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ABSTRACT: Forty years ago, in a seminal paper published in
Science, Settle and Patterson used archeological and historical data to
estimate the rates of worldwide lead production since the discovery
of cupellation, approximately 5000 years ago. Here, we record actual
lead exposure of a human population by direct measurements of the
concentrations of lead in petrous bones of individuals representing approximately 12 000 years of inhabitation in Italy. This
documentation of lead pollution throughout human history indicates that, remarkably, much of the estimated dynamics in lead
production is replicated in human exposure. Thus, lead pollution in humans has closely followed anthropogenic lead production.
This observation raises concerns that the forecasted increase in the production of lead and other metals might affect human health in
the near future.
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■ INTRODUCTION

During the last few decades numerous geochemical and
archaeo-metallurgical studies have documented the production
of lead and other metals over millennia. Following Settle and
Patterson1 in 1980, many studies have confirmed the general
pattern of lead production outlined in Figure 1.2−9 The
imperative features in this diagram include an abrupt increase
in lead production incited by the discovery of cupellation
approximately 5000 years ago,10−14 followed by a slow increase
in production until the introduction of coins in the middle of
the first millennium BCE. Subsequently, the production rate
accelerated until reaching a peak during the Roman Period,
and then declined during the Middle Ages. Starting roughly
1000 years ago, the growth in lead production resumed,
prompted by silver mining in Germany, then in the New
World, and finally by the Industrial Revolution and the
introduction of alkyl-lead at the beginning of the 20th century.
Throughout most of human history lead production was
mainly a byproduct of silver mining, and only during the last
250 years was lead mined significantly for its own uses.2,15

The increase in lead production rates was revealed in
environmental archives such as terrestrial ice and sediments
from lakes and peat-bogs.3−9,16−24 In parallel, lead concen-
trations in human bones and teeth have been shown to reflect
this increase, albeit, in specific sites and periods, and very
seldom as a transect in human history.8,25−37 Lead
concentrations and ratios of lead to calcium (the major
element in tooth and bone apatitePb/Ca) have been used to
provide information regarding the extent of lead pollution and,
by corollary, lead production and use.26−37 Nevertheless, the in
vivo accumulation of lead (and other metals) in bones and
teeth is often hampered by post-mortem, diagenetic

processes.26,29,38,39 Such processes differentially affect different
types of bones and teeth, as it has been shown that lead and
other metals in tooth enamel are less affected by diagenetic
processes relative to bones and tooth dentin.26,29,38,39 In some
instances, lead isotopes have been used in addition to Pb/Ca
ratios to identify the source of in vivo lead contamina-
tion.36,40,41 Alternatively, comparing Pb/Ca with barium-to-
calcium (Ba/Ca) ratios is a well-established method that is
commonly applied to correct for diagenetic alteration of in vivo
Pb/Ca ratio.26,28,29,36,41 This approach is based on the premise
that Ba and Pb have similar tendencies to be incorporated into
the bone or tooth apatite and that anthropogenic Ba emissions
are insignificant relative to natural, rock-derived background
levels.26,28,29 Hence, elevated Ba concentrations exceeding the
in vivo threshold of Ba/Ca in tooth enamel (5 × 10−6 mol/
mol;26,28,29,41), suggest that at least some Ba, and probably also
Pb, were added to the tooth after burial.
A recent time transect study sequenced ancient DNA from

more than a hundred human individuals that occupied Rome
and its surroundings during the past 12 000 years.42 The
ancient DNA was extracted from petrous bones, which house
the internal segment of the ear and are among the hardest and
densest bones in the body.43 The use of petrous bones is
standard in ancient DNA, as its DNA yield is orders of
magnitude higher than from other bone types (https://
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pubmed.ncbi.nlm.nih.gov/26086078/). In the current study,
we traced pollution through time in these same individuals, by
measuring the elemental composition (Ca, Pb, Ba, and an
additional 21 elements) of their petrous bones. We
demonstrate the use of elemental composition measurements
in petrous bones, and show how to modify the use of Ba/Ca
ratios to account for diagenetic processes in this bone type.
Using our method, we directly compute the level of lead
pollution over time, and show that it closely follows the rate of
worldwide lead production.

