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Introduction

Observations on sample size for lead isotopic
analysis of ancient copper alloys

Frederik W. Rademakers, {2 *2° patrick Degryse, {2° Elvira Vassilieva®

and Frank Vanhaecke 2 ¢

Provenance studies of ancient copper alloys typically involve a combined approach using trace element and
lead (Pb) isotopic analysis. While minimum sample masses for elemental analysis have been previously
discussed in literature, these have rarely been considered for isotopic analysis. In the context of
increasingly small samples employed in archaeometallurgical studies, this paper evaluates the effect of
low sample mass for Pb isotopic analysis of different copper alloy and Pb standards. The Pb isotope ratio
results obtained using multi-collector ICP-mass spectrometry (MC-ICP-MS) show excellent long-term
stability and reproducibility for standards, ensuring comparability of data over time. However, some
variability is observed in Pb isotope ratios obtained for different sample aliquots taken from individual
samples and standards. This observed variability, often strongly exceeding the accepted precision for
MC-ICP-MS Pb isotopic analysis, relates to low sample masses and is further exacerbated for low-lead
alloys. These results suggest the existence of micro-scale heterogeneity in the Pb isotope ratios of some
copper alloys, which can lead to (strongly) divergent results when taking very small samples — a problem
which cannot be recognized a priori nor a posteriori without fully independent replicate analyses (i.e.
based on another sample aliquot). In the context of archaeological research and the analysis of
museum-curated objects, however, repeated sampling of ancient copper alloys is usually impossible.
Thus, these results outline the necessity for sample masses of > 20—-30 mg for the Pb isotopic analysis of
copper alloys to prevent incompatible datasets: smaller samples may not be representative, even if their
isotopic analysis is feasible.

analytical techniques. From the perspective of analytical
chemistry today, it is of course possible to obtain accurate and

The analysis of copper alloys in archaeology has a long history,
going back to the eighteenth century.' Analytical instrumenta-
tion has changed significantly, enabling the precise and accu-
rate determination of major, minor and trace elements as well
as a range of isotope ratios, and new methodologies continue to
develop. A key driver for the adoption of new techniques across
archaeological and heritage science is a desire to work with the
smallest possible samples, especially in the context of rare
museum-curated objects. These advances have been necessary
to enable the study of substantial metal assemblages without
their complete consumption in the process.

However, the nature of ancient metals has not changed since
we started studying them, and their often-heterogeneous nature
recognised many decades ago already by various
researchers.>” Most researchers converged on a recommended
minimal sample mass of ca. 30-50 mg to obtain a representative
elemental composition for copper alloys, across a variety of
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precise elemental data for much smaller samples, whether
through solution-based ICP-OES (ICP-optical emission spec-
trometry) and ICP-MS (ICP-mass spectrometry) methods for
dissolved material or directly (i.e. without dissolution) when
using LA (laser ablation) sampling combined with such
instrumentation, or through NAA (neutron activation analysis).
Nonetheless, sample representativeness remains an essential
consideration,*” and recent work by the authors of this paper
has consistently favoured the use of these minimal sample
masses.*® At the same time, many recent publications on
ancient copper alloy analysis do not explicitly state sample
mass.

