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Abstract Archaeological samples originating from a cem-
etery of a Roman settlement, Preforium Agrippinae (1st-3rd
century A.D.), excavated near Valkenburg (The Netherlands)
have been subjected to Pb isotopic analysis. The set of sam-
ples analysed consisted of infant bone tissue and possible
sources of bone lead, such as the surrounding soil, garum,
and lead objects (e.g., water pipes). After sample digestion
with quantitative Pb recovery and subsequent quantitative
and pure isolation of lead, the Pb isotopic composition was
determined via multicollector ICP—mass spectrometry. The
Pb isotope ratio results allowed distinction of three groups:
bone, soil, and lead objects + garum. The 208pp296py ratio
ranges were between 2.059 and 2.081 for the soils, between
2.067 and 2.085 for the bones, and between 2.087 and 2.088
for the lead objects. The garum sample is characterised by a
208pp/29Ph ratio of 2.085. The bone group is situated on
the mixing line between the soil and lead object groups,
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allowing the statement that diagenesis is not the main cause
of the Pb found in the bones.
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Introduction

Among the mass spectrometric techniques developed in the
20th century, thermal ionization—mass spectrometry (TI-MS)
has been established as the reference technique for high-
precision isotope ratio analysis of the heavier elements
[1]. However, since its commercial introduction in 1983,
inductively coupled plasma—mass spectrometry (ICP-MS)
has gained growing importance as a technique for trace
element analysis and isotope ratio determination. ICP-MS
offers important benefits over TI-MS (e.g., the continuous
nebulisation of sample solution into an ion source at
atmospheric pressure, the higher sample throughput, and
the high ionisation efficiency of the ICP) [2, 3]. Modern
multicollector [CP—mass spectrometry (MC—ICP-MS) com-
bines these benefits with excellent isotope ratio precision [4—
7]. Moreover, in present multicollector ICP-MS instrumen-
tation, the double-focusing sector-field mass spectrometer
can be operated under so-called pseudo—high-resolution
conditions, permitting many spectral interferences to be
avoided, while at the same time the flat-topped peak shapes
are preserved, thus maintaining an excellent isotope ratio
precision [8]. In MC-ICP-MS, it has been observed that the
matrix strongly affects mass discrimination [9, 10], and an
adequate correction is required to obtain accurate results
[11, 12]. When mass discrimination correction is performed
using an external standard with a known isotopic compo-
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sition, the matrix composition of the standard has  to be
similar to that of the sample, and even the analyte
concentrations in sample and standard have to be similar
[13, 14]. Consequently, isolation of the target element from
the matrix is required in order to obtain reliable results via
multicollector ICP-MS.

Lead is a widely used metal (e.g., in ancient times for
manufacturing trays and kitchen utensils, in more recent
times for constructing electric batteries for vehicles, as an
additive in gasoline, in paints), but at the same time, it is a
versatile, insidious, and persistent poison. Metallic lead has
been in the human environment for over 5000 years [15].
Effects of lead toxicity, which manifests itself by, e.g.,
anaemia and coma, had already been described in ancient
times by Hippocrates in 370 B.C. [15]. Many more negative
effects of lead are known at present. Organic (tetracthyl)
lead affects the nervous system [16], while inorganic lead
acts on different body functions and systems, e.g., heme
synthesis [17], reproduction [18], nervous system, and kid-
neys [19]. From epidemiological studies, inconclusive
evidence has been found as to a causal relation between
lead exposure and the incidence of cancer. At present, there
are insufficient data for suggesting that lead compounds are
carcinogenic to humans [20]. More detailed information on
lead toxicity can be found elsewhere, e.g., Gidlow [16] and
Papanikolaou et al. [21].

Lead can enter the body via different pathways: by inges-
tion through the intestines, by inhalation through the lungs,
by direct swallowing, and through the skin [15]. Inorganic
lead absorption takes place throughout the respiratory and
gastrointestinal tracts, while organic (tetracthyl) lead can
be absorbed by the skin. After lead exposure, the lead is
absorbed into the blood and transported to other tissues.
Lead predominantly accumulates in three compartments:
blood, soft tissues, and bone [22]. Approximately 99% of
the lead in blood is found in the erythrocytes, leaving about
1% in the plasma. More than 95% of lead is deposited in
skeletal bone as insoluble phosphate [22]. In adults, 80 to
95% of the body’s lead burden is found in the skeleton, for
children, this is only 73%. Lead has an estimated half-life
of 20 to 30 years in bone tissue [21, 23] and its concentration
in bone and teeth increases as a function of age. In general,
lead is excreted extremely slowly from the body. Its bio-
logical half-life is estimated at 10 years [15].

