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ABSTRACT ARTICLE HISTORY

Lead pollution from metalliferous mines can have major environmental and health effects long Received 1 February 2022

after the mines have closed. Animals living near derelict mine sites can inadvertently ingest Accepted 25 March 2022

lead-contaminated soils, causing them to accumulate lead and potentially experience significant

adverse health effects. Human food products, such as eggs, produced near metalliferous mines )

may also be contaminated with lead. The focus of this case study was to determine whether Lead; Ch'c.ken.; '.399.5; legacy
. .. . R . pollutants; mining; human

free-range chickens living near a derelict lead mine had high lead body burdens, whether they health risks

were producing eggs with elevated lead concentrations, and whether these eggs could be haz-

ardous to human health. Soil samples and chicken egg, feather, blood, and bone samples were

collected from a small farm near an abandoned metalliferous mine. The soil in and around the

chicken pens contained lead concentrations that were elevated above established soil lead base-

line concentrations. The lead concentrations in the chicken feather, blood, and bone samples

were consistent with lead toxicity and indicated long-term, continuous exposure. Finally, the

lead concentrations in the eggs were significantly greater than those found in commercial eggs.

Based on previously established lead benchmark dose levels, humans, and in particular, children,

could experience adverse health impacts if they routinely consumed these eggs. Environmental

lead contamination continues to pose a major health risk for humans, and further research,

understanding, and awareness are required to safeguard the public from the risks of consuming

food produced near derelict mines.

KEYWORDS

Introduction limiting the use of products containing lead,
such as lead-based paint, leaded petrol, and lead
pipes (Tchounwou et al. 2012). However, since
lead is an elemental toxin and does not degrade,
historical contamination can continue to pose a
threat to human health.

A key route of lead exposure for humans is
through the consumption of lead-contaminated
food (Tong et al. 2000; Tchounwou et al. 2012).
Fruit and vegetables grown in lead-contaminated
environments have been found to have corres-
including the kidneys, liver, central nervous sys- pondingly high lead concentrations (Finster et al.
tem, and reproductive system (Tchounwou et al.  2004; Feleafel and Mirdad 2013). Similarly, animals
2012). Therefore, over the past 40years, there  reared in lead-polluted environments can ingest
have been concerted efforts to decrease human lead by drinking contaminated water, consuming
lead exposure, primarily through banning or  contaminated food products, or inadvertently

Lead is a toxic metal that has significant adverse
impacts on human health throughout the world.
In 2017, lead exposure was estimated to have
caused more than one million deaths and over
24 million disability-adjusted life years (years of
life lost due to premature mortality or living
with a disability) worldwide (Mathers et al. 2013;
Stanaway et al. 2018). The effects of lead expos-
ure are profound, as it can affect multiple organs,
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Figure 1. Map of sampling locations. The numbers represent the sampled sites at the farm: Pens 1, 2, and 3 and the gravel track (4).

ingesting contaminated soil (Franson and Pain
2011). In birds and mammals, lead accumulates
primarily in the kidney, liver, and bones; high lead
exposure, however, can result in lead accumulating
across multiple systems, including tissues used for
human food products, such as milk or eggs
(Trampel et al. 2003; Franson and Pain 2011).
Human exposure to lead through the consump-
tion of domestic chicken (Gallus gallus domesticus)
eggs is of particular concern, as lead has been
known specifically to accumulate in the eggs of
lead-exposed chickens (Trampel et al. 2003). A
number of studies have examined eggs produced
by chickens in urban or semi-urban areas, and
found elevated lead concentrations, reflecting the
elevated local environmental lead levels (Roegner
et al. 2013; Bautista et al. 2014; Spliethoff et al.
2014; Grace and MacFarlane 2016; Leibler et al.
2018; Cowie and Gartrell 2019). However, the few
studies that have investigated eggs produced in
highly lead-polluted areas have focused on chickens
living near currently active sources of pollution,
such as working lead smelters (Martins et al. 2010;
Zariff et al. 2019). Nevertheless, abandoned lead
workings can also serve as significant sources of

contamination, as lead concentrations around dere-
lict mines or smelters may remain high for hun-
dreds of years after the operation has ceased (Pyatt
et al. 2000; Venkateswarlu et al. 2016). These areas
consistently have higher lead concentrations than
urban areas, though local residents are not always
aware of the contamination or the associated risks
(Palmer 2006; Dogaru et al. 2009; Johnson et al.
2012). The aim of this study was therefore to
determine whether chickens living near a derelict
lead mine accumulate lead within their tissues,
whether they produce eggs with elevated lead con-
centrations, and whether these eggs could be haz-
ardous to human health. This case study focused
on eggs produced over a 16-month period by a
flock of chickens from a small private farm, located
directly downstream from a derelict lead mine.

