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For generations, humanity has preserved customs, places, objects, artistic expressions, and values - our
cultural heritage. The use of color on cultural heritage objects is ubiquitous and found on artefacts from
prehistoric rock art to present day contemporary artworks. The chemical identification of the colored materials
used within an artwork often provides information about the work’s origin. At the simplest level, a comparison of
the materials present with information on their first date of discovery indicates the earliest possible period in
which the colored artefact was created. More precise constraints on the date of creation can be provided by
radiocarbon (**C) dating, however until today no such analysis has ever been conducted on the compounds
responsible for the object’s color. The analysis of natural organic dyes and pigments is challenging, as the limited
sampling access, their low concentrations and presence in highly complex matrix, are all major challenges to be
overcome. The separation of intermingled carbon sources is without question the most difficult problem, yet
feasible with the help of compound specific radiocarbon analysis (CSRA). Here, we discuss the potential of
radiocarbon dating isolated natural organic dyes and pigments and explore new routes to date cultural heritage
objects.

Keywords: analytical methods, liquid chromatography, heritage sciences, natural organic dyes, radiocarbon (**C)
dating.

understanding, care, sustainable use and management
of tangible and intangible heritage so it can enrich
people’s lives: both today and in the future. Many

1. Radiocarbon ('*C) Dating and Heritage
Science

Heritage science is a cross-disciplinary field of scientific
research that is often described as the application of
science to cultural heritage materials. From the tradi-
tional triangle linking solely conservation, science and
art history, heritage science is growing into a much
wider intersected field connecting objects, people,
places, and time. The International Centre for the
Study of the Preservation and Restoration of Cultural
Property, commonly known as ICCROM, defines herit-
age science as an umbrella term: ‘Drawing on diverse
humanities, sciences and engineering disciplines, herit-
age science is an umbrella term encompassing all forms
of scientific inquiry into human works, and the combined
works of nature and humans, that are of value to
people. Heritage science focuses on enhancing the

journals are dedicated to heritage science, but this
field is also of interest for journals with broader scope
as highlighted by the recent issue featuring heritage
science in Angewandte Chemie.!"

Radiocarbon dating has a large role to play in
providing missing information about an artwork’s
historical context. Such information, however, can only
be obtained by sacrificing a sample from the object, a
critical step owing to the unique and irreplaceable
nature of art objects. The first consideration in this
approach is sample size. Since the initial radiometric
methods of the 1940s, which measured the radiation
produced by decaying '*C-atoms and necessitated
grams of carbon,”? to the advent of accelerator mass
spectrometry (AMS) instruments in the 1970s,34
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which allowed the direct counting of '*C-atoms in a
sample bearing as little as 1 mg carbon, sample size
were successfully reduced by three orders of magni-
tude. With the development of gas ion sources in the
late 19805, sample material could be measured as
carbon dioxide. A new milestone was reached early
2000s namely 10 ug C proved to be sufficient in
producing a radiocarbon age.” !

The ability to date minute samples led scientists to
reconsider research fields that were initially beyond
the reach of 'C dating, for example heritage
science.l'” From early cave paintings!"' "' to contem-
porary artworks,>~'”! radiocarbon dating has been
widely solicited to provide missing information about
an artistic object’s age. It has actually been dubbed
one of the greatest advances in the authentication of
works of art.!'® Its extreme sensitivity to post-1950
material provides indisputable evidence in forgery
cases." 2 Following above-ground thermonuclear
weapon testing conducted in the 1960’s, the natural
atmospheric 'C concentration doubled, an effect
known as ‘bomb peak’. The result is a distinctive 'C
signal to be found in any growing organism and so
may be used as a marker for late 20th century organic
materials.

For most artworks, objects, and materials from our
collective cultural heritage, 'C dating has generally
focused on the support material, as it usually offers
sufficient sampling opportunities. Recently, the down-
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scaling of the sample size requirement has supported
the development of new strategies and led to the
exploration of new materials for '*C dating of artworks.
Although predicted by Stulik and Donahue in the
1990s,2°! 14C dating of the natural organic binder (oil,
natural resin, plant gums, animal glues, etc.) in paint
layers has only lately been exemplified in canvas
paintings.?%?! The proof of concept was demon-
strated on a bulk sample of inorganic pigmented paint
sampled from Rederer's portrait of Margrit (see Fig-
ure 1). The application potential was thereafter high-
lighted in a forgery case, where the collected paint
sample weighed no more than 160 ug and sufficed to
reveal a forger’s strategy in recycling an older canvas
support.2? Additionally, the possibility to date specific
pigments, such as one of the most common artistic
pigments lead white, a basic lead carbonate composed
mainly of the lead carbonates hydrocerussite
(2PbCO;3-Pb(OH),) and cerussite (PbCO;), was
demonstrated.?®=371 This development represents an-
other breakthrough with massive implications as lead
white has been the most extensively used white
pigment by artists worldwide since Antiquity up to the
20th century. With the continuous decrease in sample
size, sampling requirements for '*C dating now align
with those routinely taken for material analysis and
cross section sampling, substantially increasing the
number of cultural objects that can be ethically
sampled. However, despite successful demonstrations
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Figure 1. A) Bildnis Margrit mit roter Jacke und Konzertkleid, Franz Rederer, 1962, oil on canvas, 100x 140 cm, Photograph: SIK-ISEA
(Philipp Hitz). Sampling locations are highlighted in red. B) The close-up depicts the sampling process and the respective damage
after sampling, while C) represents the actual sampled paint amount. D) Using the calibration software OxCal v.4.4.1, the calibration
curve (blue) allows the conversion of the measured radiocarbon ages on the canvas and paint sample with their uncertainty on the
ordinate axis to the respective calendar ages on the abscissa axis, which is indicated by the histograms (95.4% probability). Both
the canvas and paint predate the signed date by a few years. Material originating from Hendriks' doctoral thesis.!”!

of these techniques, no radiocarbon laboratory offers
the routine analysis of either the paint binder or lead
white pigment, which raises the question as to why
not.

The theoretical assumption that underlies the
interpretation of '*C ages gained from testing the
natural organic binder or lead white pigment is that
the sample represents a single carbon source. In
reality, the inescapable presence of additional carbon
sources within the organic binder such as carbonate
pigments or fillers, organic pigments, and carbon black
all violate this initial assumption. Carbonates typically
carry a geological '*C signature (i.e., carbon essentially
free of '"C), whereas natural organic dyes bear the
atmospheric 'C signal of their time of growth, or in
contrast, if of synthetic origin are C depleted since
they are formed from coal-tar products.*® Carbon
black, a common black pigment produced from
charring of organic matter, has allowed the dating of
rock art in prehistoric caves around the world,[*3% but
its interpretation in paint formulation is less unequiv-
ocal. The artist could have used contemporary materi-
al, although perhaps with an inbuilt age of the charred
organic material (wood or bone), but they may have
also utilized a carbon black created using a depleted
natural gas in the combustion step. Carbonates may
be readily removed by acid dissolution, however the
separation of carbon black and/or organic pigments,
whether synthetic or natural, from the sample material
on a macroscopic level is difficult, if not impossible to

achieve fully. Their presence must be excluded by
spectroscopic or microscopic analyses as even trace
amounts may strongly influence the outcome of the
results. Sample selection and detailed chemical charac-
terization is therefore a crucial parameter in this
approach, as it requires considerable expertise, a
detailed knowledge of the materials present, and an
understanding of all the possible pigment interfer-
ences.

The overall history of the object must furthermore
be considered from its creation until its current state
today. Most artworks are likely to present intricately
complex surfaces, carrying multiple paint layers, as
well as phases added during conservation and restora-
tion interventions, both carried out historically or in
modern times. Many materials, from waxes to proteins,
natural and synthetic polymers, and resins, may have
been added to the original paint materials. All of these
may carry different isotopic signatures, thereby adding
to the challenge of finding a suitable sample. Older
apparent ages have on occasion been reported and
linked to the occurrence of unknown conservation
material contamination bearing a depleted 'C
signature.?'*% Although no official accurate survey
exists, it is estimated that a significant proportion of
paintings in museum collections have undergone
conservation and restoration treatments. This implies
that upon inadequate sample preparation procedures,
i.e., incomplete removal of restoration products, the
measured '*C date may be significantly biased.*" In
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addition to older ages caused by '“C depleted
petroleum-based conservation materials, younger ages
can also result, for instance when a naturally-derived
substance such as beeswax has been used.

The following selected examples reveal the diffi-
culty in localizing materials meeting the sampling
criteria suitability, i.e., absence of other carbon materi-
al other than the natural organic binder. During the
investigation of an oil painted wooden panel, the
presence of Laropal® A81, a modern aldehyde resin
restoration varnish, penetrated though the paint layer
preventing the dating of the natural organic binder.
Although the wooden panel dating post-dated the
artist death and gave a clear sign of forgery, no further
evidence could be brought to support the hypothesis
that the investigated painting was forged as a result of
Jan Ruyscher's rediscovery in the 1930s.42 The study
of an eclectic selection of oil on canvas paintings was
met with mitigated results. In two out of three cases,
the 'C age determined from the binding media
proved to be a reliable asset in establishing the
object’s historical context.”® However, in the third
case, the presence of minute amounts of paraffin not
identified beforehand compromised the analysis. In
another multidisciplinary study of panel paintings
from Roman Egypt again the C dating of the binder
was offset by several hundreds of years relative to that
of the wooden support. The explanation remains
unresolved since following the initial sampling the
objects, they were fully restored hindering further
sampling for identification of additional carbon
sources.™ In another example, a combination of
beeswax and gum elemi was found to be the source

HELVETICA

of the age bias in the study of the stratigraphy of a
polychrome sculpture.*”

Not only are conservation treatments of concern
but very often mixtures between inorganic pigments
and synthetic organic lakes occur and even trace
amounts may strongly influence the outcome of the
results. The latter being exemplified in the analysis of
Hosch's paysage (1931), where both the canvas and
some green paint were compared (see Figure 2).2 The
targeted green was characterized as bearing viridian
green, a chromium oxide hydrate pigment, prepared
with linseed oil and so suitable for 'C analysis. The
measured *C ages of the paint sampled from Hosch’s
painting was offset by ca. 200 years in comparison to
the canvas value, which was not anticipated. Comple-
mentary spectroscopic analysis identified in the green
sample trace amounts of an indamine barium lake
(PGY9), a modern synthetic dye, which is without any
doubt the source of the contamination being a coal-
tar based synthetic product.