■ MATERIALS AND METHODS

The 132 individuals analyzed in this study and their burial sites
are described in the “Supplementary Site and Archaeological
Details” section, pp 30−41, of a recent paper published by two
of the authors.42 Petrous samples were shipped to the Hebrew
University of Jerusalem. There, they were dissolved following
the protocol outlined by Patterson and co-workers.26,28−30 It
involved crushing the samples and then washing them with
ultrapure water, hydrogen peroxide, alcohol, and dilute HCl
and HNO3. After this, the samples were dissolved in

Figure 1. World lead production during the past 5500 years.1 From Settle and Patterson.1 Reprinted with permission from AAAS.

Table 1. Summary Statistics of the Elemental Concentrations (in ppm) of the Studied Petrous Bone Samplesa

all samples samples with Ba/Ca < 5 × 10−5

avg SD
RSD
(%) med

avg/
med max min

max/
min avg SD

RSD
(%) med

avg/
med max min

max/
min

Li 0.93 1.02 110 0.62 1.5 9.5 0.05 204 0.66 0.40 62 0.53 1.2 2.1 0.17 12
Na 2750 1441 52 2609 1.1 16815 1311 13 2936 778 27 2874 1.0 5348 1556 3.4
Mg 935 540 58 807 1.2 5991 436 14 972 379 39 885 1.1 2170 506 4.3
Al 837 2175 260 362 2.3 23391 54 437 454 413 91 338 1.3 1698 58 29
K 125 104 83 95 1.3 917 29 32 105 59 56 93 1.1 255 35 7.3
V 27 20 74 24 1.2 108 2.2 48 35 24 70 31 1.1 108 3.5 31
Cr 6.0 6.7 112 3.4 1.8 43 0.25 172 6.2 8.5 137 2.9 2.1 43 0.25 172
Mn 124 236 190 31 4.0 1132 0.82 1374 110 196 179 21 5.3 830 3.6 232
Fe 681 1297 190 323 2.1 10151 18 566 420 587 140 291 1.4 3586 36 99
Co 0.69 1.4 201 0.28 2.5 10 0.01 1290 0.49 0.81 165 0.21 2.4 4.2 0.05 80
Ni 2.4 2.8 119 1.3 1.8 15 0.06 241 1.7 1.4 83 1.0 1.7 5.6 0.17 33
Cu 24 35 149 13 1.7 215 0.62 346 16 12 77 13 1.2 46 0.62 74
Zn 103 50 49 90 1.1 414 41 10 97 29 30 90 1.1 161 44 3.6
As 11 35 315 2.9 3.8 267 0.40 663 4.3 5.2 122 2.6 1.6 30 0.50 59
Se 1.5 3.6 245 0.59 2.5 30 0.16 184 0.90 1.0 111 0.60 1.5 4.0 0.16 24
Rb 1.3 3.4 256 0.49 2.7 32 0.06 588 0.63 0.7 111 0.30 2.1 3.4 0.08 41
Sr 427 237 55 396 1.1 1209 86 14 353 205 58 329 1.1 770 86 9.0
Mo 1.6 3.2 194 1.00 1.6 29 0.05 558 1.1 1.6 148 0.58 1.9 8.2 0.11 75
Ag 0.29 0.95 327 0.10 3.0 10 0.01 1714 0.19 0.26 133 0.09 2.1 1.2 0.01 101
Cd 0.34 0.44 131 0.19 1.8 2.7 0.01 401 0.31 0.40 132 0.17 1.8 2.0 0.03 71
Sn 0.19 0.74 387 0.06 3.4 7.1 0.002 3628 0.10 0.20 196 0.05 1.9 1.0 0.003 292
Ba 144 216 150 75 1.9 1874 14 133 36 12 33 36 1.0 59 14 4.2
Pb 94 476 507 23 4.0 5379 0.11 50275 173 857 497 24 7.2 5379 0.11 50275

