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The present work describes the high potential of the recently developed synchrotron X-ray diffraction
computed tomography (XRDCT) for 3D mapping of crystalline and amorphous phases in Geomaterials of
Cultural Heritage (CHG). The paper critically discusses the promising results and limitations of XRDCT
in Cultural Heritage applications. XRDCT has been applied herein to diverse CHG materials, spanning
from archaeological ceramics, and stone conservation treatments to meteorites, at a microscale. Although
these materials are very complex systems from a chemical, mineralogical and microstructural point of
view, this innovative technique proves effective capability to access the real spatial distribution and semi-
quantification of crystallographic phases within materials in a totally non-destructive and/or non-invasive

© 2024 The Authors. Published by Elsevier Masson SAS on behalf of Consiglio Nazionale delle Ricerche

(CNR).
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction and research aim

The term Cultural Heritage Geomaterials (CHG) is here intro-
duced to comprise natural rocks and rock-like materials such as
mortar, concrete, painting, ceramic, etc. which belong to a wide
range of scientific fields from Geology, Conservation Science, Ar-
chaeometry, among others, and constitute an open window on Cul-
tural Heritage (CH) and humankind’s past. Understanding the mi-
crostructure of CHG is important for interpreting their evolution
in time from the raw materials, through the man-made produc-
tion and transformation processes, their use, spread throughout
the world, and for estimating their degradation state which is cru-
cial for conservation.

In the last decade, a multidisciplinary approach has been ap-
plied to the study of CHG, using different experiences and skills
necessary to achieve a common objective. This has allowed us to
obtain better documentation of the CHG and its conservation state.
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Collecting simultaneously their chemical, mineralogical and mor-
phological information is fundamental for developing new preser-
vation and conservation strategies. Several important studies of
CHG have been made based on 2D imaging techniques utilising
polarisation optical microscopy and scanning electron microscopy.
However, these techniques require destructive sample preparation,
which is not trivial for CHG because (i) a non-destructive and/or
non-invasive approach is preferred, especially in CH and (ii) the
preparation can cause massive modification to the sample under
study. For instance, embedding in synthetic resin, cutting and pol-
ishing as well as sample drying in vacuum-dependent techniques
may significantly and irreversibly change the material’s original
morphology. In this study, “non-destructive” refers to analytical
methods that involve the sampling of a micro-fragment from a CH
object but that do not alter its chemical and physical state, and
do not require any sample preparation. Conversely, “non-invasive”
comprises analytical techniques able to investigate whole objects
without the need of any sampling.

X-ray diffraction (XRD) has been extensively used in mate-
rial sciences to identify and quantify crystalline/amorphous com-
pounds even in complex polyphasic mixtures [1,2]. However, the
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most limiting factor in the experimental measurement of CHG ma-
terials is commonly derived from the scarcity of available samples
(if any). To avoid any sampling, XRD investigations could be carried
out non-invasively with portable XRD instruments or by bringing
movable CH artefacts to XRD fix labs [3-5]. In this latter case, the
technique generally requires an instrumental setup (i.e. very ener-
getic beam to investigate the bulk) that can be found at large-scale
facilities, especially synchrotron X-ray and neutron sources.

Additionally, XRD mapping has become relevant in the inves-
tigation of CHG: it consists of acquiring XRD patterns at each
pixel of a two-dimensional (2D) area either at the macro or mi-
cro scale. In mapping mode the information extracted from XRD
patterns (mineralogy, phase orientation, texture, etc.) can be com-
bined with spatial information and two-dimensional distribution
maps of these features can be composed. This technique is cur-
rently applied in the field of CH, mainly in the characterisation of
painting, ceramics, manuscripts, concrete, etc. [6-8]. On the other
hand, such an XRD approach requires that CHG are prepared as
transversal (thin) cross-sections compatible (in terms of sample di-
mension, composition, and density in the direction perpendicular
to the cross-section surface) for sufficient transmission of X-rays at
a given energy [9].

Moreover, the CH objects are often multi-layered systems of
micrometric thickness (i.e. paintings) and/or are very complex
polyphasic composites (i.e. mortars, ceramics, etc.) and the com-
plex build-up and spatial arrangement of these materials in 3D
is therefore important. Consequently, there is a need for non-
destructive and non-invasive 3D techniques capable of investigat-
ing CHG to reveal chemical and mineralogical information at high
resolution across a wide 3D field of view. Recent advances in-
clude 3D imaging which is regularly employed to identify and map
materials from the nano to macroscale. Conventional attenuation
and phase-contrast X-ray Computed Tomography (CT) enables us
to image the internal structure of an object/sample, investigating
the morphological features and the topography of different phases
(solid phases and/or voids) [10-16]. However, CT is strongly limited
when it comes to distinguishing materials of low-density contrast
(i.e. phases with a similar chemical composition) and does not sup-
ply any crystallo-chemical information about the material phases.

CT analysis and XRD signals can be combined allowing the 3D
imaging of the materials where the crystalline and/or amorphous
phases are used as contrast mechanisms, thus allowing materi-
als with similar density to be distinguished. This innovative tech-
nique is called X-ray diffraction Computed Tomography (XRDCT)
and combines the high selectivity of XRD techniques for crystalline
phases with the 3D imaging potentialities of CT. Therefore, XRDCT
can be used to map the spatial distribution of selected crystalline
(or amorphous) phases within a given sample, offering a powerful
chemical imaging method for the investigation of a wide range of
heterogeneous materials with a non-invasive approach [15,17,18].