While dating of the binder vehicle in inorganic
pigmented paint layer is a relatively new approach in
oil painting analysis, it is a much more generalized
practice in rock art, where it is the painting/drawing
which is sampled provided sufficient organic material
is available.*%*”) Nonetheless, the same difficulties as
described above are encountered, where despite pig-
ment analysis, anomalous dating results are also
gained linked to the presence of exogenous carbon
source.®9 All of the abovementioned studies are
characterized by one common denominator: because
the sampled material seldom consists of a unique/
single source of carbon, age deviations are frequently
observed as it is the bulk’s isotopic signature which is

e o m Oxcal v4.4.1 Bronk Ramsey (2021); 1:5

[ Canvas
I Organic binder
ﬁ Signed date

1 1 1 1 L Iﬁ
1400 1500 1600 1700 1800 1900
Calibrated date (calAD)

Figure 2. A) Stadtansicht mit Figuren in Vordergrund, Karl Hosch, 1931, oil on canvas, 70x 100 cm, SIK-ISEA, Zurich. Photograph:
SIK-ISEA (Philipp Hitz). Sampling of the canvas and paint areas are highlighted in green, where the respective damage after sampling
is depicted in the close-ups (B) and C) represents the actual sampled paint amount (<1mg paint). D) Comparison of the
radiocarbon dating of the canvas and green paint against the Intcal20 calibration curve (in blue), where the paint comes out several

hundreds of years older than the canvas. Material originating from Hendriks doctoral thesis.

[27]
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measured. When paint or binding media is mentioned,
it encompasses all carbon-bearing materials that are
present.

Regarding dating of lead white, the retrieved "C
ages are generally more reliable in comparison to the
binder dates as demonstrated in a study focused on
understanding the original polychromy of Portuguese
sculptures carved in limestone.’® The majority of
samples confirmed a medieval attribution except for
two samples that indicated dates thousands of years
old. One had been sampled neighboring a natural
blue azurite (Cu3(CO5),(OH),) pigment layer, while the
second was coated with polyvinyl acetate (PVAc). Both
the mineral pigment and the modern restoration
adhesive were shown to dissociate/degrade around
300°C, therefore contributing to the evolved CO, used
in dating, thus biasing the results to older dates.

The diversity of materials in cultural heritage
objects represents one of the biggest challenges for
%C applications, but at the same time this can
represent a positive attribute. Many components are
organic materials isolated from natural sources and so
are chronological markers for the object’s history,
whether it is in the object’'s making, use, reception,
loss, or restoration. The main weakness of the majority
of studies is the failure to address how the '*C age is
estimated based on the average '"C content of all
carbon bearing materials present in the bulk sample
rather than targeting a specific organic compound. A
physical separation of all different carbon sources has
never been achieved or even pursued, only different
strategies aiming at the selective removal and/or at
the analysis of specific carbon sources have been put
forward. While sample size is no longer an issue due to
technological advances (AMS, gas ion sources), the
sampling location and all the chemistry of the object
remains. Thus, it is our task as scientists to ensure that
when given the opportunity to sample precious and
valuable artifacts, we produce reliable and accurate
data rather than excusing inconsistent results with
contamination issues. If '*C dating scientists wish to
build a long-lasting relation of trust with the heritage
science community, the quality of the data delivered
must be unequivocal and indisputable, outweighing
by far the necessity of sacrificing a small sample. What
is now needed is to account for the various carbon
compounds, hereby aiming to isolate single com-
pounds prior to the '*C dating step, in order to
achieve reliable and accurate '*C dates. Instead of
collecting samples from locations based on suitability
requirement, a broader choice of sampling zones will
be feasible. The separation of the different organic

HELVETICA

compounds prior to the dating step will reveal the
story of the artwork: when it was produced, when it
was altered or restored.

2. Is Compound Specific Radiocarbon Analysis
(CSRA) the Future of Heritage Science?

The separation of intermingled carbon sources is
without question the most difficult problem, yet it is
feasible. Indeed, a similar problem was encountered in
the dating of environmental matrices (soils, sediments,
atmospheric particles) where dating of the bulk
material did not reflect the multitude of incoming
carbon sources with varying '*C ages. A solution was
conceived in the isolation of selected biomarkers
giving rise to compound-specific radiocarbon analysis
(CSRA) using preparative gas chromatography
(PCGCQ).2Y Originally developed on n-alkanes, n-fatty
acids and sterols, all sufficiently volatile compounds
suitable for a GC approach, liquid chromatography
(LC) was rapidly proposed as a preparative alternative,
making it possible to examine a wider sample scope
extending to nonvolatile compounds as well.5"5?
Nowadays, the technique has evolved and allows the
isolation of amino acids®>=>"! or chlorophyll photo-
synthetic pigment®® within environmental matrices.
The expansion of CSRA, which relies on the measure-
ment of 10-100 ug C, has been supported by AMS
technological developments, such as the miniaturiza-
tion of AMS systems (MiCadaS)**®” and the capacity
to measure even smaller samples, down to micro-
grams of carbon.®'=% All of these improvements met
the needs of heritage science regarding minimal
invasive sampling. Although the method of CSRA was
introduced more than two decades ago and repre-
sents a more elaborate pre-treatment/purification
method of the targeted compounds used for dating, it
has not made its way into the field of cultural heritage
science. The closest applications are archaeological
studies where preserved lipids are extracted from
organic residues found in pottery vessels.®>-") This
development revolutionized the field of dietary
studies’®® and contributed to a growing interest and
recognition of CSRA in geoarchaeology.

2.1. Colorants as Targeted Compounds for CSRA in
Heritage Science

Throughout the course of history, the artist’s color
palette has significantly extended and changed, from
ground minerals to natural organic pigments and
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dyes, to a rainbow of colors synthetically produced.
The color of an object provides important information
as to its origin, as the comparison of the materials
present, the so-called dating materials, with informa-
tion on their earliest date of discovery, allows to
establish the earliest possible date of realization of the
object.®*7% |n cultural heritage, the latter is commonly
referred to as terminus post quem. Being extracted
from leaves, bark, roots, flowers, berries, nuts, or even
insects or snails, natural organic colorants regroup an
extremely varied large class of compounds such as
anthraquinones, flavonoids, indigoids, or tannins.”"
Their identification may support geographic and
historical appropriateness; but limited chronological
information is gained as natural dyes have been used
since Antiquity up to today. More precise constraints
on the date of creation can be provided by '*C dating,
yet until today no such analysis has ever been
conducted. The carbon isotopic ratio of natural organic
dyes represents a snapshot of the atmosphere during
their year of growth, moreover as these compounds
are carbon rich (>50% C), they represent ideal
material for *C analysis.

2.2. Dye Analysis and Theoretical Basis for CSRA

The application of CSRA in cultural heritage research
follows the growing interest in multi-analytical ap-
proaches allowing the identification of specific marker
components,”277%1 where despite the successful iso-
lation of diverse compounds by chromatographic
means no study has investigated their subsequent
dating by 'C analysis. The analysis of natural organic
dyes and pigments in cultural heritage objects is
challenging in many aspects, including low concen-
tration, susceptible to degradation and presence in
complex matrices, which requires highly sensitive
analytical tools. While the non-invasive quality of
spectroscopic techniques is not to be under-
estimated,”””7® the information gained is often dis-
torted, as the organic colorants are frequently found in
complexed form with metal ions, either bound to cloth
fibers or embedded in paint layers in the form of lake
pigments. Chromatographic separation, in contrast,
despite requiring sampling, can address this level of
complexity, where individuals are separated from their
matrix and different components present in a dye
mixture may be discriminated.

