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1. Introduction

Application of mobile-macroscale scanning X-ray
fluorescence (mobile-MA-XRF) imaging in
paleontology: analyses of vertebrate fossil
specimens from Messel conserved in different solid
and liquid mediat

Marco Colombo, & * Thomas Lehmann, & Wolfgang Ensinger ©2
and Valentina Rossi & *<

Cutting-edge analytical instrumentation is increasingly being developed and applied to the analysis of
fossils. X-ray fluorescence (XRF) imaging spectroscopy is a powerful tool to resolve the elemental
chemistry of fossil specimens. Most of the XRF application to study fossils is carried out at dedicated
synchrotron radiation XRF beamlines. Recent studies used laboratory scanners, i.e. stationary instruments
with a measurement chamber or mobile ones to tackle paleontological questions. The application of
these new XRF systems on fossils is still relatively limited and clear protocols for the acquisition and
processing of the XRF data are currently lacking. Here, we present the use of mobile-macroscale
scanning XRF (mobile-MA-XRF) imaging for the in situ analyses of the elemental chemistry of fossil
vertebrates from the Messel biota (~48 Ma, Eocene), including amphibians, reptiles, mammals and birds.
We investigate the usefulness of mobile-MA-XRF to detect tissue-specific elemental signatures in fossils
preserved in solid resin, liquid glycerin and water. We found remarkable tissue-specific chemical
signatures preserved in almost all specimens analyzed. Hair and feathers are associated with S and Ti,
abdominal tissues with Cu and Zn and stomach contents, e.g., seeds, are associated with Ni, Cu, and Zn.
We provide a detailed protocol for acquisition and processing of MA-XRF data and a critical discussion of
the application of this approach to paleontological research. Our work sets the foundation for applying
MA-XRF to the analyses of those fossils that cannot be measured at synchrotron facilities and/or with
stationary laboratory scanners due to their dimensions, weights and conservation mode.

keratins'®** and other biomolecules.””™* These fossils are
usually analyzed using a range of analytical methods, encom-

Paleontology is a multidisciplinary analytical field that studies
ancient organisms by developing and applying modern
advanced technology to analyze fossils, both at the physical and
chemical levels."™ Fossils preserving non-biomineralized
tissues, i.e. soft tissues (e.g., skin, eyespot and various internal
organs) and in particular those preserved as carbonaceous films
(organic preservation®) are of great importance for the research
on the preservation of biomolecules, such as melanins,*®
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passing scanning electron microscopy (SEM) and transmission
electron microscopy (TEM), gas chromatography-mass spec-
trometry (GC-MS), Fourier-transform infrared (FTIR) spectros-
copy, Raman spectroscopy, synchrotron radiation macro-X-ray
fluorescence (SR-MA-XRF) spectroscopy, and X-ray absorption
(XAS) spectroscopy.

In the last decade, XRF analyses have proven to be a powerful
method to investigate the spatial distribution of key elements in
organically preserved melanosome-rich soft tissues”*™* and
skeletal elements in fossil vertebrates,” to elucidate specific
aspects of the taphonomic history>®* and biology of extinct
animals. These works were possible through the advanced
technology at synchrotron beamlines. Here, the tunable energy
of the synchrotron permits to singly collect the XRF signals from
selected elements of interest.”> SR-MA-XRF is performed at high
spatial resolution and speed, as well as with a high sensitivity
for trace elements and signal-to-noise ratio (as the scattering
background can be minimized and the incident energy can be
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optimized).*® The high brightness of synchrotron radiation
provides small, intense, and collimated beams with long focal
lengths. This is particularly advantageous for the XRF imaging
of fossil specimens with non-flat surfaces, as it assures they are
in focus during scanning.> Moreover, XAS analysis can be
performed as part of the same synchrotron experiment, and UV-
visible monitoring systems able to alert for real-time changes in
the sample during a measurement are also available at some
synchrotron beamlines.”®*** SR-MA-XRF can reach maximal
imaging ranges of 100 x 60 cm” and a total load capacity of up
to 25 kg (sample environment and sample).>* Access to SR-MA-
XRF facilities is possible via competitive beamtime applica-
tions, which, if successful, give to the users a relatively limited
analytical time.”® In addition, only a few synchrotron instru-
ments are optimized for macroscale XRF imaging - e.g., in
terms of space or sample environments to allow the movement
of large objects,*** posing accessibility limitations to wide-
spread application of SR-MA-XRF to study fossils. In recent
years, the technological developments in optics fabrication and
detection systems have resulted in new X-ray instrumentation.
Notable examples include the development of (i) stationary
laboratory scanners (benchtop p-XRF), and (ii) mobile labora-
tory scanners for macroscale scanning XRF (mobile-MA-XRF).
Recently, their application was expanded to paleontological
questions.”** For example, in one of these works, benchtop p-
XRF was used to determine the degree of preservation of
sampled fossilized hard tissues (i.e., teeth and bones).>
However, benchtop p-XRF spectrometers are limited in the
maximum measurable sample size, which in general is dictated
by the chamber size and the sample positioning device. The
benchtop scanners that were used to study fossils have maximal
imaging ranges of 19 x 16 cm” and maximum weight load of 7
kg.**** Additionally, the total weight (~130 kg) of those bench-
top instruments and the absence of wheels make their transport
difficult. On the contrary, mobile-MA-XRF instruments are
characterized by an open-beam set-up, which gives the possi-
bility to scan macroscopic samples (up to several square meters
in size),* in situ (the instrument can be brought to the
sample),” and with a high spatial resolution (in the 10 to 500
pm range).*® Recently, mobile-MA-XRF was applied to analyze
the elemental chemistry of soft and hard tissues in a dinosaur.*
One major advantage of the instrument employed is the
possibility to use it either vertically (i.e., the specimen can be left
on the display wall or case) or horizontally (i.e., the specimen is
placed on a table). Further, the variable beam spot size enables
overview and detailed XRF scans with an image resolution on
the order of 0.5 mm and 100 um, respectively.’* Since the first-
time use of SR-MA-XRF for the visualization of a hidden
painting by Vincent van Gogh** and the development of the first
mobile scanners for the in situ investigation of historical
paintings a few years later,**®” mobile-MA-XRF has been
increasingly used to study artworks. With separate compre-
hensive elemental distribution images from the entire paint
surface, the technique makes it possible to characterize
a painting's surface and subsurface layers.>**® This offers an
insight into a painting’s creation process and the modus oper-
andi of artists. Moreover, since its development, the technique
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contributed to elucidate historical, theoretical and conservation
related questions about art.***® Other cultural heritage objects,
such as stained glass windows,*” illuminated manuscripts**-°
and artistic drawings®“** can also be examined by means of
mobile-MA-XRF. The use of mobile-MA-XRF to investigate the
elemental chemistry of large fossils is still limited. Our capacity
to extract meaningful information about the taphonomy and
biology of fossils is challenged by a general lack of rigorous
protocols for data processing to reliably use benchtop p-XRF
scanners and mobile-MA-XRF scanners to answer paleontolog-
ical questions.

