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Sampling and combined Pb and Ag isotopic analysis of ancient silver coins and ores

The combination of Pb and Ag isotopes in silver coins, artefacts, and ores greatly helps identifying ancient metal sources and detecting alteration such as lead addition, ore mixing, and metal recycling.

The present study proposes a new set of procedures suitable for high-precision analysis of lead and silver isotopes in Ag-bearing ores and ancient silver coins. The protocols for combined Pb and Ag extraction and purification are based on multi-step ion-exchange and reversed-phase partition chromatography. In addition to conventional drilling, which irreversibly damages the silver object being sampled, a new method was developed to collect metal from silver coins by etching their edges with a solution of hydrogen peroxide and ammonia (H 2 O 2 +NH 4 OH), either pure or with added dispersed silicon carbide (SiC) to increase etching efficiency, a technique that only damages the coin patina. This technique can also be applied to silver artefacts other than coins with minor modifications to adapt to different object shapes. Multi-collection inductively-coupled plasma mass spectrometry (MC-ICP-MS) was used to measure the isotopic compositions of both Pb and Ag in ores and coins. Variations in Pb and Ag isotopic compositions are uncorrelated for all the material analyzed, whether ores or silver coins, which demonstrate that isotope variability results from physically different processes. Evidence of mixing between different components is observed for ores, while etched and drilled coins show a conspicuous range of Pb and Ag isotopic compositions.

The latter is interpreted as resulting from mass-dependent fractionation during surficial alteration under oxidizing burial conditions, and from patina formation. Silver in patina is isotopically light due to the formation of Ag 2 S, while the layer below the patina is isotopically heavy. Preliminary patina removal followed by H 2 O 2 +NH 4 OH etching with suspended SiC may be used as an alternative to coin drilling when the latter is not possible such as for rare and precious coins. The present techniques will further help distinguish primary Pb isotopic variability in artefacts and coins from secondary variations due to underground interaction with the water table, weathering from prolonged burial, and curatorial handling.

1.

and hence based on the subtle thermodynamic fractionation of isotopes (the isotope effect) as opposed to radioactivity. In contrast to Pb isotope abundances, whose variability is independent of temperature, the variability of stable isotope abundances in ores is larger at low than at high temperatures and is enhanced by the coexistence of reduced and oxidized compounds. The relative abundances of the stable isotopes of Cu and Ag vary, sometimes within the same mine from deep primary ores to supergene oxidized minerals or during different phases of mineralization. They also change with the nature of the ore deposits, e.g. hydrothermal vs sedimentary [START_REF] Arribas | The Isotopic Composition of Silver in Ore Minerals[END_REF][START_REF] Asael | Copper isotope fractionation in sedimentary copper mineralization (Timna Valley, Israel)[END_REF][START_REF] Jansen | Silver metallurgical finds dating from the end of the Final Neolithic period until the Middle Bronze Age in the area of Mesogeia: Aegean metallurgy in the Bronze Age[END_REF][START_REF] Mathur | Fractionation of silver isotopes in native silver explained by redox reactions[END_REF]. For provenance studies of ancient silver coins, Ag isotopes add an extra dimension because [START_REF] Desaulty | Roman lead mining in Germany: its origin and development through time deduced from lead isotope provenance studies[END_REF] silver carries the intrinsic value of the bullion fluxes, which, beyond classification purposes, is the main focus of many studies; and (2) the Ag isotopic composition directly reflects that of the Ag ore source, which is not the case of Pb and Cu additives of nondescript origin.

Curatorial acceptance of artefact and coin sampling has undergone major changes over the years: although drilling of silver coins has a long history [START_REF] Butcher | The Metallurgy of Roman Silver Coinage: From the Reform of Nero to the Reform of Trajan[END_REF][START_REF] Ponting | The Substance of Coinage: The Role of Scientific Analysis in Ancient Numismatics[END_REF], it is today meeting with increasing resistance from curators worldwide. In the present work, we therefore developed a new minimally invasive technique of coin sampling and test the results against those obtained by drilling, which we know to be a robust reference frame. We describe in detail for silver J o u r n a l P r e -p r o o f coins and ores the new sampling technique and subsequent Pb and Ag separation and purification and isotopic analysis. Twenty ore samples, mainly galena, and 26 silver coins were analyzed by MC-ICP-MS, each coin multiple times using several different sampling techniques for intercomparison.

Quantitative separation of Ag and Pb is a challenge when concentrations of Ag in ores or Pb in coins are low. Our first objective was to establish systematic protocols for full-yield purification of Pb and Ag by ion-exchange and reversed-phase partition chromatography. The procedure we propose for combined high-precision Pb and Ag isotopic analysis of ores and silver coins is pertinent for future provenance studies of ancient silver, whether for coins or artefacts.

One thing this paper does not do is comparing the present ore Ag isotope data with similar data from the published literature. The first reason for this is that the ore samples analyzed here were selected without any specific geological context, strictly for the purpose of using the best possible and accessible material for developing and optimizing the new analytical technique. The second reason is that galena Ag isotope data in the literature are limited to two samples analyzed by [START_REF] Arribas | The Isotopic Composition of Silver in Ore Minerals[END_REF]. The third reason is a question of scale: the range of Ag isotope variability in galena is much broader than the range in silver coins, which bears directly on the interrogation into the sources of silver used for coins and artefacts in the Antiquity, an important point that falls within the initial aim and intended scope of this study and that we do not wish to distract from.

Materials

Ore samples were obtained from the mineral collections of the Centre de Recherches Pétrographiques et Géochimiques (CRPG) in Nancy (France) and the MINES ParisTech school (France). Except for a single tetrahedrite ((Cu,Fe) 12 Sb 4 S 13 ; sample 44945; Table 1), all the samples are galena (PbS), occasionally associated with other minerals such as sphalerite, pyrite, or Fe oxides (Table 1). The samples were initially recovered from several mining districts spread across mainly the Mediterranean region, Central Europe, and Mexico.

The silver coins analyzed in this study are from two private collections, one owned by Pierluigi Debernardi from the IEIIT laboratory of Torino (Italy) and the other owned by Gil Davis from Macquarie University, Sydney (Australia). All coins in these collections were acquired from dealers formally compliant with the Code of Ethics. The coins with their type, origin, age, and weight information are listed in Table 2 and represent a selection of coins from around the ancient Mediterranean world.
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Methods

The procedures and protocols described in the following sub-sections are listed step-by step in Tables 3 and4 to aid the interested reader or analyst in setting up and reproducing the methods themselves.