As far as we are aware, the effect of sample size has only been
considered relevant in the context of elemental analysis, but not
for Pb isotopic analysis of copper alloys (yet see examples of
isotopic heterogeneity assessed in other materials'®'*). Indeed,
while lead concentrations may vary throughout an object due to
its limited solubility in copper, Pb isotope ratios are expected to
be homogeneous. Given that sufficiently large samples are
commonly taken for combined elemental and Pb isotopic
analysis, this assumption is usually not questioned. A recent
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study using portable laser ablation sampling and subsequent
Pb isolation and solution MC-ICP-MS analysis suggested that
very small samples (ca. 50-250 pg) may be adequate to measure
Pb isotope ratios in silver, at higher precision than obtained
through in situ nsLA-MC-ICP-MS."” For low-lead alloys, however,
an increased risk of external Pb contamination to the sample
should be considered for increasingly low sample masses.
With regards to copper alloy analysis, instances of LA-MC-
ICP-MS use for Pb isotopic analysis are relatively rare (yet see
examples™®), but increasingly small sample masses have been
reported for solution-based Pb isotopic analysis using MC-ICP-
MS. For example, sample masses reported for the analysis of
Egyptian and Nubian metals by one research group™?' are
mostly below 5 mg and rarely exceed 10 mg. Similarly,
researchers® recently adopted a sample size of ca. 2 mg for the
analysis of Eastern Zhou bronzes. As an example, the latter
paper specifically reported that “for lead isotope analysis, only
a small amount of sample is required and it is not necessary to
touch the metal body of the sample. For bronzes to which lead
has been intentionally added, a few surface corrosion powders
may be representative of the lead isotopic signature of the
artifact (Ponting et al., 2003;* Weeks et al., 2009 **)}. Even for
metal artifacts with low lead content, especially copper-based
artifacts, the lead content is much higher than the lead
content in the soil. Thus, the source of lead in patina or
corrosion is still predominantly from the object itself, unless
the surrounding environment is contaminated with lead similar
to industrial impacts, which would have been nearly impossible
in ancient times (Cui and Wu, 2008 **). Moreover, some simu-
lation experiments show that the lead isotopic composition of
corrosion rinds (within experimental error) is similar to that of
the metallic matrix of bronze, and that corrosion rinds could be
used to investigate the provenance of ancient bronzes without
compromising the integrity of the artifacts to the greatest extent
possible in this way (Snoek et al., 1999;*® Wei et al., 2006 *7)”.
In the context of a research project reexamining samples held
in the British Museum's Department of Scientific Research
archive, the authors have been revisiting a wide range of ancient
Egyptian copper alloys (previously analysed®® using Atomic
Absorption Spectroscopy [AAS] and ICP-OES) to determine their
Pb isotope ratios, and where sufficient sample is available re-
measure their trace element composition (selected preliminary
results published®). The results of this project are beyond the
scope of this paper. However, some discrepancies were noted for
small samples, instigating a more structured investigation into
the potential effect of small sample sizes. To this end, isotopic
analysis has been conducted for varying sample masses across
a group of 10 different CHARM standards®** over six analytical
batches, resulting in a total of 65 Pb isotope ratio measurements.
While these standards, the elemental composition and micro-
structures of which were designed to closely match those of
ancient copper alloys for XRF calibration, are not designed to be

t It should be noted that the remarks by Ponting et al. (2003)* regard the analysis
of silver coins, not copper alloys. The sample amounts taken by Weeks et al.
(2009)** are all ca. 30 mg, distinguishing clearly between corroded and metallic
samples.
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used as isotopic standards (and their Pb isotope ratios have not
been reported previously), there is no reason to assume lead
isotopic heterogeneity within them a priori.

As a background to the results obtained for these CHARM
standards, we report on the reproducibility of Pb isotope
measurements for copper alloy samples obtained within and
across analytical batches by the authors of this paper over the
past 10 years. Based on these results, some important consider-
ations are outlined for the sampling of copper alloy artefacts for
Pb isotopic analysis, not previously reported in literature.

Materials and methods

CHARM standards held at the KU Leuven Department of Earth
and Environmental Sciences were sampled in the first stage of
this research, while a second group of CHARM standards held at
the British Museum Department of Scientific Research were
sampled subsequently. The selection comprises different copper
alloys (arsenical copper, tin bronze, leaded tin bronze, brass,
leaded brass and gunmetal), as well as two lead standards. The
standards were sampled using two different methods: on the one
hand, metallic samples were taken using a clean 1.5 mm drill bit
(RS PRO HSS Twist Drill Bit); on the other hand, acid-
impregnated cotton swabs were swept across the metal surfaces.

For the first sampling method, drill samples ranging between
a few mg to over 100 mg were taken from three to four individual
locations on each standard (five for 85X ANTH). Each sample was
analysed in a separate analytical batch (batches labeled A, C, D, E
and R for Leuven standards; batches labeled BM and R for British
Museum standards). Four drill samples were sub-sampled to
assess homogeneity within drillings taken from a single location
(BM-46/47, BM-49/50, BM-52/53 and BM-55/56).

For the second sampling method, cotton swabs impregnated
in either dilute (1 M) nitric (HNO;) or hydrochloric (HCI) acid
were used, sampling each of the Leuven standards at two
locations (processed in batches labeled C and D), in addition to
the drill samples. The latter method has been described for the
Pb isotopic analysis of lead coins** and was previously employed
for the analysis of lead ore* and lead glazes® (equally using
acetic acid®).