aavg, SD, RSD, med, max, and min denote the average, standard deviation, relative standard deviation, median, maximum, and minimum values,
respectively.
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concentrated, ultrapure HNO3. The presence of dissolved
organic matter was apparent in all samples, indicated by foam
and nontransparent solutions. Hence, all samples were
evaporated to dryness and redissolved in concentrated
HNO3 to fully oxidize the organic matter. The dissolved
samples were analyzed for their Ca, Li, Na, Mg, Al, K, V, Cr,
Mn, Fe, Co, Ni, Cu, Zn, As, Se, Rb, Sr, Mo, Ag, Cd, Sn, Ba, and
Pb concentrations using ICP-MS (Agilent 7500cx) after
calibration with external multielement standards (Merck ME
VI). An internal standard (50 ng/mL Sc, 5 ng/mL Re and Rh)
was added to every standard and sample for drift correction.
The contribution of metals from the acid used in the
procedures was determined by measuring procedural blank
samples. The blank and selected standards were re-examined
every 30 samples and at the end of the analysis for precision
and detection limit estimation. In addition, standard reference
samples (USGS SRS T-183, T-175) were examined at the end
of the calibration and at the end of the analysis for accuracy
estimation. Blanks were always lower than 1%. The precision
and accuracy of the ICP-MS were ±5% for most samples.

■ RESULTS AND DISCUSSION
We measured the concentrations of 24 elements in the petrous
bones of 132 individuals (Tables 1 and S1 of the Supporting
Information, SI). The samples include 127 individuals from the
vicinity of Rome and five from Sardinia, ranging in age from
the Mesolithic period (∼12 000 BCE) to the 17th century CE.
These individuals were sampled as part of an ancient DNA
study conducted previously.42 From all elements, we focus here
on the temporal variation in lead, for two reasons. First, it
shows the largest range of concentrations and the largest
variability across samples (Table 1). Second, the normalized
lead concentration (Pb/Ca) shows a clear temporal variation,
which closely follows the worldwide trend of Pb production
(Figures 1 and 2). In addition, Pb does not significantly
correlate with any other element, including those that are
indicative of diagenetic addition (e.g., V, Mn, Fe;37 Table S1),
suggesting that the temporal trend in the level of lead cannot
be accounted for by diagenetic post-mortem processes only. In
particular, normalized barium levels (Ba/Ca), known as
proxies for levels of diagenetic processes,26,28,29,41 show no
correlation (r = −0.04, P = 0.61) with Pb/Ca levels (Table S1,
Figure 3), corroborating the fact that the temporal trends of
lead are not fully explained by diagenetic processes.

Figure 2. Lead/Ca (mol/mol) in petrous bones of individuals from the vicinity of Rome and Sardinia ranging in age from approximately 12 000
BCE to ca. 1650 CE and Pb production (tones/year * 5.3 × 10−8), taken from Figure 1. The red line connects the highest Pb/Ca values of same-
age samples with Ba/Ca (M/M) ≤ 5 × 10−5.

Figure 3. Ba/Ca versus Pb/Ca of the studied petrous bones.
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Following Harkness and Darrah,44 we paid special attention
to zinc (Zn) concentrations, as it is known to be regulated by
homeostatic processes. The values of Zn in our samples
(average = 103 ppm, median = 90 ppm; Table 1, Table S1) lie
within the range reported for modern humans (refs 37 and 44
average values of 215 and 128 ppm, respectively). Also, Zn
concentrations have a very narrow range of values (maximum/
minimum = 10) and do not display any trend with time
(Tables 1 and S1). Other essential elements (e.g., K, Mg, Na)
in our samples also have a narrow range of concentrations and
do not display any trend with time (Tables 1 and S1). This
suggests that Pb/Ca levels are not determined by homeostatic
processes.
Metal content is known to depend on bone type. For

