations. Several augite 
phenocrysts show mechanical twinning [attributed to shock, e.g., 
(48)] and simple twinning (marked with arrows in Fig. 3D). The 
occurrence of mechanical twins is also correlated with areas of high 
internal misorientations, consistent with (7).

DISCUSSION
The tomography results from both MIL 03346 specimens (Fig. 2 and 
fig. S3) show a relationship between olivine grains and hydrous 
phases, which is consistent with previous studies of MIL 03346 [(9) 
and references therein], as well as with SEM imaging from this study, 
showing that iddingsite veins crosscut both of the olivine grains in 
the polished section (Fig. 1). Since neutrons are sensitive to hydrogen, 
the hydrous-phase iddingsite is expected to be easily visible as 
high-attenuation volumes in the neutron data, although individual 
iddingsite veins were difficult to resolve because of limitations in 
spatial resolution (voxel width of 7.15 m). Nevertheless, the neu-
tron data show that clusters of high-attenuating phases are located 
in, or in the vicinity of, the olivine grains in the sample. The distri-
bution of the hydrous phases can be determined when the dataset is 
rendered in 3D (Fig. 2 and fig. S3); the hydrogen content is greater 
in the yellow-tinted part of the sample, which is consistent with the 
SEM images where the olivine grain in this region exhibits more 
intense aqueous alteration compared to the olivine grain in Fig. 1 
(E and F). The EBSD results of MIL 03346,230 show that aqueous 
alteration assemblages correspond to areas of elevated shock defor-
mation microstructures in augite, as previously reported in (7). The 
shock deformation and localized peak shock temperatures likely 
facilitated the melting of ice and ingress of water, thus enabling 
aqueous alteration of olivine and mesostasis (7). In terms of inter-
connectivity between hydrous clusters, the 3D data presented here 

Fig. 2. Combined x-ray and neutron volumes of MIL 03346,230. (A and B) 3D 
renderings of the sample, where olivine (based on x-ray volume) and hydrous con-
stituents (based on neutron volume) have been segmented and combined. Other 
phases are transparent; however, the outline of the sample has been kept for con-
text. Voxel size is 7.15 m. (C) Same 3D rendering as in (A) and (B) but without the 
sample outline to better discern individual features. Two clusters have been 
outlined, on the basis of their relationship to the hydrous material. Cluster 1 corre-
sponds to the highly altered and fractured area in Figs. 1 (A to D) and 3. The olivine 
grain in cluster 2 appears less altered than cluster 1, and there is a limited connec-
tivity between the two clusters. The scarce, magenta-colored points that have not 
been outlined correspond to mesostasis. (D) The sample was clipped to show part 
of the interior. The gray background is from the x-ray volume, where the bright 
mineral corresponds to titanomagnetite; this mineral occurs within the whole sample. 
Part of the large fracture that is visible in the altered area of Fig. 1, and its relationship 
to the hydrous material, can also be seen in this image. The yellow box marks one 
olivine grain that is also visible in (E). (E) X-ray image and a corresponding slice where 
areas of high neutron attenuation have been highlighted (also shown with arrows). 
The yellow boxes correspond to the olivine grain marked in (D).
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uniquely reveal that fluid alteration within this sample was local to 
the olivine but that shock-induced fractures enabled fluids to extend 
into portions of the mesostasis in the vicinity of the olivine grains. 
The minor and highly localized (neutron) high-attenuating material 
within the mesostasis (Fig. 2, A to C) could not be correlated with 
shock in this study, but altered mesostasis in isolated, olivine-free 
regions has previously been correlated with heavily shocked regions 
in other specimens of the MIL 03346 meteorite (7). The same study 
also reported the occurrence of unaltered mesostasis in several 
highly shocked regions. Together, this implies that the fluid source 
was not external, thus ruling out a large-scale percolation of fluids 
from the martian surface through this rock. Instead, the most prob-
able source of water would be local subsurface ices within the rock 
that melted during a pulse of high temperature following an impact 
event [e.g., (7, 49)]. This interpretation is consistent with (29), which 
determined low water/rock ratios for iddingsite formation in the 
nakhlite Lafayette, suggesting that their formation did not take place 
during extensive water flushing and instead occurred briefly at low 
temperatures. The correlation of the chemical composition of 
iddingsite and its host rock (28) furthermore rules out precipitation 
of a fluid that had migrated from another rock unit.