Dye analysis by Reversed-Phase High-Performance
Liquid Chromatography (RP-HPLC) was pioneered by
Wouters in the 1980s by first separating red chromo-
phores from the madder plant,”® then from coccid
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insects,’® |ater indigoids®" which was followed by the
isolation of laccaic acid by Halpine.® Following these
first key publications, progress in selectivity and
quality of separation has lead RP-HPLC over the years
to established itself as the method of choice for the
routine analysis of natural organic dyes.®3-%%1 Most
often coupled to diode array detectors (HPLC-DAD),
the additional coupling of a mass spectrometer (MS)
to the separation system offers yet another attractive
alternative for the analysis of unknown compounds.
Based on the fragmentation pattern gained, a chem-
ical structure may be elucidated.®-88

Prior the advent of HPLC systems, thin-layer
chromatography (TLC) was used for dye analysis and
identification.®>°% Fast, simple, and cheap are its main
characteristic. Although it was rapidly supplanted by
HPLC system, TLC is nowadays regaining momentum
as it is being coupled with surface-enhanced Raman
spectroscopy (SERS).”'=** This hybrid technique com-
bining separation techniques and vibrational spectro-
scopy is specifically tailored to the needs of Heritage
science application, regarding both historical textiles
and works of art.!*”

Gas Chromatographic (GC) separation of natural
organic dyes and pigments has so far found limited
application in historical objects, owing to the strong
popularity of HPLC. The relatively high molecular mass
and polarity of most dyes require derivatization of the
targeted analytes into their more volatile counterparts.
Although uncommon promising results on GC-MS
separation for indigoid dyes and anthraquinoids using
acetylation,® silylation”=*  and  methylation
reagents'®? have been reported. Alternatively, ap-
proaches including a pyrolysis step have also been
demonstrated with and without prior
derivatization,[101-104

The selected literature review indicates that chro-
matographic techniques are well established in the
analysis of natural organic dyes and pigment, as they
play a crucial role in separating the compounds of
interest from their heterogeneous matrix. The chroma-
tographic separation is the essence of compound
specific radiocarbon dating, where targeted com-
pounds are isolated and purified from the bulk, and
hereby the key to producing reliable 'C dates in the
context of heritage science. Although the research
questions and specific compounds that are targeted in
environmental science and heritage science are quite
different, there are many synergies in terms of
analytical protocols that may be drawn.

[81]
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2.3. Extraction, Purification of Colorants and Extraneous
Carbon Contamination Quantification

The aim of dye analysis is to separate relevant dye
markers of a sample to allow an identification, whereas
the aim of CSRA is to isolate and purify a reasonable
quantity of the selected compound for its subsequent
dating by AMS. In its simplistic form the development
of a strategy, which will allow to determine a '*C age
on micrograms of a dye molecule, expands on well-
established dye analysis protocols already used in the
study of cultural heritage artefacts combined with
CSRA knowledge in collection and purification of the
targeted compounds. Although many parallels may be
drawn in terms of analytical steps, in reality, it is much
more complex as it requires in-depth understanding of
the associated *C constraints. The major challenges of
the approach are 1) to separate all interfering carbon
compounds in the organic matrix, 2) to purify
adequate quantities of the compound of interest ca.
30 ug C, which represents roughly 60-100 pg of
colorants as most dyes bear 50-70% C, 3) to conduct
the entire preparation without introducing exogenous
sources of carbon contaminants. The latter may have
different sources, within the laboratory, from the dye
extraction protocol, as well as from the chromato-
graphic separation step, all of which requires a robust
assessment.

As summarized by Ingalls et al.,, one of the key
challenges associated with CSRA is to minimize,
constrain and effectively monitor the added exoge-
nous carbon (Cg,) during the whole sample prepara-
tion, chromatographic separation, fraction collection

and final AMS measurement (Egn. 1):110>106!

CMeasured = CSampIe + CEx (1)

Where CEx = CChemistry + Cmatrix + CChrom + CEA-AMS

where Cgypmpe is the carbon related solely to the
sample or compound of interest, Ccpemistry IS the
carbon added through the sample preparation, C,uix
relates to carbon impurities that might co-elute with
the compound of interest (impurities originating from
the matrix), Cchom the carbon introduced during the
chromatographic purification step and finally the
combustion step in the EA-AMS, potential cross
contamination from the EA column, the zeolite trap,
and the AMS syringe is accounted for in Cgpams. The
smaller the samples, the larger the bias, and so
assessing the overall level of contamination intro-
duced through the different steps and propagating

HELVETICA

the error, is key in producing accurate data and
interpretation thereof. Correction strategies leading to
the quantification of both the mass mg, and isotopic
ratio (F'*Cg,) of Cgy, may be evaluated using direct
(process blanks) and indirect (2-end-members ap-
proach using standards of known '*C content)
methods.'”” While both approaches were shown to
agree on the contamination quantification,'%® the
direct approach is better suited for contamination
>10 ug C. CSRA applications mandate that contami-
nation levels are below 10 ug C and so the indirect
approach is to be preferred. Through mass balance
and error propagation, the model of constant contam-
ination assumes that the overall Cg, contribution is
constant in both quantity and isotopic ratio, a
correction strategy used worldwide to correct CSRA
data.[616364105106108-1111  Tha jndirect approach re-
quires two standards, one C depleted (F'“C ca. 0) and
one "C modern (F'*C ca. 1). While this approach is
more labor intensive as it requires the set of standards
to be processes throughout the whole sample prepa-
ration, it enables to estimate not only the overall level
of contamination Cg,, but more precisely *C enriched
or fossil contaminations. Unknown samples are con-
sequently corrected for Cg, based on the mass-balance
correction expressed in Egn. 2:

F*C,, - m,, — F"*Cg, - mg,
F1*Cs = S (2)
m Ex

where m,, denotes the total measured C mass, which
is the sum of the actual C mass of the sample mg and
of the contamination mg,. Correspondingly, the meas-
ured "C content is given by F'C,, F'*Cs represents
the sample’s '*C content and F'“Cg, the one of the
contamination. The corresponding uncertainty is
thereafter derived from error propagation. Here, not
only will the methods benefit from technological
advances in AMS, but the acute monitoring of the
added exogenous carbon is supported by improved
results on blank assessments and constant contami-
nation correction strategies published by many differ-
ent research teams around the world.

3. From Theory to the Laboratory Bench

The proposed methodology is subdivided into three
main steps: 7) Adapted chemical extraction of natural
organic dye and pigment, 2) selection of a suitable
chromatographic separation technique, and 3) final '“C
analysis. The following section contains discussion and
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rationale regarding preliminary results in view of
demonstrating the potential impact of CSRA in
heritage science with an emphasis on the selection of
a suitable chromatographic separation technique and
monitoring of the exogenous '*C sources (see Fig-
ure 3). With the range of natural organic dyes and
possible matrices being extremely diverse, the proof of
principle experiment scope was narrowed to dyed
textiles, i.e.,, with natural fibers as substrate, and a
single dye with the isolation of alizarin, a red
chromophore of the anthraquinone family.

3.1. Adapted Chemical Extraction

In traditional dye analysis, an extraction is necessary to
separate the dye or pigment from its organic matrix,
whether textile fibers or artist’'s paints. Owing to the
variety of chromophores, which may be sorted based
on their color properties, their biological source, their
method of application or chemical structures, no
holistic extraction method is possible. Three standard
extractions protocols may however be distinguished:
acid hydrolysis in a methanolic solution, use of
complexation agents such as oxalic acid or EDTA, or
use of organic solvents such as pyridine, dimethyl
sulfoxide (DMSO), and dimethylformamide (DMF).[''?
While all involve the use of carbon-bearing chemicals,
the acid hydrolysis shows the most promise for down-
stream '“C application. The dipolar aprotic solvents

H

X
H,0 -~ Al <-OH,

e
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(DMSO, DMF) and pyridine are rather sticky, with
boiling points >100°C and susceptible to cause
residual solvent contamination. In contrast, in the
traditional approach, known as the Wouter's method,
the sample is treated in a solution of water/MeOH/
37% HCl (1:1:2, v/v/v) for 10 min at 100°C, which
implies the use of hydrochloric acid a non-carbona-
ceous acid while MeOH readily evaporates owing to its
low boiling point. A potential problem of this acid
protocol is the degradation of acid-labile glycosylated
chromophores.''® Furthermore, the harsh acidic con-
ditions tend to depolymerize protein-based fibers,
adding another degree of difficulty to the separation
process."'¥

3.2. Chromatographic Technique Selection

All chromatographic techniques carry the potential for
coupling to "C analysis, however they are also known
to introduce carbon contamination, through the
column bleed, incomplete solvent removal and coelu-
tion of compounds. While HPLC has established itself
as the method of choice for the routine analysis of
natural organic dyes supplanting TLC and GC, both
retained attractivity with regard to '“C constraints.
Indeed, the typical reported chromatographic proce-
dural blanks for HPLC are in the order of 5pug
C, 3334571151 \whereas preparative GC was shown to
column bleed extraneous-carbon

achieve lower

Silica based stationary phase : C-free
Mobile phase: C-based

+ cheap - low resolution \
+ fast (<10 min) - organic binder, 1-8% C
+ simple \

0

Stationary reversed phase : C-based
Mobile phase: C-based

+ high sensitivity - column bleed
+ resolution -FCc, ~0.5

+ quantification  -Mc_ <5ugC

Stationary polar phase : C-based

Mobile phase: C-free

+ sensitivity - column bleed I
+ resolution -FCc, <08 /
+quantification -Mc, <1ugC

- derivation necessary
sylilation : - Si(CHs)3
methylation: - CHs

Figure 3. Schematic diagram illustrating the different steps required to obtain compound-specific '*C results from red dyed textiles,
from extraction of alizarin of the matrix and isolation through chromatographic means and final *C analysis by AMS. The given
mass and isotopic value of Cg, are based on averaged reported values in the literature.
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contamination.®*'"6'"7! Sjlica based TLC was consid-
ered, as a potential alternative as in theory the
stationary phase is carbon free. In practice, however,
for the coating to adhere to the plate a small amount
of binder is necessary, which is generally based on
organic material. Elemental analysis of various TLC
plates featured between 1-8% carbon, which when
%C dated appeared to carry an isotopically depleted
'%C signature (F"*C=0) and mg,>20 ug C after elution.