Due to the radioactive decay of the naturally occurring
and long-lived radionuclides B2Th, 25U, and *®U into
208pp_ 207py,  and 2°°pp, respectively, lead shows quite a
large variation in isotopic composition [24]. This makes Pb
isotopic analysis a powerful tool for studies in various
fields, e.g., dating studies [25], environmental studies [26,
27], and archaeology [28-30].

The results reported in the current paper stem from a
multi-disciplinary (geochemical, archaeological, and tox-
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icological) study, investigating high infant mortality in the
Roman era. It is well known that the Romans used lead for
many applications (e.g., water pipes, Pb salts for food
conservation, etc. [31]), and the possibility of a link between
the decline of the Roman Empire and lead poisoning has
been expressed earlier [32, 33]. Approximately 26% of
Roman children died before the age of fourteen, while
approximately 14% even died in the first year of life. To
investigate the cause of this high infant mortality, self-
evidently, only the skeletal remains are accessible. In paleo-
pathology, the cause of death can seldom be detected from
the bone material. In this case however, the availability of
infant remains in association with existing theories of the
abundant use of lead during the Roman period instigated a
chemical/toxicological study of the infant bones to discover
whether the ingestion of lead during pregnancy might have
been the origin of or contributed to the death of these
infants. The samples subject to investigation consist of infant
bone tissue and possible sources of bone lead, such as the
surrounding soil, garum, and lead objects, all dating from the
Roman era. The goal of the study reported here is to clarify
whether the lead which is now present in the bone tissue
has entered the bone throughout the past 2000 years via
diagenesis from the soil, or via another mechanism.

Experimental
Description of the sampling site and the samples

The archaeological samples investigated in this work
originate from the cemetery of a Roman settlement, and
were excavated near Valkenburg, situated on the Southern
shore of the river Rhine, in the West of The Netherlands
(Fig. 1). This river marked the Northern frontier in this part
of the Roman Empire. This frontier was defended by many
military fortresses connected by the Roman road. In the
period 1st-3rd century A.D., several military forces were
settled in a fortress at Valkenburg, at that time known as
Pretorium Agrippinae. In the vicinity, archaeological
excavations uncovered the remains of a civilian settlement
and a large cemetery [34-36]. This cemetery yielded many
cremation graves, as older children and adults were
customarily cremated in Roman days. However, the Roman
rule also stipulated that young infants without teeth should
be buried instead of cremated, as described by Plinius [37].

In most Roman cemeteries, the remains of very young
infants (buried in inhumation graves) are mostly absent
because:

1. the fragility of the remains and the soil conditions often
did not favour preservation of bone tissue; and
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Fig. 1 Geographical location of
Valkenburg, situated in The
Netherlands, Europe

2. these small and fragile bones are easily missed as a
result of the archaeological excavation methods typi-
cally used in the field.

At Valkenburg however, an exceptionally high number
of infant graves were discovered, even providing a fair
insight into the percentage of infant graves in relation to the
total cemetery population. The excavations at the grave
field resulted in the discovery of the remains of a total of
683 individuals in 520 cremation graves and 134 inhuma-
tion graves. The age and/or sex were determined for 503
individuals. In 176 graves—S81 cremation graves and 95
inhumation graves—skeletal remains of children between 0
and 14 years of age were discovered. It was established that
84 of the 95 inhumed infant skeletons found stemmed from
infants younger than 1 year [38]. These remains are the
subject of investigation in this study.

A set of 22 bone tissue samples, taken throughout the
entire excavation site, was subject to Pb isotopic analysis.
The bone samples were taken from femurae from deceased
and stillborn Roman infants of which, at present, the sex is
not known. The cortical bone tissue (hard outer tissue) was
sampled. This area is free of foreign material—and thus
provides the most accurate results—in contrast with tra-
becular bone (inner tissue in which the bone metabolism
occurs), which contains excessive amounts of intruded soil
particles and hence, is less reliable [38]. Every bone sample
was accompanied by a sample from the surrounding soil
from which the bone was excavated, thus leading to 22
pairs of bone tissue and soil. Only small sample amounts
(<1 g) of bone and soil were available. Possible sources of
bone lead, next to soil, consisted of five lead objects (e.g.,
water pipes) and one sample of fish bones. These fish bones
originate from a large earthenware bowl, which was exca-
vated at the site and which was filled with hundreds of fish
bones. This find was interpreted as the remains of the well-
known Roman dish, garum, a fermented fish sauce enriched
with sapa, a substance with a high lead content and added
to many recipes because of its sweet taste and preservative

character. In the following text, this fish bone sample will
always be referred to as garum.

