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Finding a Needle in a Haystack: Quantitative HERFD-XRF imaging
and HERFD-XANES characterization of trace platinum in gold solidi
from the Late Roman and Byzantine Empires

Lisa L. Van Loon,*2? Y. Zou Finfrock, ¢ Debora M. Meira, f R. W. Burgess, 8 George Bevan," and Neil
R. Banerjee®®

High-Energy Resolution Fluorescence Detection X-Ray Fluorescence (HERFD-XRF) imaging and HERFD X-ray Absorption Near
Edge Structure (XANES) spectroscopy are used to quantify and characterize trace platinum (Pt) in gold solidi from the Late
Roman and Byzantine Empires. Historically, the elemental analysis of coins has been pivotal in distinguishing authentic
artifacts from forgeries, elucidating minting practices, and understanding economic shifts. Notably, a new gold source with
high platinum content appeared in the fourth century CE, transforming the Roman economy. Traditional methods struggled
to detect platinum due to the overwhelming gold matrix. This study demonstrates the effectiveness of HERFD techniques in
resolving this challenge. Three gold solidi, minted between 654 and 659 CE, were analyzed alongside reference gold
materials with known Pt concentrations. The HERFD-XRF imaging revealed spatial distributions of platinum, highlighting non-
uniformities within the coins. Additionally, HERFD-XANES spectroscopy identified the oxidation states and chemical
speciation of platinum. Results demonstrate that platinum in the solidi primarily exists as metallic Pt, with some surface
oxidation. The findings align with previous measurements but reveal higher Pt concentrations and significant
inhomogeneities. This research confirms the reliability of HERFD methods for quantifying trace elements and provides new
insights into the raw material sources and minting techniques of ancient gold coins. The non-destructive nature of this
approach allows for extensive analyses, offering valuable data for historical, economic, and archaeological studies. This
innovative application of HERFD-XRF imaging and XANES in cultural heritage research underscores the potential for detailed

material characterization and conservation, enhancing our understanding of ancient economies and trade patterns.

Introduction

In the field of numismatics, methods for determining the
elemental composition of coins have been crucial for
distinguishing forgeries from genuine artefacts, characterizing
surface plating from bulk materials, identifying the source of
raw materials, and understanding minting practices over
historical periods.’8 Such analyses have provided insights into
the economic and geopolitical dynamics of ancient civilizations.
One intriguing mystery is a new source of gold that started to
appear in the third quarter of the fourth century CE, thought to
have originated in Asia Minor or Africa.>!® This new gold can
easily be distinguished from the existing gold in circulation
going back to the early first century CE by its extremely high
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levels of platinum: whereas earlier gold contained platinum that
rarely exceeded 50 ppm, this new gold had levels that were in
excess of 2,600 ppm.!! This new source was massive and
prompted the Later Roman Empire’s shift from a tri-metallic
currency—copper, silver, and gold— to a fundamentally gold-
based economy. So great was the quantity of this new gold that
by the second quarter of the seventh century, after three
hundred years of its being mixed into and absorbed by the
massive volume of pre-existing circulating gold, the platinum
levels stabilized between 300 and 400 ppm. Given that the fall
of the western Roman Empire was fundamentally the result of
economic forces, historians want to know exactly when this
gold appeared, how it circulated across the empire, and what it
can tell us about the economic and political relationships
between the eastern and western halves of the empire.

Platinum (Pt) is extremely rare and is typically found as either
native platinum or as an alloy with other platinum group
elements (PGE).12 Variations in trace platinum can be used to
differentiate between gold sources, providing a fingerprint of
the original raw material.13-18 Platinum is inert with a melting
point higher than gold, making it unlikely to be removed during
Roman refining processes.’® Trace platinum and platinum group
inclusions have been identified in ancient gold, suggesting their
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presence can reveal information about the sources and
manufacturing techniques of historical gold objects.1®-21

Synchrotron radiation X-ray fluorescence (SR-XRF) is well-suited
for the chemical characterization of metal artefacts because of
its non-destructive nature, preserving valuable historical
objects.?272° The high brilliance of synchrotron sources allows
for the detection of trace elements with a high signal-to-noise
ratio, and the tunability of the X-ray source optimizes data
collection parameters for rapid, sensitive, and non-destructive
micro-analysis.  However, traditional energy-dispersive
detection lacks the resolution needed to distinguish ppm of
platinum within a matrix of nearly 99% gold. The energy
resolution of an energy-dispersive silicon drift detector
(typically around 100 eV) is insufficient for this purpose.3931