Although preparative GC was shown to achieve
lower extraneous-carbon contamination than HPLC in
the literature with less than 1ug C, the need for
derivatization to convert nonvolatile organic dyes into
a GC amenable derivative represents a non-negligible
source of exogenous carbon. While a comparative
study between HPLC and GC identification of anthra-
qguinones constituents derived from madder roots
showed no clear advantage of one method over the
other,””) preliminary studies showed that attaining full
derivatization of anthraquinones was not trivial. In
consideration of the downstream '*C coupling, the
methylation reaction is advantageous as it introduces
only one exogenous carbon per hydroxy function,
while the trimethylsilyl derivatives bear three C-atoms.
While a mass balance allows to correct for the
contribution of the added derivatizing carbons,>118
the magnitude of the total propagated uncertainty
was deemed to blow up the final error on the
measurement and hereby compromising the necessary
accuracy and precision demanded for heritage studies.
Hence, HPLC was selected as most promising candi-
date for coupling with *C analysis.

3.3. Alizarin Specific Radiocarbon Analysis: Preliminary
Results

For the blank assessment of radiocarbon analysis on
red dyes of the anthraquinone family, alizarin
(Ci4HgO4 MW =240.21 g/mol) from grinded madder
roots Rubia Tinctoria L. harvested in 2018 (F'“C=
1.0042+0.001) was used as modern standard. Its
synthetic counterpart was purchased from ACROS
ORGANICS, purity 97% (F'*C=0.0001+0.0001) and
used as fossil standard. The separation was carried out
on a 1260 series HPLC system (Agilent, Santa Clara,
USA) with DAD detector, monitored at 280 and
430 nm, using a Zorbax Eclipse C18, 4.6x100 mm,
3.5 um column. The compounds were eluted by a
binary system of solvents, A=MilliQ water- 0.1%
phosphoric acid (85 wt-% in H,0O, Merck, Darmstadt,
Germany) and B=MeOH (Optima, LC-MS grade,
Fischer scientific). A linear gradient beginning at 60%

HELVETICA

B, then increasing to 90% over 6.5 min, a fast increase
to 100%, hold for 3 min, before recovery of the initial
conditions over 0.5 min and equilibration over 5.5 min.
The injection volume was 10puL, and ca. 10-25
repeated injections were conducted to collect suffi-
cient mass of individual standard approximately ca. 5-
30 pg C. Using the direct approach, injection blanks on
the HPLC lead to an estimation of Ccpoms i-€., the
column bleed, of 5 pg C and thus necessitating a post-
chromatography purification step. Following current
trends in literature, elution through 1 cm precom-
busted silica gel in a glass pipet was found to be the
most effective. Although this approach shows promise
in removing the column bleed, it still requires
optimization, as the samples recoveries vary between
50 to 95%. The samples were then measured at the
Laboratory for lon Beam Physics at ETH Zurich on an
AMS (MICADAS) system equipped with a gas ion
source (GIS). The constant contamination parameters
for Cg,, derived from the mass-balance correction
represented by Egn. 2, were found to be 3.1+0.8 ug C
with a F"Cg, of 0.4540.07. From here, one can
increase the complexity and assess the extraction of
dyed textile, where the C hemistry CONtribution must be
evaluated. Considering that the dye must first be
separated from its matrix, an acid hydrolysis, specific
to break the mordant-dye bond, was performed on
wool yarns previously dyed with the given set of
standards. An additional carbon source C,ix COMing
from the substrate itself must be considered as
proteinous fibers are known to hydrolyze under strong
acidic conditions and so increase the baseline (see
Figure 4), which also contributes to Cg,. When compar-
ing process blanks, i.e., undyed wool yarns (Cpatrix
Chemistry + Chrom + EA-Ams) and direct blanks on the HPLC
(Cchrom +Eaams), both yielded values of the same
magnitude indicating that Cyatrix+ chemistry CONtribution
is minor if not negligible with respect to the chromato-
graphic and AMS step Ccprom + Ea-ams-

4. Synthesis and Outlook

While '*C dating is without a doubt a powerful tool to
help answer time-related questions, the challenge
remains in the choice of the targeted material, the
sample selection and characterization. Recent develop-
ments in microsamples and CSRA may prove revolu-
tionary in the field of heritage sciences, where the
complex nature of the samples and the sampling
limitations will be addressed by innovative, inter- and
multidisciplinary approaches. The wide spectrum of
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Figure 4. A) HPLC chromatogram at 280 nm of a hydrolyzed extract of wool yarns dyed with synthetic alizarin (7) and compared to
a reference solution prepared with synthetic alizarin (2), respectively hydrolyzed extract of wool yarns dyed with madder roots
Rubia tinctoria L. (3) in comparison to a MeOH crude extract of Rubia tinctoria L. (4). Interestingly, while the madder roots contain
over 35 anthraquinone derivatives, only few are transferred to the dyed textile. In both wool extracts, the first two peaks eluting
within the first minutes of the chromatogram are assigned to wool degradation products. B) Constant contamination model for
HPLC method for isolation of alizarin, for fossil (left) and modern (right) standard. The red filled triangles represent data collected
from the injection of stock solutions, whereas the empty triangles represent dyestuff isolated from dyed wool yarns following acid
hydrolysis. The solid curve represents the best fit and the dashed lines the corresponding 10 uncertainty.

material and conservation practice found in artworks
and museum objects is one of the biggest challenges
for radiocarbon dating, where natural organic dyes
and pigments appear as a promising dating proxy. The
subtlety in their '*C dating resides in their chromato-
graphic separation, isolation and purification from
complex organic matrix carrier. The described project
relies on the effective collaboration between science
and art partners. Indeed, very often precise queries
from fields of applied science are the drive to
technological developments, as pointed out by Leona
etal. in 2021: ‘the analytical challenges posed by
studying artists’” materials and techniques can stimulate
scientific discoveries' "1}

Together with other disciplines involved in heritage
science, the proposed methodology will offer a deeper
insight to the technology of manufacturing, trade
routes and commercial transactions that may have
allowed the use of certain dyes far from their native
locations. Resources available during particular periods
and geographical areas will be revealed, providing
valuable data about the lifestyle and the technical
knowledge of a given population in a defined period,
triggering discussions beyond the scientific contribu-
tion, generating interest with art experts, historians
and the general public.

Nonetheless, although the provided preliminary
results support the conceptual premise that such an

approach is feasible many questions arise. The com-
plexity in isolating the dye pigment in conjunction
with multiple exogenous carbon sources has impor-
tant implications for developing a suitable and robust
CSRA strategy, thus exploring other chromophores as
well as increasing the substrate complexity must all be
considered in the methodological development. At
this point, matching the C to be analyzed from
heterogenous complex artwork with the research
question is the biggest challenge. Minimizing the
added carbon contamination and quantification there-
of, as well as increasing the recovery and purification
of the individual compounds, will be necessary to
produce true 'C ages which may be appropriately
interpreted. At present, all aspects require further
investigation. The authors will report on their progress
in future contributions.

5. Funding

Funding from The Branco Weiss Fellowship - Society in
Science, administered by the ETH Zurich is gratefully
acknowledged by Dr. Hendriks, as well as the support
from the Ernst Géhner foundation under Grant 2021-
0936.

www.helv.wiley.com (10 of 15) e202200134 © 2022 The Authors. Helvetica Chimica Acta published by Wiley-VHCA AG

35U |17 SUOWIWOD dAIa1D) et |dde a3 Aq pausienoh ale sspile O ‘8sh Jo sajnl Joj Aelq 1T auluQ AS|IAA UO (SUONIPUOD-pUe-SLLLB)/L0D A3 IM Aleld Ul uo//:Sdny) SuoipuoD pue swis | 8yl 89S *[£202/T0/0T] Uo AreiqiauljuQ A3|IM ‘II0108Y 0S-9H AJ ¥E£T002202 B2 1U/200T OT/I0p/W0d | 1m Alelq Ul uo//sdny woly pepeo|umoq ‘0 ‘S/9222ST


www.helv.wiley.com

0

scs
Swiss Chemical
Society

Acknowledgements

We thank Daniel Montlugon, Dr. Thomas Blattmann, Dr.
Negar Haghipour and Prof. Timothy Eglinton for access
to the Biogeoscience Laboratory at ETH Zurich and
instrumentation as well as sharing their knowledge in
CSRA. We also thank the Laboratory of lon Beam
Physics at ETH Zurich for access to the measurement
facilities. Dr. Greg Smith and Dr. Victor Chen from the
IMA museum in Indianapolis are to be thanked for
helpful discussion regarding dye analysis, both with
respect to the extraction step and HPLC analysis as
well as proof-reading and correction of the text.

Data Availability Statement

The data that support the findings of this study are
available from the corresponding author upon reason-
able request.

Author Contribution Statement

L. H. and C. P. designed the research; L. H. performed
and analyzed the experiments; L. H. and C. P. wrote
the manuscript.

References

[11 M. Strli¢, ‘Heritage Science: A Future-Oriented Cross-
Disciplinary Field’, Angew. Chem. Int. Ed. 2018, 57, 7260-
7261.

[2] G.T. Cook, J. van derPlicht, ‘Radiocarbon Dating -
Conventional Method’, in ‘Encyclopedia of Quaternary
Science’, Ed. S. A. Elias, Elsevier, Oxford, 2007, pp. 2899-
2911.

[3] D.E. Nelson, R. G. Korteling, W. R. Stott, ‘Carbon-14: Direct
Detection at Natural Concentrations’, Science 1977, 198,
507-508.

[4] C.L. Bennett, R.P. Beukens, M. R. Clover, H. E. Gove, R.B.
Liebert, A. Litherland, K. H. Purser, W. E. Sondheim, ‘Radio-
carbon Dating Using Electrostatic Accelerators: Negative
lons Provide the Key’, Science 1977, 198, 508-510.

[5] C.R. Bronk, R.E. M. Hedges, ‘A gas ion source for radio-
carbon dating’, Nucl. Instrum. Methods Phys. Res. Sect. B
1987, 29, 45-49.