Here we used mobile-MA-XRF to analyze the elemental
chemistry of diverse vertebrate fossil specimens from the
Lagerstitte of Messel (ca. 48 Ma, Eocene) (see ESI, Fig. S17),
including all major classes of tetrapods (i.e., amphibians,
reptiles, mammals and birds) preserved in different media: solid
epoxy resin (i.e., fossils prepared via the resin transfer method),
glycerine (liquid medium) and water. The Konservat-Lagerstétte
of Messel (Eocene, ca. 48 Ma) is a UNESCO World Heritage Site>?
renowned worldwide for the exceptional preservation of its
fossils, including both animals and plants. In particular, fossil
vertebrates from Messel are known to preserve melanosome-rich
soft tissues,”** such as skin, fur, plumage, eyespots and internal
organs. Some of these fossils are large (>1 m in length) and
fragile (i.e., bones can be easily scuffed by metallic objects).
Small specimens are often conserved in liquid media to avoid
desiccation, preserve soft tissues and related microstructures
(i.e., scales in insects). Soft tissues preserved on these specimens
are usually studied by sampling small regions (i.e., destructive
sampling). Studying only small samples of soft tissues, however,
can hinder the interpretation of the nature of soft tissues,
limiting our understanding of the biology of ancient animals.

The aims of the study are threefold: (1) to critically assess the
versatility of mobile-MA-XRF to analyze specimens preserved in
different media; (2) to develop a protocol to acquire and process
the data; (3) to analyze the element-soft tissue associations in
a large number of fossil vertebrate specimens preserving
evidence of multiple soft tissues (i.e., eyespots, skin, fur,
feathers and internal organs) and compare chemical signals
across taxa. This study demonstrates the usefulness of mobile-
MA-XRF analyses for those fossil specimens that can be difficult
to analyze using SR-MA-XRF and benchtop p-XRF scanners due
to their large size and/or conservation conditions. Ultimately,
our study provides a solid framework to apply mobile-MA-XRF
to analyze fossils, including a robust protocol to process and
interpret the data.

2. Experimental
2.1 Fossil specimens

All the fossils (n = 9) considered for the study are part of the
fossil vertebrate collection of Messel (ME) of the Senckenberg
Research Institute and Natural History Museum (SMF) Frank-
furt, Germany. The selection of specimens focused on those
with evidence of soft tissues as a dark-colored carbonaceous
film and conserved in three different media: resin (solid),
glycerine (liquid), and water (liquid). The specimens are as

This journal is © The Royal Society of Chemistry 2025
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follows (see also ESI, Table S17): a frog conserved in glycerine
(SMF-ME 113904, Eopelobates wagneri; Anura), three birds
preserved in resin and water (SMF-ME 11414A, Pumiliornis tes-
sellatus; SMF-ME 1758A, Primozygodactylus major; SMF-ME
11797A and its counter-slab SMF-ME 11797B, Aves indet.; see
also ESI, Figs. S2 and S6t), four mammals conserved in resin
(SMF-ME 11412A, Macrocranion tupaiodon; SMF-ME 11295A,
Masillamys beegeri; SMF-ME 1583A, Macrocranion tupaiodon;
and SMF-ME 07584, Pholidocercus hassiacus), and finally a lizard
conserved in resin (SMF-ME 11097B, Squamata indet.; Reptilia).
The fossils from Messel are recovered from the Middle Messel
Formation “oil shales”, which are black pelites consisting of up
to 40% of water (by weight).>® To avoid desiccation, fossils are
stored in water until preparation. The fossil bird (SMF-ME
11797B) conserved in water was therefore as close as possible
to its state when it was discovered and was used to conduct pilot
tests on the impact of fossils conservation method on analyses.

2.2 Mobile-MA-XRF analyses

The instrument used for the imaging spectroscopy experiments
on the fossil specimens is the Bruker M6 Jetstream mobile-MA-
XRF scanner.*® It consists of a measuring head equipped with
a 30 W Rh-target micro-focus X-ray tube and a 30 mm? Silicon-
Drift (SD) detector, mounted on a X, Y-motorized stage with
a maximum travel range of 80 by 60 cm” (7 x v) and a minimum
step size of 10 um. The object to be scanned remains stationary
and the measuring head is moved over its surface during a scan
with dwell times per pixel down to <10 ms. The X-ray tube
features a maximum voltage and current of 50 kV and 0.6 mA,
respectively. Five filters installed in a motorized filter wheel
placed between the X-ray source and the lenses entrance allow
the user to modify the spectral range of primary X-ray radiation
emitted from the X-ray tube. A polycapillary optic allows to
achieve a beam size as small as ca. 40 um, by adjusting the
distance between the measuring head and the object being
scanned.*” This is achieved by moving the measuring head
along the Z-motorized stage (maximum travel range of 7 cm)
using the focal plane of the stronger magnifying camera
mounted on the measuring head to find the respective working
distance by obtaining a sharp image. Due to the divergence of
the lens each working distance corresponds to a certain spot
size of the X-ray beam. The camera can be set manually to
different working distances in five steps, depending on the
beam size desired by the experimenter (100 pm, 200 um, 300
pm, 400 pum, 500 pm image resolution).”* This configuration
allows to quickly modulate the beam size of the instrument
without the need to change the beam-defining optic.

A detailed and critical description of the method used to
acquire and process the data is presented herewith. Due to the
size and fragility of the specimens, the metal frame on which
the measuring head of the instrument travels was tilted to
horizontal position for top-down geometry measurements. In
this way, the fossil specimens were horizontally placed below
the scanner frame on top of a metal-free table, one after the
other, for a total of nine individual scans on selected areas of
interest. The fossils were positioned considering (a) the detector
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position in relation to the area of interest to be scanned in order
to improve the solid angle of detection and minimize shadow-
ing effects affecting image resolution (two detectors mounted,
e.g. left and right can reduce the effects), and (b) a relative
position that reduced the total numbers of lines to scan,
improving the effective measurement time. The elemental maps
final orientation (left/right rotation; vertical/horizontal flip) was
corrected for in data post-processing. The fossil specimens
embedded in resin required no special preparation procedure
before the scans. However, the surface of the fossilized frog
conserved in glycerine (SMF-ME 11390A) was partially freed of
liquid, to reduce at minimum the amount of glycerine on top of
the fossil surface in order to have the instrument measuring
head as close as possible to the actual fossil. The estimated
thickness of glycerine left on top of the fossil surface was of ca. 1
mm. Prior to each measurement, mosaic images of the whole
surface of the specimen were acquired in order to define
the scanned area. This step allowed us to visualize the best area
to scan.