Materials and methods
Site

All samples were collected from an 8ha farm in
Wales located approximately 0.6km downstream
from an abandoned lead mine (Figure 1). Due to
the proximity of the mine, the owner of the farm



requested that their land be investigated for
environmental lead contamination.

Eight chickens lived on the farm in October
2018, and were managed under free-range condi-
tions. Two died during the course of this study
(one in November 2018 due to predation, another
in May 2019 due to unknown causes). Apart from
these deaths, all other chickens appeared clinically
healthy throughout the study. The chickens were
kept within two adjacent pens (Pens 1-2), one of
which contained a chicken coop (Pen 2), and they
also had regular access to a third, larger pen (Pen
3; Figure 1). All three pens were elevated above a
stream flowing from the mine site, so the chickens
had no direct access to the stream.

Sample collection

Soil samples were collected from the chickens’ three
pens, as well as a gravel track adjacent to the pens.
The samples were collected using the “W-transect’
method: approximately 10 samples were collected
using a stainless steel trowel at roughly equivalent
distances within a ‘W’ shaped pattern across the
sampling area. The samples were deposited into a
single plastic bag and mixed by hand. Each pen
was treated as an individual sampling area.
Sampling from the track was restricted to the areas
that were directly adjacent to the chicken pens.

Soil samples were also collected from the
mine site and from a nearby control site (a pro-
tected woodland area) located 3km from the
mine. The control site was chosen to represent a
relatively uncontaminated baseline for soil lead
concentrations in the immediate region. These
samples were collected at approximately 5m
intervals across five 20m transects distributed
across the sampling site. All the samples from a
single transect were placed into a plastic bag and
mixed by hand. Two distinct areas within the
mine site (a mine spoil heap and an adjacent
area of flattened mine spoil) were each sampled
using the W-transect method.

Six eggs were collected from the farm on four
occasions (in October 2018, May 2019, October
2019, and January 2020), and 10 eggs were col-
lected in February 2019. The farm owner col-
lected fresh eggs on the day of collection, and
the eggs were kept at 4 °C before analysis.
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A total of 12 commercially available eggs,
obtained from two different sources, were ana-
lysed for comparison purposes. In January 2020,
six eggs were purchased from a privately run
free-range farm near Sutton Bonington,
Leicestershire, UK. In January 2021, six further
eggs were purchased from a major supermarket
chain; these were commercially produced, free-
range eggs from Wales. All eggs were kept at
4 °C before analysis.

Blood and feather samples were collected
from the chickens in October 2018. Qualified
veterinarians collected blood samples via venous
sampling, which they dispensed into 4mL lith-
ium-heparinised tubes, mixed thoroughly, and
stored at 4 °C prior to analysis. One feather from
each chicken was carefully clipped close to the
skin using stainless steel scissors. Due to sam-
pling difficulties, blood samples were collected
from four of the chickens, while feather samples
were collected from all eight chickens.

The carcases of the two chickens that died
during the study period were opportunistically
collected. One carcase was frozen and thawed
before dissection (to avoid decay), while the
other was stored at 4°C until dissection. During
post mortem dissection, a femur was removed
from each chicken for elemental analysis. The
bone samples were stored at —20°C.

Sample processing

The soil samples were air-dried before being
sieved to <2mm with a stainless steel sieve and
subsequently ground into fine powder using a
Retsch PM 400 planetary ball mill (Retsch, Haan,
Germany). Duplicates of each sample were then
acid digested using a Teflon-coated graphite hot-
plate block digester (Analab, Bischeim, France).
Approximately 0.4g of sample, along with 1 mL
HNO; and 3 mL HCI, were heated on a hotplate
block digester at 95 °C. After 2 hours, the samples
were allowed to cool to ambient temperature
before being dispensed into plastic volumetric
flasks. The volume was then made up to 50 mL
with Milli-Q water (18.2 MQ cm; Millipore
Corporation, Darmstadt, Germany). The solu-
tions were diluted 1:10 with Milli-Q water prior
to elemental analysis by inductively coupled
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plasma mass spectrometry (ICP-MS) (Model
ICAP-Q; Thermo Fisher Scientific, Bremen,
Germany). A certified reference material for lead
(NIST 2711 A, Montana soil) was run for quality
assurance purposes (Pb recovery was 93.1% of
the certified value).