[6] R. Middleton, ‘A review of ion sources for accelerator
mass spectrometry’, Nucl. Instrum. Methods Phys. Res. Sect.
B 1984, 5, 193-199.

[71 M. Ruff, S. Fahrni, H. W. Gaggeler, I. Hajdas, M. Suter, H.-A.
Synal, S. Szidat, L. Wacker, ‘On-line Radiocarbon Measure-
ments of Small Samples Using Elemental Analyzer and
MICADAS Gas lon Source’, Radiocarbon 2010, 52, 1645-
1656.

Helv. Chim. Acta 2022, 105, e202200134

(8]

[9

—

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

HELVETICA

M. Ruff, S. Szidat, H. W. Gaggeler, M. Suter, H.-A. Synal, L.
Wacker, ‘Gaseous radiocarbon measurements of small
samples’, Nucl. Instrum. Methods Phys. Res. Sect. B 2010,
268, 790-794.

L. Wacker, S. M. Fahrni, I. Hajdas, M. Molnar, H.-A. Synal, S.
Szidat, Y. L. Zhang, ‘A versatile gas interface for routine
radiocarbon analysis with a gas ion source’, Nucl. Instrum.
Methods Phys. Res. Sect. B 2013, 294, 315-319.

I. Hajdas, P. Ascough, M.H. Garnett, S.J. Fallon, C. L.
Pearson, G. Quarta, K.L. Spalding, H. Yamaguchi, M.
Yoneda, ‘Radiocarbon dating’, Nat. Rev. Methods Primers
2021, 1, 62.

D. Finch, A. Gleadow, J. Hergt, P. Heaney, H. Green, C.
Myers, P. Veth, S. Harper, S. Ouzman, V.A. Levchenko,
‘Ages for Australia’s oldest rock paintings’, Nat. Hum.
Behav. 2021, 5,310-318.

H. Green, A. Gleadow, V. A. Levchenko, D. Finch, C. Myers,
J. McGovern, P. Heaney, R. Pickering, ‘Dating correlated
microlayers in oxalate accretions from rock art shelters:
New archives of paleoenvironments and human activity’,
Sci. Adv. 2021, 7, eabf3632.

G. Heimlich, P. Richardin, N. Gandolfo, E. Laval, M. Menu,
‘First Direct Radiocarbon Dating of the Lower Congo Rock
Art (Democratic Republic of the Congo)’, Radiocarbon
2013, 55, 1383-1390.

H. Valladas, N. Tisnérat-Laborde, H. Cachier, M. Arnold,
F. B. de Quirds, V. Cabrera-Valdés, J. Clottes, J. Courtin, J. J.
Fortea-Pérez, C. Gonzales-Sainz, A. Moure-Romanillo,
‘Radiocarbon AMS Dates for Paleolithic Cave Paintings’,
Radiocarbon 2001, 43, 977 -986.

M. J. Y. Van Strydonck, L. Masschelein-Kleiner, C. Alderlies-
ten, A.F.M. delJong, ‘Radiocarbon dating of canvas
paintings: two case studies’, Stud. Conserv. 1998, 43, 209-
214,

L. Hendriks, I. Hajdas, C. McIntyre, M. Kiffner, N.C.
Scherrer, E.S.B. Ferreira, ‘Microscale radiocarbon dating
of paintings’, Appl. Phys. A 2016, 122, 167.

F. Brock, N. Eastaugh, T. Ford, J.H. Townsend, ‘Bomb-
pulse Radiocarbon Dating of Modern Paintings on
Canvas’, Radiocarbon 2019, 61, 39-49.

A. Andreotti, J. La Nasa, F. Modugno, I. Bonaduce,
‘Analytical Pyrolysis of Organic Paint Materials for Authen-
tication and Attribution’, in ‘Analytical Chemistry for the
Study of Paintings and the Detection of Forgeries’, Eds.
M. P. Colombini, I. Degano, A. Nevin, Springer Interna-
tional Publishing, Cham, 2022, pp. 157-180.

L. Caforio, M.E. Fedi, P.A. Mando, F. Minarelli, E.
Peccenini, V. Pellicori, F. C. Petrucci, P. Schwartzbaum, F.
Taccetti, ‘Discovering forgeries of modern art by the '*C
Bomb Peak’, Eur. Phys. J. Plus 2014, 129, 6.

L. Hendriks, I. Hajdas, E.S.B. Ferreira, N.C. Scherrer, S.
Zumbdhl, G. D. Smith, C. Welte, L. Wacker, H.-A. Synal, D.
Glinther, ‘Uncovering modern paint forgeries by radio-
carbon dating’, Proc. Natl. Acad. Sci. USA 2019, 116,
13210-13214.

L. Beck, I. Caffy, S. Mussard, E. Delqué-Koli¢, C. Moreau, M.
Sieudat, J.-P. Dumoulin, M. Perron, B. Thellier, S. Hain, E.
Foy, C. Moulherat, OCBC, ‘Detecting recent forgeries of
Impressionist and Pointillist paintings with high-precision
radiocarbon dating’, Forensic Sci. Int. 2022, 333, 111214.

www.helv.wiley.com (11 of 15) e202200134 © 2022 The Authors.

Helvetica Chimica Acta published by Wiley-VHCA AG

85UB017 SUOWILLIOD 3AIIR.1D 3deotdde au Aq peuseAob 8ke DI VO ‘88N JO'S3|NJ o AReiq1T8UUO /8|1 UO (SUORIPUOD-PUR-SWLS) LD A8 | 1M A%e.q) U1 |UO//SANY) SUORIPUOD Pue swis | 3y} &8s *[€202/T0/0T] uo AriqiauIiuO A8|IM ‘108 0S-S9H AQ ¥ET002Z02 0 1U/200T OT/I0p/ W00 A3 | 1M Aelq 1 joulUo//SdnY WO papeojumoq ‘0 ‘529222ST


www.helv.wiley.com

0

Swiss Chemi

Society

[22]

[27]

[29]

(35]

(36]

I. Hajdas, P. Koutouzis, K. Tai, L. Hendriks, M. Maurer, M. B.
Rottig, ‘Bomb 'C on paper and detection of the Forged
Paintings of T'ang Haywen', Radiocarbon 2019, 61, 1905 -
1912.

I. Hajdas, L. Calcagnile, M. Molnar, T. Varga, G. Quarta,
‘The potential of radiocarbon analysis for the detection of
art forgeries’, Forensic Sci. Int. 2022, 335, 111292.

F. Petrucci, L. Caforio, M. Fedi, P. A. Mando, E. Peccenini,
V. Pellicori, P. Rylands, P. Schwartzbaum, F. Taccetti,
‘Radiocarbon dating of twentieth century works of art’,
Appl. Phys. A 2016, 122, 983.

D. C. Stulik, D. J. Donahue, ‘AMS Radiocarbon Dating: Its
Current and Future Role in Art Research’, MRS Bull. 1992,
17, 53-60.

L. Hendriks, I. Hajdas, E.S.B. Ferreira, N.C. Scherrer, S.
Zumbdihl, M. Kuffner, L. Wacker, H.-A. Synal, D. Giinther,
‘Combined '*C Analysis of Canvas and Organic Binder for
Dating a Painting’, Radiocarbon 2018, 60, 207 -218.

L. Hendriks, ‘Microdroplet-Based Calibration for Single-
Particle ICP-TOFMS: Fundamentals and Applications’,
Ph.D. Thesis, ETH Zurich at Zurich, 2019, https://doi.org/
10.3929/ethz-b-000349581.

L. Beck, C. Messager, S. Coelho, I. Caffy, E. Delqué-Koli¢, M.
Perron, S. Mussard, J.-P. Dumoulin, C. Moreau, V.
Gonzalez, E. Foy, F. Miserque, C. Bonnot-Diconne, ‘Ther-
mal Decomposition of Lead White for Radiocarbon Dating
of Paintings’, Radiocarbon 2019, 61, 1345-1356.

L. Hendriks, I. Hajdas, E.S.B. Ferreira, N.C. Scherrer, S.
Zumbdihl, M. Kuffner, L. Carlyle, H. A. Synal, D. Gilinther,
‘Selective Dating of Paint Components: Radiocarbon
Dating of Lead White Pigment’, Radiocarbon 2019, 61,
473-493.

C. Messager, L. Beck, L. de Viguerie, M. Jaber, ‘Thermal
analysis of carbonate pigments and linseed oil to
optimize CO, extraction for radiocarbon dating of lead
white paintings’, Microchem. J. 2020, 154, 104637.

G. Quarta, M. D’Elia, S. Paparella, A. Serra, L. Calcagnile,
‘Characterisation of lead carbonate white pigments
submitted to AMS radiocarbon dating’, J. Cult. Herit. 2020,
46, 102-107.

L. Beck, 1. Caffy, E. Delqué-Koli¢, C. Moreau, J.-P. Dumoulin,
M. Perron, H. Guichard, V. Jeammet, ‘Absolute dating of
lead carbonates in ancient cosmetics by radiocarbon’,
Nat. Commun. 2018, 1, 34.

L. Beck, C. Messager, I. Caffy, E. Delqué-Koli¢, M. Perron, J.-
P. Dumoulin, C. Moreau, C. Degrigny, V. Serneels,
‘Unexpected presence of '*C in inorganic pigment for an
absolute dating of paintings’, Sci. Rep. 2020, 10, 9582.

