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Section A: Pb isotope reference datasets
The following selection of ore reference data is based on the state of research on mining in Late Antiquity and the early Middle Ages; significantly more analyses of ore from a wider geographic framework were also consulted. During reference data selection, we chose to focus on ore deposits known or suspected to have produced silver in Late Antiquity and Middle Ages, located within the political boundaries of the kingdoms producing the relevant coins. This, however, could not explain the Pb-isotope ratios found in the early coin group, so we also made use of reference data from earlier Roman and Byzantine metalwork. Since analyses of late antique and early medieval metalwork are extremely limited, we supplemented East Roman/Byzantine silver analyses with analyses of lead artefacts.

Merovingian and Carolingian coin analyses
· 15 Carolingian coins with Melle-type lead isotope ratios, eighth–ninth centuries AD (Sarah 2008)
· Three Carolingian coins of Charlemagne: two monogram-type from Melle and a late issue (Tèreygeol et al. 2005)
· Eight Merovingian coins from Paris (Tèreygeol et al. 2005)

Byzantine silver and lead analyses
· 15 lead-alloy seals from seventh-century AD Syria, Constantinople and Cyprus (Morrisson et al. 1993) (204Pb ratios absent)
· Five lead seals from fourth–sixth centuries AD, Constantinople (Karagiorgou et al. 2021)
· Six East Roman/Byzantine silver plates from the fourth–seventh centuries AD (Scott 1990)
· 13 East Roman/Byzantine silver objects from the fifth–seventh centuries AD (Ströbele 2017); the two objects from Hüfingen, Germany, were excluded
· Seven coins from Laodicea (Turkey) from the end of the second century AD (Ponting et al. 2003)

West Roman silver analyses
· 14 silver objects from the Marengo hoard, Italy, second–third centuries AD (Angelini et al. 2019)
· One analysis of a silver coin (quinarius), London, AD 296 (Brill & Shields 1972)
· 17 Roman silver objects from the Allençon, Graincourt and Berthouville hoards, late second–fourth centuries AD (Baratte et al. 1985)
· Two phalera from Grave 1 Gierhalde Hüfingen, Germany, sixth century AD (Ströbele 2017)
· Seven denarii from Rome, late second–early third centuries AD (Ponting et al. 2003)

Western European ore analyses
· British Isles Pb ore (Rohl 1996; Scaife et al. 2001)
· Belgian/Ardenne Pb ore (Cauet et al. 1982; Goemaere et al. 2022)
· Blackforest Pb/Ag ore, Germany (Lippolt et al. 1983; Ströbele et al. 2012)
· Vosges/Sainte-Marie-aux-Mines, France (Forel et al. 2010)
· [bookmark: _Hlk123729405]North Eifel, Germany (Bleialf, Mechernich, Maubach, Rescheid) (Bielicki & Tischendorf 1991; Schneider 1994; Krahn & Baumann 1996; Durali-Müller 2005; Bode 2008)
· Rammelsberg and Upper Harz/Bad Grund, Germany (Lehmann 2011)
· Mont-Lozère, Cévennes, France (Baron et al. 2006)
· Massif Central, France (Marcoux 1986)
· Melle Pb ore (Téreygeol et al. 2005; unpublished analyses G. Sarah) and medieval lead slag and vitreous material produced at Melle (Gratuze et al. 2017)
· Pyrennes Mountains (Munoz et al. 2016)
· Alps, Wallis area, Switzerland (Guénette-Beck et al. 2009)