The egg samples were manually separated into
shell, yolk, and albumen and weighed before being
freeze-dried to a constant mass. The original wet
weight and the final dry weight for each egg con-
stituent were recorded. While most yolk and albu-
men samples were successfully separated upon
extraction from the egg, if the samples became
mixed, after freeze-drying the yolk and albumen
were separated based on their different consist-
ency and colour. Approximately 0.1-0.2g of each
sample, along with 3mL 70% HNO; (Primar
Plus™ grade, Thermo Fisher Scientific), 2mL
H,0,, and 3mL Milli-Q water, were digested in a
microwave oven (Model Multiwave Pro, Anton
Paar) at 140°C for 30 minutes, following a proto-
col established by Anton Paar, based on U.S. EPA
Method 3051 A (U.S. EPA 2007). After digestion,
7mL of Milli-Q water was added to the samples.
The digestants were diluted 1:10 with Milli-Q
water prior to elemental analysis by ICP-MS.
Certified reference material for lead in biological
samples (BRC-185R Bovine Liver [trace elements])
was run for quality assurance purposes (Pb recov-
ery was 98.8% of the certified values).

The blood samples were homogenised using a
roller mixer for 10 min. The blood was diluted 1:20
with 0.1% HNO; prior to elemental analysis by
ICP-MS. A sample of certified reference material
for lead (Seronorm Trace Elements in Whole
Blood L-2, Lot 1702825) was also included for
quality assurance (Pb concentration = 303 ug L™").

The feather samples were rinsed with deion-
ised water to remove as much external contamin-
ation as possible. Afterwards, they were rinsed
with the following solvents in sequence for
15minutes at a time: deionised water, 0.5%
Triton-X, deionised water, acetone, and deionised
water. Before each new solvent was added, the
previous solvent was poured off and the samples
and tubes were briefly rinsed with deionised
water. The samples were stirred using a roller
mixer during the washing process. After washing
was complete, the samples were dried at 60 °C in

an oven overnight. The samples were then cut
into smaller pieces (~2cm) using scissors, and
were acid digested and analysed using ICP-MS,
as previously described for the egg samples.

The chicken bone samples were freeze-dried
to a constant mass. After freeze-drying, bone
samples were manually cleaned of extraneous
soft tissue. The bone samples were then acid
digested following the same method as the egg
samples (microwave-assisted) prior to elemental
analysis by ICP-MS.

Statistical analyses

Lead concentrations were compared between the
edible portions (yolk and albumen) of the eggs
(wet weight). The edible lead concentration was
determined by combining the yolk and albumen
concentrations (with adjustment for relative mass).

The limit of detection (LOD) was calculated
as 3 times the standard deviation of the lead con-
centrations of 19 blank samples run alongside
the egg samples. The LOD was 0.262ug L,
which converted to 0.0227pg L~' dry weight.
Unique LODs for the amount of lead per egg
and the wet weight lead concentration were then
calculated for the shell, yolk, and albumen por-
tions of the egg using the average wet and dry
weights of the relevant component across all eggs
sampled. The amount of lead LOD was
0.000140 mg for the shell, 0.000190 mg for the
yolk, and 0.000102mg for albumen, while the
wet weight lead concentration LOD was
0.0160 pug L~ for the shell, 0.0113ug L™" for the
yolk, and 0.00276ug L~ 'g for albumen. Any
sample concentrations or amounts below the
LOD were reported as < LOD. For statistical and
graphical comparisons, samples with a concentra-
tion or amount below the LOD had their con-
centration substituted with half of the LOD. The
limit of quantitation (LOQ) was calculated as 10
times the standard deviation of the 19 blank
samples run alongside the egg samples. The LOQ
was 0.874ug L~', which converted to 0.0757 ug
L~" dry weight.

The lead concentrations found in the edible
portions of the eggs were compared between the
farm and the commercially available eggs, as well
as between the farm eggs across the different



collection months, using analysis of variance
(ANOVA) in R (R Core Team 2018). Two
ANOVAs were used: one comparing the lead con-
centrations in the farm eggs from each collection
month to the two sets of commercially available
eggs, and one comparing the lead concentrations
in the farm eggs between each collection month.
A graph displaying the lead concentrations in the
farm and the commercially available eggs across
collection months was made in R using the
ggplot2 package (Wickham 2016).