The step size used ranged from 100 pm to 300 pum (see
Table 1 for the specific step size chosen for each fossil spec-
imen). Although a smaller step size would have contributed to
increase the image resolution of the smaller fossil structures,
this comes at the expense of a longer measurement time. The
shortest dwell time utilized was of 75 ms per pixel, in order to
still assure the collection of enough counts for those elements
present at the trace level.*” Furthermore, the chosen pixel time
influences the X-Y-motorized stages speed. Although the re-
ported maximum stage speed of the instrument is of 100 mm
s~', it was noted that the slight vibrations induced by the
motorized stages at such pace may partially affect the final
image resolution. The authors do not recommend reaching
overall measuring times equivalent to ca. 3 days of scans,* in
order to avoid any possible radiation-induced side effects due to
long exposure and potential alterations to the surface of the
sample.* A high voltage of 50 kV and an anode current of 600 pA
were set for all the mobile-MA-XRF experiments. No filter was
used for changing the spectral range of the primary X-ray
radiation. Finally, for the beam spot size, due to the slight
fossils surface irregularities, the focal plane was always ach-
ieved by obtaining a sharp image at the highest topographic
feature, to avoid any chance of collision between the measuring
head of the instrument and the fossil. In fact, obtaining a spot
size in the order of 35/50 um by moving the Z-axis stage ca.
4 mm closer to the sample, when at 100 pm position, could
trigger the ultrasonic distance sensor for collision protection
integrated in the Bruker M6 Jetstream, causing the measure-
ment to stop.} Therefore, for all the measurements a beam size
of 100 um was chosen. Notably, the given M6 Jetstream spot
sizes are indicative; in fact, for non-flat samples the spot size on
the samples surface normally varies during the scan depending
on the lens divergence and the distance of the samples from the
instrument head. The usual measurement distance with the
Bruker M6 Jetstream is ~10 mm.*® Next to the step size, the

} Bruker Nano Analytics, personal communication, 2021.
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Table 1 Overview of the mapping and acquisition analytical parameters used in the mobile-MA-XRF measurements of the fossil specimens

Pixel time (ms per pixel) Overall time Taxon

Specimen # Mapped area (mm x mm) Step size (um)
SMF-ME 11390A 55.8 X 45.6 150
SMF-ME 11414A 78 X 46.6 250
SMF-ME 11097B 163 x 85.3 280
SMF-ME 11797A 132 x 84.5 150
SMF-ME 11797B 29 x 34.2 250
SMF-ME 11412A 51.7 x 59.8 200
SMF-ME 11295A 148 x 69.3 150
SMF-ME 1758A 152 x 70.5 300
SMF-ME 1583A 118 x 55.9 100
SMF-ME 0758A 115 x 79.1 150

minimal beam dimensions contribute to the smallest structures
that can still be imaged with sufficient resolution.?” Ideally, the
beam size is in the same range as the structures to be resolved.
Furthermore, the atomic number (Z) of the elements of interest
play a role in the choice of the correct beam spot size. For
example, beam diameters of 50 um and 100 pm were reported to
be particularly suited for XRF imaging spectroscopy of high-Z
elements and low-Z elements, respectively, of fossils at
synchrotron facilities.*®

An overview of the mapping and acquisition parameters set
for the mobile-MA-XRF scans is given in Table 1.

2.3 Elemental distribution maps: spectral region-of-interest
(ROI) integration approach

Mobile-MA-XRF imaging spectroscopy with the Bruker M6 Jet-
stream is performed with the Position Tagged Spectroscopy
(PTS) mapping option of the instrument, also known as Spectral
Mapping or HyperMap.*® The complete spectroscopic informa-
tion, one spectral dimension (for each measured location) and
two lateral dimensions (x; »),%° is collected and saved in
a multidimensional data cube, also called hyperspectral data
cube. Given the centimeter scale analysis with micrometer
resolution, for the spectral dimension such a data cube usually
has several hundreds to thousands of entries. This makes the
manual inspection of a few hundreds of thousands of spectra
manually impossible.®* A sum spectrum of all individual pixel
spectra is therefore usually employed for this data treatment
exploration phase, which aims at the identification of all rele-
vant chemical features in a particular data set. However, for the
successive data evaluation step to be successful, those features
need to be represented in the form of comprehensive elemental
distribution images. The latter will aid the interpretation of the
acquired data.®

The routine for obtaining such graphical representation,*
also used by the proprietary Bruker M6 Jetstream software
package® and other software,”®* is referred to as Region-Of-
Interest (ROI) imaging. Here, the X-ray map of a particular
element peak is obtained by integrating a proper spectral energy
window fixed around the signal of interest.*>*“¢* The quick
estimation of the intensity of a peak by ROI integration and the
immediate visualization of elemental distributions explain the
frequent use of this procedure during on- or off-line processing

992 | J Anal At. Spectrom., 2025, 40, 989-1005

80 2:39h Eopelobates wagneri

100 1:45h Pumiliornis tessellatus
80 4:10 h Squamata indet.

100 14:25h Aves indet.

80 26 min Aves indet.

100 2:23 h Macrocranion tupaiodon
110 14:31h Masillamys beegeri

100 3:33h Primozygodactylus major
75 14:25 h Macrocranion tupaiodon
120 14:07 h Pholidocercus hassiacus

of XRF data (e.g., in the M6 Jetstream software it is possible to
monitor the scan progress during acquisition, since the data
stream is constantly updated).’*>***® However, this simple
approach implies that the intensity of a peak should be
substantially larger than the sum of all interfering lines and the
spectral background within the integrated spectral ROI, in
order to produce reliable elemental images.**” This is mostly
the case for major elements on weak background, allowing to
assume the integrated ROI intensity to be a good estimate of the
net intensity of the peak.®*

Nevertheless, especially because of the limited resolving
power of SD detectors used for X-ray spectra measurement,
interference and peak overlap are common between the char-
acteristic element lines.®®* Also, ROI images will inevitably
include artifacts due to a higher spectral background, or for
elements with a lower relative intensity (e.g., because of
a limited excitation efficiency or a lower relative abundance).”
Here, the background intensity below the minor peak can be of
the same order or larger than the net peak intensity. Further,
most of the ROI spectral windows are contaminated by the
tailing of strong X-ray peaks at energies up to ~2 keV above the
window itself.*>%¢

It is possible to attempt the integration of spectral energy
windows on weaker element lines in order to avoid the source of
interference and obtain clearer X-ray images for an element.
Unfortunately, this procedure does not yield reliable results
when all lines for an element suffer interference. In case of the
existence of a minor overlap interference-free line, the ensuing
elemental distribution images will still suffer from the low
number of counts,” making it impossible to obtain accurate
artifacts-free maps. Furthermore, although it is a common
procedure to subtract a constant background value from images
to increase the contrast, this often does not lead to a better
representation of the spatial distribution of the element but
rather to inaccurate and misleading results, especially for trace
elements.*>7

It is also possible to try to correct the ROI generated images
for peak overlaps during post-processing. In this regard,
a common procedure, also adopted by the Bruker M6 Jetstream
proprietary software,§*>”* involves the manual subtraction of

§ “Intensity math Enhance mode” element display option.