Sample preparation

Pro analysi nitric acid (14 mol L™") and hydrochloric acid
(12 mol L") (Panreac, Spain) were further purified by
subboiling distillation in quartz equipment. Hydrofluoric acid
(22 mol L', instra-analysed) and perchloric acid (10 mol L™,
instra-analysed) were bought from J.T. Baker Chemicals, The
Netherlands, and pro analysi hydrogen peroxide (10 mol L ™)
was purchased from Merck, Germany. Ultrapure water of
resistivity >18 M(2 cm was obtained from a Milli-Q system
(Millipore, USA) and used throughout this work for preparing
dilutions. Pro analysi ammonium oxalate, (NH4),C,04.2H,0,
was purchased from UCB, Belgium.

The lead objects were dissolved in 1.4 mol L' HNO; on a
hotplate, while the bone, garum, and soil samples were
digested by microwave-assisted acid digestion using a suitable
combination of acids (bone and garum: HNOs + HCI, soil:
HNO; + HCI + HF + HCIO,), followed by evaporation on a
hotplate at 105 °C and uptake of the residue in concentrated
HNO;. After this digestion step, the Pb was isolated from its
matrix by means of an extraction chromatographic separation,
using a column containing a commercially available lead-
selective crown ether (Eichrom Technologies, France). The
digestion and isolation processes result in a quantitative Pb
recovery, and a pure Pb fraction is obtained after the isolation
procedure. A detailed description of the sample digestion and
Pb isolation procedure can be found in De Muynck et al. [39].

After the isolation procedure, the Pb fraction of the
sample was present in a 0.05 mol L' (NHy4),C,0, solution.
In order to remove the (NH,4),C,0, present, an aliquot of
the sample was evaporated to dryness followed by addition
of 1 mL 14 mol L' HNO; + 1 mL + 10 mol L' H,0,.
After a few hours, the sample was evaporated to dryness
again. Finally, the residue was taken up in 0.5 mol L'
HNO; + 0.22 mol L' HF, hereby adjusting the Pb
concentration to ~30 ng mL ™.
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Isotope ratio measurement and mass discrimination
correction

The samples reported in this study were measured on a Nu
Plasma multicollector ICP—mass spectrometer [40]. The
sample introduction system consisted of an Aridus des-
olvating system. Data acquisition was done in 60 cycles of
5 s integration, grouped in blocks of 20 cycles. Outliers were
removed by the software after a 2 s test. All isotope ratio
measurements were carried out by static multicollection
with Faraday cups. The detectors Low 4, Low 3, Low 2,
Low 1, Axial, High 1 and High 2 were used to record the
ion intensities of 202Hg, 203y, 204pyp, 20571, 206pp, 207pp,
and 2°®Pb, respectively. The intensity measured at m/z=204
was corrected for 2°*Hg interference using a ***Hg/***Hg
ratio of 0.229. The **Hg/***Pb ratio turned out to be neg-
ligible (average: 4x107°).

The samples were measured using both sample-standard
bracketing with a solution of NIST SRM 981 Common Lead
as isotopic standard, and TI external normalization. For both
samples and standards, the Pb concentration was ~30 ngmL ™",
and TI (NIST SRM 997) was added at a concentration of
~7.5 ng mL™". Mass discrimination correction was performed
via Russell’s exponential law as described by White et al.
[41]. Russell’s equation was used to calculate the mass
discrimination factors Oty (using the certified NIST SRM 997
205712937 ratio of 2.38714) and [p, (using the accepted
values for NIST SRM 981 as given by Galer and Abouchami
[42], 2°®Pb/?%Pb=2.16771) for the standards. Plotting [pp,
versus [y for the measurements of the standard solution
carried out throughout the entire session resulted in a linear
relationship. This relationship was used to calculate the mass
discrimination factor Op,, for every unknown sample from
the corresponding experimentally determined Ot value for
that sample, and the mass discrimination factor Jp, was
subsequently used to calculate the true Pb isotope ratio.
Blank Pb signals were negligible compared to the Pb
signals encountered for samples and standards (<0.1%).
Within the external precision, the average Pb isotope ratios
obtained for NIST SRM 981 throughout the entire session
match the accepted values of Galer and Abouchami [42].
The external precision was established to be 180 ppm
(0.018% RSD) for all the ratios with ***Pb and 40 ppm
(0.004% RSD) for the other ratios.

