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ABSTRACT

Rocks form in three dimensions through time and studying them provides information from inside
dynamic systems we cannot otherwise observe. Yet how we typically access the interior of the rocks them-
selves to gain that information may limit our understanding and influence how we reconstruct the processes
that formed them. Here, we demonstrate combined non-destructive 3D X-ray imaging techniques that
produce quantitative densitometric and crystallographicmaps of entire individual grains inside a rock.Olivine
grains throughout a sample of the carbonaceous chondrite Northwest Africa (NWA) 11346 were each char-
acterized by size, shape, composition, zoning intensity, and crystallographic orientation. The addition of 3D
crystallographicmapping to calibrated 3Ddensitometric analysis—used to calculate chemical composition—
demonstrates a fully non-destructive petrographic method and provides unique insight. For instance, in
our case, using crystallographic data to delineate individual grains and then measuring the 3D size, shape,
and composition of each distinguishes variably reset relict grains from those later crystallized after a melting
event. Intersection in a 2D slice could not have led to this interpretation because the integration of three-
dimensional size, rounding, composition, location, and crystallographic orientationmeasured fromeach grain
forms the keypatterns.Multimodal laboratoryX-ray imaging has strong potential to advance 3Dpetrography.

Keywords: Three-dimensional petrography, chondrite, olivine, crystallographic orientation,
LabDCT, X-ray tomography, non-destructive

INTRODUCTION

Since thin-section petrography was developed in the mid-
19th century and continues today, dissecting rocks to access
their interiors is requisite to the majority of techniques used to
analyze their texture, chemistry, mineralogy, and age. Although
causing irrevocable loss of context (Carlson and Denison 1992),
two-dimensional petrography has provided foundational under-
standing. The relatively few studies that gain full 3D access to
rocks demonstrate that there can be more to learn if destructive
access to the information within is avoided or at least delayed
until later in an integrated analytical workflow. This is because
rock records are multi-dimensional, over time recording condi-
tions and dynamics in their mineral structures and compositions,
crystallographic orientations and twinning, sizes, shapes,

imperfections, and inclusions, which all have a physical 3D con-
text. Destructive analysis precludes out-of-plane observations of
the size and shape of individual grains as well as their spatial
relationships, also meaning that integration of chemical data
cannot be firmly linked to physical size, shape, or location.
Hence, conventional access to a rock limits access to the full
multidimensional physicochemical record it contains. The
numerous approaches developed to tackle how we should use
2D observations to solve 4D puzzles, such as ionic diffusion
chronometry to investigate magmatic timescales and crystal size
distributions to investigate nucleation and growth rates, attest
to this (Marsh 1998; Morgan and Jerram 2006; Kahl et al. 2011;
Pankhurst et al. 2018b; Cashman 2020; Ostorero et al. 2022).

NON-DESTRUCTIVE PETROGRAPHY

X-ray micro-computed tomography (micro-CT) imaging pro-
duces 3D images of density contrast andwas pioneered at brilliant
(high-flux) light sources at synchrotron radiation facilities (see
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Jones 1999). The application of laboratory-based (low-flux)
absorption contrast tomographic imaging commenced within
the geosciences over 30 years ago (Carlson and Denison 1992)
and has since grown in step with generational advances in power
and stability of the X-ray sources, optical solutions to magnifica-
tion, broadening data acquisition options, and a relative decrease
in the cost of computational power over the past decades (see
Cnudde and Boone 2013). Micro-CT affords volumetric analysis
of individual grains (e.g., Kuebler et al. 1999), 3D relational
observations (e.g., Philpotts et al. 1999), and a perspective that
provides full representation of variability at small scales (e.g.,
Taylor et al. 2000). In cases where sufficient density contrast
between and within grains exists, absorption micro-CT can
address numerous petrographic questions (e.g., Mock and Jerram
2005; Jerram and Higgins 2007; Jerram et al. 2009; George and
Gaidies 2017; Hanna andKetcham2017;Mourey and Shea 2019;
Couperthwaite et al. 2021; Lubbers et al. 2023). In addition to 3D
measurement and visualization, advantages include minimal and
fast sample preparation (Pankhurst et al. 2014) and no require-
ment for vacuum or special environmental conditions.

Quantitative densitometry can be used to obtain chemical
information from absorption contrast images, which requires
either a monochromatic beam or knowledge of the energy dis-
tribution of a polychromatic beam (Uesugi et al. 2010; Pankhurst
et al. 2018a, 2018c). However, even if the grayscale intensities
of absorption images are quantitative and reproducible, because
density itself is not diagnostic of mineralogy, a priori knowledge
of the sample is essential for useful interpretations. The advent of
laboratory diffraction contrast tomography (LabDCT) has the
potential to advance 3D petrography by introducing an indepen-
dent modality that is sensitive to crystallographic system and lat-
tice parameters (McDonald et al. 2015; Holzner et al. 2016;
Pankhurst et al. 2019).

Here, we have used 3D crystallographic measurements to
distinguish crystals and delineate each from one another, even
if they have similar density and are touching. Crystallographic
information also allows for a novel visualization of each grain
in a standardized orientation (i.e., orthorhombic axes are pre-
sented parallel to the x, y, z axes of a 3D image file). This treat-
ment, when combined with quantitative absorption contrast
images, enables petrographic analysis to become multi-
dimensional and multi-contextualized, which we hypothesize
can lead to novel insight.

USING OLIVINE AS A CASE MINERAL TO ADVANCE

3D PETROGRAPHY

Olivine is a common rock-forming mineral in mafic and
ultramafic igneous systems. It also occurs in some more evolved
igneous systems, as well as in metamorphic and metasomatic
assemblages. The petrography of olivine is a cornerstone of
many important models, including mantle processes and mafic
magmatism (e.g., Fleet 1978; Foley et al. 1987; Helz 1987;
Fitton and Godard 2004; Hansen et al. 2012; Kin et al. 2017;
Pankhurst et al. 2018b; Mourey and Shea 2019) and, more
recently, carbon capture (e.g., Kerisit et al. 2013).