A previous study evaluated the use of wavelength-dispersive
(WD) detection of SR-XRF signals for the quantitative analysis of
trace platinum in Byzantine gold solidi.3> WD detectors are
common in lab-based systems for detecting elements at ppm
levels. Unfortunately, their large footprint and short working
distance make them challenging to set up at synchrotron
beamlines. Aligning a WD detector with a synchrotron beam is
complicated, limiting their routine use at synchrotron facilities.
Additionally, WD crystal spectrometer setups are designed for
specific and limited energy ranges, requiring multiple
spectrometers to cover a single beamline's energy range.33

A Strip Bent Crytal Analyzer (BCA) allows for effective
positioning and use over a typical hard X-ray beamline energy
range, making it a practical choice for synchrotron beamlines.3*-
36 A BCA achieves high-energy resolution by discriminating the
desired Pt fluorescence signal from a large background caused
by scatter and fluorescence from the Au matrix.3%3% High Energy
Resolution Fluorescence Detection (HERFD)37 using a BCA offers
better separation of emission lines and rejection of the
fluorescence background of neighbouring elements to better
image the chemical properties of a sample. The focused beam
(using KB mirrors) for high energy resolution and the high flux
available at synchrotrons compensate for the much lower
signal.3738 Several synchrotron beamlines now offer HERFD
setups (i.e., at APS, ESRF, DLS), making this approach
increasingly accessible.

The combination of a tightly focused beam with the resolution
provided by a crystal analyzer allows for energy detection with
a smaller bandwidth, leading to spectral sharpening effects.
HERFD X-ray Absorption Spectroscopy (XAS) has been used
primarily to study catalytic materials,3** and is increasingly
being applied in environmental and geological sciences**—>! and
in cultural heritage.>?>> The higher resolution in HERFD XAS
experiments resolves the chemical environment of heavy
elements better than conventional XAS,%%°6-58 making it
suitable for studying the platinum content in ancient gold
artifacts (i.e., inclusions in gold solidi).>® Combining HERFD with
X-ray absorption near-edge structure (XANES) spectroscopy

2| J. Name., 2012, 00, 1-3

(HERFD-XANES) allows for the high-resolution measurement of
the chemical speciation of platinum.89-62

Despite the potential of HERFD®3 it has not yet been used for
spatial imaging of signals across samples in traditional SR-XRF
2D mapping experiments. Trace platinum's association with
native gold suggests it can serve as a tracer for gold sources and
manufacturing techniques.?4#®> A microfocusing synchrotron
beam combined with HERFD resolution can reveal non-
homogeneous distributions of platinum and the presence of
inclusions in a HERFD-XRF imaging experiment. By comparing
the signal from coins to reference materials with known
platinum concentrations, the platinum content in Late Roman
and early Byzantine gold solidi can be quantified directly.

Additionally, HERFD-XANES spectroscopy offers greater spectral
resolution because the fluorescence signal is associated with a
longer lifetime state, providing insights into the oxidation state,
adsorbates, and d-band occupancy of platinum.® By measuring
the Pt HERFD-XANES spectrum and comparing it to known
spectra, we can determine whether the platinum in Late Roman
and early Byzantine gold solidi is pure metal or an alloy,
shedding light on the raw materials used.

In this study, synchrotron-based HERFD spatially resolved XRF
imaging (HERFD-XRF) is used to quantify trace platinum in three
early Byzantine gold solidi and employ Pt L; HERFD-XANES
spectroscopic analysis to identify the Pt oxidation state and
chemical speciation in those solidi.

Experimental

Three gold solidi minted in Constantinople by the emperors
Constans Il and Constantine IV between 13 April 654 and 2 June
659 were selected for quantitative Pt analysis using HERFD
spatially resolved measurements, Figure 1. The gold fineness of
the solidi is 95+ %.%7 The coins were part of previous studies3268
and are labelled #2, #3, and #6. The reverses (‘tails’) of all three
coins have been polished to a flat surface. Earlier studies
suggest that the platinum levels of solidi of this date should be
between 300 and 400 ppm (see above).