This journal is © The Royal Society of Chemistry 2025
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ROI images. Nonetheless, often overlaps are of complex nature
and such procedures require a high amount of user inputs,
which results in images with artifacts™ that due to their
misleading character are often not reported.®"*

Therefore, particularly due to the frequent peak overlap
occurring in energy-dispersive X-ray spectra recorded using
a polychromatic X-ray tube® and the discontinuous spectral
background shape e.g., derived from the pronounced variation
in mean atomic number of the compositionally heterogeneous
fossil specimens investigated and the conservation medium,
the spectral ROI integration approach could not be used to
create the final elemental distribution images. It only found
a limited use in the preparatory data treatment phase.

2.4 Full spectral deconvolution and fitting

In order to exploit the multi-elemental character of the tech-
nique,*®”* the spectral data was fully deconvoluted using PyMca
(Python multichannel analyzer) freeware® and accurate esti-
mates of the net intensities, i.e. peak areas (deconvoluted
counts) of the characteristic fluorescence lines in the spectrum
obtained.®®”® Through the separation of the spectral back-
ground and the net elemental signals lower detection limits
were attained,* all elemental peaks properly accounted for, and
spectral interferences interpreted.

In PyMca, for each mobile-MA-XRF hyperspectral data cube
a mathematical model was built and the peak areas resulting
from the fitting of all spectra individually were used to recon-
struct the elemental distribution images (see ESI, supplemen-
tary textt). The fast Statistics-sensitive Non-linear Iterative Peak-
clipping (SNIP) filter was used for the treatment of the spectral
background.” Elemental distribution images were obtained via
the Batch Fitting tool in PyMca software package (version 5.8.1,
project page at https://sourceforge.net/projects/pymeca/). The
data processing was run on a laptop computer that has 4
cores/8 threads, max. frequency 3.9 GHz.

2.5 Deconvoluted peaks

As all open-beam mobile-MA-XRF spectrometers operating
under ambient conditions, the M6 Jetstream is limited in the
detection of light elements as the low-energy fluorescence is
easily absorbed by air. The element detection begins from Al, Z
= 13. To improve the detection of light elements, the instru-
ment can be equipped with a software-controlled He flush
system to drive out air from the detection path. This improves
the detection limit of all elements below Ca and the signal
quality in general, allowing detection down to Na, Z = 11. Such
electronically controlled helium purge system for enhanced
light element performance, however, was not available for the
present study, which led to the detection of Ar present in the
surrounding atmosphere (~0.93%).** The primary X-ray radia-
tion does not get through air without interaction but undergoes
scattering and excites the air to emit fluorescence radiation.*®
Surface irregularities present on the sample under examination
inevitably influence the distance between the sample and
detector, and the air gap consequently. It is worth mentioning
that of the elements of the air only Ar possesses a sufficiently
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strong characteristic radiation and relative abundance for being
detected.>® Albeit Cl, Z = 17, is not a major constituent of air, its
presence in the air is not uncommon. Both the Ar and Cl signals
were included in the fitting model (see ESI, Fig. S2N and
S12-5207%).

Employing a polycapillary optic for focusing the primary
X-ray radiation down to the micrometer scale, limits the range
of high-energy lines that can be efficiently excited. This is due to
the low transmission efficiency of polycapillary lenses for the
high energy components of the primary X-ray radiation. As
a consequence, the M6 Jetstream instrument lacks sensitivity
for the K-lines of elements heavier than Rh (20.2 keV), with
excitation power decreasing with increased Z.*>”7 A notable
example is the Ba-K lines (~32-36 keV), which are not excited to
a level detectable by the instrument.” Thus, the absence of the
overlap-free Ba-K,, peak is not a good indicator of the absence of
Ba in fossilized specimens.”® From the instrumental point of
view, for sensitive detection of heavy elements, collimators can
be used instead of polycapillary optic. However, the use of
collimators comes at the expense of (a) a considerable loss in
spatial resolution, and (b) a reduction of the excitation intensity
proportional to the collimator's aperture size, which requires
a slower scanning speed increasing the overall scanning time
consequently.’” Another solution is to detect heavy elements,
such as Ba, by means of the L radiation upon resolution of its
overlap with the Ti-K radiation during fitting (see Sections 2.3
and 2.4).

In total, the K and/or L peaks of 23 elements were fully
deconvoluted and fitted; the elements are as follows: Si, P, S, Cl,
Ar, K, Ca, Ti, Cr, Mn, Fe, Co, Ni, Cu, Zn, Br, Sr, Y, Zr, Nb, Rh, Sn,
and Ba. The elemental distribution maps generated with the
PyMca Batch Fitting tool (see Section 2.4) were post-processed
within the freeware to aid their interpretation (see Fig. 1-6
and ESI, Fig. S2—S11%). In this respect, exporting the mobile-
MA-XRF maps into an external software package would have
meant to create image artifacts due to the compression of peak
intensity to normal image file. Thus, the authors avoid per-
forming specific image manipulation procedures in external
software®®”* but advise to perform such operations in preferably
open-access dedicated computer programs,® to obtain
enhanced image legibility, accentuating the relevant features as
well. For example, in several elemental distributions one or
more regions with very high counts were found. Consequently,
by means of the automatic scaling initially performed by PyMca
freeware, the pixels with a lower recorded signal resulted rather
dark. This visualization artifact was also recently encountered
by Schreder et al. e.g., in the Mn map of a fossil fish scanned
with the benchtop p-XRF Bruker M4 Tornado® spectrometer.
We therefore manually adjusted the minimum and maximum
relative intensity values to where the bulk of the image pixels is
in order to show the information carried by a particular
elemental map. PyMca offers the possibility to display
elemental maps using the linear or logarithmic scales as well as
to apply a gamma-correction of the grey value scale.®* Although
the logarithmic intensity scale is reported to be of value in the
presence of hot spots in the data allowing to see finer details in
it as well, it found no application in the present study. On the
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Fig. 1

(A) Opticalimage of E. wagneri (SMF-ME 11390A). (B) False color MA-XRF elementalimages of Ca-K, line (red), Ti-K,, line (green), and Cu-K

lines (blue). (C) Zn-K lines elemental distribution. Numbered rectangles denote the regions of interest (ROlIs). Scale bar represents 10 mm.

contrary, the gamma-correction was used to adjust the image
contrast.

In all mobile-MA-XRF grayscale distribution images and
false color maps presented in this work, the element relative
abundance scales with the pixel brightness.”

2.6 PyMca ROI imaging tool image statistics plug-in

For the purpose of the statistical analysis for this work, a plug-in
for image statistics was added to the RGB correlator of “PyMca
ROI imaging tool””® by the software developers at the European
Synchrotron Radiation Facility (ESRF), and made available to the
users since PyMca version 5.8.1. It allowed to manually select
areas on the stack of images from soft tissues and surrounding
matrix for each fossil specimen and calculate the maximum and
minimum pixel value of each element in the selected area, the
number of selected pixels, and the mean and standard deviation
of each element (see ESI, Fig. $21—S29 and Dataset S17). Those
values were then used in the statistical analysis.