In this study, we investigate olivine in a carbonaceous chon-
dritic meteorite (CM chondrite) as a record of solar system

formation (e.g., Brearley and Jones 1998). Chondrules are igne-
ous beads formed ∼4.6 billion years ago in the protoplanetary
disk during the melting of fine-grained precursor assemblages.
The droplets then cooled at rates of tens to hundreds of degrees
per hour, crystallizing olivine and pyroxene (Jones et al. 2017).
There are two main types of chondrule: Type I chondrules, which
are MgO-rich with typical olivine compositions Fo95–100, and
Type II chondrules, which are more FeO-rich, with olivine
typically zoned in the range Fo60–80 (Jones 2012). In the latter,
individual olivine grains commonly have relict forsteritic cores
(Fo>90) derived from Type I chondrules. Olivine with grain sizes
of tens to hundreds of micrometers occurs in chondrules and as
isolated grains in CM chondrites.

METHODS

Samples
Reference materials. Five olivine grains (two ∼Fo75, two ∼Fo80, and one

at Fo0) previously characterized by Pankhurst et al. (2018b) with backscattered elec-
tron (BSE) imaging and electron probe microanalysis (EPMA) were used as refer-
encematerials. Theywere selected to span a large range in Fo content, and the choice
of grain “pairs” of very similar composition was made to test the precision of the
subsequent calibration. The zoned grains have large (milimeter scale) homogeneous
cores and comparatively narrow rims (∼100 μm). Melt inclusions (and spinel inclu-
sions) are few and clearly visible due to their highly contrasting densities, making
them easy to avoid when measuring image intensity. The fayalite grain used, being
appreciably denser than the others, was considerably smaller to enable suitable trans-
mission of X-rays through all grains and allowed the five to be scanned together. No
compositional zoning was encountered within the fayalite, which is distinct from
coexisting phases that vein the fayalite (Rose et al. 2009) in both texture and density
(see Pankhurst et al. 2018c). The grains were cut from their mounts using a hobby
drill with a ∼3 mm diameter coring bit prior to scanning. The little resin that sur-
rounded those grains had no appreciable influence onX-ray attenuation or the results
due to its much lower density. In all cases, image intensity data were obtained from
compositionally homogenous, internal regions of olivine.

Carbonaceous chondrite, NWA 11346. Northwest Africa 11346 (NWA
11346) is a carbonaceous chondrite meteorite classified by Gattacceca et al.
(2019) as CM-anomalous (CM-an). NWA11346 is described as anomalous because
it lacks phyllosilicates, which are typical of the aqueously altered CM (Mighei-like)
group of carbonaceous chondrites. This observation points to the chondrite having
been heated after aqueous alteration (King et al. 2021). For this study, a rectangular
block of NWA 11346 measuring 0.8 × 2.5 × 5 mm was used for multimodal X-ray
tomography. Its prismatic shape provided a contiguous volume of∼10 mm3 that we
anticipated would host numerous olivine grains, supporting a robust data set, while
allowing tests of X-ray transmission through the short dimensions.

Analytical techniques
Near-monochromatic X-ray absorption contrast tomography (NM-ACT).

X-ray absorption contrast tomography was conducted on the i13 beamline at the
Diamond Light Source (U.K.). A heavily filtered pink beam produced a spectrum
with a mean energy of 31 keV and a full-width half-maximum of 12 keV (Online
Materials1 Fig. S1). The five reference olivine grains were measured using a
120 ms exposure time and a single continuous helical scan. A helical scan was
made of the NWA 11346 sample, together with one compositionally zoned terres-
trial olivine grain also characterized by Pankhurst et al. (2018c) as an internal stan-
dard [see approach by Pankhurst et al. (2017)], under identical beam conditions
during the same session, and the same style of Kapton tube holding the materials.
The helical scan track was implemented for its advantages in suppressing ring arti-
facts (Pankhurst et al. 2018c; Vo et al. 2021) and for providing a single continual
image of a long sample. The data processing pipeline included: flat-field correc-
tion, distortion correction (Vo et al. 2015), helical-circular conversion (Vo et al.
2021), rotation axis determination (Vo et al. 2014), partial ring-artifact removal
(Vo et al. 2018), and filtered-back projection reconstruction (Ramachandran
and Lakshminarayanan 1971). Voxel size was 1.125 μm (xyz) and data were saved
as 32-bit tiff stacks. The height of the NWA 11346 sample that was scanned was
limited in this experiment by the Z travel distance of the stage and the requirement
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for reference crystals in the same scan. A chondrule exposed at the surface on one
end was entirely captured (Online Materials1 Fig. S2) and corresponds to the high-
resolution LabDCT scan region of interest (ROI) (see below).

Calibration of forsterite concentration to NM-ACT image intensity. The
raw image brightness values of the five pre-characterized olivine grains span most
of the 32-bit range, an expected result due to selecting an appropriate exposure time
so the projections could maximize raw image contrast. After tomographic recon-
struction, central portions of the grains known to be compositionally homogeneous
and free from remaining minor image artifacts were measured using standard
image analysis tools in the open-source software FIJI (Schindelin et al. 2012).
No image filtering was conducted as part of the calibration. The intensity values
were plotted against the corresponding Fo values from Pankhurst et al. (2018c),
and a linear fit was found. See Online Materials1 Extended Methods for further
background regarding the linear X-ray attenuation of the olivine group and
approach to calibration. The same linear fit is found without using the fayalite sam-
ple and rules out this sample acting as an outlying lever upon the calibration. Scal-
ing the intensity values to 8-bit (256 gray levels) was required for computation
purposes. Yet, due to the considerable density difference between the fayalite
and the other four Fo-rich grains, this down-scaling would render paired calibra-
tion grains indistinguishable from one another. Instead, a restricted range of the 32-
bit image was selected to exclude the fayalite to better illustrate the contrast at the
forsterite end of the solid solution. The 8-bit calibration was built using identical
image regions and returned a linear fit with an R2 value of 0.991 (see Table 1). A
least squares regression was constructed by first considering the uncertainty on
each EPMA result and image intensity value. Pankhurst et al. (2018c) reported
an uncertainty of ±0.25 mol% for the EPMA data. Each average intensity value
was obtained with a different number of contributing voxels (Table 1) and hence
resulted in a different standard error of the mean for each data point. All image inten-
sity standard deviations are comparativelymuch smaller than the EPMAuncertainty,
leading to Mahalanobis distance, covariance, and chi-squared results supporting the
choice of expressing uncertainty as a least squares regression and error envelope.
First, the ±0.25 mol% uncertainty was added to the linear regression line. Within
the range of the raw data, the Fo error was deemed to be ±0.25%. The maximum
and minimum slopes constrained by this envelope were propagated outside the
range, resulting in three error domains across the olivine solid solution (Fig. 1).