Three gold reference materials (CHL A, CHL B, and CHL C) were
loaned by the Royal Canadian Mint Assay Department for this
study. These standards were developed to assess the purity of
gold from 98.4% to 99.99% with known concentrations of nine
trace elements. The Pt concentrations are 600, 300, and 12 ppm
respectively. All materials were analyzed as received. Prior to
measurement, the surfaces were wiped with methanol.

This journal is © The Royal Society of Chemistry 20xx
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Figure 1. CHLA, and struck obverses of three gold solidi minted in Constantinople by the
emperors Constans Il and Constantine IV analysed with HERFD-XRF imaging and HERFD-
XANES. Each coin is ~ 2 cm dia.

Data Collection

Data collection was performed at the Advanced Photon Source
at Beamline 201D (Argonne National Laboratory, Lemont, IL).%°
The energy was selected using a Si(111) monochromator. The
flux at 10 keV is ~10®3 photons/sec/mm? for a 300 um toroidal-
focused beam.

Pilatus 100K 2D Area Detector

Only counts from the region of
interest (ROI) corresponding to
the Pt Lo, fluorescence are

processed. Incident X-ray beam

(11580 eV)

Strip Bent Crystal Analyzer (BCA)
Optimized to diffract Pt La,
fluorescence

Figure 2. Schematic of the HERFD-XRF imaging and HERFD-XANES spectroscopy setup.
The dotted circle outlines the Rowland geometry defining the positions of the sample,
BCA, and detector. For the imaging experiments, the incident energy was fixed at 11580
eV. For the HERFD-XANES spectroscopy experiments, the energy was scanned across the
Pt L3-edge from -150 eV — 8k. The signal is measured in the region of interest (ROI) on
the 2D area detector.

This journal is © The Royal Society of Chemistry 20xx
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The geometry of the HERFD setup for the sample, BCA, and
detector is defined by a Rowland circle. The BCA used has a 0.5
m radius optimized to diffract Pt L, fluorescence. The diffracted
signal is directed to a Pilatus 100K 2D area detector (Dectris Ltd.,
Switzerland) that counts the spatially resolved photons from
the sample and diffracted by the crystal, Figure 2.%9 The spatially
separated region of interest (ROI) corresponding to the Pt signal
was identified and only counts from that ROl were processed.

HERFD-XRF Imaging

HERFD-XRF Pt distribution maps (6000 um x 3000 um or 10000
pum x 10000 um) were created by rastering in the x and y
directions in 300 um steps (21 x 11 or 34 x 34 pixels) with a 500
msec dwell time per point. The beam size was 300 pm. An
incident energy of 11580 eV (Pt Ly = 11564 eV) was selected.3?
For the three solidi, Pt maps were collected on both the
polished reverses and the struck obverses.

HERFD XANES Spectroscopy

The Pt L3 XANES region was scanned from -150 eV to 8k relative
to the Pt L;-edge with an integration time of 1 sec/point. For the
3 solidi, XANES spectra were collected on both the polished
reverses and the struck obverses. The Pt metal transmission
XANES and HERFD-XANES spectra were collected using a Pt
metal foil (Exafs Materials, California).

Data Processing

Maps of Pt distribution were created in OriginPro 2021.7° The
XANES spectra were analysed using the X-ray absorption
spectroscopy data processing software, Athena.”? Sample
spectra were calibrated at the Pt L;-edge to 11564 eV using the
second derivative spectrum of the Pt foil. The spectra were
background corrected by subtracting a straight line fit to the
pre-edge from the entire spectrum. The spectra were
normalized to a per-atom basis by using a straight line fit to the
post-edge region of the XANES spectra. All additional analyses
were performed using Origin 2021.

Results and discussion

Platinum L3-edge HERFD-XANES spectra of gold reference
materials and Byzantine gold solidi

The Pt Lsz-edge HERFD-XANES spectra were collected for a
platinum metal foil, the three reference materials (CHL A, B, and
C) as well as the three solidi on both the polished reverses
(‘tails’) and struck obverses (‘heads’). The transmission XANES
and HERFD-XANES spectra of the Pt foil are shown in Figure 3.
As has been previously observed® the transmission XANES
spectrum has a longer tail on the low energy side. The white line
of the HERFD-XANES spectrum is much more intense.”? The
peaks are sharper and more resolved than in the transmission
XANES spectrum.