Each of the drill samples was then dissolved following
a high-temperature acid digestion proceduref and (for some
samples) an aliquot taken for ICP-OES analysis,* followed by
chromatographic isolation of lead (using Pb-SPEC resin: Tri-
skem International, France).** Samples were extracted from the
cotton swabs by stirring in dilute (1 M) HNO;, followed by
chromatographic isolation of lead.** Lead concentrations of the
isolate were determined using Q-ICP-MS and solutions for MC-
ICP-MS measurement prepared at 150 pg per L Pb, with 30 pg
per L Tl (NIST SRM 997) as internal standard for mass bias
correction (instrumental settings described by Rademakers
et al. (2020)*® and references therein). Procedural blank Pb

i The two lead standards (83X PR8 and 85X ANTH) were directly dissolved in
dilute nitric acid with important residue formation, particularly for the larger
sample masses, leading to lower analytical recovery by ICP-OES. This may
reflect formation of Pb-oxide at the surface.
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concentrations were negligible compared to sample Pb
concentrations (<0.1-0.01%).

In the course of analytical work conducted by the authors on
ancient copper alloys, the bronze standard MBH-CRM-CR32-
PB110 has been routinely analysed as a lab-internal QA/QC
standard for ICP-OES analysis,* and its Pb isotope ratios have
been measured occasionally between 2016 and 2025. These
results are presented here for the first time (this standard has
no certified Pb isotope ratio values, and we are not aware of
previously published Pb isotope ratio values).

In the presentation of the Pb isotope ratio data (Tables 1 and
2) we include here, for the first time, a column specifying the
amount of “Pb after isolation (ug L™")”. This refers to the lead
concentration in the solution after chromatographic isolation,
measured using Q-ICP-MS. This metric has not been reported
previously and served exclusively to prepare adequate dilutions
for MC-ICP-MS measurement. However, it is reported here as it
offers the best handle to assess “absolute lead recovery” during
sample processing, even though it was not designed for this
purpose. We emphasise that the analyses reported on in this
column were not selected to systematically represent different
sample masses and the results were never intended for direct
comparisons between them. Indeed, beyond the dominant effect
of sample mass and lead concentration, variations in the amount
of chromatographic resin in the extraction column as well as
variations in the final sample solution volume (usually between
1.5 and 2 mL) influence the reported concentrations. Indeed, in
our existing protocol, the post-column isolate solution volume
was never considered critical (as the exact isolate lead concen-
trations are determined using Q-ICP-MS for subsequent dilution
to 150 ng per L Pb) and was added using disposable pipettes,
rather than accurately measured and standardised. As the
volume is unknown, it is not possible to determine the “absolute
lead recovery” as mass, or the “relative lead recovery” as
percentage relative to the lead loaded onto the column.
Furthermore, not all samples were analysed by ICP-OES, for
which ca. 37.5% of the sample digest is removed prior to Pb
isolation (indicated in Table 2). Thus, the concentrations re-
ported in this column must be assessed and compared with care:
orders of magnitude are most instructive in this regard.

We have, however, compared the “Pb after isolation” to the
calculated maximum absolute Pb recovery for the samples
(based on reported Pb concentrations, sample mass and a 2 mL
isolate solution volume). As Fig. 1 shows, the absolute Pb
recoveries after isolation agree well with the corresponding ex-
pected values in order of magnitude, yet taper off at high
concentrations (observed in particular for the pure lead stan-
dards and high-lead copper alloys). This is likely due to column
saturation, whereby only a few % of the lead is retained when
loading lead-rich solutions§. However, significantly lower
recovery is observed for a few samples (e.g. A-16 and A-20), while

§ In the standard protocol described by De Muynck et al.,*® only c. 15 pg lead is
loaded, resulting in complete recovery. When using lead-rich solutions,
however, the loaded mass can be over 100 times higher, resulting in relative
recovery of only a few % of the total lead mass in the sample solution as the
resin gets saturated.
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relatively higher recovery is noted for others (e.g. B-56 and B-57).
These are discussed further in the results section below.

As this research project focused specifically on determining
Pb isotope ratios for the CHARM standards, elemental analysis
was excluded initially (batches A, C, E). For batches D, R and
BM, however, ICP-OES analysis was conducted. The results of
ICP-OES analysis of different standards reported in the SI were
obtained following the protocol outlined by the authors.*®

Results

Long-term stability of lab measurements

Between 2015 and 2025, we prepared 35 analytical batches of ca.
32 copper alloy samples for Pb isotopic analysis. 20 NIST SRM
981 lead standard measurements were included within each
run as part of the sample-standard bracketing procedure
(intended for external correction of the bias introduced by
instrumental mass discrimination), for which results are sum-
marised in Fig. 2. These graphs show the average and 2SD for
NIST standard measurements within each batch, illustrating
long-term stability across different analytical batches, with
tolerable variation reflecting experimental uncertainty.