example, there are large differences in the measured
concentrations of certain metals in contemporary people
between cortical bones and tooth enamel.37,44 In addition, it
was reported recently that variations in Pb and Ba
concentrations are linked to bone microstructure.45 Given
the lack of known standards for post-mortem diagenesis-
indicative elements in petrous bones of modern people, we
decided to use Ba/Ca ratios as indicators for diagenetic
alteration, following Patterson’s and our own work.26,28,29,41

Lead normalized concentrations (Pb/Ca) versus Ba/Ca values
(Figure 3) show the same pattern of no correlation also
reported by us in a recent study carried out on Iron Age
individuals from the Levant, but with a different threshold for
Ba/Ca addition by diagenetic processes.41 As comparison
between Pb/Ca and Ba/Ca has not been carried out in petrous
bones, we first turned to investigate the relationship between
Pb/Ca and Ba/Ca in this bone type. This was done by
comparing Pb/Ca and Ba/Ca values in two individuals for
which we analyzed both tooth enamel and petrous bones
(Table 2). Indeed, Pb/Ca in the tooth enamel and in the
petrous bones of both individuals are similar (within a factor of
3), but Ba/Ca are at least an order of magnitude higher in
petrous bones relative to tooth enamels. Therefore, we set the
Ba/Ca threshold for determining post-mortem diagenetic

processes to be 5 × 10−5 (mol/mol), a factor of 10 higher
than the established Ba/Ca threshold for tooth enamel (Figure
326,28,29,41). In order to further corroborate this finding, we
determined the average (2 × 10−5) and the standard deviation
(5 × 10−6) of our lowest 10% Ba/Ca values (calculated from
Table S1). The threshold, computed as the average + three
standard deviations, gives the value of 4 × 10−5 (mol/mol),
almost identical to the one estimated based on the comparison
with tooth enamel. Using the 5 × 10−5 threshold, we removed
all the samples that might have gone through post-mortem
diagenetic processes (Figure 3), leaving us with 39 samples
(hereinafter, Ba/Ca-corrected samples) from which we
reconstruct lead pollution over historical times around Rome
(Figure 2).
Lead to Ca ratios in the analyzed petrous bones follow Settle

and Patterson’s record1 of lead production over millennia
(Table S1; Figure 2). This match is further improved when
only Ba/Ca-corrected samples are considered. In general,
however, both noncorrected (all samples) and Ba/Ca-
corrected samples depict a similar trend (Figure 2). As
predicted, we observe a clear rise in Pb/Ca petrous-bone levels
approximately 5000 years ago, at the time of the discovery of
cupellation. Pb/Ca levels then remain constant until the
Bronze Age, when they start to slowly increase until the Iron
Age. From the Iron Age on, a steeper increase in Pb/Ca is
evident, leading to a clear peak during the Roman period,
followed by lower, but still high, Pb/Ca values during the
decline of the Roman Empire and then in the late Medieval
Period. Settle and Patterson1 report approximately four orders
of magnitude increase in lead production between the
discovery of cupellation and the height of the Roman Empire
(Figure 1). We observe an increase in Pb/Ca ratio in petrous
bones that is nearly as large, approximately 4000-fold, for the
same period. Thus, our record provides a clear demonstration
of how lead pollution in humans has closely followed past
anthropogenic lead production. Unlike the calculation of Settle
and Patterson,1 our record of lead pollution shows less
dramatic increase during the past 1000 years. This is likely a
result of the fact that worldwide lead production has increased
in places that are remote from Italy, such as the New World,
which should not be reflected as increased pollution in a
Roman population.
The close correspondence between Pb production rates and