Sulfide ores

Pure galena stoichiometrically contains about 86.6 wt% Pb, whereas other metals are present in only minor or trace concentrations. Silver concentrations typically are <1 wt%. Extracting Ag from galena therefore is challenging because all the Pb has to be removed while keeping a Ag yield of 100% to avoid mass fractionation in the process. Mass-dependent fractionation on ion-exchange resins is a real issue which should not be discounted nor underestimated [START_REF] Blichert-Toft | Geochemical segmentation of the Mid-Atlantic Ridge North of Iceland and ridge-hotspot interaction in the North Atlantic[END_REF]. Several protocols using ion-exchange chromatography have been proposed in the literature. Desaulty et al.'s (2011) selective precipitation of metallic Ag by addition of ascorbic acid to digested silver coins, as elegant as it is, cannot be used when the amount of Ag to be precipitated is very small (as in the present study on the order of µg) because of potentially incomplete collection of Ag. By comparison, [START_REF] Desaulty | Roman lead mining in Germany: its origin and development through time deduced from lead isotope provenance studies[END_REF] precipitated several tens of milligrams of Ag. Protocols involving two-or threestep ion-exchange chromatography have been applied to Ag extraction from environmental and geological samples [START_REF] Carlson | Extending the 107Pd-107Ag chronometer to low Pd/Ag meteorites with multicollector plasma-ionization mass spectrometry[END_REF][START_REF] Luo | Accurate and Precise Determination of Silver Isotope Fractionation in Environmental Samples by Multicollector-ICPMS[END_REF][START_REF] Mathur | Fractionation of silver isotopes in native silver explained by redox reactions[END_REF][START_REF] Schönbächler | High precision Ag isotope measurements in geologic materials by multiple-collector ICPMS: An evaluation of dry versus wet plasma[END_REF][START_REF] Woodland | Accurate measurement of silver isotopic compositions in geological materials including low Pd/Ag meteorites[END_REF]. However, the chromatography steps described in these studies involve HCl which may precipitate insoluble Ag chloride at any stage during the procedure and even limited precipitation may induce Ag isotope fractionation. Given the small amounts of Ag in galena, such precipitation would be invisible to the naked eye and, hence, the analyst would never suspect a problem, which would, however, affect the measured Ag isotopic composition. Consequently, we opted from the outset to completely avoid HCl and use only HNO 3 from which any trace of chloride was first eliminated by anion-exchange chromatography.

The galena ores were crushed and powdered by hand in a clean agate mortar. For each sample, ~0.1 g was weighed into a clean Savillex beaker. The samples were digested in 10 mL concentrated distilled HNO 3 (~16M) on a hotplate at ~110°C. Galena dissolves according to the reaction:

PbS + 8 HNO 3 = PbSO 4 + 8 NO 2 + 4 H 2 O
The NO 2 gas, visible to the naked eye in the form of orange fumes, was regularly evacuated from the closed beakers by slightly unscrewing their lids until complete digestion of the galena, which was considered achieved when the orange NO 2 fumes ceased. Once the reaction was complete, the samples were evaporated to dryness on a hotplate at ~90°C. The dry PbSO 4 was dissolved in 20 mL J o u r n a l P r e -p r o o f 3M distilled HNO 3 on a hotplate at ~110°C and repeatedly ultrasonicated until total dissolution. A first aliquot of 100 µL was taken for elemental analysis. A second aliquot containing about 1 µg of Pb was transferred to another clean Savillex beaker and dried down for subsequent Pb purification and Pb isotopic analysis. The rest of the sample solution was dedicated to Ag purification and Ag isotopic analysis.

Lead was purified by elution in a single step on an anion-exchange column filled with 0.5 mL AG1-X8 (100-200 mesh) resin following the well-established protocol of [START_REF] Strelow | Separation of Lead (II), from Bismuth (III), Thallium (III), Cadmium (II), Mercury (II), Gold (III), Platinum (IV), Palladium (II), and Other Elements by Anion Exchange Chromatography[END_REF] reproduced by scores of analysts around the world. The dry aliquots were first converted to chloride form using 6M distilled HCl, then dissolved in 1 mL 1M distilled HBr and, once cooled down, loaded onto the precleaned and preconditioned columns. The sample matrix was eluted with 1M distilled HBr and the Pb subsequently eluted and collected with 6M distilled HCl. The Pb fractions were evaporated to dryness at ~110°C, redissolved in a few drops of concentrated distilled HNO 3 , and dried down again until Pb isotopic analysis.

Silver was purified in two steps because of the low Ag concentrations of galena. The first step consisted of Pb removal by reversed-phase partition chromatography on a Sr-specific ion-exchanger (Sr-Spec, Eichrom Technologies) which strongly binds Pb [START_REF] Horwitz | A novel strontium-selective extraction chromatographic resin[END_REF]. Preliminary tests indicated a maximum capacity of 18 mg Pb per 1 mL Sr-Spec. Clean quartz columns were filled with 1mL Sr-Spec, which was cleaned with 30 mL 3M distilled HNO 3 , then preconditioned with 1 mL 3M distilled HNO 3 . For each galena sample dissolved in 3M distilled HNO 3 , an aliquot containing at most 10 mg of Pb and between 4 and 20 µg of Ag, depending on the Pb/Ag ratio, was loaded onto the Sr-Spec quartz columns. Lead was strongly retained on the Sr-Spec, while the matrix containing Ag and other matrix elements was eluted with 15 mL 3M distilled HNO 3 and collected in clean Savillex beakers. For the most Ag-poor ores, we had to exceed the limit of 10 mg of Pb to be able to recover 4 ng of Ag. In these cases, the first step was repeated to ensure satisfactory Pb removal. The final Pbpurified samples contained lead in only trace amounts or below the detection limit of the instrument used for concentration analysis (a Thermo Scientific ICAP-Q quadrupole ICP-MS). After this, samples were dried down on a hotplate at ~90°C, then redissolved in 1 mL 0.5M distilled HNO 3 at ~110°C, repeatedly ultrasonicating the samples to ensure total dissolution. The second step of the protocol separates Ag from the other matrix elements on a cation-exchange resin (AG50W-X8, 200-400 mesh). This step was adapted from the third step of Schönbächler et al.'s (2007) Ag purification protocol. Quartz columns were filled with 1 mL cation-exchange resin, which was cleaned with 15 mL 6M distilled HNO 3 and 30 mL 0.5M distilled HNO 3 , then preconditioned with 1 mL 0.5M distilled HNO 3 . The cooled-down samples were loaded onto the columns and the matrix J o u r n a l P r e -p r o o f eluted with 14 mL 0.5M distilled HNO 3 . Silver was eluted with 18 mL 0.5M distilled HNO 3 and collected in clean Savillex beakers. Other metallic elements, such as Cu, Zn, and Fe, could, if one would want to, be separated and collected from a third elution step of the matrix that was previously eluted during the second column step using 10 mL 6M distilled HNO 3 , but only the Ag fraction was collected in this study. The samples now containing pure Ag were dried down on a hotplate at ~90°C and then redissolved in 2 mL 0.05M distilled HNO 3 . A 100 µL aliquot was taken for elemental analysis to ensure quantitative recovery of Ag and complete removal of other elements. The rest was dedicated to Ag isotopic analysis.