The same image intensity range was used to scale the NWA 11346 scan data
from 32-bit to 8-bit, and hence arrive at a calibrated NM-ACT image of the con-
tained olivine. The calibrated NM-ACT imaging provides sufficient accuracy and
precision (and returns an R2 of >0.99) for the purpose of olivine grain analysis,
with the advantage of gathering volumetric compositional data using a non-
destructive methodology.

Polychromatic absorption contrast tomography (P-ACT). P-ACT scans
were conducted at Xnovo Technology ApS, Køge, Denmark, on a ZEISS Xradia
520 Versa X-ray Microscope equipped with a polychromatic, divergent X-ray
source. The beam conditions used were 50 kV and 4 W with the low-energy
LE3 filter to pre-harden the beam. Projections (n = 1601) of 5 s exposure time were
collected around 360° rotation and reconstructed using a routine filtered back pro-
jection reconstruction algorithm supplied by ZEISS to reach a voxel size of 2.5 μm
over a 2.5 mm tall portion of the sample cross section, without frame averaging. A
P-ACT data set covering the entire sample was generated by consecutive scans
using the same sample mount at different stage heights, then vertically stitching
three such portions to record as a single 32-bit image (Fig. 2a).

Laboratory diffraction contrast tomography (LabDCT). The full P-ACT
data set was coupled with a fast overview LabDCT scan—on the same Xradia 520
Versa microscope—of the whole sample to determine the positions and crystallo-
graphic orientations of individual olivine grains (Figs. 2b–2c). Based on these
results, a 0.9 × 0.9 × 0.5 mm (hwd) region of interest (ROI) for a high-resolution
P-ACT and LabDCT scan was located (a Type II chondrule: Figs. 2 and 3). Each

LabDCT scan was conducted immediately after the corresponding P-ACT scan
without adjusting the sample on the rotation stage to ensure the best possible
correlative imaging conditions.

LabDCT scans were conducted using the LabDCT Pro module at a source set-
ting of 110 kV and 10 W after the insertion of both an aperture and a beamstop.
Reconstruction of the LabDCT data was performed using the GrainMapper3D™
software (Bachmann et al. 2019), assuming lattice parameters corresponding to
Fo80. Experimenting with lattice parameters between Fo0–100 produced no signifi-
cant difference in the detection of grains.

The fast overview LabDCT scan of the entire sample was conducted with pro-
jection geometry using the Flat Panel detector and the Helical Phyllotaxis
advanced acquisition scheme (Oddershede et al. 2022). 1079 projections of
6 × 10 s were collected using the 750 × 750 μm aperture, a source-to-sample dis-
tance of 30 mm, and a sample-to-detector distance of 245 mm. These settings were
selected to cover a large sample volume for every projection, with the trade-off of
the grain size detection limit being approximately 100 μm. Within the full sample,
crystallographic orientations of 52 olivine grains larger than 100 μm were recon-
structed. Regions of olivine were defined as belonging to the same grain if the mis-
orientation between adjacent voxels (10 μm voxel size) was <5°, after which
volume-weighted average grain orientations were computed.

The high-resolution LabDCT scan of the Type II chondrule (Fig. 4) was con-
ducted as a conventional scan using the DCT4X detector in Laue focusing geome-
try. 201 projections of 300 s were collected using the 750 × 750 μm aperture, a
source-to-sample distance of 12 mm, and a sample-to-detector distance of
11 mm. These settings were selected to be significantly more sensitive toward

FIGURE 1. Calibration between olivine composition determined by
EPMA and image intensity using a near-monochromatic X-ray beam.
A linear relationship between X-ray attenuation coefficient and olivine
composition is confirmed by the tight array. Least-squares regression
and error propagation across the olivine solid solution utilize the preci-
sion of the EPMA within the range of raw data to form an uncertainty
envelope, and the maximum and minimum slopes constrained by that
envelope to estimate uncertainty outside the range of the raw data.

TABLE 1. Olivine image brightness: Composition calibration data
Image analysis EPMA

Calibration
grain

n voxels in area
selection

Mean image
intensity (8-bit)

Standard deviation
of image intensity

Standard error
of meana Fo (%) Fo (%) uncertainty

G3 15456 185.01 30.72 ±0.25 75.03 ±0.25
G6 49772 181.59 40.54 ±0.18 75.20 ±0.25
G9 24532 156.44 28.37 ±0.18 79.75 ±0.25
G13 3176 153.99 26.22 ±0.47 80.73 ±0.25
a The standard deviation of the image intensity values of the selected area of a calibration grain is divided by the number of voxels within that area.
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smaller grains in a limited sample volume. Within the ROI, crystallographic orien-
tations of 77 olivine grains larger than 50 μmwere reconstructed from the LabDCT
data. Regions in space were defined as belonging to the same grain if the misori-
entation between adjacent voxels (2.5 μmvoxel size) was<5°, after which volume-
weighted average grain orientations were computed. The accuracy of the LabDCT
technique can be assessed by the interfacial angles expected of olivine (see Fig. 4).