2.7 Statistical analysis

The data available for this study is the averaged counts per each
element in the selected areas, which limits the type of statistical
analysis possible (see Sections 2.3, 2.4 and 4.4). Linear
Discriminant Analysis (LDA) and analysis of variance were
performed in R (RStudio Team, 2020, RStudio: Integrated
Development for R. RStudio, PBC, Boston, MA https://
www.rstudio.com/) as a preliminary statistical investigation of
the data (see ESI, Datasets S2 and S37). LDA is used to assess
the presence of differences and similarities in the elemental
chemistry among fossil specimens.” We used the counts data
of 13 elements: Ca, Co, Cr, Cu, Fe, K, Mn, Ni, P, Sr, S, Ti, Zn
to preliminarily assess differences in the metal composition
of the regions of interest. We excluded from the analysis light
elements (e.g., Ar and Si), elements that consistently show
counts below 1 in all regions of interest, and those elements
that did not exhibit a clear association with the fossils. The
first LDA analysis (using 13 elements) was performed by
grouping the dataset by taxon as well as tissue types. A second
LDA was performed using a reduced elemental dataset of 10
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elements: Ca, Co, Cu, Fe, Mn, Ni, Sr, S, Ti, Zn, which are
consistently associated with soft tissues in the fossils analyzed
here. Analysis of variance is used to test whether the
differences among groups are statistically significant.
Normality and heterogeneity of variance (heteroscedasticity)
were verified in R using residual plots. The datasets of single
elements are almost all non-normal and heteroscedastic; thus,
the analysis of variance was performed using the non-
parametric Welch test and Games-Howell post hoc test. The
dataset of Sr is normally distributed and heteroscedastic; thus,
the Kruskal-Wallis and Dunn post hoc tests were used instead
(see ESI, Dataset S37).

3. Results

Mobile-MA-XRF analyses of individual fossil vertebrates reveal
striking elemental distributions corresponding to anatomical
features in almost all specimens analyzed. Cu consistently
corresponds to regions in the torso/abdomen in almost all
fossils analyzed; Zn (see ESI, Fig. S5], S6I, S8K, S9Jt), Ti and, to
a lesser extent, S correspond to feathers and hair in birds and
mammals. Ca is found associated with the skeletons and thus is
not discussed further. Fe is the most abundant element in the
sedimentary matrix, and it is usually associated with regions
around the skeletal elements in fossils conserved in resin,
which typically lack the original sedimentary matrix. Since fossil
vertebrates are prepared using needles and not sandblast or
other chemical methods of preparation, this signal is inter-
preted here as possible residue of sediment around the skeleton
and it is not considered further here.

The frog conserved in glycerine, E. wagneri (SMF-ME 113904,
Fig. 1), shows a well-defined region enriched in Cu in the upper
torso (Fig. 1B). The body outline is recognizable with the naked
eye on the specimen as a green-colored film (Fig. 1A and ESI,
Fig. S1Dt) and a weak enrichment in Co is visible in the maps
(see ESI, Fig. S311). The body outline is not enriched in any other
element. The dark-colored eyespots (i.e., within the orbit) are
similar in elemental chemistry to that of the surrounding
sediment.

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 (A) Optical image of P. major (SMF-ME 1758A). (B) False color MA-XRF elemental images of Ca-K, line (red), Ti-K lines (green), and Ni-K
lines (blue). (C) Zn-K lines elemental distribution. (D) Optical image of P. tessellatus (SMF-ME 11414A). (E) False color MA-XRF elemental images of
S-Klines (red), Ca-K, line (green), and Fe-K, line (blue). (F) Ti-K lines elemental distribution. (G) Optical image of the indeterminate bird SMF-ME
11797A. (H) False color MA-XRF elemental images of Ca-K,, line (red), Ti-K lines (green), and Cu-K lines (blue). (I) S-K lines elemental distribution.
Numbered rectangles in (A, D and G), denote the regions of interest (ROIs). Scale bars represent 10 mm.
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Fig. 3
image. Scale bar represents 10 mm.

The analysis of the bird specimens (SMF-ME 1758A, SMF-ME
11414A, SMF-ME 11797A; resin) reveals broad similarities
between tissue types and elemental distributions. The feathers
show an enrichment in Ti (Fig. 2B, F and 2H) and rarely, Cu. The
spatial distribution of Ti and its association with the plumage is
confirmed once the signal of Ba is deconvoluted showing
a distinctive hot-spot like chemical signal (Fig. 3A and B). Cu is
found associated with some of the feathers in specimen SMF-
ME 11797A (Fig. 2H). Ni, and to a lesser extent Zn, are associ-
ated with the stomach content (i.e., seeds) inside the abdomen
(Fig. 2B and C).

The counterpart of specimen SMF-ME 11797A (called SMF-
ME 11797B) was still conserved in its original sediment and
was kept in water (i.e., to avoid desiccation) at the time of our
investigation. Both part and counterpart preserve roughly the
same bones and soft tissue materials. Mobile-MA-XRF analysis
yielded little signal for Fe (major element) associated with the
sediment and Sr, Y and Zr (minor/trace heavy elements) asso-
ciated with the bones (SMF-ME 11797B, see ESI, Fig. S27).

In mammals (SMF-ME 11295A, SMF-ME 11412A, SMF-ME
1583A, SMF-ME 07584; resin), the abdomen and thorax are
associated with S, Ti, Zn and Cu (Fig. 4B, E, 4F, 5B and 5E).
Integumentary structures are associated with S, Ti, Ni, and Cu
(Fig. 4B, E, 4F, 5B, 5C and 5E). Stomach contents are associated
with Ni, Cu, and Zn (Fig. 5C, E and 5F; see also ESI, Fig. S107).

The analysis of the lizard specimen (SMF-ME 11097B; resin)
reveals little of the soft tissue anatomy. The black-colored body
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Fossil bird SMF-ME 11797A. (A) Ba-Ls line (includes L,) MA-XRF elemental distribution image. (B) Ti-K lines MA-XRF elemental distribution

outline is not enriched in any specific element (Fig. 6 and ESI,
Fig. S1Ct). Zn is associated with four small regions, three
located in the abdomen and one in the tail. These regions do
not exhibit a recognizable texture different from other areas of
the specimen. Further investigation of the ultrastructure (i.e.,
using SEM) is necessary to confirm the nature of the Zn-rich
regions (that is, whether they represent preserved soft tissues
or not). The presence of Ti and Fe is evident in regions around
the skeleton (Fig. 6B) and represents possible residues of the
original sedimentary matrix.