Pb levels in humans in the past suggests that this might happen
nowadays and in the future in less regulated regions of the
World. More so, numerous studies have shown that Pb
pollution in people and especially in children takes place
through various pathways, including diet, air-pollution,
resuspension of urban soils, and exposure to other types of
industrial Pb (refs 46−48 and references therein). These and
other studies have emphasized the effect of living conditions
and socioeconomic status on the concentrations of Pb in
children, and a few studies also demonstrated their adverse,
long lasting effect on children’s neurobehavioral function-
ing.49,50

In the near future a mounting demand is expected for metals
for the manufacturing of new products such as solar panels and
wind turbines,51 and electronic devices.52−55 For example, a
300% increase in the demand for lead, nickel, silver, and
indium in solar photovoltaics, and 1200% increase in the
demand for lead, cobalt, and nickel for energy storage
technologies are expected in order to achieve 2 °C rather
than 6 °C increase in global world temperature by 2050.51 In

Table 2. Comparison of Pb/Ca and Ba/Ca in Teeth and
Petrous Bonesa

aIn red are enamel data and averages, standard deviations, and relative
standard deviations (standard deviation/average) of the petrous
samples. 2nd M LL = 2nd molar tooth, lower left position.
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addition, there has been growing concern about the environ-
mental and toxicological impacts of metal mining in a few
African and Asian countries, and the need to curb illegal trade
and introduce certification processes was repeatedly advocated
(e.g., refs 56−58).
This raises the concern that the current increasing use of

several toxic metals (including Pb) in electronic devices and
the transition to low-carbon energy production may soon be
reflected in elevated concentrations of these metals in humans,
predominantly in those that are not fortunate enough to live in
regulated and monitored regions. This also strengthens the
case that increased use of metals should go hand in hand with
augmented industrial hygiene, maximum metal recycling, and
the consideration of environmental and toxicological aspects in
the selection of metals for industrial use.59,60

■ ASSOCIATED CONTENT

*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.est.1c00614.

Table S1, sample names, age, and Ca, Li, Na, Mg, Al, K,
V, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Se, Rb, Sr, Mo, Ag,
Cd, Sn, Ba, and Pb concentrations (XLSX)

■ AUTHOR INFORMATION

Corresponding Author
Yigal Erel − The Fredy & Nadine Herrmann Institute of Earth
Sciences, The Hebrew University of Jerusalem, Jerusalem
9190401, Israel; orcid.org/0000-0002-0647-2485;
Email: yigal.erel@huji.ac.il

Authors
Ron Pinhasi − Department of Evolutionary Anthropology,
University of Vienna, Vienna 1010, Austria

Alfredo Coppa − Department of Evolutionary Anthropology,
University of Vienna, Vienna 1010, Austria; Department of
Environmental Biology, Sapienza University of Rome, Rome
00185, Italy; Department of Genetics, Harvard Medical
School, Boston, Massachusetts 02115, United States

Adi Ticher − The Fredy & Nadine Herrmann Institute of
Earth Sciences, The Hebrew University of Jerusalem,
Jerusalem 9190401, Israel

Ofir Tirosh − The Fredy & Nadine Herrmann Institute of
Earth Sciences, The Hebrew University of Jerusalem,
Jerusalem 9190401, Israel

Liran Carmel − Department of Genetics, the Alexander
Silberman Institute of Life Sciences, The Hebrew University of
Jerusalem, Jerusalem 9190401, Israel

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.est.1c00614

Author Contributions
Y.E., R.P., and L.C. designed and supervised the study; Y.E.,
O.T., and A.T. performed and supervised laboratory work;
A.C. designed collection strategy for archeological material;
A.C. and R.P. assembled archeological material and advised on
historical background and interpretation; Y.E. and L.C.
analyzed data with input from O.T. and A.T.; and Y.E. and
L.C. wrote the manuscript with input from all coauthors.

Funding
The project was funded by a Hebrew University internal grant
(3175000599) to Y.E. and to L.C. through the Snyder
Granadar chair in Genetics.