Post-X-ray imaging energy-dispersive spectroscopy. Scanning electron
microscopy (SEM) techniques for in situ chemical and mineralogical analysis
are typically more accessible than monochromatic beam imaging. To demonstrate
a practical approach to link chemical composition with 3D observations, the sam-
ple was carefully, sequentially, ground and polished by hand using diamond paste
to a 1 μm polish, which eventually exposed a surface that included the chondrule
ROI selected for detailed study and several other chondrules. The heterogeneous
and porous nature of the sample, as well as the fact that the chondrule ROI was on
the edge of the block, made this a meticulous process. Knowledge of the 3D loca-
tion and extent of the ROI chondrule prior to this step, together with the evidence of
cracks, porosity, and hence fragility of the feature (see Fig. 3), guided the prepa-
ration and highlights the value of non-destructive in situ observation prior to any
destructive technique. Quantitative analyses of individual olivine grains on the
polished surface were obtained using energy-dispersive spectroscopy (EDS) on
a FEI Quanta 650 field emission gun (FEG) SEM with a Bruker EDS detector,
at the University of Manchester. Analyses were obtained at an accelerating voltage
of 15 kV, a beam current of 2 nA, and X-ray counts for each analysis of 5 000 000.
EDS analyses were quantified using the following standards: Mg on SW_olivine;
Si on fayalite; Ca on wollastonite; Cr on chromite; Mn on tephroite. Estimated
errors on Fo contents for EDS analyses are ±0.2 mol%.

Calibration and integration
Calibration of P-ACT data with NM-ACT and EDS. The integration of

quantitative compositional data with crystallographic data first required calibration
of the P-ACT image brightness to Fo values. This approach was taken because the
co-location of P-ACT and LabDCT data is straightforward, owing to their mea-
surement within the same instrument without movement of the sample. We also
found that the P-ACT data has overall fewer image artifacts than the NM-ACT
data and so were more useful when assessing fine textural features. Finally, due
to the ease of co-location, grains are more accurately extracted and analyzed digi-
tally in P-ACT rather than NM-ACT data. However, in contrast to the NM-ACT,
the P-ACT data are not natively quantitative in terms of olivine composition and
also may suffer from subtle beam hardening effects (see below).

A calibration was constructed by first measuring the grayscale intensity of cor-
responding regions in each data set and then taking the calculated Fo from calibrated

NM-ACT data (see above) to assign to the grayscale intensity of the P-ACT data of
the ROI. This secondary calibration returns Fo values of 100.0 and 99.7 for the cores
of clearly relict grains and so demonstrates an accurate and fully non-destructive
workflow. The linear relationship between P-ACT image brightness and Fo content
is further verified by EDS (see below and Online Materials1).

Calculating compositional precision of the P-ACT data is not straightforward,
however. Following Pankhurst et al. (2018c), we note that the use of P-ACT data to
obtain compositional information on small scales near phase boundaries, such as
crystal rims, should be approached with caution due to self-absorption of X-rays in
the margins of a phase denser than its surroundings (beam hardening). These
P-ACT data have not been beam-corrected, and hence the uncertainty on Fo com-
position values is likely to be dependent, in part, upon textural context. In broad
homogeneous cores, the image noise typically converges on 1σ of ∼250 (16-bit)
brightness levels, which corresponds to ∼1.25 Fo units. We therefore consider this
to be a maximum precision in rim compositions.

Co-location of NM-ACT and Lab-DCT data is less trivial due to the different
orientation of the sample during scanning. However, the integration of the com-
position and crystallography of a few grains was evaluated, selected based on their
clear 3D habit and zonation, which allowed for confident verification. The
calibrated NM-ACT data were rotated into the same orientation as the P-ACT data
(as rotated to extract grains, see above) using Fijiyama (Fernandez and Moisy
2021), a plugin of FIJI. With all tomographic data oriented according to the
crystallographic orientation of each grain, respectively, the NM-ACT data were
also cropped to each of the selected grains (e.g., Fig. 4f). Detailed analysis of
zonation profiles, including ionic interdiffusion chronology, is a separate study.

P-ACT data from the entire sample scan were compared with co-located EDS
measurements of olivine from chondrules across the sample depth, including from
the chondrule within the ROI. The Fo100 relict cores in the chondrule in the full-
sample P-ACT scan are observed to be slightly brighter in back-scatter-electron
images than Fo100 chondrules in the middle of the sample (see Online Materials1).
This can be explained as an effect of subtle beam hardening, yet it does not influ-
ence our interpretation because our petrographic investigation is focused upon the
chondrule and uses the NM-ACT for primary calibration and ROI P-ACT data for
data integration and subsequent plotting and pattern recognition. The number and
precision of the individual EDS measurements allow for a slightly tighter calibra-
tion across a wider Fo range to be built than that using the reference olivine and
NM-ACT data (see Online Materials1), yet using either calibration makes no
difference to the final interpretations.

Data integration to define individual grains. The LabDCT reconstruction
produces 3D maps of the sample with individually labeled grains (represented by
a single crystallographic domain and assigned a number), see Figure 3. The recon-
structed LabDCT grains were combined with the high-resolution faceted grain

(a) (b) (c)

FIGURE 2. Results of P-ACT and LabDCT overview scans of NWA11346 (carbonaceous chondrite). (a) P-ACT datamaps density contrast within
the sample, which highlights textural features such as mineral grains andmatrix. (b) Partial P-ACT data cutaway of (a), highlighting the locations and
shapes of olivine grains as reconstructed using diffraction contrast tomography. (c) Full cut-away revealing the spatial distribution and crystallo-
graphic orientation of every olivine grain >100 μm within the sample. The inverse pole figure color map is relative to the long axis of the sample.
The outlined box indicates the location of the high-resolution LabDCT scan (see Fig. 4).
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morphologies from the P-ACT data to achieve the best possible data quality: high-
fidelity grain positions, accurate morphologies, and precise crystallographic informa-
tion. The individual grain labels (volumes) defined with LabDCTwere used as masks
from which corresponding 3D data, such as the calibrated P-ACT and/or NM-ACT,
can be extracted and later integrated with other measurements and observations. First,
using Grainmapper3D, each LabDCT indexed grain was presented according to its
own crystallographic axes (i.e., automatically rotating the entire data set such that
the orthorhombic axes of a given indexed olivine crystal are presented as the xyz orien-
tations of an image volume). For each grain, the same rotation factors were applied to
the corresponding P-ACTdata, and 3Dbounding boxeswere then used to crop to, and
so extract, individual grains’ LabDCT and P-ACT data for analysis.