Section B: Analytical methods 
Elemental analysis
The coins were analysed at the University of Cambridge Department of Earth Science by in situ laser ablation using a NWR193 LA system coupled with a Nexion 350D ICP-MS. We tested the laser ablation settings (4Jcm2 at 5Hz; 6Jcm2 at 5Hz; 6 Jcm2 at 10Hz) using a spot size of 80µm on five matrix-matched reference materials that were previously analysed by solution ICP-MS or optical emission spectroscopy in other laboratories. The study found, using silver as an internal standard, that the best analysis conditions were found at 6 Jcm2 at 10Hz. 
During analysis, the samples and reference materials were ablated for 60 seconds. Glitter software was used to capture time-resolved spectra. After the first 30 seconds, surface enrichment effects subsided and signal intensities/ablation behaviour became more consistent between individual ablations. For quantification, the average background-subtracted signal intensity for the final 20 seconds of the ablation were used. 
The isotopes 53Cr, 57Fe, 59Co, 60Ni, 65Cu, 66Zn, 75As, 77Se, 105Pd, 107Ag, 111Cd, 113In, 118Sn, 121Sb, 125Te, 195Pt, 197Au, 208Pb and 209Bi were selected for quantification. 57Fe signal intensities were monitored but quantified values are not reported because the high background, isobaric interference with argon compounds and high variability make interpretations based on this element unreliable. Simple normalisation using 107Ag intensities consistently indicated concentrations in the hundreds to low thousands of ppm in reference materials and samples.
Both MBH 133X-AGA1 and MBH 133X-AGA3 were measured as standards, but since the coins are made of silver with approximately 5% copper, MBH 133X-AGA3 was chosen to be the primary standard for all samples. Calibration and quantification were achieved by standard bracketing with AGA3 using the method described by Halter et al. (2002). The average compositions, the raw measurements, detection limits and analyses of reference materials are provided in OSM2.