Recently, XRDCT has been gaining increasing attention and re-
cent studies reported outstanding results in different areas of ma-
terial sciences, such as the field of heterogeneous catalysis, of the
cement industry [17-23] and it is still a niche analytical approach
not widely exploited in the characterisation of unique geomate-
rials of Cultural Heritage [24-26]. XRDCT is generally applied at
synchrotron facilities as it requires an experimental setup with a
micrometric, collimated, and energetic hard X-ray beam and with
a high brilliance. At present, several beamlines at different syn-
chrotron facilities offer today the possibility to perform XRDCT
(e.g., beamlines at DESY, ESRF, Spring8). However, the processing
of XRDCT data is so challenging that, notwithstanding its high po-
tential, this technique has a limited use.

The study aims to demonstrate the feasibility and high potential
of the XRDCT technique to reconstruct, in a totally non-destructive
and/or non-invasive way, the 3D distribution of the crystalline
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and/or amorphous phases in CHG. In this paper, XRDCT is applied
to different CH geomaterials with heterogeneous characteristics in
chemical and mineralogical composition scaled down to the mi-
croscale. In particular, the present research focuses on (i) a Roman
pottery from the Nile Valley which represents an artificial material
obtained by firing a clay-based paste, (ii) an inorganic-mineral con-
servation treatment applied to consolidate stone materials of built
heritage, and (iii) a meteorite from the collection of the Mineralog-
ical Museum of the University of Milan as an example of geological
material of extraterrestrial origin. Finally, the potential and limita-
tions of the XRDCT technique in the field of Cultural Heritage are
critically discussed.

2. Materials

The CHG samples selected for the present study exhibit a high
complexity due to (i) intrinsic and (ii) extrinsic factors. In partic-
ular, the formers are mainly attributed to the object/sample it-
self, as many of the CH objects are multiphase and heteroge-
neous systems with different origins (terrestrial/extra-terrestrial
materials; natural/artificial materials) and with complex chem-
istry (alloys/solid solutions), mineralogy (mixture of different crys-
talline phases; polymorphs; co-existence of crystalline/amorphous
phases) and microstructure (systems composed by crystals of dif-
ferent grain size). The latter is linked to the CH fields, as the need
to obtain the maximum amount of structural and volume infor-
mation on the materials avoiding (or with the minimum) dam-
ages/alteration on the investigated sample/object poses significant
analytical challenges.

Case study #1: Roman ancient pottery from Nile Valley

Personnel from the University of Milan participated in an ar-
chaeological mission from 1990 to 1996, which aimed to study the
life and material culture in the TadrartAcacus and surrounding ar-
eas. The mission collected a significant amount of pottery samples,
including the ARA13-2 sample, which is part of a collection of ce-
ramics dating back to the Roman period and originating from the
Nile valley, particularly from Sudan and Egypt.

Note that no sample handling (i.e. cutting, polishing, etc.) is re-
quired for the XRDCT investigation, so the ancient pottery has been
analysed as it stands. This case study aims to be an example of a
non-invasive approach to the characterisation of CHG.

Case study #2: Consolidation of calcareous stone materials
with a phosphate-based conservation treatment

The Angera stone, a porous, sedimentary Triassic dolostone
mainly composed of dolomite (CaMg(COs3),) has been used for the
study. This lithotype is quarried in Northern Italy (Piedmont) in
three peculiar colour shades, namely pink, white, and pale ochre,
according to the presence of iron oxides and clay impurities [27]. It
has been widely used as a building material in Lombard architec-
ture since the Roman age due to its typical colour variations giving
rise to ornamental decorative patterns [28,29]. Diagnostic studies
aimed to conserve works in the San Fedele church and the Cor-
tile del Richini (Milan), a masterpiece of the Lombard Baroque in
Milan.

The white Angera stone shows a microcrystalline texture with
stone grains weakly bonded to each other, which leads to pecu-
liar decay phenomena when carved artefacts are exposed to pol-
luted environments. Hence, the white variety of Angera stone was
selected for the investigations. In recent years, a more compatible
conservation approach based on diammonium hydrogen phosphate
(DAP, (NH4),HPO,4)) inorganic-mineral treatments has been pro-
posed to consolidate decayed dolostones and DAP solutions have
been applied to the Angera stone for the first time [30]. In this
study, the Angera stone specimens (50 x 50 x 20 mm?3) were con-
solidated by poultice (dry cellulose pulp, MH 300 Phase, Italy; ratio
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~ 5:1 DAP solution:dry cellulose pulp) with a 0.76 M aqueous so-
lution of DAP [31].

Suitable samples for XRDCT measurements (cylinders
with diameter 1.5-1.0 mm) were obtained by cutting the
50 x 50 x 20 mm? specimens after the DAP treatment to
explore the crystallisation and volume distribution of the novel
phosphate phases formed from DAP solutions at room temperature
within dolostones. This case study would serve as an example of a
non-destructive approach in the characterisation of CHG.