Measurements and calculations on an individual grain basis. The qualita-
tive features and calculated measurements were merged to form a database of com-
position and physical parameters specific to individual grains. Table 2 summarizes
the qualitative features thatwere assessed visually from each of the cropped data sets.
Shape factors such as size and aspect ratio were computed using Grainmapper3D.
The image data were read using Python as NumPy arrays and used to calculate bulk
composition, core composition, zonation intensity, etc., as follows.

Bulk composition calculation is straightforward and involves averaging the com-
position estimated by each voxel within a grain (after one erosion step to avoid partial
volume effects at the crystal edges). In preparation for core-composition calculation,
1D profiles were extracted across the center of the grains (corresponding to the center
of the image due to the standardized crystallographic orientation and cropping) in x,

y, and z directions and smoothed by a rolling windowwith a kernel size of 3. A com-
putationally efficient and reproducible method to estimate a core composition for
each grain was to average the minimum values of these three smoothed, crystallo-
graphically oriented, and grain-centered profiles (see OnlineMaterials1). The estima-
tions verified well against the results of several manually located core compositions.
This simple approach is valid only because, in our case, normal zonation was univer-
sal: more complex zonation styles would require a more sophisticated method of
automation to be fully accurate. Furthermore, one grain was removed from the auto-
mated compositional zonation assessment due to the presence of a bifurcating crack
(a low-density feature through the center of the grain). Using the simple analytical
approach, this scenario appears the same as if the grain contained a high Fo core
(see Online Materials1 Fig. S4). Zonation intensity is derived from the difference
between maximum and minimum composition values (Fo range) of each grain.

RESULTS

Description of NWA 11346

LabDCT data illustrate the positions, sizes, and crystallo-
graphic orientations of 52 olivine grains >100 μm throughout
the sample in 3D (Fig. 2). Olivine is clustered in the chondrule
as expected, and otherwise is evenly distributed throughout the
sample matrix. There is no preferred crystallographic orientation
throughout the sample. Other features are revealed in the P-ACT
data that have no obvious surface expression, such as a conspicu-
ous, comparatively large, dark region (OnlineMaterials1 Fig. S2).
Importantly, the LabDCT data rule this out as an olivine grain due
to the absence of any diffraction spots that can be reconstructed
using the crystallography of olivine in that 3D position.

Figure 3 presents orthogonal slices through the ROI with the
P-ACT data (grayscale) overlain in color by grains indexed by
LabDCT. Grains below the size threshold are not indexed, and in
the absence of an overlay, they illustrate the distinct crystal
boundaries revealed by the P-ACT imaging. Some minor mis-
matches in the LabDCT data are observed at the edges of some
grains in the P-ACT data, which are observed and explored
in detail using other natural samples in Chen et al. (2024).
Figures 4a–4c show the positions, morphologies, and crystallo-
graphic orientations of the 77 grains >50 μm overlaid with the
P-ACT results from the chondrule ROI. There is no preferred
crystallographic orientation observed within the ROI.

Integrated 3D observations of grains

We used the database of individual grains to plot integrations
of several petrographic parameters. Qualitative textural observa-
tions (cracks, inclusions, etc.) do not appear to correspond to com-
position, size, or form any spatial pattern, see Online Materials1

Figure S3. Patterns do result, however, when integrating between
and across quantitative textural and chemical measurements.

The zonation intensity of each grain is plotted as a function of
its rank order in Figure 5. Overlaying core composition and illus-
trating 3D size strengthens three clear groupings. Those grains that
exhibit a range of >25 Fo units are described as strongly zoned
(6 grains). These six also have the most primitive cores in the data
set, and have a large average grain size, including the largest four
grains in the chondrule. The moderately zoned group corresponds
to a range between 15 and 25 Fo units (5 grains), with primitive to
slightly less primitive cores and an average moderate size. The
weakly zoned group is characterized by a range of <15 Fo units
(66 grains or ∼85% of the population) and typically has more
evolved core compositions with a small average size.

(a)

(b)

(c)

FIGURE 3. Orthoslices through 3D images illustrating LabDCT-
labeled olivine grains overlain on P-ACT data. White bars are 100
μm. Correspondingly colored borders and lines locate each orthoslice
within the other two orientations.
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Grain shape varies from well-formed and euhedral to consid-
erably rounded and does not correlate to size or composition. In
Figure 6, the Feret aspect ratio is plotted against bulk composition
(not core composition, as is the case in Fig. 5) and is also colored
by bulk composition and again presented by size. Intriguingly,
and while there is no clear relationship between aspect ratio and
zonation intensity norwith core composition overall, the twomost
rounded grains in the data set of 77 by a clearmargin are both from
the group that represents <10% of the grain population: the group
of six strongly zoned grains with the most primitive cores. Fur-
thermore, the strongly zoned group can be observed to form a
near-linear trend of bulk compositions ranging from Fo100 to
Fo89, which covary with both grain shape and size; with decreas-
ing bulk Fo, the grains become smaller and rounder.