Portable laser ablation sampling and Pb isotope analysis
The portable laser unit was set up at the Fitzwilliam Museum, Cambridge, UK, on a desk in the Department of Coins and Medals. The laser setup, described in Knaf et al. (2017) and Merkel et al. (2022), consists of an air-cooled λ 532nm pulsed diode pumped solid state (DPSS) laser (Wedge HB 532, Bright Solutions SRL, Cura Carpignano, Italy) with a pulse duration of <1ns and an out energy of 1.3mJ. The pulse frequency can be varied between 1–10000Hz, and the laser's light intensity (energy) can be varied between 0 and 100. For this study the laser was set to a frequency of 100Hz, beam intensity 95% and sampling time 60 seconds. An optical fibre connects the laser to the ablation module where the laser is focused on the object surface by an aspheric lens to a diameter of 100μm. The laser head is connected via a tube to the filter holder, on which the sample is collected by suction of a membrane pump. An eight-fold magnification monochromatic CCD camera (Chameleon, CMLN-13S2M-CS, Point Grey Research, Richmond, BC, Canada with the software package Fly Capture Point Grey SDK) and a microphone connected to the ablation module, help the operator to focus the laser on the right sampling spot. During sampling, the emission is turned on; the membrane pump is turned on 5 seconds after the slide is opened. After one minute of ablation, the slide is closed. Ten seconds after, the membrane pump and the emission are turned off.
The sample is collected onto pre-cleaned hydrophobic membrane filters (PTFE Mitex® LSWP01300, Merck Millipore Corporation, MA, USA) with a pore size of 0.5μm, a porosity of 60%, a diameter of 13 mm and a thickness of 170μm. The filters were cleaned with 2M HF and 6M HNO3 on a hotplate, 100°C, for several days. 
In this study, the sample wheel holding the filters described in Knaf et al. (2017) and Merkel et al. (2022) was replaced by a single-filter holder. The single filter holder can be cleaned and prepared in the clean lab, reducing environmental contamination and lowering memory effects. The filter holder is connected to the laser head by a pre-cleaned (10% double distilled HNO3) tube shortened 5–10x times compared to Knaf et al. (2017), and replaced after each ablation, reducing loss of sample and memory effect. After each ablation the laser head is cleaned with 2M HNO3, ethanol and Milli-Q, and dried using compressed air.
The Pb contents of the coins were known from prior LA-ICPMS analysis, and these Pb concentrations were used to determine the number of ablations needed to collect approximately 1000ng of Pb on the filter, which equated to, on average, six ablations (see OSM3). Before and after sampling, the individual single-filter holders were sealed with parafilm. Three coins were not sampled by pLA: two were suspected to be historical (27) and modern (43) forgeries, while one Pb-poor coin (17) was was drilled with a 0.5 mm bit to collect approximately 1 mg of metal.
All the sample preparation and labware cleaning was carried out in a clean lab class 1000. The filters holding the ablated silver were submerged in 1mL 7M HNO3 in a 1.5mL Eppendorf centrifuge tube in the clean laboratory at the Vrije Universitieit Amsterdam. The samples were sonicated for 30 minutes in order to fully dissolve the silver. Once the samples were dissolved, the filters were removed using Teflon tweezers cleaned with HNO3 and Milli-Q water between samples. The silver was precipitated adding 0.2mL 6.5M HCl to the sample solutions and centrifuged for 5 minutes. The supernatant solution was then moved into pre-cleaned 7mL Savillex vials. The samples were dried down on a hotplate at 110°C overnight and redissolved in 0.2mL 0.7M HBr. The Pb fraction was extracted via liquid chromatography using AG1-X8 mesh 200–400 as described in Merkel et al. (2022). After columns the samples were dried down and redissolved in 1% HNO3. The Pb content was evaluated using an ICP-MS X series 2 (Thermo-Fisher™) and diluted to 4mL 25ppb for Pb isotope analysis. 
The Pb isotope ratios were measured using a Thermo Scientific™ Neptune™ Series High-Resolution multicollector ICP-MS equipped with a nebuliser CETAC Aridus II system operating at approximately 4–5L min-1 of Argon sweep gas and 0.01–0.02L min-1 nitrogen. The temperature setting for the spray chamber is 110°C and 160°C for the membrane. The room temperature is kept at 20±1°C. The Pb ion beams are measured on Faraday cups equipped with 1011Ω amplifiers. The Pb signals were usually around 0.2V/ppb. A gain calibration was performed once per week on the 1011Ω amplifiers. The operating parameters of the instrument used are: RF power [W]: 1290, Faraday cup mass detectors: 201Hg L4, 202Hg L3, 204Pb L2, 205Tl L1, 206Pb C, 207Pb H1, 208Pb H2, 209Bi H3. The samples are analysed in one block of 60 cycles with an integration time of 4 seconds. This method was used to analyse all samples, standards and blanks. The blanks’ Pb contents were determined via Pb isotope dilution using a 208Pb spike of known concentration.


Section C: Analytical results and data quality
Elemental analysis
A summary is provided in Figure S1 comparing LA results and reference values (non-certified) for most of the elements that are regularly measured in archaeological silver (see Sarah et al. 2007). The results closely conform to reference values for the elements most frequently used in interpretation, and most are within error of the reference value (Figure S1). Particularly with the highest gold and bismuth concentrations measured, there is a slight underestimation in the LA results compared to solution analyses: AGA3, the calibration standard, has relatively low values for these elements and is not optimal for quantifying Au and Bi in high concentrations. There was considerable variability in the measurements of lead, leading to high standard deviations, though the average concentrations are close to the reference value.
Only the element copper in one reference material (Denar27) is considerably different between the methods, but this a problem of sampling rather than an instrumental issue. This discrepancy is because the reference material is not homogeneous, and with careful observation of the cross-section it is clear that the coin was depletion silvered. Physical sampling for bulk analysis took place on the coin edge, which is richer in silver than the core, while the LA sampling was in cross-section, in the copper-rich core. At the time of measurement, such a discrepancy was not anticipated: it is an important reminder of how sample inhomogeneity and sampling method can create significant bias.
Triplicate analyses of the samples varied typically less than 25% (2SD) for the most important elements (Cu, Zn, As, Pd, Ag, Sn, Sb, Te, Pt, Au, Pb and Bi). Variation was the lowest for the elements Au (mean 6%), Cu (mean 17%) and Bi (mean 17%) and highest for As (mean 36%), Te (mean 44%) and Zn (mean 45%).
During elemental analysis it was discovered that two coins are forgeries. Coin 43 is made of 99.97% Ag with only traces of Au (230ppm), Cu (100ppm), Pt (15ppm) and Pd (0.2ppm). No other element was detected. This is likely modern and refined using electrochemical process. Coin 27 is made of copper. In depth profile of the spectra there is a slight trace of silver at the surface, so the coin may have once been silver coated but may have been lost through use and abrasion.