Case study #3: Meteorite

The analysed meteorite fragment originates from the Holbrook
meteorite, Arizona, and is classified as a chondrite. From a min-
eralogical point of view, it is predominantly composed of olivine,
pyroxene, plagioclase, iron-nickel alloy, and troilite [32]. This mil-
limetric fragment is stored in the collections of the “Museo delle
collezioni mineralogiche, gemmologiche, petrografiche e giacimen-
tologiche” of the University of Milan, alongside a larger fragment
and other smaller fragments. As for Case study #1 note that no
sample handling (i.e., cutting, polishing, etc.) is required for the
XRDCT investigation. This case study would be an example of a
non-invasive approach to the characterisation of CHG.

3. Methods
3.1. Optical microscopy

Thin sections were studied under a Leitz polarised light micro-
scope connected to a 51 MP camera, using magnifications 2.5 and
10X.

3.2. X-Ray powder diffraction analysis (XRPD) and Rietveld Method

XRPD data acquisition was carried out by a X'Pert PRO Diffrac-
tometer (PANalytical), in 626 Bragg-Brentano geometry with a di-
verging beam diffractometer, equipped with an X'Celerator LPS de-
tector. The 1.23-7.75 d (A) range has been investigated using CuKo
radiation for all samples. All XRPD analyses were performed with a
40 kV/40 mA current and a 0.02° step size. The equivalent count-
ing time was 120 s/step for all the samples, with a fixed divergence
slit angle of 0.5°.

XRPD profiles were fit using the GSAS-II software for quanti-
tative analysis by means of the Rietveld Method. The instrumen-
tal calibration of the laboratory diffractometer was performed by
analysing LaBg (SRM 660c) in the same experimental setups, thus
obtaining the instrumental profile parameters (U, V, W, X, Y and
SH/L) needed for quantitative analysis by the Rietveld Method. In
particular, cell parameters, crystallite size, individual scale factors,
zero shift, and a Chebychev polynomial function used to model the
background functions were refined during Rietveld analysis.

3.3. External reflection (ER) Fourier transform infrared (FTIR)
spectroscopy

The ER-FTIR measurements were carried out with an Alpha II
spectrometer (Bruker Optics, Germany) equipped with an external
reflection module. The spectra were acquired in the near- and mid-
infrared region from 8000 to 400 cm™~!, at a resolution of 4 cm™!
by collecting 128 scans. The ER-FTIR investigations were performed
non-destructively and contactless (long working distance of about
2 c¢m) with a circular investigated area of 6 mm diameter on the
top of samples and without any sampling preparation. The collec-
tion and qualitative analysis of acquired data were performed with
the OPUS 8.5 spectroscopy software. The reflectance spectra are
presented without any spectral correction.
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3.4. X-ray fluorescence (XRF) mapping

X-ray fluorescence spectra were acquired by a portable energy-
dispersive XRF spectrometer ELIO (Bruker Corporation, Billerica,
MA, USA) non-destructively and contactless on polished thin cross-
sections. The excitation source works with an Rh anode. XRF mea-
surements were carried out by fixing the tube voltage at 40 kV and
the tube current at 80 pA for a measured time of 480 s (8 min) and
setting acquisition channels at 2048. The XRF maps (20 rows x 20
columns) were collected with a pixel size of 200 x 100 (horizon-
tal x vertical). The data were processed by ELIO 1.6.0.29 software
(Bruker Corporation, Billerica, MA, USA). The polished thin cross
sections for the XRF mapping were prepared by embedding a small
fragment, sampled from the treated Angera stone, in cold slow-
curing epoxy resin (Struers). After 24 h, the samples were cross-
sectioned by using a microtome and dry polished with conven-
tional methods (silicon carbide papers with grit from 800 to 2500).
A final wet polishing was carried out using in sequence a 6.0 pym
and 1.0 pm diamond polishing paste on polishing cloths.

3.5. Scanning electron microscopy (SEM)

Scanning Electron Microscope (SEM) JSM-IT 500 (JEOL, 2019),
equipped with an Energy Dispersive Spectrometer (EDS) was used
to obtain secondary and backscattered electron (SE and BSE) im-
ages at high magnification and rapid semi-quantitative analyses.

3.6. X-ray diffraction computed tomography (XRDCT)

The XRDCT measurements were carried out at the ID15A beam-
line station of the ESRF (European Synchrotron Radiation facility;
Grenoble, France) [33]. The samples were mounted on a sample
stage which allowed translational and rotational movements. The
energy of the monochromatic pencil beam was tuned to 90 keV
(for meteorites and archaeological ceramics) and 42 keV (for the
dolostone) using a double-bounce bent Laue monochromator.

The SR X-ray beam was focused down to the micrometer scale
(35 pym(h) x 15 pm(v)) using a compound refractive lens transfo-
cator. The investigations were carried out with a state-of-the-art
PILATUS3 X CdTE 2 M hybrid photon-counting area detector [20]
to record the two-dimensional (2D) diffraction patterns [34].

The XRDCT scans along y were performed over a 180° rotation
(w) and the slice thickness was equal to the vertical beam size
(Fig. 1). The sample-to-detector distance and other geometric pa-
rameters were calibrated from diffractograms of a capillary sample
of NIST SRM674b CeO, using PyFAl, a locally modified version of
which was also used to azimuthally integrate the projections with
outlier rejection to minimise a skewing effect due to the possible
presence of large crystallites [35,36].