It is straightforward to assess these grains’ spatial locations,
resulting in the observation that together they are restricted to a
band-like geometry within the chondrule. Furthermore, this visu-
alization shows that the crystallographic orientations of three of
the grains are strikingly similar (Fig. 5 inset), and the other three
are not dissimilar.Moderately zoned grains are distributed around
this band (Fig. 5) and do not show a crystallographic orientation
preference. Weakly zoned grains do not show an obvious pattern
in either spatial distribution or crystallographic orientation.

DISCUSSION

Observed patterns rely on preserved context

We interpret the trend of six strongly zoned crystals in
Figures 5 and 6 as recording the process of Fo100 melting during
chondrule formation. Their decreasing size with increasing
degree of rounding is consistent with grains that have undergone
melting from the outside, whereby the dissolution fronts con-
verge at the edges of faces and progressively round off geometric

(g) (i)(h)

(d) (f)(e)

(a) (c)(b) FIGURE 4. Combined multimodal
X-ray imaging results from a chondrule
within NWA 11346 (carbonaceous
chondrite) highlighting the ability to
interrogate individual grains within their
own crystallographic context. (a) 3D
rendering of sample within the ROI
(width × height × depth = 0.9 × 0.9 × 0.5
mm) using P-ACT data (see Fig. 2 for
location). (b) Partial P-ACT data cut-
away of (a) highlighting the LabDCT
reconstruction of olivine grains within
a chondrule. Coloration as in Figure 2.
(c) P-ACT data of olivine grains from
(b), where the labeled grains are used
as a mask. (d) Slice through P-ACT data
after rotation into the crystallographic
orientation of grain 8 (gr8) such that
x orientation = b-axis, y = c-axis, and
z = a-axis. Interfacial angles measured
using image analysis tools match those
expected of olivine in this orientation
with excellent precision. (e) The same
grain as in (d) where x orientation =
a-axis, y = b-axis, and z = c-axis. (f) x
orientation = a-axis, y = c-axis and z =
b-axis. (g–i) NM-ACT data in the same
orientations as (d–f). Some aberration
is due to shallow angle rotations required
to align the two data sets, and necessary
re-binning of the image data.

TABLE 2. Feature assessment of individual grains (n = 77 within ROI)

Cracks/voidsa
Observed Not observed
12 grains all other grains

High density
inclusionsb,d

Within core In margin/at rim No inclusions
observed

14 grains 7 grains all other grains
Zonationc Extremely zoned Moderately zoned Slight to no zonation

6 grains 5 grains all other grains
aEach grain was individually observed for cracks and voids, which are identified
as regions with the attenuation of air present in either curvilinear
or oblate forms in 3D.
bHigh-density inclusions are interpreted from conspicuously bright features>5
voxels in all directions.
cZonation is also quantified (see text and Fig. 5).
dWe considered bright regions >5 voxels across their minimum axes likely to
be high-density inclusions.
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shapes. It cannot be known what the original texture and orien-
tation of the precursor was, but it is conceivable that one or more
comparatively large grains existed before being mostly melted,
and the relict portions remained in more-or-less the same relative
orientation before cooling and crystallization. The subsequent
overgrowth and diffusion act evenly upon these relict grains,
meaning those with initially smaller sizes are more fully over-
printed by diffusion, reaching proportionately further into their
centers and raising their bulk Fe concentration. At the same time,
the composition of the interior of larger relicts persists due to
their greater distance from overgrowth boundaries. According
to this hypothesis, the two most rounded grains can be consid-
ered “reset relicts,” and identification of these has implications
for testing petrogenetic hypotheses with targeted in situ chemi-
cal and isotopic analysis.

The group of weakly zoned crystals likely reflects an origin
via nucleation and growth from the chondrule melt, tracking the
chondrule’s cooling path. The moderately zoned crystal group
(marked with open squares in Fig. 6) is more similar to the
intensely zoned group in terms of core composition than they
are to that of the weakly zoned group. The core composition his-
togram (Fig. 6) shows that the moderately zoned crystals corre-
spond to an otherwise unpopulated range between the main peak
in grain core composition frequency and the (subtle) outlying
peak of the intensely zoned group. This observation may indi-
cate the moderately zoned crystals’ cores were either also relict
(and variably reset by diffusion), or that they nucleated prior to
the main onset of nucleation at ∼Fo80.

Classic evidence for relict grains, including very high Fo core
content and uneven zone boundaries, is clear in the largest

crystals, and 2D views can readily identify them as such. How-
ever, these features are less convincing with decreasing grain
size when viewed in isolation, as they would be by fortuitous
sectioning to reveal them. It is only as part of a trend formed
by multiple physical and chemical parameters that all six grains
can be hypothesized as relicts, and only when strengthened by
the spatial and crystallographic relationships observed does the
petrogenesis become clear. Indeed, the grains of this trend are
outliers according to population-level analysis of core composi-
tion (Fig. 6, right-side histogram) and are hidden in the crowd of
population-level shape analysis (top histogram), which are both
skewed Gaussian distributions. Without their accurate measure-
ment and integration on an individual grain basis, which is
impossible to achieve without 3D data, this shape-size-compo-
sition-spatial-crystallographic trend would not be detectable. It
follows that the non-destructive method of their measurement is
the critical factor in gaining this insight.

Combining perspectives to avoid inaccuracies

The 3D volumetric nature of micro-CT data means that the
size, shape, surface area, etc., of grains can bemeasured directly,
without out-of-plane uncertainty or stereographic errors. Petro-
graphic observations such as zonation, cracks, inclusions,
embayments, etc., can also be made with high confidence,
because the presence of such features can be observed in 2D,
yet their absence cannot be confirmed in 2D. It is with multi-
modal X-ray imaging, however, that perspectives can be merged
to gain further accuracy.