This long-term stability is further demonstrated by the
consistent results obtained for samples re-measured over time.
The Pb isotope ratios of the MBH-CRM-CR32-PB110 copper
alloy standard, not previously reported, have been measured 15
times, with results provided in Table 1 and Fig. 3. Here too,
relative differences between ratios generally do not exceed 0.1%
(this value is commonly considered adequate for provenance
research of ancient metals based on Pb isotopic analysis,
accounting for comparisons to legacy datasets**?). FA-56
(measured in the same batch as FA-55 and FA-57: April 2016
(B)) differs slightly and E-24 (measured February 2020) is the
biggest “outlier”. The latter represents the smallest sample (ca.
16 mg) of this standard for which Pb isotopic analysis was
conducted.

In addition to Pb isotopic analysis, elemental analysis has
been conducted regularly for the MBH-CRM-CR32-PB110
copper alloy standard over time. On the one hand, fresh
samples of varying mass have been processed as within-run
standard, for which results are included in the upper part of
Table S.1 (SI). On the other hand, a ‘master solution’ (labeled
‘PB110a’) made in 2016 has been re-measured over time too, as
summarised in the lower part of Table S.1. In both cases,
element recoveries typically average between ca. 85 and 100%
(except for phosphorus and sulphur), with overall analytical
totals between 95 and 100 wt%.

Pb isotopic analysis of CHARM standards

The results of Pb isotopic analysis for the different CHARM
standards are presented in Table 2 and illustrated in Fig. 3.
Drill samples. For the KU Leuven CHARM standards, four
drill samples from four individual sampling locations were di-
ssolved for analysis (five for 85X ANTH). For the BM CHARM
standards, four drill samples from three individual sampling
locations were dissolved, whereby the drill sample from the first

This journal is © The Royal Society of Chemistry 2026
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Fig.1 Comparison of the measured "Pb after isolation” vs. “Estimated lead recovery” for drill samples (cf. descriptions in main text “Materials and
methods"). Samples highlighted in bold red have significantly divergent Pb isotope ratios.

location was sub-divided (BM-46/47, BM-49/50, BM-52/53 and
BM-55/56) and the two sub-samples dissolved separately.

For most standards, the measured Pb isotope ratios for each
of the drilled samples are identical within experimental error.
This is the case for 32X SN6, 83X PR8, 85X ANTH, 33X GM20 A,
32X LB17 A and MBH-CRM-CR32-PB110 (¢f. previous section).
These results highlight the strong reproducibility of our anal-
yses, and stability of results across different analytical batches
processed over several years.

However, discrepancy can be noted between drilled samples
for five standards. As a first example, 32X LB15 (21.42 wt% Pb)
can be considered. While the Pb isotope ratios for three of the
drill samples are identical, sample A-16's ratios to 2°*Pb differ by
up to 0.33%. A-16 is the smallest sample taken for 32X LB15,
weighing 0.4 mg only. The absolute lead recovery after isolation
is ca. 730 pg L7, sufficient for precise measurement. While
lower in absolute recovery, its “relative Pb recovery” (compared
to maximum estimated Pb recover) is like that of the other 32X
LB15 samples (cf. Fig. 1).

As a second example, 36X CUAS3 A is highlighted. Here,
minor differences can be observed between each of the four
measurements. The best agreement exists for BM-47 and R-55,
although a relative difference of > 0.1% is noted for
208ph/29*pPb. A more significant dispersion is noted in BM-46,
particularly in terms of its **°Pb/***Pb ratio which differs by
0.26% from that of BM-47 - sub-sampled from the same drill
sample. Finally, a large dispersion exists for BM-48, with
207ph/2%4pb differing by almost 0.5% from the value for BM-47.

This journal is © The Royal Society of Chemistry 2026

It can be noted here that, despite the extremely low concen-
tration of lead in this standard (<1 pg g~ %), sufficient lead was
extracted during isolation for normal measurement at 150 pg
L' (i.e. solutions from ca. 170 pg L™ for BM-47 to almost 400
pg L™" for BM-46) — with c. 100% relative lead recovery during
the isolation phase (¢f Fig. 1). These results thus indicate
potential heterogeneity in Pb isotope ratios for copper alloys
with extremely low lead concentrations.

