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ARTICLE INFO ABSTRACT
Keywords: We present a workflow to conduct a full characterization of medium to coarse-grained igneous rocks, using
Geoarchaeology portable, non-invasive, and reproducible approaches. This includes: (i) Image Analysis (IA) to quantify mineral

Granite discrimination
PXRF

ML-Image segmentation
Magnetic susceptibility
Roman quarry

phase proportions, grain size distribution using the Weka trainable machine learning algorithm. (ii) Portable X-
ray fluorescence spectrometer (PXRF, Bruker Tracer IV) to quantify the whole-rock’s chemical composition. For
this purpose, a specific calibration method dedicated to igneous rocks using the open-source CloudCal app was
developed. It was then validated for several key elements (Si, Al K, Ti, Ca, Fe, Mn, Sr, Ga, Ba, Rb, Zn, Nb, Zr, and
Y) by analyzing certified standard reference igneous rocks. (iii) Portable Magnetic Susceptibilimeter (pMS,
Bartington MS2K system) to constrain the mineralogical contribution of the samples. The operational conditions
for these three methods were tested and optimized by analyzing five unprepared surfaces of igneous rocks
ranging from a coarse-grained alkaline granite to a fine-grained porphyric diorite and hence, covering variable
grain sizes, mineralogical contents, and whole-rock geochemical compositions. For pMS and PXRF tools, one
hundred analyses were conducted as a 10 cm x 10 cm square grid on each sample. Bootstrap analysis was
implemented to establish the best grid size sampling to reach an optimized reproducibility of the whole-rock
signature. For PXRF analysis, averaged compositions were compared to PXRF analysis on press-pellets and
laboratory WD-XRF analysis on fused disk and solution ICP-OES (for major) and solution-ICPMS (for trace
element concentrations). Ultimately, this workflow was applied in the field on granitoids from three Roman
quarrying sites in the Lavezzi archipelago (southern Corsica) and tested against the Bonifacio granitic War
Memorial, for which its provenance is established. Our results confirm this information and open the door to
geoarchaeological provenance studies with a high spatial resolution.

1. Introduction Liritzis et al., 2020 and references therein). Linking pieces of tools, ar-
tifacts, monuments, building elements, etc. With their extraction and

One of the main challenges in archaeometry and geoarchaeological production site brings crucial information on the extension of former
studies is to develop versatile, non-invasive, and efficient analytical commercial trades as well as the nature and modes of these exchanges
tools that constrain the provenance of onsite archeological materials and the transportation of raw materials (e.g., Williams-Thorpe, 2008;

(Bersani and Lottici, 2016; Killick et al., 2020; Mathur et al., 2020; Vandenabeele and Donais, 2016; Fantuzzi et al., 2020). The last decades
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have seen tremendous developments of non-invasive analytical tech-
niques with increased enhancements in portability and data accuracy.
These technological advances were boosted by geological exploration
and mining prospection (e.g., Fabre, 2020), environmental studies (e.g.,
Turner et al., 2018), and/or planetary rover missions (Edwards, 2018),
along with many other applications. Specifically, in archaeometry, more
and more non-destructive tools in spectroscopy and spectrometry are
used to constrain the mineralogy, the chemical composition, and the
physical properties of archeological material, by e.g., portable magnetic
susceptibility (pMS; e.g., Williams-Thorpe and Potts, 2002; Szakmany
et al.,, 2011), portable XRF (Oyedotun, 2018; Miiskens et al., 2018;
Sinnesael et al.,, 2018), portable Gamma-Ray spectrometry (pGRS;
Puccini et al., 2014), handheld Laser-Induced Breakdown Spectroscopy
(HH-LIBS; Senesi et al., 2018), portable Raman spectroscopy (e.g.,
Bersani and Madariaga, 2012) or spectrophotometry (Roger-
io-Candelera, 2016; Boulvain et al., 2020). Combining these tools and
the interpretation opens the door to high accuracy determination,
discrimination, and sourcing of archeological materials (e.g., Liritzis and
Zacharias, 2011; Papakosta et al., 2020).

Nevertheless, and to the best of our knowledge, studies using these
tools were generally applied individually and/or for analyzing homo-
geneous and fine-grained materials; i.e., aphanitic or vitreous volcanic
rocks (e.g., obsidian, andesite; Williams-Thorpe et al. 1999; Steiner
et al., 2017; Burke, 2018; Germinario et al., 2018), sedimentary-related
rocks and their host units (silex, marbles, etc.; Kasztovszky et al., 2018;
Clinton et al., 2019), metallic alloys (Karydas, 2007) and/or bricks and
ceramics pottery manufactured mixing fine-grained soils, metallic ele-
ments and/or rock powders (e.g., Bonizzoni et al., 2013; Hunt and
Speakman, 2015; Baziotis et al., 2020; Eramo and Mangone, 2020).
However, such non-invasive and handheld approaches are less explored
to characterize medium to coarse grained igneous rocks, for which grain
size indeed implies analytical challenges and complexifies the instru-
mental signal interpretations (Lemiere, 2018). Besides, the quantifica-
tion of chemical element contents, using PXRF for example, strongly
depends on the calibration strategy and the use of matrix-match refer-
ence materials to build it. If inappropriate, a given PXRF instrument can
provide irrelevant and/or non-reproducible results (Hunt and Speak-
man, 2015). Manufacturers’ pre-loaded instrument calibrations can help
comparing the chemical composition of a given sample material with a
specific matrix, analyzed with the same instrument, with constrained
environmental conditions (lab, field, etc.). This approach can be a source
of error for case studies using different PXRF tools and under other
analytical and environmental conditions (Hall et al., 2014). These con-
siderations can constitute a significant impediment to integrated/review
studies from collaborative research programs and literature data com-
pilations (Craig et al., 2007).

Coarse-grained igneous rocks, granitoids sensu lato, were a wide-
spread element in Rome’s architecture since the Imperial era (Galetti
et al.,, 1992). These rock types were intensively quarried to provide
monumental, durable and elegant architectural pieces (e.g., columns,
fronton, arches, obelisks; Adam, 2011) that were ultimately used to
build colossal edifices in the entire Mediterranean basin (see Waters,
2016 and references therein). Sourcing these granitic monuments still
provide crucial information to constrain quarrying strategies, the dy-
namics of raw materials transportation and vectors of commercial trades
through the empire (Williams-Thorpe, 2008; Clerbois et al., 2020).
Addressing these questions requires developing and validating analyt-
ical methods using non-invasive, non-destructive, and portable
instruments.