Results

The Pb concentration and the Pb isotopic composition of
the artefacts investigated are summarized in Tables 1, 2, 3.
The Pb concentration for the bones ranges between 23 and
340 pg g ' (RSD <5%) with an average of 129 ug g '. As
a comparison, the bone lead level for non-occupationally
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exposed “modern” teenagers, obtained via X-ray fluores-
cence spectrometry, was found to range up to 14.23 pg lead
per gram bone mineral, with an average of 4.0+4.4 ug g~
[43, 44]. The soil Pb content ranges from 13 to 71 ug g '
(RSD <5%) with an average of 28 ug g ', being a normal
range for soil lead, although distinguishing background Pb
levels from levels affected by anthropogenic activities is
difficult. Mean lead levels for different soil types range
from 10 to 67 pg g ', with an average of 32 pg g ' [45],
while the Pb concentration in the upper continental crust
equals 20 pg g ' [46]. For every bone—soil pair, the Pb
concentration in the bone is higher by a factor of 2 to 10
compared to the corresponding soil. One soil sample (14-
152-202, Table 1) shows a very low Pb concentration
(2 ug g "), while the corresponding bone sample contains
29 ng g ' Pb, which is not the lowest Pb concentration
found for the full set of bones. Due to the very small
amount of soil 14-152-202 available (~10 mg), together
with the very low Pb concentration, no reliable isotope ratio
measurement could be performed on this sample. The
bone—soil pair 6-99-128 (Tables 1 and 2), on the other
hand, shows an exceptionally high lead concentration
compared to the other samples. The reason for the high
lead concentration displayed by this pair remains unclear,
as no lead objects were found inside this grave. The garum
Pb concentration reaches 670 pg g ' (Table 3). The lead
objects were assumed to be 100% lead.

Graphical representations of the 2°’Pb/2°°Pb ratio versus
the 2°*Pb/**°Pb ratio and the °°Pb/***Pb ratio versus the
208pp/294Pb ratio are given in Figs. 2 and 3, respectively.
Three groups can be distinguished:

— a compact group of lead objects with a 2**Pb/>°°Pb
ratio between 2.087 and 2.088;

— a group of soil samples covering a 2**Pb/*°°Pb range
between 2.059 and 2.081; and

— agroup of bone samples, located in-between the groups
of lead objects on one side, and soil samples on the other
side, in a ***Pb/2°°Pb range of 2.067-2.085. The lead in
the soils is more radiogenic than that in the bones,
which is again more radiogenic than the lead of the
objects. The bone—soil pair 6-99-128 is characterised
by a Pb isotopic composition similar to that of the lead
objects, as are the soil 59-41-41 and the bone 51-54-
165. The garum is situated between the lead objects
and the bone group, but closer to the lead objects
group, at a 2**Pb/?°°Pb ratio of 2.085.

The *°*Pb/?°°Pb ratio for every bone—soil pair is
presented in Fig. 4. It can be seen that most of the bone—
soil pairs display a significantly different isotopic compo-
sition for bone and soil. The 2°*Pb/?°°Pb ratio is system-
atically higher for the bones than for the soils, except for
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Table 1 Pb concentrations and Pb isotope ratios for soil samples from the cemetery of Preforium Agrippinae
[Pb]* 206py,/204py, 207pp 204py, 208pp 204py) 207py,/206py, 208p} 206, 208py, 207py,
(ngg "
IR 2s IR 2s IR 2s IR 2s IR 2s IR 2s