L. Hendriks, W. Caseri, E. S. B. Ferreira, N. C. Scherrer, S.
Zumbdihl, M. Kiiffner, I. Hajdas, L. Wacker, H.-A. Synal, D.
Glnther, The Ins and Outs of '*C Dating Lead White Paint
for Artworks Application’, Anal. Chem. 2020, 92, 7674-
7682.

L. Hendriks, S. Kradolfer, T. Lombardo, V. Hubert, M.
Kiffner, N. Khandekar, I. Hajdas, H.-A. Synal, B. Hattendorf,
D. Gunther, ‘Dual isotope system analysis of lead white in
artworks’, Analyst 2020, 745, 1310-1318.

S. S4, L. Hendriks, I. Pombo Cardoso, I. Hajdas, ‘Radio-
carbon dating of lead white: novel application in the
study of polychrome sculpture’, Sci. Rep. 2021, 11, 13210.

Helv. Chim. Acta 2022, 105, e202200134

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

HELVETICA

C. Messager, L. Beck, D. Blamart, P. Richard, T. Germain, K.
Batur, V. Gonzalez, E. Foy, ‘25 Centuries of lead white
manufacturing processes identified by '*C and '“C carbon
isotopes’, J. Archaeol. Sci. Rep. 2022, 46, 103685.

J. C. Barnett, ‘Synthetic organic dyes, 1856-1901: an
introductory literature review of their use and related
issues in textile conservation’, Stud. Conserv. 2007, 52,
67-77.

A. Quiles, H. Valladas, H. Bocherens, E. Delqué-Koli¢, E.
Kaltnecker, J. van der Plicht, J.-J. Delannoy, V. Feruglio, C.
Fritz, J. Monney, M. Philippe, G. Tosello, J. Clottes, J.-M.
Geneste, ‘A high-precision chronological model for the
decorated Upper Paleolithic cave of Chauvet-Pont d’Arc,
Ardeche, France’, Proc. Natl. Acad. Sci. USA 2016, 113,
4670-4675.

T. Calligaro, A. Banas, K. Banas, I. B. Radovi¢, M. Brajkovi¢,
M. Chiari, A.-M. Forss, |. Hajdas, M. Krmpoti¢, A. Mazzinghi,
E. Menart, K. Mizohata, M. Oinonen, L. Pichon, J. Raisanen,
Z. Siketi¢, Z. Smit, A. Simon, ‘Emerging nuclear methods
for historical painting authentication: AMS-'*C dating,
MeV-SIMS and O-PTIR imaging, global IBA, differential-
PIXE and full-field PIXE mapping’, Forensic Sci. Int. 2022,
336, 111327.

C. A. Crann, T. Grant, ‘Radiocarbon age of consolidants
and adhesives used in archaeological conservation’, J.
Archaeol. Sci. Rep. 2019, 24, 1059-1063.

F. Fiorillo, L. Hendriks, I. Hajdas, M. Vandini, E. Huysecom,
‘The Rediscovery of Jan Ruyscher and Its Consequence’, J.
Am. Inst. Conserv. 2022, 61, 55-63.

L. Hendriks, 1. Hajdas, N.C. Scherrer, S. Zumbdhl, J.
Stenger, C. Welte, H.-A. Synal, D. Giinther, ‘Advances and
limitations of '*C dating in the field of heritage sciences’,
Techné 2021, 52, 111-117.

C. Brgns, J. Stenger, R. Newman, C. Cartwright, F. Di
Gianvincenzo, A. Katerinopoulou, L. Brandt @rstedt, N.
Haghipour, L. Hendriks, ‘A lost chapter of ancient art:
archaeometric examinations of panel paintings from
Roman Egypt’, Stud. Conserv. (under review).

D. Bellaigue, J. Chloros, L. Troalen, J. Lenglet, J. Castel, L.
Hendriks, N. Haghipour, X. Dectot, ‘Two sculptures, one
master? A technical study of two rare examples of
polychrome sculptures associated with “the Master of
Saint Catherine of Gualino”, Italy, 14th century’ J. Am. Inst.
Conserv. (under review).

R. Li, S. Baker, C.S. DeRoo, R.A. Armitage, ‘Character-
ization of the Binders and Pigments in the Rock Paintings
of Cueva la Conga, Nicaragua’, Chapt. 4 in ‘Collaborative
Endeavors in the Chemical Analysis of Art and Cultural
Heritage Materials’, Eds. P. L. Lang, R. A. Armitage, Ameri-
can Chemical Society, 2012, pp. 75-89.

S. M. Baker, R. A. Armitage, ‘Cueva La Conga: First Karst
Cave Archaeology in Nicaragua’, Lat. Am. Antiq. 2013, 24,
309-329.

G. O'Regan, F. Petchey, R. Wood, A. McAlister, F.
Bradshaw, S. Holdaway, ‘Dating South Island Maori rock
art: Pigment and pitfalls’, J. Archaeol. Sci. Rep. 2019, 24,
132-141.

J. Russ, M. D. Pohl, C. L. von Nagy, K. L. Steelman, H. Hurst,
L. Ashby, P. Schmidt, E.F.P. Gutiérrez, M. W. Rowe,
‘Strategies for '*C Dating the Oxtotitldn Cave Paintings,
Guerrero, Mexico’, Adv. Archaeol. Pract. 2017, 5, 170-183.

www.helv.wiley.com (12 of 15) @202200134 © 2022 The Authors.

Helvetica Chimica Acta published by Wiley-VHCA AG

85UB017 SUOWILLIOD 3AIIR.1D 3deotdde au Aq peuseAob 8ke DI VO ‘88N JO'S3|NJ o AReiq1T8UUO /8|1 UO (SUORIPUOD-PUR-SWLS) LD A8 | 1M A%e.q) U1 |UO//SANY) SUORIPUOD Pue swis | 3y} &8s *[€202/T0/0T] uo AriqiauIiuO A8|IM ‘108 0S-S9H AQ ¥ET002Z02 0 1U/200T OT/I0p/ W00 A3 | 1M Aelq 1 joulUo//SdnY WO papeojumoq ‘0 ‘529222ST


www.helv.wiley.com

0

Swiss Chemi

Society

[50]

[57]

[62]

T.1. Eglinton, L.I. Aluwihare, J. E. Bauer, E.R. M. Druffel,
A. P. McNichol, ‘Gas Chromatographic Isolation of Individ-
ual Compounds from Complex Matrices for Radiocarbon
Dating’, Anal. Chem. 1996, 68, 904-912.

R.H. Smittenberg, E.C. Hopmans, S. Schouten, J.S.
Sinninghe Damsté, ‘Rapid isolation of biomarkers for
compound specific radiocarbon dating using high-per-
formance liquid chromatography and flow injection
analysis—atmospheric pressure chemical ionisation mass
spectrometry’, J. Chromatogr. A 2002, 978, 129-140.

A. Ingalls, A. Pearson, ‘Ten Years of Compound-Specific
Radiocarbon Analysis’, Oceanography 2005, 18, 18-31.

T. M. Blattmann, D.B. Montlucon, N. Haghipour, N.F.
Ishikawa, T. I. Eglinton, ‘Liquid Chromatographic Isolation
of Individual Amino Acids Extracted From Sediments for
Radiocarbon Analysis’, Front. Mar. Sci. 2020, 7, 174.

N. F. Ishikawa, Y. Itahashi, T. M. Blattmann, Y. Takano,
N.O. Ogawa, M. Yamane, Y. Yokoyama, T. Nagata, M.
Yoneda, N. Haghipour, T.I. Eglinton, N. Ohkouchi, ‘Im-
proved Method for Isolation and Purification of Under-
ivatized Amino Acids for Radiocarbon Analysis’, Anal.
Chem. 2018, 90, 12035-12041.

J.S.0. McCullagh, A. Marom, R.E.M. Hedges, ‘Radio-
carbon Dating of Individual Amino Acids from Archaeo-
logical Bone Collagen’, Radiocarbon 2010, 52, 620-634.

T. Deviese, D. Comeskey, J. McCullagh, C.B. Ramsey, T.
Higham, ‘New protocol for compound-specific radio-
carbon analysis of archaeological bones’, Rapid Commun.
Mass Spectrom. 2018, 32, 373-379.

A.L. Bour, B.D. Walker, T.A.B. Broek, M.D. McCarthy,
‘Radiocarbon Analysis of Individual Amino Acids: Carbon
Blank Quantification for a Small-Sample High-Pressure
Liquid Chromatography Purification Method’, Anal. Chem.
2016, 88, 3521-3528.

S. Kusch, Y. Kashiyama, N. O. Ogawa, M. Altabet, M. Butzin,
J. Friedrich, N. Ohkouchi, G. Mollenhauer, ‘Implications for
chloro-and pheopigment synthesis and preservation from
combined compound-specific 8'3C, 8N, and §'*C analy-
sis’, Biogeosciences 2010, 7, 4105-4118.

H.-A. Synal, M. Stocker, M. Suter, ‘MICADAS: A new
compact radiocarbon AMS system’, Nucl. Instrum. Methods
Phys. Res. Sect. B 2007, 259, 7-13.

H.-A. Synal, ‘Developments in accelerator mass spectrom-
etry’, Int. J. Mass Spectrom. 2013, 349-350, 192-202.

G. M. Santos, J. R. Southon, N. J. Drenzek, L. A. Ziolkowski,
E. Druffel, X. Xu, D. Zhang, S. Trumbore, T. I. Eglinton, K. A.
Hughen, ‘Blank Assessment for Ultra-Small Radiocarbon
Samples: Chemical Extraction and Separation Versus
AMS', Radiocarbon 2010, 52, 1322-1335.