Therefore, this study presents a workflow that combines three non-
destructive and handheld techniques (PXRF, pMS, and image analysis)
to perform the characterization of fine to coarse grained igneous rocks.
We firstly selected five in-house and well-characterized granitoids,
which cover the diversity of granitoid grain sizes and chemical com-
positions. A detailed lab characterization was performed on these
reference materials with the three non-invasive methods. We explore the
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advantages and limitations of different quantification approaches; the
effect of operational conditions and rock grain size to finally propose an
optimized and calibrated protocol based on these three techniques.
Secondly, we illustrate and validate our methodology by investigating
Roman quarrying activities in the Lavezzi archipelago (southern Cor-
sica, in the Straits of Bonifacio). The geochemical signature of granitic
rocks extracted from each island’s quarry (i.e. two quarries combined on
Lavezzu, one on Cavallo, and one on San Bainzu islands) is compared
with the one of a monumental column exposed in the Bonifacio locality.
The latter is well documented, and thus, its origin can be tested against
our archaeometric methodology. The three quarrying sites are not
distant from each other (<5 km). They exploit a relatively homogeneous
pluton and are thought to provide comparable granitoids’ products,
difficult to distinguish for human eyes between each other. Our study
shows that combining multiple proxies from non-destructive and well-
calibrated techniques allows us to discriminate them. Hence, it is a
crucial approach to identify provenances with a high spatial resolution.
We ultimately discuss some promising perspectives and their applica-
bility in geoarchaeological and solid rock geological investigations.

2. Materials and workflow description

Five samples of granitoids were selected from in-house rock collec-
tion based on their freshness and their variability in grain size, along
with their variations in Fe-Mg- and alkali-rich phases. From coarse to
fine-grained samples, our working set is made of: (1) a pink coarse-
grained granite from Ploumanac’h (Brittany, western France, here-
after: PLOU), (2) a leucocratic coarse-grained granite (Tarn region,
southern France, hereafter: TARN), (3) a coarse to medium-grained
granite (Galicia, Spain, hereafter: GAL), (4) a medium-grained leucog-
ranite (Ariege, Pyrenees, southern France, hereafter: RGR) and (5) a
fine-grained porphyric reddish granodiorite (Quenast intrusion,
Belgium, hereafter: QUE). Each rock block was cut into two pieces: one
of the faces was finely polished using up to 5 pm abrasive diamond
powder solution (before being cleaned with methanol). A 10 x 10 cm
squared area was drawn on the polished face (with a 1 cm spaced grid),
ensuring a representative area (i.e., in texture, mineralogy, and grain
size) of each of the fine to coarse-grained samples. Non-destructive an-
alyses, using image analysis (IA; section 3), portable X-ray energy
dispersive Fluorescence spectrometer (section 4), and portable magnetic
susceptibility meter (pMS; section 5) were conducted similarly for the
five rock samples and for the 100 points of the grid. An aliquot of each
granitic rock was extracted from the other rock face, finely powdered
using agate jars for destructive chemical analysis using WD-XRF, ICP-
OES (for major chemical elements) and solution ICP-MS (for trace ele-
ments; see section 4.3). These complementary approaches will provide
reliable and precise whole-rock chemical analyses for each of investi-
gated granitic rocks used to optimize and validate the non-destructive
approaches.

3. Quantitative image analysis
3.1. Image acquisition and processing

The 10 x 10 cm area of the five granitoids was imaged using a digital
field camera (Nikon D5300 DSLR) and sunshine/natural lighting. A
reference color chart was shot preliminary to correct RAW images for
white balance, color accuracy, and tonal response under given lighting
conditions. Each RAW image was then cropped, converted, and exported
as a JPEG file (see Fig. 1a). These images were then imported into the
Fiji-ImageJ app (Schindelin et al., 2012), scaled, and enhanced (for
contrast and exposure). Images were then segmented for each phase
(minerals or groundmass) distinguished on the macroscopic sample,
using the Weka trainable machine-learning (ML) algorithm in
Fiji-ImageJ (Arganda-Carreras et al., 2017; see Fig. 1b for the TARN
sample). Phases proportion was then computed and exported using
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Fig. 1. Image analysis on in-house reference materials. (a) Images of polished surface for each sample. (b) Results of image segmentation using Weka trainable
machine learning algorithm. (c) Pie chart showing phases proportions for each igneous rock. (d) Stacked histogram plots showing grainsize distribution in igneous
rock samples and weighted median value of grains size quantifying large to low grainsize from left to right. Fd is for felspar, Qz for quartz and Bt for biotite.

(Figure orientation: use landscape for easy reading).

ImageJ Measurement Tool and grain size distribution using SPO soft-
ware (Launeau et al., 1990). Each mineral’s surface area in 2D was
considered representative of each phase’s volume (%vol in the next
section).

3.2. Results for quantitative image analysis

Results for phase proportions and weighted average grain size per
mineral are summarized in Fig. 1 c-d and full results can be found in
Appendix Al. Whole-rock grain size (defined as weighting average of
each mineral phase’s grain size using their modal proportion) is
expressed in mm? and ranges from 29.1 mm? in TARN sample (coarse-
grained granite) to 0.3 mm? in QUE sample (porphyric microdiorite).
Phase proportions are grouped as follows: feldspars (including plagio-
clase plus K-felspar that cannot efficiently be distinguished using
macroscopic image analysis), quartz, ferromagnesian phases (including
biotite, amphibole) and the fine-grained groundmass (only for QUE
sample and its porphyric texture; Fig. 1a). Phase proportions results
range from 6 to 80 vol % in felspar for the GAL leucogranite and QUE
subvolcanic diorite, respectively. PLOU granite shows the highest
ferromagnesian mineral proportion (29 vol %) and RGR granite the
highest quartz proportion (33 vol %).