LDA of the fossil dataset reveals significant patterns in the
data (Fig. 7). The LDA chemospace (LD1 = 52%; LD2 = 16%) of
the data grouped by individual specimens shows a partial overlap
between the mammal and bird specimens, which plot from the
center to the left of the chemospace (Fig. 7A). This result suggests
that the metal chemistry is similar among these taxa. The
amphibian and reptilian specimens plot separately from the
other two groups and from each other, respectively in the top and
lower quadrants (Fig. 7A). Overall, the separation among the
groups in the chemospace is controlled primarily by P, Cr, K and
Co. These elements, except Co, however, are not associated with
the soft tissues in the mobile-MA-XRF maps. The exclusion of P,
Cr and K from the LDA analysis does not show better separation
among taxa (Fig. 7B). The LDA chemospace (Fig. 7C and D; LD1 =
58%; LD2 = 29%) of the data grouped by tissue types reveals
chemical differences among samples. Feathers plot near the
center of the chemospace, mostly overlapping with the data from

This journal is © The Royal Society of Chemistry 2025
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Fig.4 (A) Opticalimage of M. beegeri (SMF-ME 11295A). (B) False color MA-XRF elemental images of Ca-K,, line (red), Ti-K lines (green), and Cu-K
lines (blue). (C) Zn-K lines elemental distribution. (D) Optical image of M. tupaiodon (SMF-ME 11412A). (E) False color MA-XRF elemental images of
Ca-K, line (red), Ti-K,, line (green), and Cu-K lines (blue). (F) S-K lines elemental distribution. Numbered rectangles in (A and D) denote the regions
of interest (ROIs). Scale bars represent 10 mm.

Fig. 5 (A) Optical image of M. tupaiodon (SMF-ME 1583A). (B) False color MA-XRF elemental images of Ca-K, line (red), Ti-K lines (green), and
Cu-K lines (blue). (C) Ni-K lines elemental distribution. (D) Optical image of P. hassiacus (SMF-ME 0758A). (E) False color MA-XRF elemental
images of Ca-K, line (red), Ti-K lines (green), and Cu-K lines (blue). Legend is not present as the elements are the same as Fig. 5B. (F) Zn-K lines
elemental distribution. Numbered rectangles in (A and D) denote the regions of interest (ROIs). Scale bars represent 10 mm.
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Fig. 6

(A) Optical image of the lizard (SMF-ME 11097B). (B) False color MA-XRF elemental images of Ca-K,, line (red), Ti-K lines (green), and Fe-K,,

line (blue). (C) Zn-K lines elemental distribution. Numbered rectangles denote the regions of interest (ROIs). Scale bar represents 10 mm.

hair, which in turn extends from the center to the top half of the
plot. Internal organs only slightly overlap with hair and feathers
and occupy the center lower half of the chemospace. Skin regions
plot separately from the other tissues on the right of the che-
mospace. The chemospace including the data from the elements
associated with soft tissues in the mobile-MA-XRF maps (Fig. 7D)
shows that feathers and hair are enriched in S and Ti compared
to internal organs and skin; internal organs, in turn, are enriched
in Cu, Ni and Sr compared to the other tissue types. Amphibian
skin is enriched in Co, compared to the other tissues. Analysis of
variance reveals that the chemical differences among tissues are
statistically significant for all elements of interest, except Ti.

4. Discussion

Mobile-MA-XRF analyses revealed precise elemental spatial
distributions associated with the Messel fossil vertebrates (see
ESI, Table S1}). We found that the elements that are consistently
associated with the soft tissues are S, Ti, Ni, Cu and Zn. Overall,
this is similar to previous XRF studies,”**" including those that
analyzed Messel specimens preserved exclusively in rock matrix,
i.e., without liquid media.”"” Furthermore, our LDA results show
that statistically significant differences exist between the metal
chemistry of fossil feathers, hair, amphibian skin and internal
organs. Co is the primary discriminant for amphibian skin
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samples. Ni is associated with regions within the abdomen of
some mammal and bird specimens; these regions preserve seeds
and are thus interpreted as stomach contents.

The localization and well-defined distribution of key
elements in the elemental maps allow for the interpretation of
soft tissues in some of the fossils analyzed. Hair and stomach
contents are typically associated with S and Zn, whereas
feathers are typically enriched in Ti, S and Zn. In addition, in
mammals (SMF-ME 11295A, SMF-ME 11412A, SMF-ME 15834,
SMF-ME 0758A), the presence of a Cu-rich region in the
abdomen can be interpreted as the liver.” In M. tupaiodon (SMF-
ME 1583A) the distributions of Ti and Cu coincide with the
position of the kidneys in extant analogues (i.e., small
mammals). The presence of tissue-specific signals suggests that
some of these associations are, at least in part, biological in
origin.” Recent studies on extant and extinct taxa demonstrated
that tissue specific elemental signatures exist in both modern
and fossilized melanosomes” and thus it is plausible that the
soft tissues elemental chemistry derives from preserved mela-
nosomes in the taxa studied here.

Critically, elemental maps can be used to better visualize
diverse soft tissues and/or areas for further micro-sampling
and/or diagnostic analyses (e.g., investigation of the quality of
preservation of soft tissues microstructures, diagnostic chem-
ical analysis to detect traces of biomolecules).

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 Linear discriminant analysis (LDA) of mobile-macroscale scanning X-ray fluorescence (mobile-MA-XRF) imaging data of the Messel fossil
vertebrates. Scatter plots of the LDA chemospace of the data arranged using single specimens as groups (A and B). LDA chemospace of the data
arranged by tissue types (C and D). Biplots represent the contribution of each element (vectors) to the separation among groups. Only vectors
that can be graphically represented in the figures are reported. Notes relating to the main text.

4.1 Comparison of mobile-MA-XRF with the M6 Jetstream
relative to SR-MA-XRF and benchtop p-XRF

Application of mobile-MA-XRF and benchtop u-XRF spectrom-
etry in paleontology has its advantages but is not without
limitations. A critical discussion of this approach is included
herewith. Until recently, sample sizes that could be analyzed
using laboratory XRF scanners were limited by the chamber size
of the analytical instrument, as in ref. 26-28. With the intro-
duction of the M6 Jetstream it is possible to investigate large
samples with scan areas of up to 800 mm x 600 mm in a single
run.*” In this work, the advantage of being able to scan from
relatively small specimens (10 x 5 cm?) to large specimens (>1
meter across) enabled the analyses of diverse taxa (see Table 1
and ESI, Table S17). Fossil specimens of larger dimensions can
be scanned in different sub-scans. However, if deemed neces-
sary, the stitching of different fossil sub-scans together can be
demanding, especially because of the difference in topography

This journal is © The Royal Society of Chemistry 2025

of the different areas selected and the possible resulting visible
artifacts in the final stitched elemental distribution maps.>**%”®
For that reason, future improvements in mobile-MA-XRF
instrumentation should allow it to probe larger areas in one
scan. Samples conserved in liquid media (e.g., glycerin or water)
could be scanned with mobile-MA-XRF. Here, the object to be
analyzed is static and the X-ray tube and detector(s) installed on
a motorized stage are moved in front of the object.*> Conversely,
in SR-MA-XRF* and benchtop p-XRF the vertical and respec-
tively horizontal travel stages on which the sample is placed,
make it impossible to scan specimens in such conservation
conditions. Mobile-MA-XREF is also free of the limit imposed by
benchtop p-XRF and most SR-MA-XRF instruments in terms of
weight the sample stage can sustain. The M6 Jetstream open
design and wheeled base for mobility allow complete flexibility
in the alignment with the object. Specifically, the metal frame
on which the instrument measuring head travels could be tilted
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for sample analyses in horizontal position (top-down), contrary
to the often-used vertical measurement orientation. The latter is
impracticable for scanning specimens in liquid media. Mobile-
MA-XRF experiments were performed at a relatively fast scan-
ning pace, at high resolution, and with a user-friendly in situ
experimental set-up (see Section 2.2 and Table 1).