To assess the possibility of a (microbial) habitable environment 
in the source rocks of the nakhlites, the duration of liquid water in 

the rocks (hydrothermal system) and the temperature are crucial 
factors. In a study of phyllosilicates in several nakhlites (49), it was 
concluded that the source of aqueous alteration was a hydrothermal 
system, with a duration on the order of a month. This is in agree-
ment with previous studies also suggesting a short duration system 
with temperatures <100°C as the source of aqueous alteration in the 
Lafayette meteorite (29, 30). The limited extent and minimal to no 
interconnectivity of 3D aqueous alteration assemblages observed by 
neutron tomography support a short duration period of fluid activity 
that was derived from local fluids and a low water-rock ratio. This 
suggests that the impact event that provided the energy to melt sub-
surface ices was relatively small, or the nakhlite source region was 
toward the periphery of the impact structure. In addition, we infer 
that in the nakhlite source region, habitable conditions were short-
lived (days to months) and localized to volumes of millimeter scale 
and were therefore unlikely to provide stable havens for micro-
organisms on Mars during the Amazonian period.

Combined neutron tomography and XCT for future sample 
return missions
The combined use of neutron tomography and XCT has an out-
standing potential for nondestructive analysis of samples and requires 
little or no sample preparation. Therefore, these techniques are ideal 
for conducting first assessment 3D investigations of the precious 
samples to be returned from Mars by the Mars Sample Return mis-
sion campaign [e.g., (13)]. While conventional XCT by itself can be 
used to distinguish between many common minerals, it cannot be 
used to identify and outline hydrous constituents in minerals, i.e., of 
similar x-ray attenuation. X-ray phase-contrast imaging is sensitive 
to the electron density, and in consequence, it needs many hydrogen 
atoms (in comparison to more heavy elements) to substantially 
modify the electron density. The neutron interacts strongly with 
hydrogen atoms, and as a result, neutron tomography is very sensitive 
to the presence of hydrogen and can thus reveal the 3D distribution 
of hydrous phases. Besides contributing valuable insights into 
water-rock interactions in extraterrestrial material, the data can be 
used to make informed decisions on what samples/sections to choose 
for further analysis, possibly saving pristine material for future re-
search; thus, the complementarity use of these two imaging techniques 
should be considered for future Mars sample return missions.

To conclude, our correlative neutron/XCT-SEM investigations of 
the martian nakhlite meteorite MIL 03346 reveal that aqueous alter-
ation assemblages are localized into discrete volumes and are likely 
not part of a larger, interconnected fracture network. This implies 
that the fluid source did not derive from a larger-scale hydrothermal 
system. The lack of interconnectivity in 3D implies that martian hy-
drous alteration was localized within the meteorite, involved only small 
volumes of fluid, and was likely short-lived. Fluids were most likely 
derived from small amounts of subsurface ices found within the rock 
itself. The correlation between shock microstructures and aqueous 
alteration assemblages indicates that the heat source for melting this 
ice was an impact event, consistent with previous interpretations. 
Impact cratering processes and their associated hydrothermal systems 
are thought to provide transient, potentially habitable environments 
that could act as safe havens for life. Thus, our results have direct 
implications for the habitability of the martian subsurface in the 
nakhlite source region, where any habitable environments were lo-
calized and very short-lived, reducing the chance of life’s emergence 
or survival on Mars during the Amazonian period.