Threshold comparisons

The soil lead concentrations were compared to the
Normal Background Concentrations (NBCs), which
were generated by the British Geological Survey
(BGS) to indicate the ‘normal levels of contami-
nants’ in different domains (areas defined based on
geology and anthropogenic activity) of the UK
(Ander et al. 2013). Specifically, the NBC dry
weight pg L' concentrations for the ‘Principal
(background) and ‘Mineralisation’ (mining areas)
domains resolved for Wales by the BGS in 2013
were referenced for comparison (Ander et al. 2013).

The amount of lead in the edible portions of
the eggs was compared to lead consumption
thresholds for known impacts on human health.
The European Food Safety Authority (EFSA)
determined benchmark dose levels (BMDLs; the
lowest 95% confidence limit below the bench-
mark dose, or dose that is associated with a spe-
cific response) for daily lead consumption. These
BMDLs focused on the risks of developmental
neurotoxicity (intellectual deficits) in children,
nephrotoxicity (specifically, chronic kidney dis-
ease) and cardiovascular effects (specifically,
higher systolic blood pressure) in adults
(European Food Safety Authority 2010; Hardy
et al. 2017). These BMDLs indicate threshold
dietary intake values in ug L~' body weight per
day, so the average weight of an adult in
England in 2019 (78.6kg) was used to determine
how much lead an adult could consume in a day
before exceeding the BMDL (Moody 2019). Due
to the large differences in weight across ages dur-
ing childhood, the threshold for children was cal-
culated for six age brackets (0-1, 2-4, 5-7, 8-10,
11-12, and 13-15years old), following those
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determined in the Health Survey for England
2019 (Moody 2019). To compare the egg lead
concentrations to the BMDLs, the amount of
lead in the edible portions of the eggs was calcu-
lated using the measured lead concentrations and
the mass of each egg component.

Results
Soil

The three chicken pens (Pens 1-3) and the adja-
cent gravel track all had elevated soil lead concen-
trations when compared to the soils from the
nearby control site (Table 1). The soil lead con-
centrations from the farm also exceeded the NBCs
for Wales for both the Principal (230 ug L") and
Mineralisation (280 pg L ') domains, further indi-
cating that the lead concentrations were elevated
above ‘normal’ levels (Ander et al. 2013). Of the
soils sampled at the farm, the highest lead concen-
tration was found in the gravel track, which was
similar to the lead concentration in the spoil heap
at the nearby mine site (Table 1).

Table 1. Lead concentrations in soil samples.

Lead
Site (ug L7 dw?)
Mine site
Spoil heap 23,100 + 2070

Flattened spoil 11,900 + 3250

Five transects across the site® 6380+ 1320
Farm

Pen 1 2030+232

Pen 2 1830+ 131

Pen 3 885+ 54.6

Track 23,000+ 5160
Control site

Five transects across the site” 66.7+16.8

Note. Results are represented as mean + standard deviation.
Dry weight.
bp=5.

Table 2. Lead concentrations within chicken feathers, blood,
and bone samples.

Feather Blood Bone
Chicken (ug L7 dw?) (ng L™ (ng L' dw)
1 35.1 492
2 38.0 4670 421
3 19.0
4 26.0 1020
5 47.
6 27.6 1070
7 48.7 394
8 336
Mean 3444102 1790 % 1950 267 +318

Note. Results are represented as mean + standard deviation.
°Dry weight.
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Table 3. Chicken egg lead concentrations (wet weight).