4. Portable energy dispersive X-ray fluorescence spectrometer
(PXRF)

4.1. Instrumental and operational conditions

Eighteen elements (Al, Si, K, Ti, Ca, Fe, Mg, Mn, Cu, Sr, Ga, Ba, Rb,
Zn, Nb, Zr, Y, Cr) were chosen to be quantified using a Bruker Tracer IV®
handheld PXRF device (from the Analytical, Environmental and Geo-
Chemistry, Vrije Universiteit Brussel). This PXRF is equipped with a 2
W Rh anode X-ray tube, an 8 pm Be window and a Peltier-cooled ten
mm? SSD (Silicon Drift Detector) with a resolution of 145 eV (Mn-Ka; de
Winter et al., 2017). This PXRF is also equipped with a metallic cap and
an Ultralene™ non-vacuum window (thin film) to protect the detector
from dust during field investigation. No specific filter, collimator or
vacuum systems was used in this study to be more versatile and cover a

maximum of chemical elements. The irradiated area has a factory size of
8 x 10 mm during each analysis. The same conditions of illumination of
the standard factory “Soil Fundamental Parameters” method, called “Soil
calibration method” hereafter, was used (i.e. 45 kV and 30 pA) for the
analyses of in-house granitoids, of certified standard reference materials
(press pellets) as well as field igneous samples.

4.2. PXRF calibration and chemical validation

Press-pellets of standard reference material (SRMs) fine powders
were prepared, mixing 5 g of rock powder with 2 mL of methyl meth-
acrylate resin (Elvacite®) as a binding agent. The mixture was then
pressed (200 kN/cm?) for about 60 s. Preliminary PXRF chemical ana-
lyses on these SRMs (used as known unknowns) showed that the Soil
calibration method for the Tracer IV could not provide concentrations
accurate enough for the igneous matrix (see comparisons in next sec-
tions). We therefore extracted raw ED (Energy Dispersive) PXRF spectra
to develop and generate an in-house empirical calibration method
dedicated to igneous rocks. For this purpose, a set of twelve SRMs’
pressed pellets (BEN, BHVO, BR, DRN, GSP-1, GSR-2, GSR-3, JA-1, JB-
1b, JB-2, MAN, NIM-G) with compositions ranging from basalt to
rhyolite were analyzed and processed in the open-source CloudCal app
(2020 July version; Drake, 2019). Certified concentrations for major and
trace elements can be found on the GeoReM database and GGR Review
(Jochum et al., 2005, 2014). Each pressed pellet was analyzed for 75 s,
as recommended in de Winter et al. (2017), with the same source and
sensor conditions mentioned above. The raw spectra (PDZ filetype) of
the first dataset were converted to CSV filetype using SIPXRF software
(www.bruker.com). X-ray spectra were then imported into the CloudCal
app. For each element, a region of interest (ROI) where to find the ED
peak of interest was preliminary adjusted. A calibration curve was then
generated for each chemical element using non-linear regression and the
Lucas-Tooth and Price equation regression models (see procedure details
in Sapkota et al., 2020a ,b). The quality of the calibration process and
regression line equations are summarized in appendix A2 along with
interference corrections, amount of omitted SRMs (being outliers in the
calibration curves) and Compton normalization range used for each
element peak energy. Most chemical elements showed promising
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Fig. 2. External validation to evaluate our PXRF calibration, comparing measured vs reference concentrations of the SRMs press-pellets of igneous rocks (n = 12)
analyzed as known-unknowns (see text for details). The dotted black line represents the expected 1:1 ratio between X-ray fluorescence (XRF) estimates and known
concentrations. The dotted colored lines are the regression lines based on quantified mass fractions. Red and blue data are produced using our empirical calibration
and the Bruker Soil method calibration, respectively. Some elements do not show blue regression lines as they are not quantified in the Soil calibration method.
Histograms below each scatter plot show the distribution of the residuals compared the concentrations of used certified SRMs. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 2. (continued).
calibration curves except for V, Cr and As; hence, the latter was removed of igneous rocks was then analyzed as known-unknowns (BIR, DNC-1,
from the calibration method. GA, GSN, BHVO-1, JA-2, JB-3, JR-1, JR-2, MRG-1, NIM-N, SY-2; see

A subset of twelve additional SRMs’ press-pellets (except for BHVO) the GeoReM database for certified compositions) to validate our
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calibration method (Fig. 2 a-r). Reference composition and quantified
results are compared and show a good correlation (close to 1:1 line in
Fig. 2) for most chemical elements. We used the determination coeffi-
cient (RZ), the slope value, and standard errors to characterize the
quality of each element’s regression line (see appendix A3 for a sum-
mary). Three chemical elements (Mg, Al and Zr) show > 10% of std error
with low R? values (<86%); five other elements (Si, Mn, Ga, Y, Nb) are
characterized by 5 and 10% of std error with moderate R? values
(ranging between 92 and 98%) and the nine others (K, Ca, Ti, Fe, Cu, Zn,
Rb, Sr, Ba) with <5% of std error with highest R? (>99.3%).

4.3. Chemical analyses by lab WD-XRF, solution-ICP-OES and -ICPMS

Reference geochemical compositions for major and trace elements
were obtained through laboratory instruments for each of our five in-
house granitoid samples (the same ones used for image analysis in sec-
tion 3). Rocks were crushed and milled in agate jars. For major elements,
about 0.5 g of rock powder has been mixed with lithium tetraborate
(10:1) and ignited at 1000 °C for 2 h. Glass disks were then made in a
platinum mold and analyzed using a laboratory X-ray fluorescence
(XRF) spectrometer ARL PERFORM-X 4200 (Rh X-ray tube) at the Uni-
versity of Liege (Belgium). Detailed procedure and calibration method
can be found in Vander Auwera et al. (2019). Bulk rock major element
analyses were also performed on an iCAP™ 7400 ICP-OES Analyzer
(Thermo Fisher Scientific), as well as trace elements analyzed with an
Agilent 7700 quadrupole ICP-MS, both at the G-Time laboratory (Uni-
versité Libre de Bruxelles, Belgium). A subsample of 0.05 g of rock
powder was taken and mixed with 0.8 g of lithium metaborate and 0.2 g
of lithium tetraborate in a graphite crucible. The crucible was then
placed in a magnetic induction furnace to reach 1000 °C gradually, a
temperature maintained for 5-10 min. The resulting glass disk was then
transferred into a specific volume of 2 M HNOg nitric acid. After
centrifugation and calculation of adapted dilutions, an aliquot is used for
the ICP-OES analyses. External Standard Solutions were prepared from
mono-elemental solutions of Silicon (Si), Magnesium (Mg), Iron (Fe),
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Aluminum (Al), Calcium (Ca), Sodium (Na), Titanium (Ti), Potassium
(K), Phosphorus (P), Manganese (Mn) and Chromium (Cr), characterized
by well-known contents for calibrating analyses on i-Cap. A Yb solution
was added to the external standards and samples as an internal standard
for corrections of the ICP-OES instrumental drift and matrix effects.
Another aliquot of each sample was also prepared in 5% HNO3 before
the ICP-MS analyses conducted using a He collision cell.
Mono-elemental standard solutions were prepared to determine cali-
bration lines for all elements to be analyzed. An indium solution was
added to the sample, standard and blank solutions, and used as an in-
ternal standard. Standards Reference Materials BHVO-2 and BCR-2 were
used as external calibration. Geochemical results for each granitoid
sample can be found in Appendix A4.