J. Name., 2013, 00, 1-3 | 3
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Figure 3. Platinum Ls;-edge HERFD-XANES (top) and transmission (bottom) spectra
collected for a Pt metal foil. The spectra are offset for clear viewing.

The Pt Ly-edge HERFD-XANES spectra collected for CHL A, B, and
C are shown in Figure 4. With decreasing concentrations, the
HERFD-XANES spectra become noisier and the CHL C spectrum
is the noisiest as it is the reference material with the lowest Pt
concentration (12 ppm). The spectra agree with that of the Pt°
foil. However, the first peaks in the CHL reference spectra are
wider than that of Pt°. This may be due to minor surface
oxidation. The spectral features at ~11580 eV and ~11593 eV
are resolved for CHL A and CHL B and match those of Pt°.
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Figure 4. Platinum Ls-edge HERFD-XANES spectra of a Pt foil (bottom), CHL A (600 ppm
Pt), CHL B (300 ppm Pt), and CHL C (12 ppm Pt). As the Pt concentration decreases, the
HERFD-XANES signal becomes noisier. The spectra are offset for clear viewing.

The Pt L;-edge HERFD-XANES spectra collected on the polished
reverses and struck obverses of the coins are shown in Figure 5.
The spectra from both the reverses (polished) and obverses are
the same. The noise level of the spectra collected on the
polished sides of the coins is like that of the spectrum collected
for CHL B, which has a similar Pt concentration. The spectra

4| J. Name., 2012, 00, 1-3
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collected for Coin 6 are shifted to higher energy relative to those
of Coins 2 and 3, and CHL B.
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Figure 5. Platinum L;-edge HERFD-XANES spectra of a) Coin 2, b) Coin 3, c) Coin 6, and d)
Pt® and CHL B. A spectrum was collected on both the reverses (“Tail”) and the obverses
(“Head”) of each coin. The dotted line is a guide for the eye to the first peak. The peak
positions of Coins 2 and 3 agree with that for CHL B. The first peak position for Coin 6 is
shifted to higher energy.

HERFD mapping of platinum in RCM gold reference materials

The reference materials CHL A, CHL B, and CHL C were mapped
using HERFD-XRF imaging to determine the spatial distribution
of Pt within each of the three (3) reference materials over a
(6000 pum x 3000 um; 231 pixels) area. The variation in the
spatial distribution of Pt within each reference material is
shown in Figure 6. The reference materials are well-mixed with
a low standard deviation, and this is reflected in the maps. For
comparison, the HERFD-XRF Pt maps for the three reference
materials are shown on a single intensity scale to reflect the
difference in concentrations between CHL A (12 ppm Pt), B (300
ppm Pt) and C (600 ppm Pt). In these maps, little variation in
colour — which corresponds to variation in Pt concentration —is
observed, again confirming that the reference materials are
well-mixed.

This journal is © The Royal Society of Chemistry 20xx
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Figure 6. HERFD-XRF images of Pt in the three (3) CHL Au reference materials. Each map
is (6000 um x 3000 pm). The maps were collected using a 300 um spot size and step size.
a) The relative Pt concentrations for each reference material are represented using a
colour scale from red (high Pt) to purple (low Pt). The variation in colour reflects the
standard deviations reported in Table 1. The colour scale reflects the relative Pt
concentrations within each sample. b) The relative platinum concentrations between the
three reference materials are represented using a colour scale from red (high Pt) to
purple (low Pt). The variation in colour reflects the differences in the concentrations of
Pt in the three reference materials: CHL A = 600 ppm, CHL B= 300 ppm, and CHL C = 12
ppm.

The average HERFD-XRF intensity for each map is reported in
Table 1. The reference materials are well mixed with standard
deviations of 3-4%. A calibration curve was prepared using the
average intensity, Figure 7, and a least-squares fitting analysis
was done to determine the trace Pt concentrations in a gold
matrix. The calibration curve shows a linear response over the
measured Pt concentration range, R2=0.997, indicating that the
HERFD-XRF analysis is suitable for the quantitative
determination of trace Pt concentrations in a gold matrix.