4.2 Non-flat surface of fossil specimens

Large vertebrate fossils can display a relatively high degree of
topographic variability due to the thick and irregular nature of
the bones (three dimensional, that is, a volume), compared to
soft tissue films (virtually two dimensional, that is, a plane).”
Inherent surface irregularities are an issue for XRF mapping. A
reasonably flat sample improves the spatial resolution of the
measurement as an X-ray beam is typically broader below and
above its focal plane, which results in larger beam spot sizes. A
change of the distance between the instrument measuring head
and the fossil surface (i.e. working distance) inevitably influences
the measurement geometry,®® and the sensitivity of the
measurement in general.>** Variations in the orientation of local
fossil features relative to the primary X-rays change the relative
intensity of XRF detected.®*® Potential solutions and improve-
ments in instrumentation are (a) to enable mobile-MA-XRF to
maintain the optimal distance between the object being scanned
and the measuring head; (b) to use the M6 Jetstream new Aper-
ture Management System (AMS). In particular, the latter tech-
nical feature enables to minimize the divergence of the beam and
retain the measurement resolution over a certain range by
increasing the depth of field. Consequently, the AMS achieves (a)
a narrower beam, in order to keep the features in the sample in
focus even below and above the analytical distance, (b) a longer
working distance, which provides lower chance of collisions, and
(c) smaller beam spot sizes for low-Z elements, enhancing their
resolution. However, the AMS reduces the acceptance angle of
the polycapillary optic, hence also the X-ray intensity, that is, the
number of photons that reach the sample, is reduced. This
explains the availability of the AMS with the dual 60 mm?* SDDs
M6 Jetstream only, as the reduction in intensity is partially
cushioned by the increased solid angle of detection and signal
processing capabilities of the 2 x 60 mm®> SDDs. The AMS was
not available for this work (see Section 2.2). A recent benchtop p-
XRF study of a fossil from inner Mongolia (China)*” used
a benchtop Bruker M4 Tornado Plus spectrometer, on which the
AMS is mounted. However, the study does not report and/or
comment neither on the specific usage of the system nor on
the potential benefits for the methodological approach. In terms
of data processing, the flattening of a particular map to the
Compton image could be tested in order to reduce possible
artifacts due to the non-flat regions in the specimen.®

4.3 Treatment of paleontological XRF imaging data

Appropriate data processing and analysis are also important
aspects to consider prior to the application of XRF to analyze
paleontological specimens. Two recent studies that used bench-
top u-XRF for this purpose,”?® did not provide data treatment
procedures tailored to this new application which are, however, of
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importance to ensure the correct evaluation and interpretation of
the acquired data. A lack of solid data processing methodologies
can lead to a misidentification of the characteristic fluorescence
peaks in the X-ray spectrum.*”*® As reported previously (see
Section 2.5), the high energy Ba-K lines (32-36 keV) are not excited
to a detectable level when polycapillary lenses are used as beam-
defining optic, such as in the M6 Jetstream instrument. Thus, the
Ba elemental distribution needs to be based on the low energy L
lines (4 keV). However, the Ba-L,, (4.46 keV) strongly overlaps with
the Ti-K,, (4.51 keV) and the Ba-Lg (4.82 keV) with the Ti-Kg (4.93
keV). The impossibility to correctly deconvolute the Ba/Ti signals
by means of the simple ROI integration approach (see Section
2.3), for instance due to the low relative intensity of the signals or
the additional presence of the Cr-K, tail/Cr-K,g lines in the
spectrum, in order to obtain artifacts-free Ba-L images, was
already reported in scanning experiments performed on an
Archaeopteryx specimen via SR-MA-XRF”" and for particle-induced
X-ray emission (PIXE) spectroscopy® data. The Ba-L; line
(includes L,) distribution map of the fossil bird SMF-ME 11797A
(see Section 3) shows the presence of the Ba signal in Aot spots
(Fig. 3A). On the one hand, the elemental map is free of noise and
artifacts due to the Ti-K lines being ultimately not dominated by
its distribution (Fig. 3B). On the other hand, the Ti distribution is
real and not affected by the Ba-L lines (Fig. 3A and B). This
example shows the capabilities of PyMca data analysis freeware,
which, especially owing to the description of the different shells,
permits the deconvolution of overlapped fluorescence lines.”
Other noteworthy spectral overlaps,*”* namely the Mn-Kp/Fe-K,,
and Co-K,/Fe-Kg, were resolved following the same rationale (see
Fig. 1-6 and ESI, Figs. S2—S20t). Results such as the detection of
a Co signal possibly associated with the green-colored skin of the
frog (SMF-ME 113904), could be difficult to be achieved with the
ROI integration approach (see Sections 2.3, 2.4, 2.5 and 3).

4.4 Statistical analysis performed with PyMca image
statistics plug-in values

A limitation regards the restricted options to perform robust
statistical analysis using the data that can be exported from
PyMca software. In its current version (5.9.2), the image statistics
plug-in allows only to calculate the mean and standard deviation
per each element in the manually selected pixels (see ESI, Dataset
S17). At present, the counts of every element in each pixel of the
selected area can be extracted only in the form of a single pixel
selection, which, considering the presence of several hundreds of
thousands of pixels in a scan commonplace, makes the use of
that program functionality not possible. To perform statistical
analysis, single pixel data should be exported (i.e., raw pixel
data™"”) and analyzed using standard multivariate statistical
analysis, such as ANOVA and/or MANOVA and related post hoc
tests. This is useful to statistically test differences in chemistry
among the selected areas to support the interpretation of soft
tissues. Nevertheless, preliminary statistical analysis can be
performed using the averaged counts calculated for each selected
area of all specimens analyzed. This allows us to draw broad
conclusions on the distribution and relative abundance of the
elements in the Messel fossil vertebrates analyzed (Fig. 7). Our

This journal is © The Royal Society of Chemistry 2025
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LDA shows an overlap in chemistry of the soft tissues between
mammals and birds specimens when the data is plotted
employing single specimens as groups (Fig. 7A and B). This
might indicate similar diagenetic conditions during fossilization
and/or an artifact of fossil preparation. The frog SMF-ME 11390A
conserved in glycerine is found separated from the rest of the
fossils conserved in resin (Fig. 7A and B). This might be due to
the higher elemental mean values in the frog compared to the
specimens in resin (see ESI, Fig. S21—S29 and Dataset S1t). A
plausible explanation for the difference in counts is the presence
of the sedimentary matrix in the case of the frog. We report low
counts for all elements analyzed in specimens preserved in resin;
this might be due to the very thin soft tissue material remaining
after the preparation procedure.