N. Haghipour, B. Ausin, M.O. Usman, N. Ishikawa, L.
Wacker, C. Welte, K. Ueda, T.l. Eglinton, ‘Compound-
Specific Radiocarbon Analysis by Elemental Analyzer—
Accelerator Mass Spectrometry: Precision and Limitations’,
Anal. Chem. 2019, 91, 2042-2049.

S.R. Shah, A. Pearson, ‘Ultra-Microscale (5-25pug Q)
Analysis of Individual Lipids by *C AMS: Assessment and
Correction for Sample Processing Blanks’, Radiocarbon
2007, 49, 69-82.

S. Sun, V. D. Meyer, A. M. Dolman, M. Winterfeld, J. Hefter,
W. Dummann, C. Mclntyre, D. B. Montlucon, N. Haghipour,
L. Wacker, T. Gentz, T.S. van der Voort, T.I. Eglinton, G.

Helv. Chim. Acta 2022, 105, e202200134

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

HELVETICA

Mollenhauer, '“C Blank Assessment in Small-Scale Com-
pound-Specific Radiocarbon Analysis of Lipid Biomarkers
and Lignin Phenols’, Radiocarbon 2020, 62, 207-218.

A. W. Stott, R. Berstan, R.P. Evershed, C. Bronk-Ramsey,
R. E. Hedges, M. J. Humm, ‘Direct Dating of Archaeological
Pottery by Compound-Specific '*C Analysis of Preserved
Lipids’, Anal. Chem. 2003, 75, 5037 -5045.

E. Casanova, T.D. J. Knowles, A. Bayliss, C. Walton-Doyle,
A. Barclay, R.P. Evershed, ‘Compound-specific radiocar-
bon dating of lipid residues in pottery vessels: A new
approach for detecting the exploitation of marine
resources’, J. Archaeol. Sci. 2022, 137, 105528.

E. Casanova, T.D.J. Knowles, A. Bayliss, J. Dunne, M. Z.
Baranski, A. Denaire, P. Lefranc, S. diLernia, M. Roffet-
Salque, J. Smyth, A. Barclay, T. Gillard, E. ClaBBen, B. Coles,
M. llett, C. Jeunesse, M. Krueger, A. Marciniak, S. Minnitt,
R. Rotunno, P. vande Velde, I. van Wijk, J. Cotton, A.
Daykin, R.P. Evershed, ‘Accurate compound-specific '*C
dating of archaeological pottery vessels’, Nature 2020,
580, 506-510.

R. P. Evershed, ‘Organic residue analysis in archaeology:
the archaeological biomarker revolution’, Archaeometry
2008, 50, 895-924.

N. Eastaugh, V. Walsh, T. Chaplin, R. Siddall, ‘Pigment
Compendium: A Dictionary and Optical Microscopy of
Historical Pigments’, Routledge, 2008.

M. de Keijzer, ‘The history of modern synthetic inorganic
and organic artists’ pigments’, Chapt. 6 in ‘Contributions
to conservation: research in conservation at the Nether-
lands Institute for Cultural Heritage (ICN)’, Eds. J. A. Mosk,
N.H. Tennent, Instituut Collectie Nederland, James &
James, London, 2002, pp. 42-54.

E.S. Ferreira, A. N. Hulme, H. McNab, A. Quye, ‘The natural
constituents of historical textile dyes’, Chem. Soc. Rev.
2004, 33, 329-336.

D. A. Peggie, J. Kirby, J. Poulin, W. Genuit, J. Romanuka,
D. F. Wills, A. De Simone, A. N. Hulme, ‘Historical mystery
solved: a multi-analytical approach to the identification of
a key marker for the historical use of brazilwood
(Caesalpinia spp.) in paintings and textiles’, Anal. Methods.
2018, 10, 617-623.

D. A. Peggie, A.N. Hulme, H. McNab, A. Quye, ‘Towards
the identification of characteristic minor components
from textiles dyed with weld (Reseda luteola L.) and those
dyed with Mexican cochineal (Dactylopius coccus Costa)’,
Microchim. Acta 2008, 162, 371-380.

L. G. Troalen, A. Phillips, D.A. Peggie, P.E. Barran, A.
Hulme, ‘Historical textile dyeing with Genista tinctoria L.: a
comprehensive study by UPLC-MS/MS analysis’, Anal.
Methods 2014, 6, 8915-8923.

K. Stathopoulou, L. Valianou, A.-L. Skaltsounis, I. Karapana-
giotis, P. Magiatis, ‘Structure elucidation and chromato-
graphic identification of anthraquinone components of
cochineal (Dactylopius coccus) detected in historical
objects’, Anal. Chim. Acta 2013, 804, 264-272.

D. Tamburini, J. Dyer, P. Davit, M. Aceto, V. Turina, M.
Borla, M. Vandenbeusch, M. Gulmini, ‘Compositional and
Micro-Morphological Characterisation of Red Colourants
in Archaeological Textiles from Pharaonic Egypt,, Mole-
cules 2019, 24, 3761.

www.helv.wiley.com (13 of 15) @202200134 © 2022 The Authors.

Helvetica Chimica Acta published by Wiley-VHCA AG

85UB017 SUOWILLIOD 3AIIR.1D 3deotdde au Aq peuseAob 8ke DI VO ‘88N JO'S3|NJ o AReiq1T8UUO /8|1 UO (SUORIPUOD-PUR-SWLS) LD A8 | 1M A%e.q) U1 |UO//SANY) SUORIPUOD Pue swis | 3y} &8s *[€202/T0/0T] uo AriqiauIiuO A8|IM ‘108 0S-S9H AQ ¥ET002Z02 0 1U/200T OT/I0p/ W00 A3 | 1M Aelq 1 joulUo//SdnY WO papeojumoq ‘0 ‘529222ST


www.helv.wiley.com

0

scs

Swiss Chemical

Society

[77]

(78]

[86

—_

(87]

(88]

[90]

[91]

F. Casadio, C. Daher, L. Bellot-Gurlet, ‘Raman Spectroscopy
of cultural heritage Materials: Overview of Applications
and New Frontiers in Instrumentation, Sampling Modal-
ities, and Data Processing’, in ‘Analytical Chemistry for
Cultural Heritage. Topics in Current Chemistry Collec-
tions’, Ed. R. Mazzeo, Springer, Cham, 2017, pp. 161-211.
. Serafini, L. Lombardi, C. Fasolato, M. Sergi, F. Di Ottavio,
F. Sciubba, C. Montesano, M. Guiso, R. Costanza, L. Nucci,
R. Curini, P. Postorino, M. Bruno, A. Bianco, ‘A new multi
analytical approach for the identification of synthetic and
natural dyes mixtures. The case of orcein-mauveine
mixture in a historical dress of a Sicilian noblewoman of
nineteenth century’, Nat. Prod. Res. 2019, 33, 1040-1051.
J. Wouters, ‘High Performance liquid chromatography of
anthraquinones: analysis of plant and insect extracts and
dyed textiles’, Stud. Conserv. 1985, 30, 119-128.

J. Wouters, A. Verhecken, ‘The coccid insect dyes: hplc
and computerized diode-array analysis of dyed yarns’,
Stud. Conserv. 1989, 34, 189-200.

J. Wouters, ‘A new method for the analysis of blue and
purple dyes in textiles’, Dyes Hist. Archaeol. 1992, 10, 17 -
21.

S.M. Halpine, ‘An improved dye and lake pigment
analysis method for high-performance liquid chromatog-
raphy and diode-array detector’, Stud. Conserv. 1996, 41,
76-94.

A. M. Committee, AMCTB No. 101, ‘Analysis of historical
dyes in heritage objects’, Anal. Methods 2021, 13, 558-
562.

I. Degano, J. La Nasa, ‘Trends in High Performance Liquid
Chromatography for Cultural Heritage’, Top. Curr. Chem.
2016, 374, 20.

I. Surowiec, ‘Application of high-performance separation
techniques in archaeometry’, Microchim. Acta 2008, 162,
289-302.

E. Rosenberg, ‘Characterisation of historical organic dye-
stuffs by liquid chromatography-mass spectrometry’,
Anal. Bioanal. Chem. 2008, 391, 33-57.

D. Tamburini, ‘Investigating Asian colourants in Chinese
textiles from Dunhuang (7th-10th century AD) by high
performance liquid chromatography tandem mass spec-
trometry — Towards the creation of a mass spectra
database’, Dyes Pigm. 2019, 163, 454-474.

M. Vermeulen, D. Tamburini, E. M. K. Mdller, S. A. Centeno,
E. Basso, M. Leona, ‘Integrating liquid chromatography
mass spectrometry into an analytical protocol for the
identification of organic colorants in Japanese woodblock
prints’, Sci. Rep. 2020, 10, 20921.

H. Schweppe, ‘Identification of dyes in historic textile
materials’, in Historic Textile and Paper Materials’, Eds.
H. L. Needles, S. H. Zeronian, Advances in Chemistry Series
212, American Chemical Society, Washington, DC, 1986,
pp. 153-174.

L. Masschelein-Kleiner, ‘Microanalysis of hydroxyquinones
in red lakes’, Microchim. Acta 1967, 55, 1080-1085.

M. V. Cafamares, D. A. Reagan, J. R. Lombardi, M. Leona,
‘TLC-SERS of mauve, the first synthetic dye’, J. Raman
Spectrosc. 2014, 45, 1147-1152.

C. L. Brosseau, A. Gambardella, F. Casadio, C. M. Grzywacz,
J. Wouters, R.P. Van Duyne, ‘Ad-hoc Surface-Enhanced
Raman Spectroscopy Methodologies for the Detection of

Helv. Chim. Acta 2022, 105, e202200134

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

HELVETICA

Artist Dyestuffs: Thin Layer Chromatography-Surface
Enhanced Raman Spectroscopy and in Situ On the Fiber
Analysis’, Anal. Chem. 2009, 81, 3056-3062.