4.4. PXRF chemical analysis of igneous rocks with different grain sizes

The calibration method and the influence of rock grain size were
investigated using the five in-house granitoids samples. One hundred
PXRF analyses were conducted row by row following the 10 x 10 cm (1
cm spaced) grid on the polished surface. It was done using the same
protocol and illumination conditions described above (75 s analyses in
FP Soil Mode: 45 kV, 3 pA for the source conditions). All the raw spectra
were quantified using our dedicated CloudCal calibration (see examples
of chemical mapping in Figs. 3 and 4 for SiO, and K50 contents in wt%).

To investigate the impact of subsampling size, a bootstrap analysis
(iterations = 1000) was conducted for each sample by subsampling n x n
analyses (for n = 2, 3, 4, 5, 6) from the set of hundred analyses at each
bootstrap iteration. Three different subsampling approaches were
tested: firstly, by averaging n x n numbers of individual analyses
sampled randomly (Fig. 5a), secondly by averaging n x n numbers of
individual analyses that were sampled as a grid (of n x n size; Fig. 5b)
and thirdly, by averaging the n x n raw spectra of a continuous sub-
sampled grid (of n x n size) and by quantifying the elements’ concen-
trations based using the averaged spectrum (Fig. 5¢). The mean values
distribution is shown for each subsampling method on Fig. 5 d-f (for the

S5i02 wt% Si0: wt%
85 85

65 65
602 60
55 55

504 50

45 45

a 0

Fig. 3. SiO, wt% chemical mapping (10 x 10 PXRF analyses) for each sample of granitoid samples. Individual chemical analyses show large spread in relative
abundance, reflecting the mineral phase and the grainsize distribution of each rock sample.
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Fig. 4. K50 wt% chemical mapping (10 x 10 PXRF analyses) for each polished surface of granitoid samples. In the bottom right corner, the scatter plot displays
individual analyses (in transparency in the background) and their averaged composition in front. Their averaged compositions show that most of analyzed granitoids
have a medium-to high-K signature.
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4, 9, 16 and 25 analyses but quantifying each analysis individually and averaging quantified results. (c) Squared subsampling of 4, 9, 16 and 25 analyses but
averaging each group of spectra and quantifying the averaged spectrum then. Distribution histogram of mean values by averaging n x n numbers of individual
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references to color in this figure legend, the reader is referred to the Web version of this article.)

K:O wt% "K:0 wtd%



A. Triantafyllou et al.

x4 5x5

[ I
A T
A AT
I ST R T
k= |—I4 g l| i |[i]| Hi
S
L A L B
o W W 4 &
P oo
|EE 4 —+ VN
I T .
5 = o+l HIREEEES N
prd <
= 2§ & 3

3x3 6x6
Bootstrap squared sampling

2x2

6x6

4x4  5x5
Bootstrap squared sampling

3x3

2x2

5x5  6x6

3x3  4x4

2x2

6x6

3x3  4x4 5x5

2x2

Bootstrap squared sampling

Bootstrap squared sampling

Journal of Archaeological Science 129 (2021) 105376

Fig. 6. Box plots showing the effect of square sam-
pling size for PXRF analysis (using bootstrap itera-
tions; n = 1000). Each sample was quantified, and
elements concentrations averaged. Boxes extend
from the lower to upper quartile values of each
sampling size and the black line is for the median
value. Black whiskers show the range of the dataset
except for identified outliers in whitish round sym-
bols. Dashed lines show single analysis on press-
pellet of the same sample by PXRF (see text for
more details and table A5 for the other elements)
with associated uncertainties.
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Fig. 6. (continued).
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3 x 3 and the TARN sample) and compared to lab WDS-XRF value (see
red line). As expected, it shows that using a continuous grid approach
(Fig. 5b) minimizes the spread of the distribution of mean values, as
shown by the difference between quantile values of the distribution
(qdiff = 0.75 quantile — 0.25 quantile; qdiff = 2.08 vs. 1.68 for random
vs. grid averaged analyses; see black dashed lines in Fig. 5 d-f). This
approach also provides the estimation closer to the reference value
(Fig. 5e). Averaging each grid’s spectra before quantifying mass frac-
tions systematically leads to an over-estimation of expected concentra-
tions for most of the elements (Fig. 5f), probably due to an enhanced
peak-background ratio for merged spectra that will affect the quantifi-
cation/calibration process.

The effect of the subsampling grid size is shown in Fig. 6 for eight
major and trace elements (Si, Ca, Ti, K, Fe, Zn, Rb, Sr) and for each
granitoid sample. These patterns compared to PXRF analyses obtained
on press-pellets (very fine-grained by definition) of the same sample. As
expected, larger subsampling grid size leads to better reproducibility of
element concentration (example for Ca content in TARN sample ranging
from 1.61 + 0.32 wt% to 1.62 + 0.14 wt% CaO, for 2 x 2 to 6 x 6 grid
size respectively; an example of the Sr content ranging from 127.9 +
22.1 ppm to 127.4 + 3.5 ppm Sr, for 2 x 2 to 6 x 6 grid size respec-
tively). Samples with small grain sizes (like RGR or QUE) show a more
clustered distribution even with 2 x 2 subsampling. These results show
that the uncertainties are highly improved/minimized from 3 x 3 grid
size for fine-grained samples (i.e., RGR and QUE) and from 4 x 4 grid
size for coarser-grained samples (i.e. TARN, PLOU, GAL; see Fig. 6) but
then, do not improve significantly using larger grid sizes. These trends
are displayed in Fig. 6 and, median values, boxplots boundaries and
offset percentages for each element and each sample are provided in
appendix A5. This bootstrap analysis is compared to chemical concen-
trations on press-pellets for each rock sample (Fig. 6 and appendix A6).