Silver coins

Contrary to ore samples, silver is the major component of silver coins, whereas Pb and other metals are present in only trace quantities. Recovering a few tens of nanograms of Pb for isotopic analysis therefore may require sampling a significant amount of metal depending on the Pb concentration.

This can be quite problematic for rare and precious silver artefacts. Non-destructive techniques, such as energy-dispersive XRF or laser-ablation ICP-MS, allow the determination of major and trace element concentrations at the surface of silver artefacts (e.g. [START_REF] Davis | Separating silver sources of Archaic Athenian coinage by comprehensive compositional analyses[END_REF][START_REF] Gentelli | Provenance determination of silver artefacts from the 1629 VOC wreck Batavia using LA-ICP-MS[END_REF].

However, these techniques only provide information about the surface, the composition of which may not be representative of that of the core metal due to potential contamination. To date, drilling of uncorroded core material has been found to be the most robust and accurate means of sampling coins for Pb isotopic analysis [START_REF] Ponting | The Substance of Coinage: The Role of Scientific Analysis in Ancient Numismatics[END_REF]. However, because drilling defaces silver coins and artefacts, we set out to develop an alternative sampling technique, using etching, which greatly limits the damage to coins.

The effectiveness and accuracy of three different methods of coin sampling with respect to the measured Ag and Pb isotopic compositions were tested and compared. Metal samples were first collected on the edge of some (not all) of the coins using a 500 µm diameter drill (Fig. 1b shows a typical drill hole). One drill core was taken for each coin, while coins D10 and D14 were drilled to several different depths to explore the potential inherent heterogeneity of coins. The drill cores were digested in concentrated distilled HNO 3 in clean Savillex beakers and evaporated to dryness at ~90°C. The dry residues were then redissolved in 1 mL 2M distilled HNO 3 and an aliquot taken for elemental analysis while the rest of the sample solution was saved for Ag and Pb purification and isotopic analyses.

In addition to drilling, we tested two different etching techniques which we dubbed 'soft' and 'hard'.

For soft etching, a solution of 1:1:1 H 2 O 2 :NH 4 OH:H 2 O was used. For hard etching, 1 g of black silicon carbide powder (SiC, OD 17 µm) was added to the same solution as that used for soft etching. The J o u r n a l P r e -p r o o f addition of abrasive SiC powder allowed collecting more material than soft etching. Hence, hard etching should, in principle, be considered as a micro-invasive sampling technique. Nonetheless, we note that scratches on the surface of hard-etched coins, as might be expected from SiC etching, are not observed under a binocular microscope.

For both methods, 10 drops of solution were distributed on strips of chromatographic paper (17 Chr) on which coins were rolled from 50 to over 90 times using pliers with two felt-covered neodymium magnets maintained between ball-bearings (Fig. 1). The pliers (Fig. 1a) were manufactured specifically for this purpose. The magnets are covered in felt (Fig. 1b) so as to both protect the coin from scratching and ensure that it is held tightly while free to be rolled on the chromatographic paper. The chromatographic paper strips were either air-dried or dried under an IR lamp and stored individually in tubes for transport when sampling was done elsewhere than in our home laboratory, such as on site in a museum collection, then transferred to clean Savillex beakers with 20 mL of either 0.5M distilled HNO 3 (consistently for soft etching and for experiment 1 of hard etching; Table 5) or 4M distilled HNO 3 (hard etching experiment 2 only; Table 5) to leach out the sampled metal from the strips. When sampling was done in our home laboratory, the drying step was omitted. The beakers were first placed in an ultrasonic bath for 90 minutes, then heated on a hotplate at ~100°C for 12 hours. The solutions from all the experiments (soft and hard etching, 0.5M and 4M HNO 3 ) were centrifuged for 20 minutes at 1000 rpm (twice if necessary) to remove any chromatographic paper and SiC (hard etching only) residues and evaporated to dryness on a hotplate at ~100°C. The dry residues were redissolved in 1 mL 2M distilled HNO 3 and an aliquot of known volume taken for elemental analysis. The remainder of the sample solutions was dedicated to Pb and Ag purification and isotopic analysis.

Lead and Ag separation consists in first eluting the coin samples by reversed-phase partition chromatography on a column filled with Pb-specific ion-exchanger (Pb-Spec, Eichrom Technologies).

Quartz columns filled with 0.5 mL Pb-Spec were washed with 10 mL 6M distilled HCl, 20 mL distilled water, and 30 mL 2M distilled HNO 3 , then preconditioned with 6 mL 2M distilled HNO 3 . Samples were loaded on the columns and Ag was eluted with 12 mL 2M distilled HNO 3 and Pb with 12 mL 6M distilled HCl, and each fraction collected separately in a clean Savillex beaker. The Ag fractions were evaporated to dryness on a hotplate at ~100°C and the dry residues digested in 1 mL 0.05M distilled HNO 3 for isotopic analysis. Significant amounts of Cu occasionally were eluted in the Ag fraction depending on the initial composition of the coins. For samples with Cu/Ag > 0.3, Cu was removed by a second purification step on a cation-exchange column (AG50W-X8, 200-400 mesh) first eluting and collecting now Cu-free Ag with 0.5M HNO 3 , then eluting Cu with 6M HNO 3 (but not collecting it in the present study). This second step of Ag purification is identical to the protocol used for galena. Silver J o u r n a l P r e -p r o o f recovery was systematically in excess of 90%, which avoids isotope fractionation during sample purification.