Table 1. Average measured HERFD-XRF Pt L; intensity for each mapped region (6000 um
X 3000 um) collected for the three RCM gold reference materials CHL A, B, and C.

Pt concentration Average measured
(ppm) Pt-Ls; Signal
(x 103, A.U.)?
CHLA 600 164 +5
CHLB 300 + 9° 122+6
CHLC 12 89+4

a. Errors reported are the standard deviations of each map. Errors associated with
counting statistics and beamline setup are well below the reported errors.

b. The error is reported in the assay report for CHL B and so is included here.

This journal is © The Royal Society of Chemistry 20xx
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Figure 7. Line of best fit of the averaged intensity of the HERFD-XRF signal measured as
a function of Pt concentration for the three CHL reference materials: CHL A = 600 ppm,
CHL B=300 ppm, and CHL C = 12 ppm. Both the reference materials and the samples can
be assumed to be infinitely thick (greater than the minimum thickness needed to absorb
all the X-rays of the primary X-ray beam). As a result, the determined intercept and slope
are used to calculate Pt concentrations in the three coins.

HERFD quantification of platinum concentrations in Byzantine gold
solidi

Intensity maps of the HERFD-XRF signal were collected on both
the polished reverse and the struck obverse of each coin,
Figures 8 and 9 respectively, with the same sample to detector
distance. The maps of both the reverses and obverses of all
coins show variation in the spatial distribution of Pt within each
coin. Visual comparison of the scaled maps (right columns,
Figures 8 and 9) with those of the CHL reference materials
(Figure 6) shows that the Pt concentrations in the coins are most
like that of CHL B (300 ppm Pt). The calculated Pt concentrations
for each mapped region are found in Table 2. The standard
deviations indicate that there is greater variation in the Pt
distribution in the coins, which is represented visually by the
variation in colour in the maps.

For the HERFD-XRF maps collected on the reverses (‘tails’) of the
coins there is a 22 — 27% variation in Pt concentration within
each coin. For the maps collected on the obverses (‘heads’)
there is a 29 — 35% variation in Pt concentration within each
coin. The maps collected on the struck sides of Coins 2 and 3
both reveal Pt hotspots with maximum Pt values of 2737 ppm
and 1175 ppm respectively.

J. Name., 2013, 00, 1-3 | 5
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Figure 8. HERFD-XRF images of Pt collected on the reverses of Coins 2, 3, and 6. The left
column are maps with individual intensity scalings to show the variation in Pt distribution
within each coin. The relative Pt concentrations are represented using a colour scale
from red (high Pt) to purple (low Pt). The variation in colour reflects the standard
deviations reported in Table 2. The right column shows the same maps scaled to the CHL
intensity range in Figure 6 b) so the coin maps can be compared to those of the RCM
reference materials. The maps of the coins are most similar to those for RCM reference
material CHL B (Pt = 300 ppm). Differences in the range of colour reflects that Coin 2 has
the highest measured Pt concentration and Coin 6 has the lowest.

The average Pt concentrations determined for the reverses
agree with previously measured values. Coin 3 has the highest
Pt concentration. In this study, Coin 2 has a higher Pt
concentration than Coin 6, different from the SR-WD-XRF
analysis, but in agreement with the SA-ICP-OES
measurements.32 For the maps collected on the obverses, the
measured concentrations in this HERFD-XRF study are higher
than previously measured using SR-WD-XRF32 and Coin 2 has
the highest average Pt concentration.

The maps collected on the reverse of Coin 3 shows the most
variation in the Pt distribution as well as Pt hotspots. The maps
collected on the obverse sides of Coins 2 and 3 show variation
in the Pt distribution and hotspots. This spatial variation is only
revealed using a spatial mapping analysis. The variation
indicates that Pt is not distributed uniformly in the gold used in
manufacturing these coins. The heat used was likely sufficient
to melt and pour the gold but the temperature was not high
enough to melt and mix in the Pt homogeneously.