Pb isotope analysis
The pLA successfully sampled all material, all sample filters having between 500–1000ng of Pb. The calculated blanks were between 30 and 200pg, <0.1% of the average sampled Pb, therefore the blank contribution is considered negligible.
The three analysed reference materials were within error of the values obtained using the same method shown in Merkel et al. (2022). MBH 133X-AGA3, one of the three reference materials sampled in the present study, is the one that has the most similar matrix to the analysed silver coins. The long-term reproducibility of AGA3, based on the values obtained in Merkel et al. (2022): 206Pb/204Pb 0.006, 207Pb/204Pb 0.009, 208Pb/204Pb 0.028, 207Pb/206Pb 0.0002 and 208Pb/206Pb 0.0009). These values best estimate analytical precision for the present study.
Of the 33 duplicate filters, there was only one pair with discordant results. These are the two filters from Coin 13. Memory effect from the previous coin can be ruled out because the laser heads were alternated between samples to be cleaned. The previously measured coin is Coin 11 and bears no resemblance isotopically. The simplest explanation is that isotope ratios on the obverse and reverse are different, which was possibly caused by contamination of other metal in the burial environment. The results of Coin 13 were not considered in this study. The rest of the duplicates invariably show that discrepancies of this kind are extraordinarily rare.
[image: ]
Figure S1. Analyses of MBH 133X-AGA-1 and three coin fragments used as reference materials. The y-axis are the LA-ICP-MS analyses from this study compared to x-axis solution-based ICPMS/OES results from other labs: MBH AGA-1, certificate value; Dirham Ph.8 and Ph.54, University of Oxford (Merkel et al. 2023); Denar 27, Deutsches Bergbau-Museum Bochum. 


Section D: Data analysis
In addition to using traditional bi-variate plots to investigate patterns in the elemental and isotopic data, the program R was used to carry out a principal component analysis (PCA), combining the Pb isotope ratios and concentrations of source related elements (Au, Bi, Pt, Te and Pd) (Figure S3). The results indicate that the first three components contain 90% of the variability and that the most variation is found in the variables 206Pb/204Pb, 208Pb/204Pb, Au, Pt and Bi. The PCA analysis is plotted in Figure S2, which shows that the coin data divide into two main groups: those minted before AD 750 and those minted after. There are no systematic differences within the early group of coins (Merovingian denarii and early pennies from Frisia and England). In the late group, the PCA groups most of the Carolingian coins (Charlemagne and Louis the Pious) and the Anglo-Saxon coins (Offa/Coenwulf) together. The other coins, namely the denarius of Pipin and the KG3-type coin from Denmark, are more similar to the late group.
Individual two-variable scatter plots comparing the early (pre-750) and late (post-750) are shown in Figure S3. The scatterplots show that there is a nearly complete separation between the two groups using the variables 206Pb/204Pb, Au and Pt.
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Figure S2. Analyses of the coins from this study separated by chronology: orange, early phase (c. 670–750) and blue, late phase (c. 754–822).

[image: ]Figure S3. Principle component analysis of the investigated coins: A–B) bi-plots of the first three components, C–D) the variable contributions in the first three components and E) Scree plot indicating that the first three components explain most of the variability in the dataset.  
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