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS

The authors wish to thank Renana Oz for her assistance in the
lab. They also wish to thank Yehouda Enzel and Lisa Perlman
for reading an earlier version of this paper, and two anonymous
reviewers for their valuable input.

■ REFERENCES
(1) Settle, D. M.; Patterson, C. C. Lead in albacore: guide to lead
pollution in Americans. Science 1980, 207, 1167−1176.
(2) Nriagu, J. O. A history of global metal pollution. Science 1996,
272, 223−224.
(3) Hong, S.; Candelone, J.-P.; Patterson, C. C.; Boutron, C. F.
Greenland ice evidence of hemispheric lead pollution two millennia
ago by Greek and Roman civilizations. Science 1994, 265, 1841−1843.
(4) Rosman, K. J.; Chisholm, W.; Hong, S.; Candelone, J.-P.;
Boutron, C. F. Lead from Carthaginian and Roman Spanish mines
isotopically identified in Greenland ice dated from 600 B.C. to 300
A.D. Environ. Sci. Technol. 1997, 31, 3413−3416.
(5) Shotyk, W.; et al. History of atmospheric lead deposition since
12,370 14C yr BP from a peat bog, Jura Mountains, Switzerland.
Science 1998, 281, 1635−1640.
(6) Renberg, I.; Persson, M. W.; Emteryd, O. Pre-industrial
atmospheric lead contamination detected in Swedish lake sediments.
Nature 1994, 368, 323−326.
(7) McConnell, J. R.; Wilson, A. I.; Stohl, A.; Arienzo, M. M.;
Chellman, N. J.; Eckhardt, S.; Thompson, E. M.; Pollard, A. M.;
Steffensen, J. P. Lead pollution recorded in Greenland ice indicates
European emissions tracked plagues, wars, & imperial expansion
during antiquity. Proc. Natl. Acad. Sci. U. S. A. 2018, 115, 5726.
(8) Longman, J.; Veres, D.; Finsinger, W.; Ersek, V. Exceptionally
high levels of lead pollution in the Balkans from the Early Bronze Age
to the Industrial Revolution. Proc. Natl. Acad. Sci. U. S. A. 2018, 115,
E5661.
(9) Martınez Cortizas, A.; Garcıa-Rodeja, E.; Pontevedra Pombal,
X.; Novoa Munoz, J.C.; Weiss, D.; Cheburkin, A.; et al. Atmospheric
Pb deposition in Spain during the last 4600 years recorded by two
ombrotrophic peat bogs and implications for the use of peat as
archive. Sci. Total Environ. 2002, 292, 33−44.
(10) Wagner, G. A.; Gentner, W.; Gropengiesser, H. Evidence for
third millennium lead-silver mining on Siphnos island (Cyclades).
Naturwissenschaften 1979, 66, 157−158.
(11) Hess, K.; Hauptmann, A.; Wright, R.; Whallon, R. Evidence of
fourth millennium B.C. silver production at Fatmalı-Kalecik, East
Anatolia. In Metallurgica Antiqua; Rehren, A. H. T., Muhly, D. J. Ed.;
Der Anschnitt Beiheft 8: Bochum, 1998; pp 112−122.
(12) Momenzadeh, M.; Nezafati, N. Sources of ores and Minerals
used in Arisman. In Preliminary Report on Archaeometallurgical
Investigations around the Prehistoric Site of Arisman near Kashan,
Western Central Iran; Chegini, N. N., et al., Eds.; Dietrich Reimer
Verlag GmbH: Berlin, 2000.
(13) Nokandeh, J.; Nezafati, N. The Silversmiths of Sialk: evidence
of the precious metals metallurgy at the southern mound of Sialk
Technol. Report No. 2 2003.
(14) Pernicka, E.; Rehren, T.; Schmitt-Strecker, S. Late Uruk silver
production by cupellation at Habuba Kabira, Syria In Metallurgica
Antiqua; Rehren, T., Hauptmann, A., Muhly, D. J., Eds.;Der Anschnitt
Beiheft 8: Bochum, 1998; pp 123−134.
(15) Patterson, C. C. Silver stocks and losses in ancient and
medieval times. Econ. Hist. Rev. 1972, 25, 205−235.