6 | J. Name., 2012, 00, 1-3
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Figure 9. HERFD-XRF images of Pt collected on the obverses of Coins 2, 3, and 6. The left
column are maps with individual intensity scalings to show the variation in Pt distribution
within each coin. The relative Pt concentrations are represented using a colour scale
from red (high Pt) to purple (low Pt). The variation in colour reflects the standard
deviations reported in Table 2. The right column shows the same maps scaled to the CHL
intensity range used in Figure 6 b) so the coin maps can be compared to those of the
RCM reference materials. The maps of the coins are most similar to those for RCM
reference material CHL B (Pt = 300 ppm). Differences in the range of colour reflects that
Coin 2 has the highest measured Pt concentration and Coin 6 has the lowest.

Table 2. Calculated Pt concentrations for Coins 2, 3, and 6 determined for both the
reverses (polished) and obverses (struck).

Reverse Obverse
Pt concentration Pt concentration
(ppm)* (ppm)*
(N =341) (N=1156)
Coin #2 302 £ 68 508 + 147
Coin #3 376 + 86 438 + 148
Coin #6 243 + 65 373 + 107

a. Errors reported are the standard deviations of each map. Errors associated with
counting statistics and beamline setup are well below the reported errors.

This journal is © The Royal Society of Chemistry 20xx
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Conclusions

This study demonstrates the efficacy of High-Energy Resolution
Fluorescence Detection (HERFD) imaging for the spatially
resolved and quantitative analysis of trace platinum (Pt) in an
early Byzantine solidus matrix. Utilizing HERFD imaging spatial
mapping, low concentrations of Pt within gold solidi were
quantified. The high flux from a synchrotron source enabled the
detection of trace Pt with remarkable precision. The high-
resolution capabilities of the HERFD imaging reveals the
variable spatial distribution of Pt within a single coin.

HERFD XANES spectroscopic analysis indicates that Pt within
these coins predominantly exists as Pt metal, with some Pt
oxide likely present at the coin surfaces. This compositional
information can provide insights into the sources of the gold
used during the Late Roman and early Byzantine eras. The
comparative analysis with three gold reference materials
confirmed the reliability of HERFD imaging for quantifying Pt
concentrations, aligning with results from other established
techniques such as SR-WD-XRF and SA-ICP-OES.32%8 This study
highlights the unique advantage of HERFD-XRF imaging in
detecting inhomogeneities in Pt distribution, which traditional
bulk measurement techniques may overlook.

The application of HERFD-XRF imaging and XANES in cultural
heritage studies, as illustrated by this research, represents a
novel approach to investigating historical artifacts. The ability to
perform rapid, non-destructive quantitative analyses on many
coins opens up possibilities for extensive statistical studies and
a deeper understanding of historical minting practices, ancient
economies and trade patterns, and raw material sources.

The application of HERFD-XRF imaging and XANES spectroscopy
extends to several fields:

1. Materials Characterization: This study is one of the first
examples of HERFD-XRF imaging to achieve high sensitivity and
spatial resolution in trace element analysis. The ability to
perform element mapping in combination with high-resolution
XANES makes synchrotron techniques the gold standard for
detailed material characterization.

2. Historical Insights: The precise quantification and spatial
mapping of trace Pt in Late Roman and early Byzantine coins
provides new, non-destructive approaches to gain insights into
the sources of gold used between the middle of the fourth and
middle of the seventh centuries. Through the analysis of a
statistically significant number of coins, variations in minting
practices, trade patterns, imperial tax collection, and regional
differences in raw material sources could be determined. These
scientific insights could help historians and archaeologists trace
the origin of raw materials and understand the economic and

This journal is © The Royal Society of Chemistry 20xx
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geopolitical factors that influenced coin production,
distribution, and debasement, and, hence, ancient economies.

Future work could leverage the sensitivity of Pt L HERFD-XANES
to further explore the chemical state and alloy compositions of
Pt inclusions. Such studies could offer additional insights into
the metallurgical practices and provenance of materials used in
the Late Roman and early Byzantine Empires.

3. Conservation: The combination of HERFD-XRF imaging and
XANES could inform conservation efforts. The non-destructive
nature ensures that priceless artifacts can be studied without
damage, preserving them for future generations. The detailed
compositional data obtained can guide the development of
effective preservation techniques.
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