32X SN5 A provides a third important example. The
measured Pb isotope ratios for this tin bronze, with 0.259 wt%
lead, split into two very distinct clusters. Indeed, those for BM-
55 and R-56 (measured in two different analytical batches) are
identical within analytical error, as are those for BM-56 and BM-
57 (measured in the same analytical batch). However, the
difference between these two clusters is ca. 0.6% in terms of
207ph/2%4ph, ca. 3.2% in terms of 2°°Pb/***Pb and ca. 5.7% in
terms of 2°°Pb/>***Pb - a huge discrepancy. Again, variability is
observed between two fractions taken from the same drill
sample (i.e. BM-55 and BM-56). The difference in Pb isotope
ratios is thus not so much related to sampling location but
rather seems to correlate to sample mass: BM-56 and BM-57
represent the smallest samples (<20 mg), while BM-55 and R-
56 represent the largest samples (>30 mg). Notably, the lead
concentration measured in all four samples (¢f. ICP-OES results
in SI) is consistent with the reference values, and absolute lead
recovery is high for all samples (over 10 mg L ™" even for sample
BM-56, at only 1.1 mg). Interestingly, relative lead recovery
appears “too high” for BM-56 and BM-57 (cf. Fig. 1).
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As a final example, the two brass standards (31X 7835-8 and
31X B26) are highlighted. For both, significant Pb isotope ratio
variability is observed between samples. While D-18 and R-60
are consistent (across different analytical batches), the other
two values (A-18 and C-2) are very different for 31X 7835-8 (yet
lead recovery is similar: ¢f. Fig. 1). Similarly, D-19 and R-61 are
consistent, while A-20 and C-3 differ by up to almost 6% in their
ratios to 2°*Pb. This is not an effect of inter-batch variations, as
consistent results across these four batches are obtained for
other standards. Rather, there appears to be significant
heterogeneity w.r.t. Pb isotope ratios for these two brass stan-
dards. While the sample masses for D-19 and A-20 are identical,
their Pb isotope ratios differ significantly - as did the absolute
lead recovery (ca. 15 mg L™ for D-19 as opposed to only ca. 250
ng L™" for A-20, cf. Fig. 1). Interestingly, relative lead recovery for
C-3 is c. 100% (¢f: Fig. 1), yet its Pb isotope ratios still deviate
strongly (>2% in *°°Pb/>*'Pb). This likely reflects heterogeneity
of these standards in terms of their lead distribution at the scale

1728 | J Anal. At. Spectrom., 2026, 41, 1721-1735

represented by drill samples of a few mg but equally points to
possible heterogeneity in Pb isotope ratios. If “large samples”
(>30 mg) are taken as the reference value (R-60 and R-61,
respectively), it appears that small samples (<10-20 mg) some-
times diverge, but sometimes not (D-18 and D-19, respectively).

For the lead standards, variability in the absolute lead
recovery is notable, which is not always proportional to the di-
ssolved sample mass. As noted above, this is partly due to
variations in column resin mass and solution volume, and the
prior removal of aliquots for ICP-OES analysis (and for sample
E-26 only half of the sample solution was loaded onto the
column for isolation). Indeed, the calculated concentrations of
lead in the solutions prior to isolation typically exceed the
column capacity. The perfect alignment of reported results for
these lead standards illustrates that resin (over)saturation on
the column does not cause notable fractionation.

Acid swab samples. For the acid swabs, no direct measure-
ment of sample mass is possible. As such, it is instructive to

This journal is © The Royal Society of Chemistry 2026
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compare the absolute lead recovery (i.e. “Pb after isolation”) for
acid swabs and drill samples of each standard: this is generally
higher in the drill samples (ignoring the smallest sample
masses), and often several times higher (e.g. 32X SN6 and 31X
7835-8). This is not surprising, as higher metal mass is removed
by drilling. Overall, all acid swabs recovered sufficient lead for
precise measurement (all > 1 mg L.

Across the different copper alloy and lead standards, the
results for both HNO; and HCI acid swabs are identical to those
obtained for the drill samples (within experimental error), with
only few exceptions. Notably, the swab technique has not been
tested for the low-lead standards 36X CUAS3 A or the (appar-
ently) isotopically divergent standard 32X SN5 A.

The Pb isotope ratio variability observed between drill
samples of the two brass standards (31X 7835-8 and 31X B26) is
equally observed in their acid swab samples. However, both
HNO; swabs and one HCI swab (D-29) for 31X B26 give similar
results to those obtained for D-19 and the largest sample (R-61).
For 31X 7835-8, the Pb isotope ratio results based on both HNO;
swabs and one HCI swab (D-30) are very similar to those of the
largest sample (R-60). The remaining HCI swabs differ signifi-
cantly (>0.1% for at least one ratio to ***Pb) for both standards,
resulting in overall higher ratios to >***Pb (like the smaller drill
samples).