1400 - = (a)
RGR

S B TARN | ,
= = = = = =
o E === -
PLOU
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5. Portable magnetic susceptibility (pMS)
5.1. Instrument and operational conditions

A portable MS3 magnetic susceptibility meter (pMS; Bartington Ltd.)
was used for this study, linked to the MS2K field sensor (from the Belgian
Geological Survey, Belgium). The latter is made for measurements on a
flat and smooth surface and has a surface of integration (spot size) of ca.
25.4 mm diameter. Changes in the amplitude of a low-frequency mag-
netic field measured by the MS3 with a magnetic susceptibility (MS)
reach a resolution of 2 uSI (Deng, 2015). Each sample measurement was
conducted as follows: ten successive analyses of a disk-shaped MS
reference material were performed before each analysis sequence per
sample. MS analyses of this reference material yield an averaged value of
4641 + 39 pSI (standard deviation of 199; only 0.36% offset from
manufacturer reference value). Then, ten successive analyses of the
sample lasting 10 s each were bracketed by two 10 s analyses of blank
(gun targeting the air) for instrument drift correction. All the reference
material validation values and magnetic susceptibility results corrected
from the instrumental blank can be found in Appendix A7.

5.2. Magnetic susceptibility of igneous rocks with different grain sizes

As for PXRF analysis, we performed 100 discrete analyses distributed
on a 10 by 10 cm square grid (Fig. 7; see operational conditions
described above). Bootstrap analysis using a similar procedure as in
section 4.4 was conducted for each sample; by subsampling (respec-
tivelyn=2, 3, 4, 5, 6, 7, 8) the set of hundred analyses at each iteration
averaging n by n numbers of individual analyses as a continuous square
grid (see explanation in the previous section). As expected, increasing
the size of the subsampling grid minimizes the spread of averaged values
of magnetic susceptibility. TARN, PLOU and RGR granitoids show lower
MS values ranging between 600 and 1000 pSI, while GAL and QUE are
characterized by higher MS signatures, ranging from 4000 to 9500 pSI
(Fig. 7). The spreading of averaged values is strongly minimized from 5
x 5 for the coarser-grained granitoids (TARN and PLOU) and 6 x 6 for

11000
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9000 -
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MS_microSl

7000 A

6000 -

5000 -

4000 -

2x2 3x3 4x4 5x5 6x6 7x7 8x8

Bootstrap squared sampling

Fig. 7. Results of the bootstrapped Magnetic Susceptibility analysis applied to in house granitoid samples (in a similar manner as for pXRF analyses; see data table in
appendix A7). Boxes extend from the lower to upper MS quartile values of each sampling size and the red line is for the median value. Black whiskers show the range
of the dataset except for identified outliers in whitish symbols. (For interpretation of the references to color in this figure legend, the reader is referred to the Web

version of this article.)
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medium to fine-grained granitoids (GAL, RGR and QUE; see Fig. 7).
Interestingly, the magnetic susceptibility values and the spread of their
averaged value are less affected by the rocks’ mean grain size than for
PXRF analysis. This trend could partially be explained by the spotsize
used for pMS analysis that is larger than for PXRF. However, the boot-
strap analysis applied on pMS values on Fig. 7 shows that QUE sample
(the fine-grained rock) displays a spread in pMS values that is more than
twice larger than for the RGR sample (the coarse-grained rock) for a
given squared sampling size. This means that the MS signal and its in-
tensity rely more likely on the nature, i.e. the magnetic response, and the
proportions of their constitutive mineral phases.

6. Application in geoarchaeology: provenance study of roman
granitic quarries in southern corsica

Located in the Western Mediterranean region, Corsica formed with
Sardinia, the European continent’s margin, during the Mesozoic Tethys
era. In Corsica, remnants of this lithological basement mainly crop out in
the western and southern sides of the island (Fig. 8a) and is made of
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(reef-building)
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intermediate to felsic (and only a few mafic) igneous/plutonic rock units
(referred to as “granitoids” hereafter). These granitoids were succes-
sively emplaced during the Carboniferous up to the Permian-Triassic
transition (from ca. 305 to 260 Ma; Paquette et al., 2003; Cocherie
et al., 2005). They show variable geochemical signatures, ranging from
calc-alkaline to meta-aluminous alkaline composition, marking the
transition from the pre-to post-collisional tectonics that formed the
batholitic basement of the Corsica-Sardinia crustal block (Lardeaux
et al., 1994; Ferré and Leake, 2001; Rossi et al., 2009). The Lavezzi
archipelago is part of this batholith, located in southern Corsica in the
Straits of Bonifacio. It is made of numerous major islands surrounded by
small ones (Fig. 8b); three of these islands include from north to south:
the Cavallo, San Bainzu and Lavezzu islands. The latter is mainly made
of a medium to coarse-grained granitoid with numerous
pluri-centimetric mafic enclaves. Southern Cavallo and San Bainzu
islands are very similar to each other and were both geologically map-
ped as the same granodiorite as Lavezzu island (Orsini et al., 2011a,
2011b). The basement of the northern side of Cavallo island consists of a
monzogranite to granodiorite (Fig. 8b). These granitoids units are

(b)

Cavallo quarry —— %

San Bainzu quarry

Lavezzu center
quarry

avezzu southern
quarry

Fig. 8. Sketch of the geological map of the islands of the Lavezzi archipelago, including Cavallo, San Bainzu and Lavezzu islands (redrawn based on the BRGM
geological map from Orsini et al., 2011a, 2011b). A georeferenced KMZ file of this map is available in the supplementary material B1, provided using the Geolokit

app (Triantafyllou et al., 2017).
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Quarried front
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Fig. 9. Field pictures showing (a) quarried front of the southern Cavallo quarry being analyzed with PXRF instrument and (b) the Bonifacio column (War Memorial at
the Bonifacio locality) that has been extracted from the San Bainzu quarry after World War 1.

crosscut by pluri-metric, subvertical and N- to NNE-trending dykes of
pink rhyolite in the islands.