The exposure time was of about 50-100 ms (depending on
the sample) for each projection. 1700 projections were rearranged
into sinograms which were subsequently corrected for background
scattering. Beamline scripts were then used to perform and in-
terpret tomographic reconstructions of the integrated data [37-
39]. With this experimental setup, the measured volume was
1.8 x 1.8 x 1.5 mm3 and the reconstructed images (tomograms)
have a voxel size of 35 x 35 x 15 um?3. Data collection and XRDCT
reconstruction required 8 h per sample.

Regions of interest (ROIs; XRD marker peaks) are selected in
the Q space of one-dimensional diffractograms and their signal
was plotted as a function of all pixels of the array. The XRDCT re-
construction images are then presented in false colour colourmaps
spanning from blue-green (low signal) to red (high integrated area)
to show the 3D spatial distribution of specific XRD peaks. Sev-
eral ROIs over different (hkl) reflection peaks of the same crys-
talline phase were selected to check the reliability of the method.
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Fig. 1. X-ray diffraction Computed Tomography (XRDCT): (a) reconstruction scheme of the XRDCT analysis; (b) samples investigated in the present study (meteorite, Pietra
di Angera, and ancient ceramic) and inset of the experimental setupat ID15B ESRF; (c) example of a reconstructed slice of a (hkl) peak mineral phase.

The spatial distribution of selected crystalline phases and possi-
ble correlations/ miscorrelations among phases have been explored
by comparing different ROl maps. Moreover, RGB colour imaging
for retrieving the volume distribution of specific phases has been
performed. To do that, the XRDCT image reconstruction in RGB of
phases of interest has been split in its red, green, and blue chan-
nels, as described in [23]. Then, the red channels of those phases
(which represent the regions where the diffraction peak of that
crystalline phase has the highest intensity) have been superim-
posed by using an RGB correlation tool.

The XRD patterns extracted from individual voxels or whole
slices of the 3D mineralogical maps were not subjected to any
smoothing or post-processing. Note that the diffraction patterns
were not corrected for spottiness prior to 1D azimuthal integration.
The X'Pert HighScore 2.2.0 software and database (PANalytical) has
been used for the qualitative analysis of the XRD datasets. The
open-source Fiji software has been used to visualise the XRDCT re-
constructed slices [40]. The 3D image renderings have been gener-
ated with the commercial software VGStudio 2.0 (Volume Graph-
ics, Germany).

4. Results and discussion

This paragraph will present the results of the CHG characterisa-
tion achieved through laboratory and unconventional techniques.
Specifically, for each case study, the results obtained at the lab
scale (OM, XRD, ER-FTIR; etc.) are presented. Subsequently, the
XRDCT outcomes will confirm and/or address questions left unan-
swered by traditional techniques. Finally, the strengths and limi-
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tations of XRDCT in comparison to lab methods will be critically
discussed.

4.1. Case study #1: ancient pottery of the Roman age

In sample ARA13-2, two different regions (an outer and an inner
one) can be well distinguished owing to the colour change of the
matrix under the microscope (Fig. 2a).

In its inner part, the very homogeneous matrix is brown in par-
allel Nicols (N//) and dark brown in crossed Nicols (NX). No crys-
tals are observed within this micromass probably because they are
too small to be individually distinguished. Minerals are the most
common inclusions: well-rounded grains of quartz with an undu-
latory extinction effect are poorly sorted and homogeneously dis-
persed within the matrix and their grain size ranges from fine to
medium sand size. A few feldspars with a medium grain size can
be detected as inclusions (Fig. 2d). Well-rounded clay-rich inclu-
sions surrounded by ring-voids shrinkage are observed (Fig. 2e). No
rock fragments appear as inclusions. Finally, branching elongated
voids between crumbs of clays as well as parallel voids resulting
from the drying are evident.

The outer portion of the ceramic is easily detectable thanks to
the lighter colour of the matrix which can be classified as brown
if compared with the inner one (Fig. 2b). Again, this micromass is
optically inactive. On the other hand, it has the same mineralogical
composition as the inner part of the ceramic even though a smaller
grain size and sorting of the mineral inclusions are clear and asso-
ciated with cracks and voids (Fig. 2c). Here, the quartz inclusions
have a grain size moderately bimodal (silt and fine sand size), com-



E. Possenti, M. Catrambone, C. Colombo et al.

OUTER PORTION

INNER PORTION

Journal of Cultural Heritage 68 (2024) 28-37

Fig. 2. Optical micrographs of ARA13-2: (a) panoramic view of the ancient ceramic where the two different portions can be well distinguished (N//), (b and c) outer portion
of the ceramic characterised by mineral inclusions, mainly quartz and feldspar (b), and isooriented cracks and voids (c) (N//); (d and e) inner portion of the ceramic
characterised by well-graded mineral (quartz and feldspar) (d) and well rounded clay-rich inclusions (e) (N//).
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Gh Gehlenite (Ca,AlSiO;) 4.64
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Fig. 3. Rietveld plot of the ancient ceramic. Diffraction peaks of the main phases are labelled. The difference (“diff”) between the observed (“obs”) and calculated (“calc”)

profile is not in scale.

posed of rounded and sub-angular inclusions with no preferential
alignment.

The XRPD results report that quartz is the most abundant phase
associated with K-feldspar. Diffraction peaks attributed to plagio-
clase, calcite, and Mg-pyroxenes are detected as well as gehlenite
and hematite appear as minor phases. In Fig. 3 the XRPD pattern of
the ceramic is shown with the main peaks labelled and the quan-
titative results based on Rietveld analysis are reported.