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.1c00614
Environ. Sci. Technol. 2021, 55, 14407−14413

14411

https://pubs.acs.org/doi/10.1021/acs.est.1c00614?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c00614/suppl_file/es1c00614_si_001.xlsx
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yigal+Erel"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-0647-2485
mailto:yigal.erel@huji.ac.il
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ron+Pinhasi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alfredo+Coppa"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Adi+Ticher"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ofir+Tirosh"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Liran+Carmel"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c00614?ref=pdf
https://doi.org/10.1126/science.6986654
https://doi.org/10.1126/science.6986654
https://doi.org/10.1126/science.272.5259.223
https://doi.org/10.1126/science.265.5180.1841
https://doi.org/10.1126/science.265.5180.1841
https://doi.org/10.1021/es970038k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es970038k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es970038k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.281.5383.1635
https://doi.org/10.1126/science.281.5383.1635
https://doi.org/10.1038/368323a0
https://doi.org/10.1038/368323a0
https://doi.org/10.1073/pnas.1721818115
https://doi.org/10.1073/pnas.1721818115
https://doi.org/10.1073/pnas.1721818115
https://doi.org/10.1073/pnas.1721546115
https://doi.org/10.1073/pnas.1721546115
https://doi.org/10.1073/pnas.1721546115
https://doi.org/10.1016/S0048-9697(02)00031-1
https://doi.org/10.1016/S0048-9697(02)00031-1
https://doi.org/10.1016/S0048-9697(02)00031-1
https://doi.org/10.1016/S0048-9697(02)00031-1
https://doi.org/10.1007/BF00368713
https://doi.org/10.1007/BF00368713
https://doi.org/10.2307/2593904
https://doi.org/10.2307/2593904
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.1c00614?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(16) Murozumi, M.; Chow, T. J.; Patterson, C. Chemical
concentrations of pollutant lead aerosols, terrestrial dusts and sea
salts in Greenland and Antarctic snow strata. Geochim. Cosmochim.
Acta 1969, 33, 1247−1294.
(17) Hong, S.; Candelone, J. P.; Patterson, C. C.; Boutron, C. F.
History of ancient copper smelting pollution during Roman and
medieval times recorded in Greenland ice. Science 1996, 272, 246−
249.
(18) Alfonso, S.; Grousset, F.; Masse, L.; Tastet, J.-P. European lead
isotope signal recorded from 6000 to 300 years BP in coastal marshes
(SW France). Atmos. Environ. 2001, 35, 3595−3605.
(19) Mighall, T. M.; et al. Geochemical evidence for atmospheric
pollution derived from prehistoric copper mining at Copa Hill, Cwm
Ystwyth, Mid-Wales, UK. Sci. Total Environ. 2002, 292, 69−80.
(20) Le-Roux, G.; et al. Identifying the sources and timing of ancient
and medieval atmospheric metal pollution in England by a peat
profile. J. Environ. Monit. 2004, 6, 502−510.
(21) Le-Roux, G.; et al. Heavy metals, especially lead, deposition
recorded in an ombrotrophic peat bog near Manchester, United
Kingdom. J. Phys. IV 2003, 107, 739−742.
(22) Borsos, E.; Makra, L.; Beczi, R.; Vitanyi, B.; Szentpeteri, M.
Anthropogenic air pollution in the ancient times. Acta Climatologica et
Chorologica 2003, 36, 5−15.
(23) Durali-Müller, S. Roman lead and copper mining in Germany
their origin and development through time, deduced from lead and
copper isotope provenance studies, PhD thesis, Johann Wolfgang
Goethe-Universitaẗ, 2005).
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