The Pb fractions eluted from the Pb-Spec columns were dried down on a hotplate at ~100°C, dissolved in 6M distilled HCl to convert the samples to chloride form, then dried down again and dissolved in 1 mL 1M distilled HBr for final purification on an anion-exchange column (AG1-X8, 100-200 mesh) following the same procedure as described for galena.

Elemental and isotopic analyses

Prior to isotopic analysis, the elemental composition of coin and ore samples were measured on a Thermo Scientific ICAP-Q quadrupole ICP-MS at the Laboratoire de Géologie de Lyon (LGL), Ecole Normale Supérieure de Lyon, which also hosts the Nu Plasma 500 MC-ICP-MS used for Pb and Ag isotope analysis. In order to verify the quantitative recovery of Ag and Pb during the successive purification steps and to detect potential contamination, the elemental compositions (particularly Pb, Ag, Cu, Zn, and Fe) were measured on liquid aliquots collected systematically after each step.

Total procedural blanks were <20 pg for Pb and <10 ng for Ag, which are negligible compared to the amounts of Pb and Ag processed. The Fe, Cu, and Zn concentrations in the samples were indistinguishable from the instrumental noise, i.e. non-detectable.

Lead and silver isotope compositions were measured on the Nu Plasma 500 MC-ICP-MS at the LGL.

Instrumental mass bias was corrected for by the addition of a Tl elemental standard solution (Alfa Aesar, Thallium Plasma Standard 13851) to each sample and to the standard reference material NIST 981, while accuracy was ensured by sample-standard bracketing using the NIST 981, which was run systematically every second sample. The values adopted for NIST 981 were taken from [START_REF] Eisele | The 320 kyr Pb isotope evolution of Mauna Kea lavas recorded in the HSDP-2 drill core[END_REF]. The repeated measurements of NIST 981 throughout each analytical session consistently yielded an external reproducibility of <100 ppm (0.01%) for 204 Pb-normalized ratios and <50 ppm (0.005%) for 207 Pb/ 206 Pb and 208 Pb/ 206 Pb. In-run analytical uncertainties (2SE) for both sample and standard runs were based on the measurement of 60 isotope ratios with 10 seconds integration time each and were always better than the external reproducibility.

The procedure for Ag isotope analysis was adapted from that described in [START_REF] Desaulty | Roman lead mining in Germany: its origin and development through time deduced from lead isotope provenance studies[END_REF]. All masses from 105 Pd to 110 Pd were measured simultaneously in two blocks of 20 isotope ratios with 10 seconds integration time each. Silver isotope compositions were normalized against Pd using the exponential mass-fractionation law given in [START_REF] Maréchal | Precise analysis of copper and zinc isotopic compositions by plasma-source mass spectrometry[END_REF]. It was found that the 108 Pd/ 105 Pd ratio provided the most precise correction of instrumental mass fractionation of 109 Ag/ 107 Ag. As for Pb, the mass fractionation-corrected data were further corrected by sample-standard bracketing relative to the values of an in-house standard solution of silver nitrate (Alfa Aesar, Silver Plasma
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Journal Pre-proof Standard 13849), which was run systematically after each sample. This standard solution was itself calibrated against the NIST 978a silver standard, which was run every six samples throughout the analytical sequence. Silver isotope compositions are reported as ε values (parts per 10,000) relative to the mean value of the NIST 978a for each analytical session following the equation:

ε 9 Ag ( ( 9 Ag 7 Ag ⁄ ) sample ( 9 Ag 7 Ag ⁄ ) S 978 )
Each ore sample was analyzed at least five times and each coin sample ten times and statistical outliers were eliminated. For each sample, the analytical uncertainty is given as twice the standard error (2SE) based on several measurements on the same solution.

Results

Pb and Ag isotopic compositions of ores

The Ag and Pb isotopic compositions of ores and the associated geochemical parameters derived from the Pb isotopes (µ, κ, and T m ) are reported in Table 1, Fig. 2, and Fig. SM1. The histogram representation of model ages allows the ore samples to be arranged by groups (Fig. 2a, Table 1).

Although model ages should not be considered as accurately dating ore deposition, but rather dating the lead source mobilized during ore emplacement (Milot et al., submitted), it has been known for several decades that Pb model ages are useful chronological tracers (e.g., Albarede and Juteau, 1984;[START_REF] Stacey | Approximation of terrestrial lead isotope evolution by a two-stage model[END_REF]. Five distinct groups can be identified from the ore Pb isotope systematics and we chose to define these groups using the sample model ages: Cenozoic (25±29 Ma), Early Cretaceous (111±11 Ma), Triassic (220±3 Ma), Silurian (431±16 Ma), and Late Proterozoic (675±3 Ma) (Fig. 2a). This distinction also shows on 206 Pb-normalized diagrams (Figs. 2b and SM1a,b), on the plot of T m vs 207 Pb/ 206 Pb (Fig. 2c), and to a lesser extent on 208 Pb-normalized diagrams (Fig. SM1e-g).

Samples from the Cenozoic, Early Cretaceous, and Silurian groups plot on linear arrays distinct from the natural Pb growth curve on 204 Pb-normalized diagrams (Figs. 2d andSM1c,d).

ε 109 Ag varies over a broad range and does not correlate with Pb isotopes (Fig. 2e). ε 109 Ag for the two their Ag isotopic range of about 8.5 parts per 10,000 is equivalent to that of primary ore-forming J o u r n a l P r e -p r o o f fluids (ε 109 Ag = 4 to +4) determined by [START_REF] Arribas | The Isotopic Composition of Silver in Ore Minerals[END_REF], and this variability can be expected to increase as more ores get analyzed. The geochemical interpretation of this large Ag isotopic variability is beyond the scope of this paper, which is focusing primarily on the analytical aspects, and hence will not be discussed further here.

Pb and Ag isotopic compositions of coins

The Ag and Pb isotopic compositions of soft-and hard-etched and drilled silver coins and the associated geochemical parameters derived from the Pb isotopes (µ, κ, and T m ) are listed in Table 5 and shown in Figs. 3,4, and SM2. First, the Pb isotopic compositions of samples collected using these (2020a), the present data likewise can be seen as falling into a mixing-triangle whose three endmembers are the coins D2, D14, and a cluster including the G4, G5, and G6 coins (Fig. 4c). A triangular spread also appears when using the geochemical parameter space κ vs T m (Fig. 4d), but is less conspicuous when using µ as a variable (Fig. SM2g) because the linear arrays defined by the samples drilled in the D10 and D14 coins significantly dominate the µ variability. The slopes of the linear arrays were calculated for the samples drilled to different depths in the D10 and D14 coins (dotted lines and associated slopes 's' on Fig. 4a and Fig. SM2a andb) for comparison with those expected from mass-dependent fractionation (~1.2 for 207 Pb/ 204 Pb vs 206 Pb/ 204 Pb, Albarède et al., 2020a).