This complex mineral assemblage (Ca and/or Mg-silicates, Fe
oxides, etc.) was not detected during OM probably because these
are newly formed phases occurring during firing which is finely
dispersed within the matrix.

The distinction between primary minerals (crystal inclusions,
i.e. quartz, plagioclase, and K-feldspar), prograde minerals (newly
formed phases during firing such as diopside, gehlenite, calcite),
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and secondary minerals formed during the burial processes of the
ceramic lamps using X-ray diffraction analysis (XRD) and OM al-
lowed us to define a rough estimation of the firing temperature.
In particular, the occurrence of plagioclase suggests the firing tem-
perature of around 1000 °C, and the presence of CaMg-pyroxene
(diopside, CaMgSi,Og) associated with gehlenite (Ca,Al(AISiO)) al-
lows the assumption that this ceramic was manufactured from
carbonate-rich clay raw materials. It is important to stress that
the firing process does not necessarily achieve a mineral assem-
blage that is at thermodynamic equilibrium, and this must be re-
membered in any attempt to predict the firing properties. Finally,
hematite (Fe,03), even if in very low concentration, has been de-
tected in the XRPD patterns, thus suggesting that ceramic manu-
facture occurred in an oxygen fugacity higher than the hematite-
magnetite buffer.
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X-RAY DIFFRACTION TOMOGRAPHY
SPATIAL DISTRIBUTION OF THE CRYSTALLOGRAPHYC PHASES
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Fig. 4. XRDCT reconstruction images showing the spatial distribution of the main phases within the ancient ceramic. For clarity, a schematic drawing of the ceramic with a
clear distinction between the outer and inner portions as observed during OM is also reported (sample size: 2 x 4 mm horizontal x vertical).

The obtained results at the lab scale allow for a comprehen-
sive characterization of the ceramic, yet they still leave some open
questions, primarily concerning the ceramic manufacture, i.e., tem-
perature and firing procedures.

In Fig. 4 XRDCT reconstructed slices are shown and the 3D
phase distribution of selected phases within the pottery is re-
ported. The colour scale bar given on the left side-hand shows the
relative intensity of a (hkl) diffraction peak, enabling us to obtain
a rough quantitative relative abundance of the phase in the sam-
ple. For instance, quartz appears homogeneously dispersed, with a
higher concentration in the outer portion.

The XRDCT results identify the same phase assemblage ob-
served during the preliminary analysis at the lab scale but also
record their spatial distribution in a completely non-invasive way.
It is interesting to note that (i) in the inner portion of the ceramic
diopside and calcite coexist whereas (ii) in the outer one gehlenite
is associated with plagioclase.

In the inner core, the starting raw materials were probably a
mixture of quartz and feldspar grain mixed with a carbonate-rich
clay fraction. In this latter, the presence of chlorite and/or vermi-
culite might have led to the Mg content promoting the crystalli-
sation of the diopside crystals. This area was probably fired at ~
1000 °C and the calcite can be interpreted as a reformed (retro-
grade) phase that has crystallised from the unreacted free lime
produced by the thermal decomposition of the original calcite. The
incomplete thermal reaction between the free lime with the re-
licts of clay minerals to form new Ca-silicates might be ascribed
to several reasons, such as (i) the temperature and/or time insuffi-
cient for the occurrence of the complete reaction and (ii) an excess
amount of calcite concerning the availability of silicate which ap-
pears homogeneously dispersed in the whole inner layer (Fig. 4).

In the outer portion of the ceramic, gehlenite associated with
plagioclase might attest to a slightly lower firing T of the inner
part (~ 900 °C). On the other hand, the clay fraction used in this
layer was higher in weight percentage and it was mainly a Si-Al-
rich component.
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The spatial distribution of these two different phase assem-
blages suggests that the ceramic manufacture was performed in
two different steps: (a) the ceramic body was first fired at high T;
(b) it was hidden by the overlapping of an engobe, characterised
by larger content of the Si-Al rich clay fraction which was fired at
a slightly lower T.

The homogeneous phase distribution of the hematite within the
outer and inner layers confirms that two firing steps all occurred
in oxidising conditions.

Finally, from Fig. 4 in the “inner portion” of the ceramic, there is
a noticeably higher concentration of the diopside in the outermost
layer compared to the inner one. The same applies to the “outer
portion” when considering the distribution of gehlenite. This sug-
gests a temperature gradient during the firing process, wherein
each layer, the innermost part has reached a lower temperature
compared to the outer one.

4.2. Case study #2: revealing the interactions of inorganic
conservation treatments with dolomitic stone substrates

The external reflection FTIR (ER-FTIR) spectra collected on the
surface of the DAP-treated stone material (Fig. 5a) show the char-
acteristic reflectance bands in the range 3600-3000 (stretching vi-
brations N-H and/or O-H groups) and in the range 1250-1000
cm~! (stretching vibrations of PO, groups) in addition to bands
of dolomite of the substrate [41]. These novel reflectance bands
can be attributed to hydrated phosphates and demonstrate that
the DAP consolidation of the Angera stone promotes the forma-
tion of new phosphate phases at the interface between the stone
material and the DAP poultice. The DAP reaction with dolomitic
grains of the stone matrix can form both Ca-phosphates and Mg-
phosphates (CaPs and MgPs respectively [30]). Here, the character-
istic reflectance band at 3288 cm~!suggests the crystallisation of
an external coating of hydrated magnesium phosphates [41].