4.5 Mobile-MA-XRF analyses of fossils conserved in glycerine
and water

Our results show that conservation of fossil vertebrates in
glycerine is not impacting on the elemental signal and the
visualization of soft tissues. In the frog (E. wagneri SMF-ME
11390A, Fig. 1) it was detected a weak Co signal associated
with the green-colored body outline and no distinct elemental
association in the dark-colored eyespots (see Section 3). The
lack of stronger elemental signal in these regions could be due
to either a thicker layer of glycerine attenuating the character-
istic XRF yields compared with that covering other body regions
of the fossil, or the very thin layer of soft tissues preserved (<5
microns). Homogeneity of the XRF signal between
melanosome-rich tissues and the sediment has been reported
before’” and might be due to the mobilization of elements
during diagenesis, which can modify the original melanosome-
metals association. A longer measurement scan and/or the
reduction of the thickness of the glycerine layer might aid the
identification of specific elemental signatures in those body
regions. Nonetheless, our experiment shows that, assuring
a sufficiently thin layer of glycerine on top of the fossil (see
Section 2.2) for better surface exposure, specimens conserved in
glycerine can be analyzed using our mobile-MA-XRF experi-
mental setup and acquisition parameters (see Section 2 and
Table 1). The bird specimen analyzed in water (SMF-ME 117978,
see ESI, Fig. S21) showed no elemental signals of soft tissues
and relatively low resolution in the elemental distribution
maps. Since the specimen was still in its sedimentary matrix,
a higher relative abundance of the elements than that found in
the counter-slab specimen (SMF-ME 11797A) conserved in resin
was expected (as in the frog SMF-ME 11390A). Due to the rela-
tively thick layer of water on the surface of the specimen only
the strongly attenuated signal from major elements or minor/
trace heavy elements was detected. Further experiments are
required to advance the analysis of fossils conserved in water —
e.g., scans of the same specimen under different water levels. In
this regard, a mobile-MA-XRF setup allowing for faster scanning
at the same time maintaining a correct pixel registration could
enable measurements without nearly any water.

Without sampling the specimen, the absence of sedimentary
matrix around the fossils hinders a straightforward distinction

This journal is © The Royal Society of Chemistry 2025
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between fossil material and a possible sediment residue.
However, the lack of sediment always provided sufficient
elemental contrast between the fossil and the matrix under our
experimental conditions.

4.6 Quantitative elemental analysis

An important aspect that needs significant method develop-
ment is the elaboration of standard protocols for the quantifi-
cation of the elemental concentrations present in the samples.
Quantification analyses are routinely performed in studies
using SR-MA-XRF,”**7%% often using different concentration
units (e.g., ppm or ug cm ™ ?). A study also compared XRF-based
quantifications of trace elements (rare earth element, REE) to
inductively coupled plasma-MS (ICP-MS) measurements on
similar fossils from the same locality.** Quantitative measure-
ments at ppm or pg g~ sensitivity at (sub)micron-scale spatial
resolution, next to the generation of elemental maps, are like-
wise performed with PIXE (e.g:, to evaluate the chemical alter-
ation of fossil bone).*” Some of the challenges to obtain
quantitative information from mobile-MA-XRF data on pale-
ontological samples, were already reported.”® These include the
lack of suitable standards and the impossibility to detect very
light elements. Further challenges may derive from (a) soft
tissues are relatively thin which enhances the error due to depth
heterogeneity; (b) low intensity signals are difficult to be
quantified with confidence;”* (c) variations in intensity because
of the uneven surface of the fossils can hinder the variations
due to elemental concentration (particularly for trace
elements).®* Developing a unified protocol for quantitative XRF
analyses on element concentrations is necessary and will aid in
comparative analyses of datasets available in the literature,
strengthening our communal knowledge of biological and
geological samples. Future collaborative efforts among experts
and users are necessary to achieve this goal. Future versionsq of
PyMca software (or similar freeware) should include the possi-
bility to automatically extract the counts/concentrations of each
element present in each pixel of a selected area, in order to
perform more advanced statistical analysis (see Sections 2.6, 2.7
and 4.4). Machine learning algorithms could be explored in
order to enhance the XRF signal of specific structures in the
elemental distribution maps,* aiding their interpretation. In
the short-time frame, users should report detailed descriptions
of their acquisition and data analysis strategies and publish the
raw data (counts and/or concentrations) in the form of both
spectra and tables to ensure reproducibility and consistency
across studies and disciplines.

The full potential of the application of mobile-MA-XRF in
paleontology has yet to be harnessed. The application of mobile-
MA-XRF on fossil specimens is also expected to tackle research
questions related but not limited to: the visualization and
description of diverse soft tissues, the determination of the most
suitable sampling locations, the assessment of the authenticity
of fossil specimens (e.g., to potentially expose forgeries®*”), and
the detection of elements related to past restoration treatments

9 V. A. Solé, personal communication, 2024.
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on the fossil. Our study demonstrated the breadth of application
of this technology to examine paleontological specimens
preserved in various media and its usefulness in investigating
the preservation of soft tissues in a non-destructive manner. We
also report a detailed protocol to best perform data analysis
which might aid measurement reproducibility ultimately
unifying how experts use and report XRF data.

5. Conclusions

Our study shows that mobile-macroscale scanning X-ray fluo-
rescence (mobile-MA-XRF) imaging spectroscopy provides
precise two-dimensional laterally resolved elemental informa-
tion from fossils preserved in solid resin and liquid glycerin.
The data presented shows the importance of robust data anal-
ysis protocols in order to reach unambiguous interpretations.
In this respect, the motivation behind the methodology chosen
and details on its working principles and parameters used are
provided to foster reproducibility and to give guidelines for the
application of both mobile-MA-XRF scanners and benchtop p-
XRF scanners in paleontology. We also comment on crucial data
acquisition process parameters providing user-oriented
insights for the application of mobile-MA-XRF in paleon-
tology. The details provided on the data processing steps taken
on the ensuing elemental distribution maps serve to enhance
their legibility. In this regard, image visualization artifacts that
we and other working groups recently encountered are brought
to light and concrete analytical solutions are proposed and
explained. This study also proposes approaches to improve
specific performances of mobile-MA-XRF, from the instrumen-
tation point of view (for the detection of light elements, for the
measurement of samples with an uneven surface, and for
scanning areas larger than presently possible) and also from
a data analysis standpoint (for detection of some heavy
elements and for image resolution improvement or enhance-
ment), which might be found applicable to other application
fields as well. Future experimental work will focus (a) on the
refinement of measurements of fossils in glycerine and espe-
cially in water; (b) on the implementation of quantification
procedures to obtain the elemental concentrations within
specific regions of the fossil specimens; (c) on the measurement
of additional fossil samples from different fossiliferous
deposits and preservation conditions.
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