Farm eggs Commercially available eggs
October 2018  February 2019 May 2019 October 2019 January 2020 January 2020 January 2021
Part of egg (n=6) (n=10) (n=6) (n=6) (n=6) (n=6) (n=6)
Shell Mean 0.470 0.874 1.15 0.516 0.340 <LOD 0.0361
SD 0.421 0.395 0.813 0.168 0.0686 NA 0.0689
Range 0.0884-1.29 0.405-1.74 0.230-2.63 0.391-0.846 0.275-0.452 NA-0.0235 NA-0.177
Yolk Mean 0.330 0.565 1.30 0.705 0.866 0.0161 0.0207
SD 0.190 0.314 0.452 0.174 0.386 0.00686 0.0268
Range 0.128-0.656 0.207-1.11 0.771-1.89 0.499-0.913 0.508-1.58 ND-0.0250 0.00563-0.0717
Albumen Mean 0.0289 0.00220 <LOD <LOD <LOD <LOD 0.00333
SD 0.0432 0.00258 NA NA NA NA 0.00302
Range ND-0.0948 ND-0.00953 ND-0.0629 ND-ND ND-0.00727 ND-0.00732 ND-0.00745
Yolk and albumen  Mean 0.179 0.284 0.657 0.353 0.434 0.00922 0.0120
SD 0.115 0.157 0.224 0.0871 0.193 0.00265 0.0134
Range 0.0648-0.375 0.104-0.554 0.386-0.947 0.250-0.457 0.255-0.788 0.00647-0.0132 0.00351-0.0366
Overall Mean 0.276 0.480 0.820 0.408 0.403 0.0102 0.0201
SD 0.169 0.192 0.278 0.0967 0.121 0.00330 0.0265
Range 0.0727-0.539 0.208-0.889 0.475-1.19 0.297-0.574 0.290-0.623 0.00699-0.0153 0.00501-0.0712

Notes. All values are in ug L~ wet weight. ‘ND’ indicates that a concentration was below the detection limit, while < LOD indicates that the overall
mean fell under the detection limit.

Feathers, blood, and bones

The lead concentrations found in the feathers,
blood, and bones of the chickens were consistently
elevated above expected, non-contaminated levels.
In fact, the feather lead concentrations exceeded
not just those of control chickens but were more
than double those found in prior experimental
studies where chickens were fed metal-enriched
feed [13.8g L' in Zhuang et al. (2014);
112pg L' in Kim et al. (2020); Table 2]. The
blood lead concentrations were similarly elevated
above those found in an experimental study
[990pg L~' in Zhuang et al. (2014)] and the
standard background concentration of lead in bird
blood (200 pug L~ '; Franson and Pain 2011; Table
2). Indeed, one of the four chickens sampled had
a blood lead concentration that was more than
double the acute lead poisoning threshold in
chickens (1500pg L' Trampel et al. 2003).
Similarly, the lead concentrations found in the
bones of the two chickens that died during the
course of this study were indicative of ‘excessive
lead exposure’ (above 20pg L~'), as found by
Franson and Pain (2011), and were higher than
those recorded during an experimental study
where chicks were fed a metal-enriched diet
[21.4pg L' in Baykov et al. (1996); Table 2].

Eggs

Lead concentrations in the eggs were generally
highest in the shells, followed by the yolk, and then

the albumen (Table 3). Due to concerns about
human health risks from consuming the eggs, this
study primarily focused on the lead concentration
in the normal dietary components, specifically, the
yolk and albumen (the ‘edible portion’). The lead
concentration in the edible portion of the eggs dif-
tered significantly across all collection months and
between both commercially available egg groups,
with the lead concentrations in the farm eggs
noticeably elevated (F=16.7, df=6, p<0.001;
Figure 2). The lead concentrations in the edible
portions of the eggs from the farm also varied sig-
nificantly across the different collection months
(F=7.73, df=4, p < 0.001; Figure 2).

To estimate the human health risks associated
with consuming these eggs, the amount of lead
within the edible portion of the eggs was com-
pared to the EFSA BMDLs for developmental
neurotoxicity in children, and nephrotoxicity and
cardiovascular effects in adults (European Food
Safety Authority 2010). Children under 8 years
old could exceed the developmental neurotoxicity
BMDL by eating one to two of the farm eggs per
day (Table 4). By comparison, children under 8
years old would have to eat between 9 and 38 of
the commercially available eggs tested during this
study per day to exceed the BMDL (Table 4).
The average adult could exceed the nephrotox-
icity BMDL by consuming between two and six
of the farm eggs (dependent on the collection
month); to exceed the same threshold through
eating the commercially available eggs, an adult
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Figure 2. Pb concentrations in edible portions (yolk and albumen) of eggs from the farm and the commercially available eggs

across collection months.

Table 4. Number of eggs that can be consumed in 1day before exceeding EFSA thresholds.