Second, we compared to each other and to the drilled coins the Pb isotopic compositions measured for the hard-etched coins subsequently leached in either 0.5M or 4M distilled HNO 3 (Table 5). It is observed that most of the 4M leachates systematically diverge further from the drill core values, which we assume are the closest to the true Pb isotopic composition, than the 0.5M leachates. The use of 0.5M HNO 3 for the Pb leaching step therefore is preferred to that of 4M HNO 3 . These results would also suggest that using 1M distilled HBr, which has a high affinity for Pb and is gentle compared to HNO 3 , whether 4M or 0.5M, may be a potentially useful alternative for leaching Pb out of the chromatographic paper strips used for coin etching.

Third, the overall range of ε 109 Ag (1 to +1, Figs. 4e and5) for the drilled coins is consistent with the range observed for all silver coin data obtained so far (Fujii and Albarède, 2018). We therefore J o u r n a l P r e -p r o o f

consider that these values are representative of the original Ag isotopic composition. A general pattern emerges (Fig. 5): the ε 109 Ag of most of the soft-etched coins is significantly lower than the range obtained for drill cores, whereas the ε 109 Ag of hard-etched coins is usually higher than the drill core values and occasionally similar.

Discussion

Ore source distinction

The Separation of radiogenic and non-radiogenic Pb hosted in different mineralogical sites and selectively leached during weathering and diagenesis [START_REF] Erel | Lead and strontium isotopes as monitors of experimental granitoid mineral dissolution[END_REF][START_REF] Frei | 109Ag-107Ag fractionation in fluids with applications to ore deposits, archeometry, and cosmochemistry[END_REF][START_REF] Harlavan | The coupled release of REE and Pb to the soil labile pool with time by weathering of accessory phases, Wind River Mountains, WY[END_REF]) is a plausible alternative interpretation.

he lack of correlation between Pb isotopic ratios and ε 109 Ag (Fig. 2e) illustrates the unrelated origins of the isotopic variability, namely radiogenic ingrowth in different geological environments (Pb isotopes) vs variable environmental conditions (Ag isotopes). Lead and silver isotopes therefore are independent parameters, which demonstrates that ε 109 Ag carries genuinely new information. Thus, the Pb and Ag isotopic systems are not mutually redundant but complementary. An aspect of interest to archeometry is that samples with comparable model ages T m may come from sources with very different  values, possibly from mutually distant parent rocks. In contrast, Ag isotope variability likely results from low-temperature redox reactions associated with supergene weathering processes J o u r n a l P r e -p r o o f [START_REF] Arribas | The Isotopic Composition of Silver in Ore Minerals[END_REF]Fujii and Albarede, 2018;[START_REF] Mathur | Fractionation of silver isotopes in native silver explained by redox reactions[END_REF]. A particularly important result is that the broad range of ε 109 Ag in galena is very difficult to reconcile with the narrow range of ε 109 Ag in silver coins, which raises the question of whether galena was ever a significant source of ancient coinage silver.

The origin of Pb and Ag isotopic variability in silver coins

A first-order conclusion of the present work exemplified by silver coins D10 and D14 is that, for the same coin, 207 Pb/ 204 Pb. When fractionation is large enough with respect to variability to be assessed, the slopes are consistent with mass-dependent fractionation. Because mass-dependent isotope fractionation varies with 1/T 2 , where T is the absolute temperature of the isotopic exchange (e.g., Sharp, 2017), such variability is not consistent with an effect of high-temperature metallurgical processes. In contrast, mass-dependent isotope fractionation in the per mil range has been documented at low temperatures in laboratory and numerical experiments [START_REF] Blichert-Toft | Hawaiian hot spot dynamics as inferred from the Hf and Pb isotope evolution of Mauna Kea volcano[END_REF][START_REF] Fujii | Nuclear field shift effect of lead in ligand exchange reaction using a crown ether[END_REF][START_REF] Yang | Nuclear volume effects in equilibrium stable isotope fractionations of mercury, thallium and lead[END_REF]. Large isotopic effects on particularly heavy elements such as Pb are not a property of molten bullion and therefore must be the result of interaction between buried silver coins and artefacts and groundwater and soil. As discussed by Albarède et al. (2020a), massdependent fractionation of Pb isotopes in coins has been observed by many authors [START_REF] Artioli | LIA of Prehistoric Metals in the Central Mediterranean Area: A Review[END_REF]Birch et al., 2020;[START_REF] Eshel | Lead isotopes in silver reveal earliest Phoenician quest for metals in the west Mediterranean[END_REF] and therefore reflects underground alteration. A highly oxidizing burial environment and a well-ventilated water table would stabilize Pb 4+ in groundwater and favor Pb 2+ Pb 4+ fractionation. Given the prolonged burial of coins and artefacts, and the abundance of cracks and defects in the metal, pervasive mass-dependent fractionation of Pb isotopes is likely to have affected these objects all the way to the core.

Silver isotopes are highly sensitive to low-temperature redox reactions (Fujii and Albarède, 2018;[START_REF] Mathur | Fractionation of silver isotopes in native silver explained by redox reactions[END_REF]. We show here how the present Ag isotopic data on coins, in particular the isotopic variability from the coin core to the coin surface, further document the case of interaction between soil, groundwater, and silver coins/artefacts. It is known that Ag solubility in groundwater increases with dissolved organic contents, notably humic acids, and sulfide concentrations [START_REF] Settimio | Complexation of silver and dissolved organic matter in soil water extracts[END_REF]. A straightforward interpretation of the data is that the coin surfaces collected by soft and hard etching is dominated by patina material that consists of multiple layers of corrosion products. The outer surface layer is known to be dominated by Ag sulfides [START_REF] Wharton | A Comparative Study of Silver Cleaning Abrasives[END_REF]. It corresponds to the soft-etched samples and is depleted in 109 Ag. Other studies have investigated the chemical composition of silver corrosion products and highlighted the formation of Ag chlorides, Ag sulfides, and Ag oxides in patina of affected coins [START_REF] Ingo | Combined use of SEM-EDS, OM and XRD for the characterization of corrosion products grown on silver roman coins[END_REF][START_REF] Keturakis | Analysis of corrosion layers in ancient Roman silver coins with high resolution surface spectroscopic techniques[END_REF]Torrisi et J o u r n a l P r e -p r o o f al., 2009) with correlated decreasing Ag/O and increasing burial period [START_REF] Caridi | XPS and XRF depth patina profiles of ancient silver coins[END_REF].