The following sections aim to apply our multiple techniques char-
acterization approach in the field at quarried sites on the Lavezzi ar-
chipelago and conduct a provenance study on a Roman column exposed
as a War Memorial at the Bonifacio locality (Fig. 9b). This column was
extracted with certainty from the San Bainzu quarry (Gauthier, 2017;
Canonici, 2014; Clavel, 1924) and erected on the November 11, 1932 in
Bonifacio (Pellegrinetti and Ravis-Giordani, 2010). We will use this
column as a witness to test if our approach can discriminate different
quarries’ sources with an enhanced spatial resolution and for igneous
rocks that appear to be very similar, even indistinguishable by human
eyes in the field. The three quarried sites show similar morphological
features. They consist of “open-pit” quarries, with a stepped profile
consisting of working faces and stepped benches (Fig. 9a) with the
quarry bed at the level of the bedrock (Clerbois et al., 2020). Con-
straining the estimation of extracted rock volumes in each quarry is still
a work in progress (Clerbois et al., 2020). Bench sizes range between 5
and 30 m in length and 2-5 m in height and extracted columns ranging
between 3 and 9 m long and around 0.5-1.5 m in diameter. The Boni-
facio column (Fig. 9b) measures ca. 8.8 m long and with 3.8 of
circumference (i.e. 5 m of the column is out of the ground at the moment
and the rest underground to ensure monument stability).

Image analysis of each rock sample was applied following the same
procedure described in section 3. Photographs were taken directly on
the quarry’s fronts; RAW images were corrected for brightness, white
balance and scaled (10 cm side square) and ultimately, the image was
segmented using the Weka ML algorithm for feldspar, quartz and
ferromagnesian phases that are recognizable based on sample photo-
graphs. However, quartz and felspars can be challenging to discriminate,
specifically when the rock surfaces are fresh and felspars tend to be
greyish and translucid (instead of whitish when slightly weathered).
Therefore, the proportions of melanocratic minerals (biotite + amphi-
bole) and the ratio of proportions of melanocratic on leucocratic (quartz
+ feldspar) minerals are used as a discriminating parameter (referred
respectively as xFeMg and M/L hereafter). Granodiorite rock from the
Cavallo quarry shows the highest M/L ratio at 0.53 and high xFeMg
(34.8 vol%). Granitic rock from the Lavezzu quarry shows the lowest M/
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L ratio with a value at 0.12 and low xFeMg at 11.0 vol%. San Bainzu
quarry shows intermediate values ranging from 0.18 to 0.23 as well as
for xFeMg values from 15.2 to 18.8 vol%. The granodiorite from the
Bonifacio column shows an M/L value of 0.16 and xFeMg of 14.0 vol%.
Results for each mineral phase proportion are summarized in appendix
A8.

For magnetic susceptibility measurements, the protocol optimized in
the lab was applied for each investigated rock from the quarrying site or
monument. Respectively, three, five and three sampling sites were
analyzed for south Cavallo, Lavezzu and San Bainzu quarries. Averaged
pMS values between the same sampling sites show good reproducibility
(Fig. 10). South Cavallo sampling site shows magnetic signature similar
to San Bainzu sampling site, with weighted averages of 5254 + 69 pSI
and 5749 + 67 pSI, respectively (uncertainty at 2c; Fig. 10). Lavezzu
sampling site shows a lower magnetic susceptibility value (with a
weighted average at 3655 + 34 pSI; Fig. 10). This MS shift between
Lavezzu and San-Bainzu-Cavallo granitoids is in agreement with the
laboratory MS analyses made in southern Corsica in Gattacceca et al.
(2004). The MS analyses from the Bonifacio column monument show a
weighted average of 5700 + 92 pSI. This average value is closer to the
San Bainzu MS signature but, considering the spread of the values, it
cannot be distinguished from those from the southern Cavallo quarry
(Fig. 10). The data table can be found in Appendix A9.

For PXRF analyses, the same protocol optimized in the lab was
applied for each quarrying site or monument investigated. For each
sampling site, a 4 x 4 cm grid was drawn in which sixteen regularly
spaced PXRF analyses were performed. Each analysis was then pro-
cessed through our in-house calibration using the CloudCal app. Each set
of sixteen chemical concentrations data was then averaged to provide a
representative value for the whole rock (error bars in Fig. 11 are 2 ¢
applied on the entire dataset). Two sites were analyzed in Cavallo and
San Bainzu quarries and three sites in Lavezzu to check for good
reproducibility of the method and its potential application as a high
spatial resolution tracer. At first sight, chemical data of Cavallo and San
Bainzu quarry sites are well clustered, while those from the Lavezzu
quarry show larger variability between sampling areas (Fig. 11 a-e).

Based on specific chemical proxies, we precisely characterize the
signature of rocks derived from the different quarries. Lavezzu quarried
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rocks can clearly be distinguished from other quarried sites. Indeed,
their chemical signature is marked by low CaO and Sr contents (<2 wt%
and <210 ppm, respectively; Fig. 11 a and c) and slightly higher Si and
Ba contents (>55 wt% and >400 ppm, respectively; Fig. 11 b and d)
compared to other quarried rocks signature. These chemical proxies do
not allow the discrimination between San Bainzu and southern Cavallo
quarried rocks. However, K20 and Rb contents are higher for San Bainzu
granodiorite (>1.2 wt% KO and >75 ppm Rb) than for southern Cav-
allo granodiorite. A similar trend is observed for Fe and Ti contents, with
higher values > 2 wt% Fe;O3T and >0.16 wt% TiO, for San Bainzu
relative to the southern Cavallo rock samples (Fig. 11 a-d). A compila-
tion of PXRF data can be found in Appendix A10.