Commercially

Farm Eggs Available Eggs
Threshold Threshold October  February May October  January  January  January
EFSA threshold (g L' b.w. Weight®  (mg of lead 2018 2019 2019 2019 2020 2020 2021
type per day) Age (kg) per day) (n=6) (n=10) (n=6) (n=6) (h=6) (n=6) (n=6)
Developmental 0.00050  0-1 years 9.5 0.00475 0 0 0 0 0 15 9
neurotoxicity 2-4 years 16.2 0.00810 1 0 0 0 0 27 16
BMDL*¢ 5-7 years 228 0.0114 1 1 0 0 0 38 22
8-10 years 341 0.0171 2 1 0 1 1 57 33
11-12 years  47.0 0.0235 3 2 1 1 1 78 46
13-15 years  59.7 0.0299 4 3 1 2 2 100 59
Nephrotoxicity 0.00063  Adult 78.6 0.0472 6 5 2 3 3 166 98
BMDL®
Cardiovascular 0.00150  Adult 78.6 0.118 16 12 5 9 8 395 234
BMDL®

Notes. The number of eggs was rounded down to the nearest whole number. ‘0’ means that eating one egg would exceed the respective

EFSA threshold.

?Benchmark dose level (the lowest 95% confidence limit below the benchmark dose, or dose that is associated with a specific response).
PAverage weights based on those recorded in the Health Survey for England 2019 (Moody 2019).
EFSA European Food Safety Authority European Food Safety Authority (2010).

would have to eat almost a hundred eggs per day
(Table 4). The cardiovascular BMDL threshold is
more than double the nephrotoxicity BMDL, but
it could still potentially be exceeded by the daily
consumption of more than five of the farm eggs
collected in May 2019 (Table 4).

Discussion
Chickens’ lead exposure

The chickens in this study were exposed to high
concentrations of lead via the lead-contaminated
soil in and around their pens. This contaminated

soil is likely their primary route of lead exposure,
as the chickens were provided with store-bought
feed, were given water directly from the mains,
and did not have any access to the nearby
stream. While mains water can be contaminated
with lead, even notably high water lead concen-
trations (7.8ug L™') associated with drinking
water contamination events have relatively low
lead concentrations compared to those found in
the soil during this study (Table 1; Paranthaman
and Harrison 2010). While the three chicken
pens contained soil with elevated lead concentra-
tions (compared to the soil NBCs), the track
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adjacent to the chicken pens had a particularly
high lead concentration. The landowner indi-
cated that it was likely that the track had been
built using mine spoil, as they stated that this
was a common practice in the region. This seems
probable, as the lead concentration found in the
track strongly resembles the lead concentration
found in the mine spoil itself.

When in their pens, the chickens could peck
at gravel from the track, part of which ran along
the boundaries of their pens. The landowner
stated that the chickens favoured using gravel
from the track as grit, even preferentially select-
ing it over oyster shells provided by the land-
owner. Prior studies investigating the effects of
chickens consuming lead-based grit have found
high lead concentrations in the birds, and have
observed significant negative health effects,
including mass mortality in some cases
(Salisbury et al. 1958). Lead-contaminated grit is
particularly dangerous, as the bird will be con-
tinuously exposed to lead as the grit slowly
degrades in the gizzard (Salisbury et al. 1958). If
the chickens were ingesting gravel from the track
to use as grit, this could explain the high lead
concentrations found within their feathers, blood,
and bones.

The lead concentrations in the chickens’ fea-
ther, blood, and bone samples were suggestive of
severe lead toxicity, and indicated long-term,
continuous lead exposure. While lead remains in
the blood for a few weeks after an exposure inci-
dent, lead is stored in bones and remains seques-
tered there for years after exposure (Franson and
Pain 2011). High lead concentrations in both the
blood and bone samples, therefore, suggest that
the chickens had been exposed to lead over mul-
tiple years, and were still being exposed to lead
when the blood samples were collected (in
October 2018). This is consistent with the chick-
ens being continuously exposed to lead over
years, likely through the soil in their pens and
the adjacent gravel track. Despite the high lead
concentrations in the feather, blood, and bone
samples, symptoms of overt lead toxicity were
not observed in the chickens during the course
of this study. However, this is common in cases
where chickens are exposed to lead, even at high

concentrations (Salisbury et al. 1958; Roegner
et al. 2013; Bautista et al. 2014; Kim et al. 2020).