Underneath the thin surface layer, the positive ε 109 Ag values of the hard-etched samples are either dominated by a mixture of pristine silver and oxidized Ag salts, such as carbonates, oxihydroxides, and sulfates, or have simply been depleted in 107 Ag by the sulfidisation of the overlying layer. The ε 109 Ag value of this layer often tends towards the corresponding drill core value, which indicates that the thickness of this layer is commensurate with the SiC particle size, possibly 10-20 m depending on the sample. The fractionation factors between Ag compounds calculated by Fujii and Albarède (2018) unfortunately do not include solid phases and hence the isotope effects cannot be estimated beyond the general statement that reduced sulfides and metal are expected to be isotopically lighter (lower ε 109 Ag values) than oxidized minerals such as carbonates, oxihydroxides, and sulfates.

Comparing different techniques for sampling artefacts

From the preceding discussion follows that sampling silver by reaching the metal below the patina is a requirement for reliable and reproducible Ag isotopic measurements. The preferential sulfidisation of light silver ( 107 Ag) during patina formation may induce a systematic shift towards light Ag isotopic compositions for soft-etched samples that is not representative of the composition of the unaltered core material. This conclusion is unfortunate because most curators and numismatists consider patina as part of the original coin, even if largely developed after burial. Although micro-invasive, hard etching with abrasive SiC powder (using only dilute HNO 3 and dilute HBr for leaching), represents a viable alternative to drilling. However, the 107 Ag-depleted layer underneath the thin outer surface collected by hard etching is highly likely to have a heavier Ag isotopic composition (higher ε 109 Ag values) than the core metal. Hence, preliminary cleaning of both the thin outer 109 Agdepleted patina layer and the underlying 107 Ag-depleted patina layer of silver coins and artefacts to be etched is an indispensable step. Patina removal by a non-abrasive medium such as a slurry of calcium carbonate dispersion suspended in an ethyl alcohol/ammonia solution [START_REF] Wharton | A Comparative Study of Silver Cleaning Abrasives[END_REF] is routinely implemented for large artefacts in museums around the world. The subsequent hardetching step with a slurry of silicon carbide suspended in a hydrogen peroxide + ammonia mixture is recommended because, contrary to calcium carbonate, SiC can easily be separated from the solution.

In addition, this method is readily calibrated to minimize the removal of silver. However, until more data based on hard etching have become available and, whenever possible, drilling remains the method of choice.

J o u r n a l P r e -p r o o f

Conclusions

This study proposes detailed analytical protocols for the integrated measurement of Pb and Ag isotope compositions in galena and silver coins. It can also be applied to silver artefacts with minor modifications to accommodate object shape. Metal purification is based on a combination of ionexchange and reversed-phase partition chromatography. Isotopic measurements are done by MC-ICP-MS.

For ores, different plots of isotopic ratios, particularly those involving 204 Pb-normalization, show linear arrays inconsistent with mass-dependent fractionation and natural Pb ingrowth curves, which can be explained by isochronous relationships and mixtures of sources with different  values. As expected, our results confirm that Pb and Ag isotope compositions of ores do not correlate, indicating that, while Pb isotopic variability reflects radiogenic ingrowth, the range of ε 109 Ag results from low-temperature redox reactions under subsurface weathering conditions. Each isotopic system therefore carries independent and complementary information.

We compared the Pb isotope compositions of coins sampled by drilling with those obtained by hydrogen peroxide + ammonia etching with and without dispersed SiC powder. The results show significant mass-dependent fractionation of Pb isotopes from the coin surface to its core. Systematic variations of Ag isotopes with depth in the sample record interactions between silver coins, soil, and groundwater. The outer patina layer is dominated by Ag sulfides enriched in 107 Ag compared to drilled metal core. The 17 µm SiC clearly reaches through this outer layer. The underlying layer, in contrast, is depleted in 107 Ag. With depth, the Ag isotope composition of this inner layer must tend towards the value of the best-preserved drill core material. We inferred that the thickness of the altered layer compares with the particle size of 17 µm of the SiC used for etching. Beyond initial isotopic variability, Ag isotope fractionation, therefore, is caused by underground interaction with groundwater and organic components under oxidizing environmental conditions. So far, drilling continues to emerge as the method of reference (the gold standard) for measuring the original Ag and Pb isotope compositions of coins. When drilling is not an option, preliminary removal of patina followed by etching with abrasive SiC suspended in a H 2 O 2 +NH 4 OH solution represents a feasible, though not ideal, alternative. This is, however, true more so for Pb than for Ag.
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Highlights

 Protocols for combined Pb and Ag separation and isotopic analysis were established for silver coins and ores.  In addition to conventional drilling, new methods of coin sampling by etching were developed.  Uncorrelated isotopic variations of Pb and Ag, whether in ores or in silver coins, attest to physically distinct processes.  Alteration processes during prolonged burial induce the formation of 107 Ag-depleted sulfides on the surface of coins.  Removal of Ag isotope-fractionated patina before etching using abrasive SiC is a viable alternative to drilling.
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  three different techniques differ well beyond analytical uncertainties. The differences are most conveniently shown in the 208 Pb/ 206 Pb vs 207 Pb/ 206 Pb diagram (Fig. 3d-f). Samples drilled to different depths in the D10 and D14 coins plot on well-defined linear arrays on 204 Pb-normalized diagrams (Figs. 4a and SM2a,b), while the same trends are less visible on 206 Pb-and 208 Pb-normalized diagrams (Figs. 4b,c and SM2c-f). As widely recognized in archeometry, the diagram 206 Pb/ 208 Pb vs 204 Pb/ 208 Pb (Fig. 4c) maximizes data spread. As in the case of Spanish denarii discussed by Albarède et al.

Figure 1 .

 1 Figure 1. (a) Photo of the specially designed pliers used for coin etching. (b) Photo of 200 µm diameter drill hole on a coin edge. Also note the felt-clad neodymium magnets freely rotating on ballbearings.

Figure 3 .