F. Pozzi, N. Shibayama, M. Leona, J.R. Lombardi, ‘TLC-
SERS study of Syrian rue (Peganum harmala) and its main
alkaloid constituents’, J. Raman Spectrosc. 2013, 44, 102-
107.

I. Geiman, M. Leona, J. R. Lombardi, ‘Application of Raman
Spectroscopy and Surface-Enhanced Raman Scattering to
the Analysis of Synthetic Dyes Found in Ballpoint Pen
Inks’, J. Forensic Sci. 2009, 54, 947 -952.

F. Pozzi, S. Zaleski, F. Casadio, M. Leona, J. R. Lombardi,
R. P. Van Duyne, ‘Surface-Enhanced Raman Spectroscopy:
Using Nanoparticles to Detect Trace Amounts of Colo-
rants in Works of Art, in ‘Nanoscience and Cultural
Heritage’, Eds. P. Dillmann, L. Bellot-Gurlet, I. Nenner,
Atlantis Press, Paris, 2016, pp. 161-204.

L. M. Henriksen, H. Kjgsen, ‘Derivatization of natural
anthraquinones by reductive silylation for gas chromato-
graphic and gas chromatographic-mass spectrometric
analysis’, J. Chromatogr. A 1983, 258, 252-257.

|. Boldizsar, Z. Szlics, Zs. Fuzfai, . Molnar-Perl, ‘Identifica-
tion and quantification of the constituents of madder
root by gas chromatography and high-performance liquid
chromatography’, J. Chromatogr. A 2006, 1133, 259-274.
M. P. Colombini, A. Andreotti, C. Baraldi, I. Degano, J. J.
tucejko, ‘Colour fading in textiles: A model study on the
decomposition of natural dyes’, Microchem. J. 2007, 85,
174-182.

L. Degani, C. Riedo, M. Gulmini, O. Chiantore, ‘From Plant
Extracts to Historical Textiles: Characterization of Dye-
stuffs by GC-MS', Chromatographia 2014, 77, 1683 -1696.
J. Poulin, ‘A New Methodology for the Characterisation of
Natural Dyes on Museum Objects Using Gas Chromatog-
raphy-Mass Spectrometry’, Stud. Conserv. 2018, 63, 36-
61.

M. J. Casas-Cataldn, M. T. Doménech-Carbd, ‘Identification
of natural dyes used in works of art by pyrolysis—gas
chromatography/mass spectrometry combined with in si-
tu trimethylsilylation’, Anal. Bioanal. Chem. 2005, 382,
259-268.

D. Fabbri, G. Chiavari, H. Ling, ‘Analysis of anthraquinoid
and indigoid dyes used in ancient artistic works by
thermally assisted hydrolysis and methylation in the
presence of tetramethylammonium hydroxide’, J. Anal.
Appl. Pyrolysis 2000, 56, 167 -178.

G. Chiavari, D. Fabbri, S. Prati, A. Zoppi, ‘ldentification of
Indigo Dyes in Painting Layers by Pyrolysis Methylation
and Silylation. A Case Study: “The Dinner of Emmaus” by
G. Preti’, Chromatographia 2005, 61, 403-408.

S. Prati, S. Smith, G. Chiavari, ‘Characterisation of Siccative
Qils, Resins and Pigments in Art Works by Thermochemol-
ysis Coupled to Thermal Desorption and Pyrolysis GC and
GC-MS’, Chromatographia 2004, 59, 227 -231.

A.E. Ingalls, E.E. Ellis, G. M. Santos, K.E. McDuffee, L.
Truxal, R.G. Keil, E.R. M. Druffel, 'HPLC Purification of
Higher Plant-Dervied Lignin Phenols for Compound
Specific Radiocarbon Analysis’, Anal. Chem. 2010, 82,
8931-8938.

L. A. Ziolkowski, E. R. M. Druffel, ‘Quantification of Extra-
neous Carbon during Compound Specific Radiocarbon

www.helv.wiley.com (14 of 15) e202200134 © 2022 The Authors. Helvetica Chimica Acta published by Wiley-VHCA AG

85UB017 SUOWILLIOD 3AIIR.1D 3deotdde au Aq peuseAob 8ke DI VO ‘88N JO'S3|NJ o AReiq1T8UUO /8|1 UO (SUORIPUOD-PUR-SWLS) LD A8 | 1M A%e.q) U1 |UO//SANY) SUORIPUOD Pue swis | 3y} &8s *[€202/T0/0T] uo AriqiauIiuO A8|IM ‘108 0S-S9H AQ ¥ET002Z02 0 1U/200T OT/I0p/ W00 A3 | 1M Aelq 1 joulUo//SdnY WO papeojumoq ‘0 ‘529222ST


www.helv.wiley.com

0

scs

Swiss Chemical

Society

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

Analysis of Black Carbon’, Anal. Chem. 2009, 81, 10156-
10161.

E. A. Schuur, E.R. Druffel, S.E. Trumbore, ‘Radiocarbon
and Climate Change: Mechanisms, Applications and
Laboratory Techniques’, Springer, 2016.

G. Mollenhauer, S. Kusch, T.I. Eglinton, A. Pearson,
‘Compound-Specific Radiocarbon Measurements’, in ‘En-
cyclopedia of Ocean Sciences’, 3rd Ed., Eds. J. K. Cochran,
H.J. Bokuniewicz, P.L. Yager, Academic Press, Oxford,
2019, pp. 235-244.

U. M. Hanke, L. Wacker, N. Haghipour, M. W. l. Schmidt,
T. . Eglinton, C. P. Mclntyre, ‘Comprehensive radiocarbon
analysis of benzene polycarboxylic acids (BPCAs) derived
from pyrogenic carbon in environmental samples’, Radio-
carbon 2017, 59, 1103-1116.

C. Welte, L. Hendriks, L. Wacker, N. Haghipour, T.lI.
Eglinton, D. Gunther, H.-A. Synal, ‘Towards the limits:
Analysis of microscale C samples using EA-AMS’, Nucl.
Instrum. Methods Phys. Res. Sect. B 2018, 437, 66—-74.

S. Kusch, A. Benthien, K.-U. Richter, B. Rost, G. Mollenha-
uer, ‘Dead in the Water: The Vicious Cycle of Blanks
During Natural Level C Manipulation of Marine Algal
Cultures’, Front. Mar. Sci. 2019, 6, 780.

I. Degano, ‘Liquid chromatography: Current applications
in Heritage Science and recent developments’, Phys. Sci.
Rev. 2019, 4, 20180009.

V. Pauk, P. Bartak, K. Lemr, ‘Characterization of natural
organic colorants in historical and art objects by high-
performance liquid chromatography’, J. Sep. Sci. 2014, 37,
3393-3410.

M. Shahid, J. Wertz, I. Degano, M. Aceto, M. I. Khan, A.
Quye, ‘Analytical methods for determination of anthraqui-

Helv. Chim. Acta 2022, 105, e202200134

[115]

[116]

[117]

[118]

[119]

HELVETICA

none dyes in historical textiles: A review’, Anal. Chim. Acta
2019, 1083, 58-87.

R. Fernandes, T. Koudelka, A. Tholey, A. Dreves, ‘A novel
tertiary prep-HPLC method for the isolation of single
amino acids for AMS-radiocarbon measurement’, J.
Chromatogr. B 2017, 1058, 85-92.

E. Casanova, T.D.J. Knowles, C. Williams, M.P. Crump,
R. P. Evershed, ‘Use of a 700 MHz NMR Microcryoprobe
for the Identification and Quantification of Exogenous
Carbon in Compounds Purified by Preparative Capillary
Gas Chromatography for Radiocarbon Determinations’,
Anal. Chem. 2017, 89, 7090-7098.

S. Tao, T.l. Eglinton, D.B. Montlucon, C. Mcintyre, M.
Zhao, ‘Pre-aged soil organic carbon as a major compo-
nent of the Yellow River suspended load: Regional
significance and global relevance’, Earth Planet. Sci. Lett.
2015, 414,77 -86.

E. Casanova, T.D.J. Knowles, C. Williams, M.P. Crump,
R. P. Evershed, ‘Practical Considerations in High-Precision
Compound-Specific Radiocarbon Analyses: Eliminating
the Effects of Solvent and Sample Cross-Contamination
on Accuracy and Precision’, Anal. Chem. 2018, 90, 11025-
11032.

M. Leona, K. Fukunaga, H. Liang, P. Baglioni, G. Festa, V.
Levchenko, ‘From physics to art and back’, Nat. Rev. Phys.
2021, 3, 681-684.

Received October 11, 2022
Accepted December 12, 2022

www.helv.wiley.com (15 of 15) @202200134 © 2022 The Authors. Helvetica Chimica Acta published by Wiley-VHCA AG

85UB017 SUOWILLIOD 3AIIR.1D 3deotdde au Aq peuseAob 8ke DI VO ‘88N JO'S3|NJ o AReiq1T8UUO /8|1 UO (SUORIPUOD-PUR-SWLS) LD A8 | 1M A%e.q) U1 |UO//SANY) SUORIPUOD Pue swis | 3y} &8s *[€202/T0/0T] uo AriqiauIiuO A8|IM ‘108 0S-S9H AQ ¥ET002Z02 0 1U/200T OT/I0p/ W00 A3 | 1M Aelq 1 joulUo//SdnY WO papeojumoq ‘0 ‘529222ST


www.helv.wiley.com