For instance, one grain in the ROI (OnlineMaterials1 Fig. S4)
exhibits a crack across its middle. Automated mineralogy in 2D

FIGURE 5. Assessment of zonation intensity derived from 3D crystallographically defined composition profiles of olivine grains and their distri-
bution within a chondrule. Zonation intensity is derived from the difference between maximum and minimum composition values (Fo range) of each
grain, which is in turn derived from three crystallographically oriented 1D profiles passing through its center (calibrated P-ACT image intensity).
Three natural groupings are evident when arranged in rank order: low zonation intensity<15 Fo units, moderate zonation intensity between 15 and 25
Fo units, and high zonation intensity >25 Fo units in range. Grain size is indicated by relative size of the markers. Insets are ROI from Figure 2 in the
same aspect as in Figures 4a–4c. Strongly zoned grains are spatially restricted to a band-like zone in the center of the ROI, whereas moderately zoned
grains are located outboard of this band.
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using SEM, or 3D image analysis and phase labeling usingACT,
would plausibly count this grain as two distinct grains due to the
separation of regions, depending on how sensitive a 3D water-
shed filter would be applied in the latter case. These common
features in rocks can therefore lead to incorrect grain count, size
distribution, etc., which may introduce further bias in down-
stream data reduction, integration, and interpretation. The obser-
vations from LabDCT data, however, demonstrate there is no
more than a 5° misorientation between each part of the grain.
Furthermore, the crystallographically oriented views illustrate
that the grain’s euhedral shape continues across parts and inter-
facial angles are close to those expected (Online Materials1

Fig. S4). The 3D morphological observations provide confi-
dence for petrological reconstruction as one grain, and it is con-
ceivable that by combining proximity and crystallographic
analysis, such feature “corrections” may be automatable.

Advancing 3D mineralogy and petrography

A mineral’s structure is, by definition, a diagnostic feature
along with composition. Interpreting mineralogy by using a
proxy for composition only, as with X-ray absorption imaging,
meets non-trivial challenges when analyzing samples containing
minerals with similar densities, and/or with heterogeneous com-
positions. It also requires a priori knowledge of theminerals con-
tained within the sample.

This challenge arises because minerals do not have unique
densities, and minerals with more than two end-member compo-
sitions (such as pyroxenes, feldspars, and garnets, among many
other mineral families) have a range of compositions with the
same density. These common scenarios result in X-ray absorp-
tion contrast images wherein different minerals produce broad
peaks in histograms of brightness that overlap significantly,
and as such, can be challenging to deconvolve with certainty.
Furthermore, textural variation of minerals, such as the presence

ofmicro-inclusions, can significantly modify the apparent density
of a region within a crystal by convolution if measured at a reso-
lution coarser than those features. Finally, chemical zoning in
single crystals causes extended overlaps between the densities
of minerals of different types. Hence, density itself is neither diag-
nostic nor always reliable. Automated 3D mineralogy using
conventional micro-CT alone is therefore fundamentally limited.

Methods have been developed to push this limitation.Machine
learning approaches to absorption image analysis with the aim of
segmentation are most successful in cases where density and tex-
tural differences are both considerable and consistent (Chauhan
et al. 2016; Hekler et al. 2019; Gobert et al. 2020). The brightness
value of a given voxel, as well as its relationship to its local and
non-local neighborhood, are important parameters used for deci-
sions within algorithmic image analysis. The performance of
freely available image segmentation tools [e.g., WEKA, a plugin
of ImageJ (Arganda-Carreras et al. 2017)] can be highly accurate
when the aim is to segment mineral groupings, for example, dis-
tinguishing metals from sulfides from silicates. The corollary is
that performance lessens when the variation in density and texture
between phases that need to be segmented from one another is
subtle. Furthermore, the more specific and detailed any training
process is (supervised learning), the less accurate the results can
be when the same training result is applied to other images.
Typically, the assumptions required to assign a voxel to a mineral
species are carried through such algorithms and will always
support a result, but not always report an uncertainty value. For
further reading on the subject of image segmentation, we direct
the reader to Andrew (2018), Abdulateef and Salman (2021), and
Minaee et al. (2022).

In principle, using LabDCT together with ACT, the mineral-
ogist is enabled to cross-reference structure against density for a
given region in a 3D image and avoid the limitations described
above. It raises the possibility of considering several plausible

FIGURE 6. Integrated quantitative 3D measurements of individual olivine grains within a chondrule. Core composition (P-ACT image intensity)
plotted against true 3D aspect ratio (Feret max/Feret min) from 76 individual grains (one discarded from automated analysis due to a bisecting crack,
see Online Materials1 Fig. S4). Mean composition of the entire crystal is indicated by color. Relative crystal size is indicated by marker size.
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mineralogical assignments to raw data from each approach’s
first principles, and using the results to converge toward a correct
mineral identification.

There are several practical advantages that draw upon com-
bined densitometric and crystallographic measurements. As
illustrated by Figures 3 and 4, individual crystals or crystal
domains can be digitally oriented and visualized according to
their own crystallographic reference frame. This constitutes
the basis for advanced characterization and comparisons of crys-
tal morphologies because each crystal can be assessed in an
internally consistent manner (underpinning Figs. 4 and 5). For
instance, the expression, dimensions, and size ratios of crystal
faces in 3D can be used to characterize and interpret grains in
ways that would be impossible with 2D data or require signifi-
cant effort and assumptions (e.g., Barbee et al. 2020). Placing 3D
crystal compositions in 3D crystallographic contexts presents
opportunities to better constrain growth and diffusion histories.
It allows volumetric descriptions of mineral growth and crystal
populations genetically linked by, in our case, pre-existing
grains, as well as igneous liquid lines of descent. Hence, an
improvement from more simplistic chemical populations that
do not account for mineral or compositional volume can define
a new standard [see George and Gaidies (2017) and Gaidies and
George (2021) for studies that integrate crystallographically ori-
ented and volumetrically contextualized compositional data
from metamorphic rocks]. All these parameters and their trends
can also now be assessed spatially in 3D (see Fig. 5).