1-140-165 17 18.845 0.007 15.662 0.006 38.847 0.015 0.83110 0.00008 2.06141 0.00018 2.48040 0.00019
6-53-75 23 18.640 0.007 15.654 0.005 38.600 0.015 0.83979 0.00008 2.07081 0.00018 2.46588 0.00019
6-99-128 3800 18.385 0.007 15.624 0.005 38.380 0.015 0.84990 0.00009 2.08706 0.00019 2.45572 0.00019
6-100-146 24 18.756  0.007 15.663 0.006 38.743 0.015 0.83508 0.00008 2.06559 0.00018 2.47352 0.00019
6-130-190 44 18.724 0.007 15.659 0.005 38.700 0.015 0.83629 0.00008 2.06690 0.00018 2.47146 0.00019
6-133-196 22 18.677 0.007 15.659 0.005 38.692 0.015 0.83842 0.00008 2.07172 0.00018 2.47097 0.00019
6-147-235 39 18.647 0.007 15.655 0.005 38.665 0.015 0.83958 0.00008 2.07363 0.00018 2.46982 0.00019
6-265-328 17 18.834 0.007 15.654 0.006 38.782 0.015 0.83147 0.00008 2.05922 0.00018 2.47751 0.00019
14-116-188 71 18.589 0.007 15.663 0.006 38.689 0.015 0.84258 0.00009 2.08123 0.00019 2.47008 0.00019
14-120-193 29 18.710  0.007 15.656 0.006 38.726 0.015 0.83680 0.00008 2.06982 0.00018 2.47350 0.00019
14-152-202 2 nd.” n.d. n.d. n.d. n.d. n.d.

14-173-242 24 18.684 0.007 15.658 0.005 38.687 0.015 0.83807 0.00008 2.07062 0.00018 2.47067 0.00019
51-54-165 27 18.628 0.007 15.656 0.005 38.679 0.015 0.84044 0.00008 2.07637 0.00018 2.47055 0.00019
51-60-176 20 18.784 0.007 15.665 0.006 38.772 0.015 0.83395 0.00008 2.06403 0.00018 2.47502 0.00019
59--169 13 18.704 0.007 15.656 0.005 38.756 0.015 0.83702 0.00008 2.07209 0.00018 2.47557 0.00019
59-41-41 25 18.386  0.007 15.646 0.005 38.424 0.015 0.85099 0.00009 2.08988 0.00019 2.45583 0.00019
59-43-63 20 18.795 0.007 15.648 0.005 38.739 0.015 0.83258 0.00008 2.06114 0.00018 2.47560 0.00019
59-76-110 38 18.719 0.007 15.655 0.006 38.689 0.015 0.83629 0.00008 2.06680 0.00018 2.47137 0.00019
59-96-204 24 18.715 0.007 15.643 0.005 38.670 0.015 0.83585 0.00008 2.06619 0.00018 2.47196 0.00019
71-26-45 26 18.581 0.007 15.644 0.005 38.588 0.015 0.84191 0.00008 2.07673 0.00018 2.46670 0.00019
71-29-54 23 18.718 0.007 15.661 0.006 38.748 0.015 0.83667 0.00008 2.07007 0.00018 2.47416 0.00019
73-53-79 22 18.600 0.007 15.648 0.005 38.572 0.015 0.84128 0.00008 2.07379 0.00018 2.46504 0.00019

? Determined via quadrupole-based ICP-MS, typical uncertainty (RSD): <5%

®Not determined (only 10 mg sample available)

six bone—soil pairs. Two of these six pairs (6-99-128 and 6-
147-235) display the same 2°*Pb/**Pb ratio while the other
four pairs (14-173-242, 59--169, 59-41-41 and 71-26-45)
display a 2**Pb/?°°Pb ratio that is higher for the soils than
for the bones. The spread in 2°*Pb/**°Pb ratio is lower for
the bones than for the soils.

Discussion

Controversy exists concerning the origin of high lead
concentrations as retrieved in bone tissue dating from the
Roman—or in general, any historical—era. Martinez-
Garcia et al. [47] interpret Pb levels higher than biogenic
ranges found in Roman bone tissue as the result of dietary
uptake or uptake by inhalation, while Millard [48] and
Zapata et al. [49] consider diagenesis as the most important
process leading to these high Pb concentrations. In the
samples studied here, it turned out that:

1. the Pb levels are 2 to 10 times higher in the bone
compared to the surrounding soil; and

2. one soil (14-152-202) has a very low Pb concentration
(2 ug g ') compared to a much higher Pb concentration
of the corresponding bone (29 ug g ').

It seems unlikely that all the lead present in the soil has
moved into the bone. From these observations, the
importance of diagenesis as a cause of high bone-lead
concentrations can already be questioned, and uptake from
food appears to be more likely. However, this statement is
only based on Pb concentrations, and, as suggested by
Millard [48], isotope ratios can provide a more profound
insight into the relative contribution of diagenesis.

The percentage shift in 2*®Pb/*°Pb isotope ratio from
soil to bone (Fig. 4) varies between —0.64% (bone—soil pair
59-41-41) and 0.84% (bone—soil pair 51-60-176). However,
no systematic correlation is observed between, on the one
hand, the magnitude of the 2**Pb/2°°Pb isotope ratio shift,
and on the other hand:

1. the place on the excavation site where the sample was
taken (indicated by the first number in the sample
identification code, as given in Tables 1 and 2); and

2. the absolute values of the *°*Pb/*°°Pb isotope ratios for
bone and soil.