 3 Figure 3. (a-c) 207 Pb/ 204 Pb vs 206 Pb/ 204 Pb and (d-f) 208 Pb/ 206 Pb vs 207 Pb/ 206 Pb of soft-and hard-etched and drilled coin samples.

Figure 4 .

 4 Figure 4. (a) 207 Pb/ 204 Pb vs 206 Pb/ 204 Pb of drilled coin samples: samples from D10 and D14, which have multiple drill cores from different coin depths, define linear arrays with slopes similar to the massdependent fractionation line. (b) 208 Pb/ 206 Pb vs 207 Pb/ 206 Pb, (c) 206 Pb/ 208 Pb vs 204 Pb/ 208 Pb, and (d) k vs T m of drilled coin samples: drill core compositions plot between three end-members defined by D14, D2, and a cluster of coins including G4, G5, and G6. (e) 207 Pb/ 206 Pb vs ε 109 Ag of drilled coin samples:

Figure 5 :

 5 Figure 5: Ag isotopic compositions of soft-and hard-etched and drilled coin samples: soft-etched coin compositions are enriched in 107 Ag compared to the corresponding drill cores, whereas hard-etched coin compositions are enriched in 109 Ag.

Figure SM1 :

 SM1 Figure SM1: (a-b) 206 Pb-normalized, (c-d) 204 Pb-normalized, and (e-g) 208 Pb-normalized diagrams of lead isotopic compositions of ores. (h-i) Diagrams of the geochemical parameters µ, k, and µk of ores.

Figure SM2 :

 SM2 Figure SM2: (a-b) 204 Pb-normalized, (c-d) 206 Pb-normalized, and (e-f) 208 Pb-normalized diagrams of lead isotopic compositions of drilled coin samples. (g-h) Diagrams of the geochemical parameters µ, k, and µk of drilled coin samples.
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  diagram 208 Pb/ 206 Pb vs 207 Pb/ 206 Pb (Fig. 2b) is the most effective plot for distinguishing between the five model age groups (Cenozoic, Early Cretaceous, Triassic, Silurian, and Late Proterozoic). This statement does not imply that 204 Pb-normalized plots are useless, only that they are relatively more prone to disturbances (e.g. poorly or uncorrected instrumental mass fractionation, incomplete yields during Pb purification, weathering and groundwater interaction) that may mask Pb isotope systematics therefore not observed if not complemented by the 208 Pb/ 206 Pb vs 207 Pb/ 206 Pb plot. The slopes of the linear arrays observed in 207 Pb/ 204 Pb vs 206 Pb/ 204 Pb space for ore samples with Cenozoic, The slopes of the linear arrays in 208 Pb/ 204 Pb vs 206 Pb/ 204 Pb and

Early Cretaceous, and Silurian model ages (dotted lines on Fig.

2d

) are inconsistent with the slope of mass-dependent fractionation, approximately equal to (3×15.7) /(2×18)~1.2

(Albarède et al., 2020a)

, during Pb purification and analysis.

208

Pb/ 204 Pb vs 207 Pb/ 204 Pb space (Fig.

SM1c,d

) also are shallower than the predicted mass-dependent fractionation slopes of ~4.2 and ~3.3, respectively. Hence, the observed alignments do not reflect analytical issues. The origin of the variability within the different age groups rather must relate to the multiplicity of sources formed at approximately the same geological age, but from protoliths with a range of  values. Whether these alignments are true isochrons or mixing lines is not clear.

  Pb/ 206 Pb and 208 Pb/ 206 Pb ratios are less fractionated than 206 Pb/ 204 Pb, 207 Pb/ 204 Pb, and 208

Table 1 .

 1 Pb and Ag isotopic compositions of sulfide ores, including the Pb isotope-derived geochemical parameters µ, κ, and T m . Samples are sorted according to their model age groups.

	Sample	Country	Ores	206 Pb/ 4 Pb	20	207 Pb/ 4 Pb	20	208 Pb/ 4 Pb	20	µ(U/ Pb)	 (Th/ U)	T m (Ma)	ε 109 A g	2SE n	T m group
	730 CRPG 27754	Mexico Greece	Galena Galena/Fe oxides	18.7826 15.6390 38.6750 18.8774 15.6926 38.9000	9.68 86 9.87 65	3.805 3 3.876 8	-6 30	-2.76 5 1.30 9	0.0 85 0.1 59	1 0 3	Cenozo ic
	17750	Greece	Galena/sph alerite	18.8576 15.6958 38.9476	9.89 24	3.914 0	51			
	27815	Kosovo	Galena	18.7363 15.6720 38.8981	9.82 39	3.958 3	95	0.16 5	0.0 78	1 0
	17179	Kosovo	Galena/sph alerite	18.7381 15.6739 38.9021	9.83 06	3.959 8	97			
	27816	Macedoni a	Galena	18.6847 15.6611 38.8295	9.79 16	3.953 1	112	-0.84 5	0.0 65	1 0
	27806	Turkey	Galena	18.6536 15.6496 38.7292	9.75 31	3.918 2	112	1.18 2	0.0 96	1 1	Early Cretace
	7037	Turkey	Galena	18.8117 15.7130 39.0014	9.96 77	3.976 0	119	-0.51 7	0.1 11	1 0	ous
	1046 CRPG	France	Galena/pyri te	18.6610 15.6558 38.7280	9.77 56	3.915 0	119	0.37 5	0.2 85	1 0
	KRUSH CRPG	Bulgaria	Galena/sph alerite	18.7082 15.6752 38.9478	9.84 15	4.002 8	122	-1.63 1	0.1 03	1 0
	1203 CRPG G237 CRPG	Germany Poland	Galena/sph alerite Galena	18.4073 15.6090 38.5285 18.4263 15.6186 38.4297	9.64 57 9.67 92	3.962 0 3.900 6	218 222	1.29 9	0.0 61	1 0 Triassic
	1201 CRPG	Germany	Galena/pyri te	18.0742 15.5806 38.1839	9.61 23	3.994 0	414	-0.11 3	0.0 75	9
	1202 CRPG	Germany	Galena/Fe oxides	18.0738 15.5828 38.1892	9.62 14	3.997 9	418	-1.28 9	0.0 67	1 0
	44945 347 CRPG	Czech Republic Czech Republic	Tetrahedrit e Galena	18.1019 15.5950 38.1490 18.0598 15.5875 38.1148	9.66 32 9.64 38	3.960 1 3.967 7	420 437	0.16 9 -0.93 6	0.0 79 0.0 72	1 6 1 1	Silurian
	SIL CRPG	Sardinia	Galena	18.2729 15.6772 38.4662	9.95 06	4.044 2	445			
	MIB CRPG	Morocco	Galena	18.1342 15.6257 38.4286	9.77 88	4.103 4	453	-3.51 9	0.1 10	1 0
	14699 69318	Sardinia Sardinia	Galena/angl esite Galena	17.9013 15.6541 38.0250 17.8736 15.6452 37.9910	9.96 78 9.93 94	4.051 8 4.049 1	672 677	-7.01 1 -2.88 7	0.2 41 0.1 85	3 9	Late Protero zoic
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Table 2 .