Fig. 3. Part of the polished section, chosen for EBSD analysis. (A) Photograph of 
part of the polished section; note the difference between more pristine, dark green 
augite grains in a grayish mesostasis on the left-hand side of the image and more 
deformed augite grains, situated in a fractured, yellow-tinted region. The white box 
outlines where EBSD orientation data (B to D) were collected. (B) Band contrast image, 
showing the relative quality of EBSPs. Lower-quality EBSP (progressively darker 
regions) correlates with regions of heavy fracturing. (C) GROD angle EBSD map 
showing internal deformation of augite grains. The color scale represents increasing 
deformation from green to red, while undeformed regions are blue. (D) IPF map 
(IPFy) where different colors represent different orientations. Examples of simple 
twins and mechanical twins in augite are marked with arrows and occur in the 
whole map. Ol, olivine. Same scale in (C) and (D) as in (B).

D
ow

nloaded from
 https://w

w
w

.science.org on M
ay 16, 2022



Martell et al., Sci. Adv. 8, eabn3044 (2022)     11 May 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

5 of 7

MATERIALS AND METHODS
Sample description
MIL 03346 is paired with three other finds: MIL 090030, MIL 090032, 
and MIL 090136. Interstitial to the augite and olivine phenocrysts in 
MIL 03346 is a fine-grained mesostasis consisting of minerals including 
skeletal titanomagnetite, pyrrhotite, and apatite (7, 11, 15, 50). The 
augite grains have average core compositions of W38–42En35–40Fs22–28 
and narrow hedenbergite rims where augite grain boundaries are in 
contact with the mesostasis. Occurrences of iddingsite in olivine and 
mesostasis have previously been correlated with areas of shock 
deformation (7). This study considers two MIL 03346 nakhlite 
specimens (acquired from NASA): (i) MIL 03346,230 (the studied 
sample is approximately 0.7 cm by 0.7 cm by 0.7 cm in size and 
weighs 0.250 g) and (ii) MIL 03346,231 (the studied sample is ap-
proximately 0.4 cm by 0.4 cm by 0.3 cm in size and weighs 0.290 g) 
(see fig. S3).

Tomography and registration of volumes
Neutron tomography data were acquired at the NeXT instrument at 
Institut Laue-Langevin in Grenoble, France (51). The samples were 
placed in a cylindrical Teflon sample holder, and 1792 neutron 
radiographic projections, each the result of 3 individual projections 
lasting 9.5 s, were acquired over a 180° rotation, using a source pin-
hole size of 15 mm and a distance from the pinhole to the sample of 
10 m (giving a collimation, “L/D,” ratio of 667). Given a sample/
detector distance of about 4 to 5 mm, this should give a neutron 
penumbra (blurring) below 10 m, which corresponds to the thick-
ness of the scintillator. This value should be considered as a rough 
estimate of the true spatial resolution. The neutron flux under these 
conditions was 9 × 107 n s−1 cm−2, and the mean neutron energy for 
the instrument is 12.3 meV (corresponding to a neutron wavelength 
of 3 Å). Tomographic reconstruction was performed using fil-
tered back projection with the XAct reconstruction software from 
RXSolutions to yield tomographic image volumes with cubic voxels 
of dimension 7.15 m. The selected voxel size was a compromise 
between spatial resolution and measurement time. While XCT data 
were also acquired at the NeXT beamline with the same setup and 
without removing the samples, higher-resolution XCT images, 
acquired with a Zeiss Xradia XRM520 at the 4D imaging laboratory 
at Lund University, were used for the combined x-ray and neutron 
analysis. These data were acquired with 1601 projections over 
360° with a source voltage of 60 kV and a power of 5 W with the 
manufacturer-supplied Le5 source filter. For the MIL 03346,231 
sample, the reconstructed cubic voxel width was 5.75 m, and for 
the MIL 03346,230 sample, it was 9 m.