Beyond the brass, there is a notable discrepancy in one of the
HNO; swabs for lead standard 83X PRS8, despite high absolute
lead recovery. This is surprising and has not been observed in
previous swabs of pure lead.**

Case study for early Egyptian copper alloys

As a final dataset, results are presented for five Early Dynastic
copper alloy objects from the British Museum collection in
Table 3. These were first sampled within the framework of one
of the largest studies of early Egyptian copper alloy composi-
tions*® (and analysed using AAS and ICP-OES). The residual
samples of this analytical campaign, kept at the British
Museum Department of Scientific Research, were analysed by
the authors to evaluate their Pb isotopic composition. The
results presented here (measured as part of analytical batch A,
cf: above) are part of a much larger dataset, the archaeological
interpretation of which is beyond the scope of this paper.

A selection of these same objects was re-sampled for lead
isotopic analysis using MC-ICP-MS in 2019 by Jifi Kmosek,
Yulia V. Kochergina and Martin Odler, as part of an external
examination request (EER). As part of the EER agreement, the
results of such examinations may be made publicly available by
the British Museum five years after being received (in casu,
February 2020), regardless of whether they have been published
elsewhere. However, we have anonymised the object numbers
here to ensure Kmosek and colleagues can publish their inter-
pretation of this data first.

Comparison of the data in Table 3 reveals two important
results. Firstly, the data obtained for objects 1 and 2 are iden-
tical within experimental error (i.e. the difference is < 0.1% in all
ratios). This suggests good comparability between the data ob-
tained in different labs, despite differences in analytical
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protocols (e.g., Kmosek et al.*® normalise their ratios to NIST
certificate values (TIMS data) rather than to Galer and Abou-
chami* values (TIMS data), which differ by up to 0.03%).
Secondly, however, for objects 3, 4 and 5, significant discrep-
ancy is noted for all Pb isotope ratios - from ca. 0.4% in object 3
to over 7% in object 4. Such differences are enormous and
would imply very different interpretations regarding the mate-
rial provenance for these objects.

Following the analysis of residual samples (analytical batch
A, Table 3) and the results described above, it was decided to re-
sample object 3 in 2025, in consultation with curatorial staff of
the British Museum Department of Egypt and Sudan, to elimi-
nate possible inter-lab variability underlying the observed
discrepancies and underpin future sampling protocols. A new
drill sample was obtained from the existing drill hole (previ-
ously sampled by Cowell*® and Kmosek et al.) and subdivided
into three aliquots of varying weight (2.5 mg, 8 mg and 67.8 mg)
before digestion and processing as described above. The
measured Pb isotope ratios are presented in Table 3 (analytical
batch B). The results for B-1, B-2 and B-3 (all for object 3) align
perfectly with those reported by Kmosek et al. (within experi-
mental error) and clearly illustrate the reproducibility of the
method and comparability between labs. Notably, the absolute
lead recovery for the three samples is higher than that for A-7
(1.1 mg sample).

Indeed, the absolute lead recovery in our study is highest for
objects 1 and 2, and lower for the others — with the lowest
recovery for object 4. This coincides with differences in lead
content (highest in objects 1 and 2) as well as the available
residual sample mass for these objects. Nonetheless, absolute
lead recovery was sufficient for accurate and precise measure-
ment in each case, and without the existence of replicate
measurements by Kmosek and colleagues, there would be no
reason to suspect these results might be “wrong”. If the data by
Kmosek et al. indeed can be taken as reference values for “large
samples”, which our replicate analysis (samples B-1, B-2 and B-
3) confirms, this small dataset illustrates the same pattern
observed for the standards: small samples may not recover
a representative amount of lead compared to larger ones,
especially when lead concentration within the copper alloy is
relatively low.