7. Discussion

7.1. Defining PXRF applicability using the empirical limit of
quantification (ELOQ)

The limit of quantification (LOQ) of a given element is defined as the
lowest concentration that can be quantitatively detected with a stated
accuracy and precision for this element. The LOQ will depend on several
parameters, including the used illumination conditions, on the PXRF
instrument’s sensor but mostly on the method and quality of the in-
house calibration. As factory calibrations of the Tracer IV PXRF in-
struments are designed for specific material matrix and generally less
suitable for igneous rocks, we developed an in-house calibration method
and determined its empirical LOQs (ELOQs) for each element. Limits of
quantification are generally higher than the limit of detection (LOD)
provided by the PXRF manufacturer but more informative for evaluating
the confidence level for each analyzed chemical element. Therefore, we
compared the PXRF compositional data obtained from our validation set
of SRMs’ press-pellets with their certified values by calculating their
percentage of difference (PoD) defined as follows: PoD in % = 100 * abs
[cy — Cyl/Cy, where cy is the PXRF measured concentration for the y
element while Cy is the certified reference concentration for the same
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element. The smaller the PoD value is, the better is the quantification of
the chemical element. We compared the variation in PoD with its
measured concentration (Fig. 12). These patterns generally define a
power trendline, with an increase in PoD value for low concentrations.
These trends allow to define an empirical estimation of the limit of
quantification for each chemical element (Fig. 12). For our validation set
of SRMs, some element concentrations were not low enough to involve
an increasing trend of the PoD, preventing the estimation of their LOQ
(these elements will be annotated with an asterisk hereafter). We
defined three groups of chemical elements with their respective ELOQ in
bracket: (i) PoD < 10% for Al,O3 (*), SiO5 (*), K5O (0.95 wt%), CaO
(2.0 wt%), TiO2 (0.4 wt%), Fex03 (1.8 wt%), Zn (25 ppm) and Sr (140
ppm); (ii) PoD comprised between 10 and 20% for MnO (*), Ga (17
ppm), Rb (20 ppm), Y (*), Zr (40 ppm), Nb (*) and Ba (150 ppm) and (iii)
PoD > 20% or poorly quantified for MgO, As, Cu, V and Cr. ELOQs for
chemical elements that are poorly calibrated are not specified. The latter
should be avoided for quantification or rock discrimination purposes.

7.2. The applicability of PXRF measurements on coarse-grained igneous
rocks

Our study showed that one should first evaluate the grain size of the
rock sample qualitatively or quantitatively using image analysis to adapt
the size of the pMS and PXRF analysis grid (see sections 3, 4.4 and 5.2).
As an example, whole-rock chemistry of coarse-grained igneous rock
(with an average grain size of ca. 10-30 mm?; see Fig. 1) can thus be
determined by averaging 16 individual analyses distributed within, e.g.,
4 x 4 regular spaced grid (which takes about 18 min For the whole rock
characterization). Rock with smaller grain size but visible individual
grains (with average grain size 0.5-10 mm?) could be determined by
averaging nine individual analyses distributed as e.g., 3 x 3 regular
spaced grid (which takes about 10 min For the whole rock character-
ization). To evaluate the applicability and the limitations of PXRF
analysis on coarse-grained igneous rocks, we compared chemical com-
positions obtained: by laboratory techniques (WD-XRF, solution-ICP-
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Fig. 12. Diagrams showing how Percentage of Difference (PoD) varies with measured concentrations of a given chemical element for some major (Ca, K, Fe) and
trace elements (Rb, Sr, Ba). For a defined PoD range, the Limit of Quantification (LOQ) can thus be determined (see red dashed line). This LOQ value defines the low
concentration limit under which our in-house calibration and PXRF configuration cannot provide an accurate result. (For interpretation of the references to color in

this figure legend, the reader is referred to the Web version of this article.)

OES for major elements and solution-ICPMS for trace elements) with
data acquired by PXRF instrument on finely powdered and homoge-
neous press-pellets and ultimately, those obtained on unprepared,
coarse to fine-grained igneous rocks (Fig. 13 a-1). For the PXRF analysis
of unprepared, coarse to fine-grained igneous rocks, the PoD of quan-
tifiable elements is slightly higher in general than those obtained for
press-pellets analyses. The PoD is still <10% for Al,O3, SiO5, TiOs, Sr
between 10 and 20% for K0, CaO, Fe203, Zn, Ga, Rb, Y, Ba and higher
than 20% for MgO, V, Cr, Mn, Cu, As, Zr, Nb. These results are illustrated
in Fig. 13 and provide robust knowledge on which element can be used
for rock discrimination taking into account its reproducibility in the
targeted sample and its associated uncertainty.

In addition, we showed that for a given element, the relative varia-
tion of its concentration is relatively constant from one sample to
another (Fig. 13), referring to PXRF or reference values. This indicates
that PXRF analysis on unprepared coarse-grained can also be a valuable
tool to constrain relative chemical variations at the scale of a sample
and/or of an outcrop as well as to discriminate different clusters for
geoarchaeological studies or linking rock sources and monuments
characterized with the same instrument and analytical conditions. For
field investigation, other effects should be taken into account, including
the state of the rock surface, like moisture content, weathering degree
and roughness of the surface, even if these aspects were discussed
elsewhere (e.g., Kido et al., 2006; Forster et al., 2011; Hahn et al., 2020)
but not along with the combined effect of coarse-grained materials.