 2 Type, origin, age, and weight of the silver coins analysed in this study.
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Table 4 .

 4 Sampling and Pb and Ag elution protocols for silver coins. Additional Ag purification for samples with Cu/Ag > 0.3: Same as ore Ag separation Step 2 (cf. Table 3) ***Ready for MC-ICP-MS isotope analysis **** To drive off any traces of Br 2 and organics

	J o u r n a l P r e -p r o o f	
	Step	Reagent	Volume (ml)	Time (min)	Hotplate temperature (C°)
	Drilling (500 µm diameter)				
	1 st drill at ~100 µm depth: patina removal			

Table 5 .

 5 Pb and Ag isotopic compositions of soft-and hard-etched and drilled silver coins, including the Pb isotope-derived geochemical parameters µ, κ, and T m

	Coin Sample	Sampling Method	206 Pb/	204 Pb	207 Pb/	204 Pb	208 Pb/	204 Pb µ (U/Pb)	 (Th/U) T m (Ma) ε	109 Ag	2SE
	D1	D1-se	soft etch	18.7304	15.6814	38.8609	9.8614	3.9467	117	0.605	0.045
		D1-he	hard etch*	18.7283	15.6808	38.8027	9.8593	3.9185	118	-0.443	0.028
		D1-d	drilled	18.7765	15.6849	38.8853	9.8657	3.9306	90	-0.154	0.087
	D2	D2-se	soft etch	18.6473	15.6818	38.8352	9.8798	3.9879	180	-0.607	0.150
		D2-he	hard etch*	18.5529	15.6724	38.7489	9.8631	4.0026	231	2.087	0.027
		D2-d	drilled	18.6596	15.6715	38.8522	9.8371	3.9849	151	-0.681	0.054
	D3	D3-se	soft etch	18.7325	15.6814	38.7437	9.8607	3.8862	116	-2.491	0.155
	D3-he D3-d D4-se D4-he D5-se D5-he D6-se D6-he D7-se D7-he D8-se D8-he D9-se D9-he D10 D10-se D4 D5 D6 D7 D8 D9 D10-he D10A-d D10B-d D10C-d D10D-d D11 D11-se	hard etch* drilled soft etch hard etch** soft etch hard etch** soft etch hard etch** soft etch hard etch** soft etch hard etch** soft etch hard etch** soft etch hard etch* drilled drilled drilled drilled soft etch J o u r n a l P r e -p r o o f 18.7717 15.6882 38.8615 9.8796 3.9229 18.7965 15.6835 38.8311 9.8567 3.8903 18.6810 15.6664 38.5754 9.8128 3.8284 18.7051 15.6863 38.9024 9.8853 3.9858 18.7343 15.6825 38.7649 9.8647 3.8962 18.1868 15.6203 38.1589 9.7432 3.9158 18.5910 15.6775 38.7269 9.8749 3.9678 18.6393 15.6917 38.8011 9.9200 3.9792 18.5016 15.6614 38.6247 9.8310 3.9681 18.7475 15.7017 38.8919 9.9364 3.9585 18.4843 15.6599 38.5762 9.8290 3.9537 18.7051 15.6863 38.9024 9.8853 3.9858 18.6978 15.6835 38.8288 9.8758 3.9523 18.7824 15.6685 38.4865 9.8015 3.7217 18.7977 15.6858 38.8704 9.8652 3.9100 18.7807 15.6867 38.8779 9.8718 3.9248 18.8233 15.6963 38.8896 9.9008 3.9070 18.8135 15.6891 38.8845 9.8751 3.9081 18.8094 15.6842 38.8762 9.8570 3.9049 18.8139 15.6881 38.8833 9.8710 3.9069 18.6389 15.6837 38.7885 9.8887 3.9701	100 73 125 146 117 404 213 204 248 144 258 146 146 53 76 90 78 71 64 69 189	1.923 -0.681 -2.010 -1.075 -1.477 -1.921 -2.471 1.627 -0.994 3.557 -2.309 5.261 -6.916 2.114 -2.976 -1.339 -0.843 -0.911 -0.851 -0.927 -4.010	0.017 0.054 0.083 0.150 0.139 0.190 0.092 0.090 0.246 0.160 0.261 0.073 0.416 0.090 0.132 0.034 0.140 0.278 0.121 0.202 0.141
		D11-he hard etch**	18.5481	15.6737	38.7497	9.8691	4.0066	237	-0.309	0.090
	D12 D12-se	soft etch	18.6059	15.6756	38.6688	9.8642	3.9274	198	1.177	0.180
		D12-he hard etch**	18.6229	15.6919	38.7130	9.9242	3.9447	217	2.664	0.060
	D13 D13-se	soft etch	18.7060	15.6835	38.8703	9.8742	3.9680	140	-4.261	0.161
		D13-he hard etch**	18.7051	15.6863	38.9024	9.8853	3.9858	146	0.904	0.030
	D14 D14-se	soft etch	18.6317	15.6663	38.6387	9.8223	3.8921	161	-4.407	0.099
		D14-he	hard etch*	18.4131	15.6473	38.5184	9.7953	3.9664	287	-0.803	0.025
		D14A-d	drilled	18.7389	15.6987	39.0396	9.9268	4.0375	145	-0.845	0.118
		D14A'-d	drilled	18.7263	15.6845	38.9949	9.8742	4.0181	126	-0.766	0.113
		D14B-d	drilled	18.7331	15.6912	39.0167	9.8987	4.0271	134	-0.765	0.124
		D14C-d	drilled	18.7243	15.6817	38.9868	9.8634	4.0143	122	-0.427	0.169
		D14D-d	drilled	18.7267	15.6837	38.9930	9.8710	4.0166	125	-0.494	0.144

* Chromatographic paper strips leached in 4M distilled HNO 3 .
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