Furthermore, no systematic trend could be discerned
between the absolute difference between the °*Pb/?°°Pb
isotope ratio for bone and the corresponding soil, on one
hand, and the absolute difference in concentration between
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Table 2 Pb concentrations and Pb isotope ratios for bone samples from the cemetery of Pretorium Agrippinae

[Pb]* 206py,/204py, 207pp 204py, 208pp 204py) 207py,/206py, 208p} 206, 208py, 207py,
(nggh)
IR 2s IR 2s IR 2s IR 2s IR 2s IR 2s
1-140-165 110 18.581 0.007 15.665 0.006 38.616 0.015 0.84309 0.00009 2.07835 0.00018 2.46518 0.00019
6-53-75 79 18.630 0.007 15.659 0.005 38.631 0.015 0.84052 0.00008 2.07358 0.00018 2.46703 0.00019
6-99-128 32000 18.396 0.007 15.633 0.005 38390 0.015 0.84980 0.00009 2.08685 0.00019 2.45569 0.00019
6-100-146 150 18.575 0.007 15.660 0.005 38.629 0.015 0.84306 0.00009 2.07959 0.00018 2.46671 0.00019
6-130-190 64 18.647 0.007 15.654 0.005 38.613 0.015 0.83952 0.00008 2.07071 0.00018 2.46655 0.00019
6-133-196 31 18.591 0.007 15.652 0.005 38.577 0.015 0.84195 0.00008 2.07508 0.00018 2.46460 0.00019
6-147-235 170 18.640 0.007 15.660 0.005 38.646 0.015 0.84017 0.00008 2.07336 0.00018 2.46778 0.00019
6-265-328 160 18.632 0.007 15.644 0.005 38.577 0.015 0.83965 0.00008 2.07053 0.00018 2.46593 0.00019
14-116-188 320 18.540 0.007 15.659 0.005 38.623 0.015 0.84459 0.00009 2.08316 0.00019 2.46646 0.00019
14-120-193 200 18.561 0.007 15.648 0.005 38.573 0.015 0.84301 0.00009 2.07812 0.00018 2.46512 0.00019
14-152-202 29 18.599 0.007 15.654 0.005 38.609 0.015 0.84164 0.00008 2.07570 0.00018 2.46625 0.00019
14-173-242 44 18.684 0.007 15.661 0.006 38.658 0.015 0.83818 0.00008 2.06897 0.00018 2.46842 0.00019
51-54-165 300 18.428 0.007 15.629 0.005 38413 0.015 0.84813 0.00009 2.08453 0.00019 2.45781 0.00019
51-60-176 340 18.529 0.007 15.652 0.005 38.566 0.015 0.84477 0.00009 2.08148 0.00019 2.46397 0.00019
59--169 59 18.705 0.007 15.653 0.005 38.663 0.015 0.83688 0.00008 2.06696 0.00018 2.46983 0.00019
59-41-41 124 18.592  0.007 15.660 0.005 38.609 0.015 0.84230 0.00008 2.07666 0.00018 2.46544 0.00019
59-43-63 122 18.525 0.007 15.636 0.005 38.502 0.015 0.84407 0.00009 2.07841 0.00018 2.46238 0.00019
59-76-110 88 18.617 0.007 15.658 0.006 38.651 0.015 0.84104 0.00008 2.07607 0.00018 2.46847 0.00019
59-96-204 47 18.536  0.007 15.643 0.005 38518 0.015 0.84394 0.00009 2.07812 0.00018 2.46239 0.00019
71-26-45 23 18.589 0.007 15.650 0.005 38.581 0.015 0.84190 0.00008 2.07542 0.00018 2.46515 0.00019
71-29-54 160 18.584 0.007 15.656 0.006 38.628 0.015 0.84244 0.00008 2.07852 0.00018 2.46727 0.00019
73-53-79 75 18.498 0.007 15.645 0.005 38.529 0.015 0.84568 0.00009 2.08272 0.00019 2.46276 0.00019

* Determined via quadrupole-based ICP-MS, typical uncertainty (RSD): <5%

bone and corresponding soil, on the other hand. The apparent
lack of a systematic correlation between the difference in
208pp2%Pp} isotope ratio and the difference in Pb concen-
tration for bone and corresponding soil can be taken as a
first argument in excluding the process of diagenesis as the
most important source of bone lead.