7.3. Linking extraction and building sites using multiple proxies and
optimized acquisition

The granitic column displayed in Bonifacio was extracted with

absolute certainty from the San Bainzu roman quarry (see Gauthier,
2017; Clavel, 1924). Therefore, this monument can be used to apply and
test our multiple method approach and establish if it helps discriminate
different quarries’ sources with an enhanced spatial resolution, specif-
ically for igneous rocks that appear very similar in the field. We
compared the quantified results gathered from pMS, PXRF and image
analyses for the granite of the Bonifacio column with granitic sources
from Cavallo, San Bainzu and Lavezzu quarries. Results from the Boni-
facio column image analysis show significantly lower proportions of
ferromagnesian phases and/or the M/L ratio (M/L < 0.23) than the
Cavallo granitic source (M/L > 0.53) but relatively similar to San Bainzu
and Lavezzu granitic rocks. The magnetic susceptibility (MS) signature
of the Lavezzu granitic quarry shows a lower value (<3700 pSI) than
other granitic samples (>5200 pSI; Fig. 10). This suggests that the
Bonifacio column has not been extracted from the Lavezzu granitic
quarry, but MS parameter cannot discriminate between Cavallo and San
Bainzu quarrying sites. In contrast, based on PXRF chemical results, the
granitic column from Bonifacio shows a chemical signature similar to
the San Bainzu quarry (see Fig. 11). To quantify this apparent similarity,
we calculated the percentage of difference (PoD; see section 7.1) be-
tween the chemical composition of the Bonifacio granitic column (set as
the target sample) and the granitic samples from the Lavezzu, Cavallo
and San Bainzu quarries (set as the unknowns). The PoDs of each
chemical element are compared between each unknown site and dis-
played in Fig. 14c. We then calculated the proportion of minimal PoD for
each unknown sites. The granitic rock from the San Bainzu quarry shows
the highest proportion of minimal PoD with the granitic sample from the
Bonifacio column (73.7% for San Bainzu quarry against 15.8% and
10.5% for Cavallo and Lavezzu quarries, respectively; Fig. 14a). We also
applied the same approach, only considering well-quantified chemical
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Fig. 14. Respective proportions of minimal Euclidian distance between Bonifacio column composition and potential source quarries (San Bainzu, Cavallo and
Lavezzu) for (a) all calibrated chemical elements contents and (b) for the selection of discriminant chemical elements (Si, Al, K, Ca, Ti, Fe, Zn, Rb, Sr). The highest
proportion is for San Bainzu quarry, suggesting it has the closest chemical signature to the targeted monument. (c¢) Multi-element diagram showing percentage of
difference (PoD in %) between the Bonifacio column composition and potential source quarries for all quantified elements.

elements (as defined in sections 7.1 and 7.2: Al, Si, K, Ca, Ti, Fe, Zn, Rb
and Sr). The San Bainzu granite yields the highest proportion of minimal
PoD with the granitic rock from the Bonifacio column (91.7%; Fig. 14b).
In other words, this proxy attests that from our method, the San Bainzu
quarrying site shows the higher probability of being the source of the
Bonifacio columnar monument, followed by the southern Cavallo and
ultimately the Lavezzu quarrying sites but with low confidence. Our
study demonstrates that combining non-invasive (PXRF, pMS and IA)
characterization instruments with the textural and mineralogical ob-
servations determines local provenance at a high spatial resolution.

A multi-method approach is crucial for large scale geoarchaeological
studies and provenance investigations of granitoids; more specifically
for those exploited during the Roman period when a large variety of
igneous rocks was extracted from a multitude of quarries scattered
through the entire Roman empire (e.g., Turbay et al., 2019) and ulti-
mately shaped for their monumental architecture. Although several
major roman imperial projects were supplied by the mainstreamed
“Granito del Foro” extracted from the Mons Claudianus quarry in the
Eastern Desert of Egypt (e.g., Peacock et al., 1994), several authors
emphasized the importance of alternative smaller quarrying spots
providing a similar stylish igneous rock (e.g., Williams-Thorpe, 2008).
Distinguishing between these rocks is delicate based on their appear-
ance. Only a quantification of their mineralogical and geochemical
composition could provide robust arguments to their identification and
to apparent contradictions for the stone provenance, e.g. the provenance
of granitic rocks used in the Baths of Caracalla, which are thought to be
originated from Corsica (Williams-Thorpe et al., 1996) or ancient
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quarries in Turkey (Delaine, 1997).

A multi-method approach is critical for local to micro-regional
studies, as illustrated by the study of the quarrying activity in the Lav-
ezzi archipelago in the Strait of Bonifacio. As mentioned above, these
islands display several quarrying sites, exploiting the same igneous
batholith but at successive periods of time. Indeed, an important quar-
rying activity is attested during the Roman period (Clerbois et al., 2020)
to produce large pieces, most likely sent overseas. An attested recent
perturbation/activity (19th century) of these quarries provided rock
blocks for local monuments (cemetery) or utility constructions (lighting,
etc.). Our approach could precisely establish the links between the
quarries and these recent local monuments or constructions in order to
constrain the successive phases of rock exploitations better, the actual
volume of rock extracted during each period of activity and ultimately,
to constrain former vectors of commercial trades of granitic rock in
global scenarios.

8. Conclusion and perspectives

This study explored the combined use of image analysis, pMS and
PXRF, for characterizing coarse-grained igneous rocks. We provided a
workflow for the users to optimize the use of these instruments, from
their calibration method to their operational deployment in the field.
Such a non-invasive multi-method approach re-opens the door to
provenance studies of igneous materials with source identification at
high spatial resolution in archaeometry. Statistical tools, including
minimal PoD or principal component analysis (PCA; see examples in
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Miiskens et al., 2018), and established multivariate methods, such as
K-Nearest Neighbors or Discriminant Function Analysis could be applied
to this catalog to identify rock clusters and discriminate them by
providing a percentage of confidence when comparing monuments and
their potential quarry source. Future works aim to apply these methods
on major monuments of the imperial era and Roman granitoids quarries
exposed in the Tyrrhenian sea and compare their respective signatures
for provenance identification.

Several developments should be considered as future directions.
Concerning PXRF analysis, further research would optimize the combi-
nation of variable voltage conditions of the PXRF X-ray source and their
respective acquisition times, using filters to enhance the signal on given
chemical elements but adapting their use for field investigation and
relatively fast analysis. During field investigation, other effects could be
better constrained, as amongst others, the rock surface state, including
its moisture content, the effect of rugged and irregular surface. Even if
these aspects were discussed elsewhere (e.g., Kido et al., 2006; Forster
et al., 2011; Hahn et al., 2020), their combined effects with
coarse-grained materials remain poorly documented. These de-
velopments should be conducted on different types and models of PXRF
instruments to provide comparable results between different studies. All
these aspects are also of great importance for the PXRF embedded in
future rover missions (Young et al, 2016) and the analysis of
coarse-grained rocks during future planetary surface exploration.

Future directions also concern the testing, the development of cali-
bration and optimization of other non-invasive, handheld instruments,
including portable Raman spectrometer, recent Gamma-ray spectrom-
eter, and portable Laser Induced Breakdown Spectroscopy (pLIBS). For
the geoarchaeological community, the explosion and diversification of
various spectroscopic data require the implementation of an integrated,
collaborative, and open-access database to characterize archeological
materials. In the same vein, several initiatives exist (e.g., see the IsoArch
project for isotopic data; Salesse et al., 2018) and constitute a crucial
opportunity to extent local investigations to a larger scale and identify
systematics during past commercial trades at the scale of an established
empire.
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