On the other hand, considering that ER-FTIR spectroscopy is a
surface technique and the instrumental setup used in this study
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Fig. 5. (a) ER-FTIR spectra collected on the surface of the Angera stone before (black pattern, untreated Angera stone) and after (red pattern, DAP-treated Angera stone)
the application of the DAP consolidating poultice. The * symbols point out the reflectance bands attributed to the formation of hydrated phosphates on the treated surface;
(b) optical image of the polished cross-section of the DAP-treated Angera stone showing the region (dashed white rectangle) investigated by XRF and micro-XRF maps of
calcium (Ca), magnesium (Mg) and phosphorus (P). The black scale bars refer to the size of micro-XRF map.

investigates an area having a 6 mm diameter, the presence of other
newly-formed phases (including CaPs) below MgPs and/or in such
minor fraction that cannot be detected with this instrumental set
up cannot be a priori excluded.

In Fig. 5b the p-XRF 2D maps collected on polished thin cross
sections of the DAP-treatedAngera stone detect phosphorus, at-
tributed to P-containing phases, below the surface and down to ~
1.5-2 mm (corresponding to the maximum depth investigated in
this study). This finding shows evidence of the millimeter diffusion
of the DAP solutions within the pore structure of the Angera stone
matrix and demonstrates that the DAP interaction with dolomitic
stone grains is not confined only to the treated surface or to micro-
metric subsurface regions of the dolostone. From one side, the in-
vestigation of the mutual distribution of newly-formed phases con-
cerning dolomite grains of the stone matrix would provide impor-
tant information on mechanisms ruling the crystallisation but, due
to the elemental nature of the XRF technique, the unambiguous
attribution of the P detection in p-XRF maps to Ca- and/or to Mg-
containing phases and/or to a subsurface re-crystallisation of reac-
tion by-products and unreacted reagent is not achievable. On the
other side, the spotty localisation of P could be attributed to the
particular pore structure of the lithotype and hence to crystallisa-
tion phenomena occurring only in correspondence with open and
connected voids or cracks, or, on the other side, to the presence of
stone regions particularly reactive toward the inorganic treatments
(i.e. due to a particular orientation of dolomite crystals within the
stone microstructure).

A 3D approach able to identify, (semi-)quantify, and spatially
resolve the distribution of P-based compounds and voids would
be needed to investigate the crystallisation of P-containing phases
within the microcrystalline texture of stone grains and down to the
microscale.

The reconstructed XRDCT pattern of an entire representative
slice, extracted at about 800 pm from the DAP-treated surface of
the Angera stone, is shown in Fig. 6. The XRD pattern of DAP-
treated Angera stone is dominated by Bragg peaks of dolomite
(Dol). Thanks to the high signal-to-background ratio (inset), the
very weak diffraction peaks of struvite (Suv) mixed with mi-
nor amounts of clay minerals (Cm) can be detected as well,
notwithstanding their intensity is of two to three orders of mag-
nitude below the dolomitic ones. Struvite peaks are detected in
the XRD patterns collected either close to the DAP-treated sur-
face or within the stone matrix, and they are observed down to
the inner portions of the volume investigated by XRDCT. These
results unambiguously confirm the surface identification of stru-
vite hypothesised by ER-FTIR data and, at the same time, demon-
strate the crystallisation of this Mg-containing phosphate phase
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within the treated dolostone. The symmetric and well-resolved
diffraction peaks at Q = 1.06 A= (dg1g), 112 A-1 (dgyg), 117 A1
(doy), 147 A1 (dqyq), and 1.51 A-1 (dgy) of struvite prove a
quite ordered crystal structure for this newly-formed MgP phase.
On the contrary, no Bragg peaks are observed for CaPs in any
XRD patterns or XRDCT images of the treated Angera stone. In
particular, only a very weak and broad peak at Q 3.67 A-!
(doog) could be attributed to the formation of apatitic phases (i.e.
hydroxyapatite, Cas(PO4)3(OH); amorphous calcium phosphates,
CaxHy(POy4),-nH,0, with n = 3-4.5 and 15-20 % H,0) or oc-
tacalcium phosphate (Cag(HPO4),(PO4)4-5H,0), but the absence
of other characteristic peaks in marker regions or their overlap-
ping with XRD peaks of other phases prevented their unambigu-
ous identification. Most likely, the actual formation of CaPs can-
not be excluded but these phases are almost certainly formed in
such a poorly crystalline and partially substituted nonstoichiomet-
ric form that they cannot be detected even with the high signal-
to-background ratio of SR and XRDCT measurements [30].

The spatial distribution of dolomite and struvite phases is dis-
played with false colours maps in Fig. 6 by subtracting a local lin-
ear background and integrating the Bragg peak area in each voxel
of the same slice (integrated marker peak at Q = 1.70 A~ (doy3)
and at 1.47 A-1 (dy;;) for dolomite and struvite, respectively). In
particular, the XRDCT reconstruction image of dolomite permits to
study of the spatial distribution of stone grains within the litho-
type as well as to observe the presence of several voids notwith-
standing the subsurface crystallisation of phosphate phases. These
findings are of remarkable importance in the CH field as the
XRDCT datasets indicate that the porosity of the stone materials
is preserved after the DAP consolidation of dolostones and demon-
strate the capability of inorganic-mineral treatments to not occlude
the pore structure of porous stone materials.