Discussion

The replicate analysis of archaeological objects is only rarely
undertaken, which represents a widespread and largely
unavoidable challenge in archaeological research (e.g. Far-
ahani** and references therein on replication and reproduc-
ibility, or Bayliss and Marshall* on radiocarbon
reproducibility). This is typically compensated for by the
development of standard practices monitoring the repeatability
and accuracy of analytical methodologies using QA/QC stan-
dards and procedures. Sampling procedures are part and parcel
of such standard practices, designed to minimise potential
issues related to sample heterogeneity and contamination. In
the context of archaeometallurgical research, and “provenance
analysis” in particular, standard practices have been largely

This journal is © The Royal Society of Chemistry 2026
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driven by considerations related to elemental analysis, with lead
isotopic analysis working well for the same samples if sufficient
lead is recovered. As analytical instrumentation improved,
“sufficient lead” has become less of a concern, enabling the
measurement of increasingly small samples. Issues of sample
heterogeneity with respect to isotope ratios have been rarely
addressed, yet exceptions exist (e.g. for copper ore specimens*
or for tin ingots*®). Overall, however, sample heterogeneity is
considered to be irrelevant when determining the lead isotopic
composition of copper alloys.*

The data presented in this study show, however, that prob-
lems may arise for increasingly small samples of copper alloys.
These problems appear not to be related to the analytical
methodology as such - Pb isotope ratios for internal and
external standards are reproducible within and between
analytical batches. When considering the CHARM standards,
“correct results” (obtained for samples > 30 mg) are indeed
reproducible. Conversely, many of the “wrong results” (ie.,
diverging from the “correct results”, sometimes obtained for
samples of smaller mass) are equally reproducible across
analytical batches, indicating they may represent an underlying
characteristic of the material being analysed rather than simply
a “wrong measurement”. Notably, our observations are not
limited to standard reference materials but are equally observed
for a small selection of re-sampled ancient copper alloys.

Various factors may underlie the occurrence of “wrong
results”, but the most important one appears to be low absolute
lead recovery from the sample during isolation. This reflects the
loading of low lead content from the sample onto the column,
due either to low lead content in the alloy, low sample mass or
a combination thereof. However, it is difficult to identify a cut-
off value at which absolute lead recovery is too low to obtain
“correct” or rather “representative results”. For example, abso-
lute lead recoveries are similar (and in the same order of
magnitude as for other samples) for the four samples taken of
32X SN5 A, yet divergent Pb isotope ratios were obtained.
Similarly, no discrepancies were noted for 32X SN6 despite
divergent sample mass, although 31X 7835-8 and 31X B26
display highly variable Pb isotope ratios for different sample
masses (and sometimes divergent absolute lead recovery for the
same sample mass). This shows sample mass is not an absolute
indicator for all copper alloys. Yet sample mass can affect even
highly leaded bronzes, such as 32X LB15, even if in most cases
no discrepancy is noted (even for swabs). In this case (sample A-
20), very low sample mass apparently led to very low relative lead
recovery (possibly by the haphazard exclusion of immiscible
lead globules in A-20). Nonetheless, other factors beyond
sample mass appear to be at play.

The results obtained for brass standards suggest that
significant variability in lead concentration exists throughout
these alloys, which results in strong sensitivity to how much
lead is included in very small samples. Furthermore, it shows
that the Pb isotope ratios for lead in different phases within
these alloys may differ (as perhaps for lead in leaded bronze).
This suggests that if comparisons between different brass alloys
are to be made, these should all be for sufficiently large
samples. Even if the results obtained for small samples,
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including acid swabs, sometimes correspond to the largest
samples, significant variability is observed between such
samples.

We thus conclude that two overall effects are likely to cause
the observed variation. On the one hand, there may be hetero-
geneity in the Pb isotopic composition within alloys, especially
for those materials containing extremely low lead concentra-
tions (e.g. 36X CUAS3 A). While sufficiently large samples
should compensate this effect, commonly acceptable masses in
archaeological research (e.g. BM-48 at ca. 70 mg) may not be
able to do so for extremely lead-poor alloys. On the other hand,
there may be an effect of lead heterogeneity at the micro-scale
for more lead-rich samples as well. This is where low sample
mass comes into play (e.g. 32X SN5 A, 32X LB15 and the swab
samples). It appears that this effect is more pronounced for
certain alloy types, with high zinc content possibly causing
particular problems. This goes against the common paradigm
of lead isotopic homogeneity within copper alloys, suggesting
sample size does matter for Pb isotope ratio determination as
much as for elemental analysis.