A nonrigid transformation to align the neutron tomography and 
XCT volumes was made using the SPAM software (52). From the 
spatially registered images, it was possible to derive a dual histogram 
(fig. S2) that plots reconstructed attenuation coefficients of the two 
datasets. In both samples, the aim was to map out hydrous phases, 
which are easily discerned with neutrons, and correlate these to the 
correct mineral phases, which are better resolved with x-rays (e.g., 
Fe- and Mg-rich minerals such as augite and olivine). Individual 
slices were visualized in Fiji (53), and segmentation and volume 
renderings were generated using Dragonfly software version 2021.1 
Build 977 (54). Olivine grains were manually segmented from the 
x-ray volume to avoid the inclusion of phases with overlapping gray 
scales, and hydrous constituents were segmented from the neutron 
volume by thresholding the neutron histogram. After segmentation 

of the highly attenuating hydrous phase in the neutron tomography, 
the neutron volume image was dilated (kernel of 3 × 3) to connect 
spatially coherent grayscale values and then eroded twice (kernel of 
3 × 3) to remove isolated single voxels. Using both modalities, a final, 
combined volume was produced, showing both the nominally 
anhydrous mineralogy and how it relates to hydrous phases 
(iddingsite) in three dimensions. Furthermore, the nondestructive 
nature of the method guaranteed that the sample was not contami-
nated during the data collection. Video renderings of both samples 
were generated using Dragonfly; these are provided in the Supple-
mentary Materials (movies S1 and S2).

Scanning electron microscopy–electron backscatter 
diffraction analysis
To verify the validity of the segmentation of the tomography data 
into different phases, as well as to collect orientation data of shock 
textures in individual mineral grains, the analyzed sample of MIL 
03346,230 was cast in epoxy and polished to expose an interior sur-
face. For scanning electron microscopy (SEM) imaging, the sample 
was coated with ~15 nm of carbon. The images were acquired with 
a Tescan Mira3 High-Resolution Schottky field-emission SEM, 
equipped with an Oxford Energy-Dispersive X-ray Spectroscopy 
system (X-MaxN 80, 124 eV, 80 mm2), an EBSD high-resolution 
detector (Symmetry S2, Oxford Instruments), and a cathodolumi-
nescence system, located at the Department of Geology, Lund Uni-
versity, Sweden, operating at 20 kV/2 nA and in high vacuum. 
To ease the process of aligning corresponding neutron tomography, 
XCT, and SEM images, additional XCT images were made of the epoxy-
embedded sample, both before and after cutting/polishing.

Following SEM imaging, carbon coating was removed with ethanol, 
and EBSPs were collected from a selected section of the same pol-
ished surface to reveal internal misorientations and shock textures 
in the grains. Before the EBSD measurements, the sample was 
polished until smooth with colloidal silica suspended in a NaOH 
solution, coated with a <5-nm carbon layer to avoid charging, and 
attached to a 70° pretilted specimen holder. Orientation data were 
collected with a high-resolution EBSD detector, operating in low 
vacuum at an acceleration voltage of 15 kV and a beam current of 
10 nA. EBSPs were collected using a band detection minimum/
maximum of 6/8, high gain, and a step size of 1.9 m, at a working 
distance of ~14 mm. Match units used were augite (55) and olivine 
(56). Pole figures and orientation maps were constructed using 
Aztec Crystal. The EBSD data were processed to remove noise by 
applying a wild-spike noise reduction to remove isolated pixels, 
followed by a six-point iterative nearest neighbor correction to im-
prove twin and grain boundaries without creating substantial arti-
facts standard for EBSD (57). The pole figures were plotted using an 
equal-area, upper hemisphere projection and an IPF coloring scheme 
to reveal internal misorientation and grain boundaries in the sample. 
Grain boundaries were defined as a >10° misorientation between 
adjacent pixels. Mechanical twins in augite were defined by a 180° 
rotation around the ⟨100⟩ axis, forming twin planes parallel to (001), 
and simple mirror twins in augite were defined by a 180° rotation 
around ⟨001⟩ with twin planes parallel to (100).

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abn3044
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