The XRDCT data shed new light on the crystal sizes and spatial
orientation of newly formed phases. In particular, the XRDCT re-
construction images indicate that struvite consists of thousands of
3D randomly oriented crystallites within the dolostone, as demon-
strated by the absence of single crystal spots and/or artefacts. As
for the crystallisation mechanism of reaction products, the RGB
colour imaging of Fig. 6d permits a step further in its under-
standing. By graphically overlapping the regions where the two
phases are more abundant (highlighted by the spatial distribution
of red channels of XRDCT images fraction, as described in §3.6 of
the Methods section), it is possible to semi-quantitatively study
the mutual localisation of dolomite and struvite in a certain vol-
ume. Here, the partial superimposition of struvite and dolomite
shows the nucleation and growth of newly formed crystals from
stone grains of the stone matrix (regions of co-existence, yellow in
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Fig. 6. (a) Sum of XRD pattern of the DAP-treated Angera stone extracted from a representative slice of XRDCT datasets. The XRD pattern is dominated by Bragg peaks of
dolomite (Dol). The inset, showing detail in the 0.3-2.4 A-! Q-range of the XRD pattern, highlights the presence of accessory clay minerals (Cm) of the original stone matrix
and newly-formed struvite (Suv); (b) XRDCT reconstruction images obtained by integrating the XRD marker peaks in the Q-range 1.68-1.72 A-! (max at Q 1.70 A~! (dy2)
and 1.45-1.49 A-1 (max at Q 147 A-1 (dyyy) of the spatial distribution of dolomite (Dol) and struvite (Suv), respectively; (c) Red channels of XRDCT image reconstruction
(obtained as described in §3.6 of the Methods section and in [23]) of dolomite (left) and struvite (middle), and their RGB merged imaging (right). The XRD pattern and the
XRDCT image reconstructions of this figure are extracted at about 800 pm from the treated surface of the Angera stone.

dor: DOLOMITE di STRUVITE DOLOMITE + STR

Fig. 7. 3D spatial distribution extracted from XRDCT results of dolomite and stru-
vite in the DAP-treated Angera stone obtained by plotting the red channel of the
RGB images. In the volume rendering on the right, the orange colour shows the
overlapping regions of dolomite and struvite.(For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

Fig. 6d). Moreover, the RGB correlations point out the crystalline
network formed by struvite crystallites that can connect detached
dolomite grains. This consolidating action can be further appreci-
ated in the volume renderings of the XRDCT datasets shown in
Fig. 7 which demonstrate the remarkable binding effect carried out
by the MgPs network down to the inner portions of the investi-
gated volume of DAP-treated Angera stone.

Here, the significant step forward concerning literature data
is the opportunity to study the partial dolomite-to-magnesium
phosphate conversion occurring during DAP treatments non-
destructively, with microscale 3D spatial resolution. These results
strongly improve knowledge of inorganic-mineral treatments by
both assessing the variations induced by DAP consolidating so-
lution to the original dolostone in terms of newly-formed phase
composition and their 3D spatial distribution and understanding

35

the influence of these features on the crystallisation of the new
phases formed by the conservation treatment.

4.3. Case study #3: meteorite

The Mineralogical Collection Museum houses a 10 cm diameter
sample of the Holbrook meteorite, along with smaller centimetre-
sized samples that are likely from the same meteorite but remain
unidentified. This has provided the opportunity for both conven-
tional analyses, including thin section, microprobe analysis, and
diffraction, as well as non-conventional analysis utilizing XRDCT to
assess the sample’s mineralogical composition in a non-destructive
manner.

Holbrook belongs to the L/LL chondrite geochemical group,
which has intermediate iron abundance between low-Fe L chon-
drites and very low-Fe LL chondrites [32]. Only eleven L/LL mete-
orites with witnessed impacts have been recovered, and Holbrook
is one of the four whose fall was witnessed, classified precisely as
an L/LL6 ordinary chondrite in the Meteoritical Bulletin Database.
Many fragments of the Holbrook meteorite have been recovered
since its fall, and as several of these fragments were altered, they
allowed for the study of surface alteration rates on Earth (Fig. 8a).

The meteorite contains chondrules, ranging in size from 0.5 to
1.5 mm in diameter, and is mainly composed of olivine and low-
calcium orthopyroxene. Microprobe analysis and laboratory mi-
crodiffraction have confirmed the presence of these components
(olivine Fo75 and orthopyroxene En68) along with albitic plagio-
clase rims (Fig. 8b). The chondrules are surrounded by a fine re-
crystallized matrix, rich in olivine and pyroxenes, along with ag-
gregates of iron-nickel alloys and troilite (Fig. 8c). These aggregates
are dispersed throughout the matrix and are also found along the
edges of the chondrules.

The mineralogical composition and spatial distribution of the
constituents of the analyzed meteorite fragment was identified us-
ing non-invasive XRDCT. The presence of olivine, pyroxene, iron-
nickel alloy, and troilite was verified, which are all phases compat-
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Fig. 8. (a) Polished section image showing chondrules, matrix, silicate crystals, metal and sulfides, and alteration of metallic fragments. (b) SEM image of a chondrule with
olivine (Fo75) and orthopyroxene (En68) components and albitic plagioclase rims. (c) SEM image of iron/nickel alloy and troilite aggregates in the matrix.