Crucially, no clear external indicator appears available to
signal when “wrong results” might be obtainedq - only replicate
sampling and analysis can reveal potential heterogeneity.
However, the theoretically ideal scenario of sampling multiple
object locations will almost always be impossible in archaeo-
logical case studies, particularly when analysing museum
collections where sampling is usually restricted to a single
location due to curatorial considerations. Given that sub-
sampling of a single (drill) sample lowers the average lead
recovery per sub-sample and thereby increases the likelihood of
divergent results (as observed in our dataset), we do not believe
this approach resolves the problem. Indeed, the results ob-
tained for larger and smaller samples appear to reflect different
material properties, and their averaging as part of such
a sampling strategy would not necessarily produce meaningful
isotope ratios. While the analysis of sub-samples could flag
potential problems, constraints on budget and instrument
availability within archaeological research projects will often
impede multiplying the number of analyses for each sampled
object.

Based on these observations, and the reality of
archaeological/heritage sampling considerations, we would
thus recommend that a minimum (single) sample mass of >
20 mg (and ideally > 30 mg) is adopted for solution-based Pb
isotopic analysis of ancient copper alloys, and that absolute lead
recovery be monitored and reported. For the latter, however, it is
difficult to establish a firm minimum value based on our results
(divergent Pb isotope ratios have been observed for samples
with lower relative lead recovery, but not consistently so, and
equally where relative lead recovery is close to 100%: cf. Fig. 1).
While overall good agreement is observed between acid swab
(regardless of acid type) and (large) drill samples, issues of lead
heterogeneity observed for small drill samples in selected

9 Samples of a few mg may yield identical results, especially for copper alloys with
higher lead concentrations, but our results do not allow us to predict cases where
they might diverge (significantly).
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standards are equally reflected in some of the swabs. As such,
we would recommend against acid swab sampling for alloys
with low lead, and by extension for any ancient copper alloy. As
widely established in copper alloy studies,” trace element
composition provides essential complementary data towards
any interpretation of metal provenance, and sampling for
combined trace element and Pb isotopic analysis should thus
be encouraged at all times. The common adoption of minimum
sample weights thus represents the most robust guarantee for
inter-study results comparability.

In a previous study, researchers*® noted poor agreement for
Pb isotope ratios obtained using LA-MC-ICP-MS for low-lead
copper (compared to solution-based analysis of the same
objects), suggesting that erroneous mass bias corrections for
non-matrix matched standards are the cause (see also
comments by Stos-Gale and Gale*?). Based on the results pre-
sented here, however, we would suggest that such difficulties
may be compounded (or overruled) by the effects described
above for small sample sizes. Indeed, typical sample masses
analysed when using laser ablation for sampling are on the pg
scale. While elemental analysis of copper alloys using LA-ICP-
MS presents specific challenges (especially for heteroge-
neously distributed elements such as lead**°), we would
suggest that laser ablation sampling is not always appropriate
for Pb isotopic analysis of copper alloys as the corresponding
sample size may not provide representative results. Although
effects of heterogeneity might be overcome to some degree by
repeated LA sampling at different locations for a single object,
the averaging of such results would still represent a tiny sample
mass compared to those described in this paper, and likely not
overcome the effects observed here.

Finally, the results obtained for the Early Dynastic objects
underscore the validity of these considerations for archaeolog-
ical case studies and should encourage a critical and perhaps
sobering evaluation of published data. Where Pb isotope ratio
data has been reported for very small samples of ancient copper
alloys, and particularly those with low lead concentrations, the
results may strongly diverge from those obtained for larger
sample masses. Inferences of metal provenance for these
copper alloys, based on comparisons to data obtained for larger
samples of copper alloys (and ore), may need to be disregarded
as their representativeness cannot be assessed.

Conclusion

This paper has assessed the effect of sample size on the
measurement of Pb isotope ratios for copper alloys in the
context of archaeological research. It has presented the results
of replicate sampling and MC-ICP-MS isotopic analysis of 11
different standards, whose Pb isotope ratios were not previously
reported in literature. The results demonstrate excellent
repeatability of the protocol, underlining the comparability of
Pb isotopic measurements acquired over time. However, the
results illustrate potential problems when processing copper
alloy samples of < 20 mg, especially when the alloy's lead
concentration is low. Significant dispersion is observed between
samples taken from the same copper alloy in some cases, which
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indicates some degree of heterogeneity on the micro-scale. This
effect is equally observed for a small selection of archaeological
copper alloys. We suggest that the only way to compensate for
this, in a context where replicate sampling is usually impos-
sible, is to adhere to a minimum sample mass of 20-30 mg, as
smaller masses can lead to non-representative results despite
successful measurement, with no external means of validation
available. We urge other researchers to explicitly report sample
mass and lead recovery when publishing Pb isotopic data, to
ensure compatibility between datasets, and to critically evaluate
the sampling protocols of existing studies.
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