The graphical representation of the *°’Pb/*°°Pb ratio
versus the 2°*Pb/?°°Pb ratio (Fig. 2) displays an alignment
of the bones with the soils, garum, and lead objects. This

suggests that the bone lead is a mixture of lead from two
sources:

1. soils, and
2. lead objects and/or garum

confirming that the process of diagenesis is not the only
lead source for bone. Furthermore, owing to the high
precision of the measurement, it could be deduced that at
least one additional source is required for complete clarifi-

Table 3 Pb concentrations and Pb isotope ratios for garum and lead objects excavated around the cemetery of Pretorium Agrippinae

[Pb]* 206p},204py, 207p}, 204py, 208p}, 204py, 207p},206py, 208p},206py, 208p},207py,
(ngg)
IR 2s IR 2s IR 2s IR 2s IR 2s IR 2s
Garum
13-2-236 670 18.435 0.007 15.638 0.005 38.436 0.015 0.84828 0.00009 2.08493 0.00019 2.45784 0.00019
Lead objects
2-24-10 - 18.388 0.007 15.630 0.005 38.378 0.015 0.84997 0.00009 2.08720 0.00019 2.45560 0.00019
5-67-499 P 18.386  0.007 15.627 0.005 38.379 0.015 0.84991 0.00009 2.08734 0.00019 2.45598 0.00019
6-62-20 b 18.395 0.007 15.624 0.005 38.394 0.015 0.84976 0.00009 2.08719 0.00019 2.45646 0.00019
7-547-971 -° 18.381 0.007 15.631 0.005 38.373 0.015 0.85036 0.00009 2.08764 0.00019 2.45506 0.00019
9-63-60 b 18.382  0.007 15.624 0.005 38367 0.015 0.84992 0.00009 2.08713 0.00019 2.45563 0.00019

“ Determined via quadrupole-based ICP-MS, typical uncertainty (RSD): <5%
® Assumed to be 100% lead
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Fig. 2 Y7Pb/*%Pb ratio versus 27Pb/E%Pb msoil ebone @garum A lead object
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cation. This assumption is confirmed in the representation of
the 2°°Pb/***Pb ratio versus the °*Pb/2**Pb ratio (Fig. 3),
where the spread of the samples is wider.

The 2°*Pb/?°°Pb ratio was plotted versus the inverse of
the Pb concentration (Fig. 5). From this graph, two soil
endmembers can be clearly identified:

1. soil 59--169, and
2. a group consisting of four soils: 1-140-165, 6-265-328,
51-60-176, and 59-43-63.

The first endmember, soil 59--169, displays a 2**Pb/*°°Pb
ratio of 2.072 and a Pb concentration of 13 pug g ', being
the lowest Pb concentration after the abnormally low Pb
concentration for soil 14-152-202 (2 pg g~ ') (Table 1). This
soil can be considered as a representation of the local soil,
largely free of Pb contamination. The second endmember

consists of the group of four soils mentioned above, all of
which were excavated at a different place on the excavation
site. The average isotopic composition for this four-soil
group equals 18.8 for 206pp294pp, 15.65 for 2"Pb/2**Pb,
38.8 for ***Pb/***Pb, 0.83 for **’Pb/**°Pb, and 2.06 for
208pp/2%ph, which is in agreement with the range of Pb
isotope ratio values given for the earth’s crust [50, 51].
Furthermore, these four soils display Pb concentrations
between 17 and 20 ug g ', which is in the range of the Pb
concentration of the upper continental crust [46]. As a
consequence, this endmember may represent the earth’s
crust, rather than a second local background.

Next to soil, the group of lead objects can be considered as a
lead source (Figs. 2 and 3). For the garum it was observed that:

1. its isotopic composition approaches that of the Pb from
the objects (Table 3); and