PHASE DISTRIBUTION FROM XRDCT

MATRIX TROILITE (110)

Fig. 9. XRDCT reconstruction images showing the spatial distribution of the main
phases within the meteorite.

ible with the composition of the Holbrook meteorite [32]. In Fig. 9
it is clear that the silicates and iron-nickel alloy constitute a very
dense and micrometric “matrix” where large and single crystals
of troilite appear. Image analysis was applied to selected sections
reconstructed based on the diffraction peaks of the main phases,
revealing both textural features and the volume fraction of each
phase (Fig. 9). The combination of olivine and pyroxene makes up
81 % of the volume, followed by the iron-nickel alloy at 10 %, and
troilite and other minor phases at 9 %.

The results of both partially destructive conventional analyses
and non-invasive XRDCT analyses have confirmed that the miner-
alogy of the two fragments analysed is compatible with the min-
eralogy of the Holbrook meteorite, allowing for the identification
and the possibility of using these fragments instead of the large
museum sample for further scientific investigations. Furthermore,
it has been demonstrated that non-invasive XRDCT analyses ac-
curately allow for both overall mineralogical determination using
diffraction information and modal and spatial analysis using image
analysis. These findings suggest that non-invasive XRDCT methods
have promising applications for future mineralogical studies of me-
teorites.

Conclusions: a new perspective in the characterisation of
Cultural Heritage Geomaterials (CHG). An overview of XRDCT
progress/potentials and limits.

The unique information provided from XRDCT experiments ad-
vances knowledge on CH systems non-invasively and holds signif-
icant potential for understanding the properties. and performance
of other geomaterials in the Cultural Heritage field. Consequently,
XRDCT shows great promise to be a complementary tool to exist-
ing imaging techniques, allowing the structural analysis and real
volume distribution of crystalline/amorphous phases, unlike 2D
techniques where volume information is not available.

The potential of XRDCT as a non-destructive and/or non-
invasive structural tool to explore the crystallo-chemical compo-
sition, topography, and textural features of geomaterials has been
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explored. As demonstrated, XRDCT enables to collect 3D datasets
on different typologies of heterogeneous geomaterials, combining
qualitative analysis based on diffraction data with tomographic
volume reconstructions (2D distribution maps, virtual cross sec-
tions, and 3D (volumes) of crystalline phases).The XRDCT exper-
imental setup does not require sample preparation and there-
fore preserves the original textural and microstructural features
of the specimens, which can be reused for further investigations.
It has a strong relevance when dealing with Cultural Heritage
micro-samples or objects where the need to obtain the maximum
amount of information meets the need to develop non-destructive
and non-invasive analytical techniques. Additionally, it enables the
characterization of even very small-sized samples. Further studies
can facilitate the extrapolation of the crystal orientation within the
samples; a parameter of paramount importance, especially in the
study of alloys.

Virtual cross-sections of selected phases can be computed and
isolated from an unknown bulk sample without requiring priori
knowledge of its composition, texture, or phase orientation.

Overall, ongoing efforts in software development and computa-
tional methodologies aim to enhance the robustness and applica-
bility of XRDCT, overcoming its inherent limitations and expanding
its utility in materials science and related fields.

The limitations of XRDCT include the possible presence of arte-
facts rising from large crystallites, which leads to single-crystal
XRD patterns and not to powder-like rings, or very small crystal-
lites leading to the loss of Bragg diffraction signals.

Moreover, the availability of commercial software to manage
complex and large XRDCT datasets is limited. Consequently, re-
searchers often rely on ad hoc algorithms, newly developed soft-
ware, and advanced computing tools to address these challenges
advanced computing tools. For instance, filtering procedures and
data management are devised to mitigate artifacts arising from
large crystallites. Additionally, advancements such as pair distribu-
tion function computed tomography for the latter are being pur-
sued to tackle the issue of Bragg diffraction loss associated with
very small crystallites.

Although the samples do not necessitate specific preparation
(e.g., embedding in resin, polishing), the nature of the sample and
its size need to be carefully selected to achieve the best “compro-
mise” among the desired voxel resolution (the smaller the beam
size, the smaller the voxel size; the samples should be small
enough to achieve the highest voxel size resolution but big enough
to be representative of the investigated system), the acquisition
time (the smaller the voxel size, the longer the acquisition time)
and the “ideal powder assumption” (decreasing the beam size de-
creases the maximum average crystallite size that satisfy the as-
sumption).

The SR beam energy can be tuned in the experimental hutch
depending on the nature of the sample, as showed in this study.
However, it should be considered that some compounds or crys-
talline phases may not be stable to the high X-ray flux and thus
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decay or transform into other phases during the investigations if
care is not taken to tune beam parameters to avoid this. On the
other side, SR facilities allow to set of several experimental param-
eters at the XRDCT beamlines, which permits to study of beam-
sensitive samples/objects without (or with the minimum) beam
damages.

The next steps of this research will integrate micro-CT
and XRDCT investigations on the same sample, facilitating a
multimodal tomography analysis. This approach will enable a
comprehensive understanding of the sample’s structure and
composition.
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