Finally, the ability to view 3D maps provides a basis for
highly efficient and targeted downstream analysis. The ability
to assess where a 2D plane should be cut to maximize the scien-
tific value of in situ analysis provides an advantage. Since sam-
ple representation is boosted by observing more rock volume, it
could be argued that the underlying reason for making a random
slice (representation) is superseded by the advent of 3D miner-
alogical data. Now, investigators may find a targeted 2D slice,
such as the one that intersects more crystals of a certain type
(e.g., the relict grains for contextualized isotopic measurements
or untangling the questions of the moderately zoned grains using
trace element observations), or one that exposes a rare feature
(e.g., the chondrule or unknown low-density phase, see Online
Materials1 Fig. S2). In these cases, the 2D slice would be delib-
erately unrepresentative, yet it does not generate a source of
unquantified bias because having 3D data means representation
and context are already established and will always be retained.

Accessing all perspectives, all at once

Figures 4d–4f highlight the ability of multi-modal X-ray
imaging to observe a choice of 2D cross sections of any
grain within its own 3D crystallographic reference frame. The
high angular precision of LabDCT is demonstrated by our
chosen cross sections that exhibit interfacial angles matching
those expected for olivine’s crystal forms (Welsch et al. 2013;
Pankhurst et al. 2019). This ability was pursued in support of
the automated assessment of zonation intensity described above,
but also had another result.

We find the agreement between expected and observed inter-
facial angles to be noteworthy for two reasons. First, all the
grains can be morphologically assessed without assumptions

about how ideal they are, meaning observed deviation from
an ideal form can provide insight. Absorption contrast imaging
can be used to conduct shape analysis and derive crystallogra-
phy, but it is not without assumptions. Second, direct 3D obser-
vation can remove the perception of a lack of crystal symmetry
simply because 2D observations rarely reveal ideal crystal forms
due to random sectioning angles. At least for our case, symmetry
is the rule, but without a method of presenting each grain accord-
ing to its crystallographic axes, it appeared to be the exception.

The modern need for 3D mineralogy and petrography

How minerals are classified is a paradigm that has recently
attracted new thinking and debate (Hazen 2019, 2021; Hatert
et al. 2021). Chemistry and structure are universally regarded
as essential pillars upon which mineral species can be distin-
guished, and represent a convention held by mineralogists for
generations (Dana 1837). Crystal form, habit, mineral associa-
tions and natural kinds, and temporal considerations have also
been suggested to be important factors in highlighting meaning
and significance; hence, these are proposed to also hold value in
classification schema (Hazen et al. 2022). Yet while structure
and composition can be determined by conventional techniques,
determining form and associations cannot be unequivocally
achieved using 2D observations as outlined above. The drive
to characterize and classify minerals using expanded, rich,
and more meaningful schema adds to our motivation to develop
3D petrographic techniques that have obvious potential to sup-
port such work.

Applied mineralogical study is fundamental to mining, met-
allurgy, geoengineering, and environmental management
(e.g., Kerisit et al. 2013; Rigopoulos et al. 2015; Dominy et al.
2018; Lishchuk et al. 2020). Improvements in mineralogical
observation and data processing have led to discoveries and
operational advantages (e.g., Sutherland and Gottlieb 1991;
Van Rythoven et al. 2021). One focus for development has been
to increase the speed and degree of analysis automation, leading
to a range of branded “automated mineralogy” technologies that
have been applied across geoscience (e.g., Pirrie et al. 2004;
Leißner et al. 2016; Hornby et al. 2019; Schulz et al. 2019;
Pankhurst et al. 2022; Liu et al. 2022). The macroeconomic
shift currently underway from fossil fuels to renewable energies
relies on the increased use of raw materials and thus mining
(e.g., Haque et al. 2014), which has increasingly become a policy
priority (e.g., Hammond andBrady 2022; Cervantes Barron et al.
2023). A concomitant change in public perception and govern-
ment policy toward sustainable practices and the importance
of mineralogy to, for example, precious metal and rare earth
element mining (e.g., Liu et al. 2022), supports a view that
the quality of mineralogical knowledge and innovative applica-
tions will only grow in importance.

IMPLICATIONS

The application of LabDCT together with quantitative
absorption contrast imaging marks a milestone in accessibility
for 3D petrography. There is now another option emerging
for gathering in situ crystallographic data: with laboratory scan-
ners, rather than at brilliant light sources. Publications and
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abstracts to date have progressed from olivine (Pankhurst et al.
2019; Boneh et al. 2021; Shea et al. 2021) to chromite (Chen
et al. 2023, 2024) quartz (Barbee et al. 2024), and ice (Barbee
et al. 2025), but diffraction contrast imaging will require exten-
sive development and testing before it can mature to widespread
applicability and deliver greater value to petrography.

By way of comparison, micro-CT is routine in various indus-
tries, including oil and gas, manymaterials and life sciences, and
medicine. Its application as a research tool has increased in geo-
science, where smaller communities, such as paleontology and
volcanology, are delivering innovations. However, to date, it has
rarely been regarded as essential infrastructure in geoscience
departments and geological surveys (Mees et al. 2003; Cnudde
and Boone 2013).

If the trajectory of LabDCT follows that of absorption X-ray
imaging, it will plausibly be >10 years before the technique
could be considered a fundamental imaging modality used rou-
tinely by geoscientists. However, this study implies that a mul-
timodal X-ray imaging system is greater than the sum of its parts.
Neither modality alone would be able to derive meaning from
these grains in the integrated way we have demonstrated. This
greater potential insight supports a view that multimodal
X-ray tomography will cut a more direct path to users. Finally,
its non-destructive nature places it as a first-step technology for
downstream sample preparation and analysis, from which data
can be placed back into the 3D “digital copy.” These correlative
workflows are becoming increasingly popular as their value is
demonstrated (e.g., Warlo et al. 2021), and each analytical tech-
nology is considered not only for the data they generate but also
how their data complement those gained from others.
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