Fig. 3 206pp,204py ratio versus 206Pp/204Ph msoil o bone @ oo oioct
. soil ®bone jarum A lead obje
208pp294py ratio for the bone, 18.9 . g
. . 6-265-328 £,
garum, soil, and lead object ATHG g i aemmmerereee,
samples investigated. Error bars ggﬁg'gﬁ B e -* .%.'1"140 s
represent 2s intervals (external 188 7 ug g
.. N LT -- N
prem.smn). The eqdmembers R ;4 51-60-176
identified are encircled. The v—’ﬁ.._‘ "'ﬁ-—‘ i 20pgg?
code and Pb concentration of the 187 : PR 59169
samples considered as endmem- ’ i13pgg”
bers are indicated
186
185 .
13-2-236 §,
670ugg" |
184
183
383 384 385 386 387 388 389
208Ppy/204Py
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Fig. 4 2°°Pb/?°°Pb ratio for 208Pp/206Ph
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2. its Pb concentration amounts to 670 ug g ' (Table 3),a in its turn contaminated by Pb coming from the objects, as a
concentration that is twice as high as the highest bone  third endmember.
lead concentration, found for sample 51-60-176 (6-99- As a conclusion, soil and lead objects were established
128 excluded) (Table 2). as sources of bone lead. Three endmembers have been
identified so far:
From this observation, the garum can be considered as . .
. . ° 8 . soil 59--169 as the local soil background;
contaminated with Pb coming from the lead objects, and .
. . a group of four soils (1-140-165, 6-265-328, 51-60-176
thus represents a proxy for the lead objects. Since the . ,
. . and 59-43-63) representative of the earth’s crust; and
garum was ingested by the Romans as a fish sauce, it makes R . .
. . 3. garum, which in its turn was contaminated with Pb
more sense to consider garum and/or lead coming from the )
. . o from the lead objects.
lead objects (via, e.g., drinking water) as a source of bone
lead, rather than the Pb objects themselves. The observation In Figs. 2, 3 and 5, the endmembers identified so far,
that a higher bone Pb concentration (lower 1/Pb value) is  have been indicated. However, with these endmembers only,
characterised by an isotopic composition approaching that  not all the bone samples occur in the three-point diagrams
of garum and lead objects, confirms the assumption of garum,  constructed. This implies that at least one additional
Fig 5 zobe/zof)Pb ratio versus 208Ph/206Ph Wsoil ®#bone @garum Alead object
) 2095
the inverse of the Pb concentra-
tion. Error bars (2s, external A2
precision) are included in the 20%7 .
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symbol size. The endmembers Fieropgg?
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indicated in grey indicates the \: el ’."* -
expected position of a remaining 2080 |—+——g— = =
endmember. One soil (59-41-41) ‘,”:’ \\,3 .-" - 59-169
is clearly out of the range 2075 M ~. ** . Trmel e
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remains unexplained 2070 ‘e * S | ’
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endmember remains to be identified, which should have a
208pp/2%Ph ratio not higher than 2.067 (Fig. 5).

Four samples (bone and soil 6-99-128, bone 51-54-165,
and soil 59-41-41) have an isotopic composition that is
between that of the lead objects and that of the garum
(Figs. 2 and 3). Both the bone tissue and the soil for sample
set 6-99-128 show a very high lead concentration and an
isotopic composition clearly deviating from that of the other
bone—soil pairs (Tables 1 and 2), indicating a very high
degree of contamination with lead from the lead objects. In
Fig. 5 the soil 59-41-41 is located far from the range
displayed by the other samples. For the moment, the reason
why the soil 59-41-41 displays an isotopic composition
clearly different from that of the other soil samples, remains
unexplained.

From the considerations given above, it can be conclud-
ed that the process of diagenesis is not the most important
source of lead found in the bones of Roman infants from
Pretorium Agrippinae. The bone lead appears to be a
mixture of geogenic lead (soil lead) and dietary exposure
lead, taken up from, e.g., garum and/or drinking water.

Conclusions

Pb isotopic investigation of infant bone tissue dating from
the Roman era, along with possible sources of bone lead
such as surrounding soil, garum, and lead objects, has
allowed determination of three endmembers for bone lead.
Two endmembers were identified as soils, and the third
endmember was shown to be lead coming from the lead
objects, well represented by the fish bones used by the
Romans to prepare garum, a fish sauce. These three end-
members however, do not completely explain the Pb isotopic
composition of the full set of bone samples investigated,
so that at least one additional endmember remains to be
identified.

The studies conducted have revealed that the surround-
ing soil—and thus the process of diagenesis—can be
excluded as the main source of bone lead. At least an
important fraction of the lead retrieved in the bone tissue
must have been present there before the decease of the
infants whose remains have been retrieved at the cemetery
of Pretorium Agrippinae.

More samples should be analysed, in order to identify
the missing endmember(s). Further studies may be carried
out to obtain insight into the toxicological aspect of this
research, and to allow a more in-depth interpretation from
an archaeological point of view concerning the sources of
the lead found in the bone tissue investigated in this work.
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