Environmental exposure and lead concentrations
in eggs

The lead concentrations in the edible portions of
the farm eggs varied significantly between sampling
events. This could be due to variations in the
chickens’ lead exposure as a result of management
changes throughout the study period. Prior to the
beginning of the study, the chickens’ owner fed
them by placing food directly in a trough. After
the first site visit in October 2018, the chickens
were instead encouraged to forage for food, with
the owner spreading supplementary feed onto the
grass and soil within their pens. It is possible that
the more foraged diet led to the chickens inadvert-
ently ingesting more lead-contaminated soil and
taking up more grit from the nearby contaminated
track to aid with digestion (van der Meulen et al.
2008; Grace and MacFarlane 2016; Takasaki and
Kobayashi 2020). This could explain the observed
increase in egg lead concentrations in February
and May 2019 (Figure 2 and Table 3). The owner
then decided to move the chickens to an indoor
barn with concrete flooring and no outdoor access.
After this move, the chickens’ egg lead concentra-
tions decreased slightly, though they remained
higher than the lead concentrations found in the
eggs at the beginning of the study, even after the
chickens had been kept in the barn for more than
6 months (Figure 2 and Table 3). It is possible that
the chickens were mobilising lead stored in their
bones while transferring calcium from bones for
eggshell production, and therefore were still pro-
ducing lead-contaminated eggs, even after their
exposure to environmental lead was limited (Bar
2009; Bautista et al. 2014). After January 2020, and
the end of this study, the owner returned the
chickens to the original pens, so there is no indica-
tion as to whether the lead concentrations in the
eggs would have continued to decline if the chick-
ens remained in the barn.

Eggs and human health risks

Based on the amount of lead detected in the
edible portions of the farm eggs, human adults



consuming between three and seven of these
eggs in a day would be at risk of developing
chronic kidney disease (European Food Safety
Authority 2010). This level of egg consumption
is rare for egg-eating adults in the UK, who eat
around 5-6 eggs per week (Gibson and Gray
2020). Furthermore, lead exposure would greatly
vary depending on which egg components are
consumed; a person preferentially eating the
albumen from these eggs would be exposed to
less lead than someone regularly eating either the
yolk or yolk and albumen. However, while fol-
lowing the EFSA thresholds would likely minim-
ise the risk of developing severe adverse health
impacts, even low levels of chronic lead exposure
have been known to affect adults. Low lead
exposure has been linked to various symptoms,
including cognitive impairments, mood disorders,
and a higher risk of cardiovascular disease
(Vorvolakos et al. 2016; Obeng-Gyasi 2020).
Because of the extensive effects of exposure to lead
at low concentrations, the World Health
Organization has stated that ‘there is no level of
exposure to lead that is known to be without
harmful effects’ (World Health Organization 2019).

Children are particularly vulnerable to lead’s
toxic effects. This is partly due to the active devel-
opment of their organs/systems (in particular, their
developing central nervous system), and also due to
their higher lead uptake rates: a child’s gastrointes-
tinal tract absorbs 50% of consumed lead in food,
while an adult’s tract only absorbs 10-15% (Tong
et al. 2000; Jarup 2003). Lead exposure in children
has been linked to inhibited growth and impaired
physical and neurobehavioral development (Yang
et al. 2013; Vorvolakos et al. 2016). In particular,
lead can cause lifelong cognitive and behavioural
problems, including decreased brain volume, lower
IQ scores, inhibited visual brain development, and
slower information processing (Tong et al. 2000;
Jarup 2003; Cecil et al. 2008; Ethier et al. 2012;
Boucher et al. 2014; Liu et al. 2014; Karri et al.
2016; Vorvolakos et al. 2016). Based on the EFSA
BMDL for children, if a young child regularly ate
one to two of the eggs tested in this study, they
could become cognitively impaired (measured by a
reduction in Full-Scale 1Q scores) (European Food
Safety Authority 2010). Even low levels of lead
exposure in children (indicated by blood lead
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concentrations from 15ug L' down to <5pug L")
could lead to a variety of neurocognitive and behav-
ioural impairments, including a lack of attention,
increased anxiety, and reduced executive function
(the ability to plan and adapt) performance
(Chiodo et al. 2004; Roy et al. 2009; Vorvolakos
et al. 2016). Lead exposure in children should there-
fore be minimised as much as possible to avoid life-
long repercussions (Vorvolakos et al. 2016).

Conclusions

Chicken eggs can be a key source of lead exposure
for humans. This case study demonstrates that a
flock of chickens living near a derelict metal mine
can accumulate high concentrations of lead within
their bodies and produce lead-contaminated eggs.
The presence of lead in chicken eggs is of particu-
lar concern because, despite the potentially severe
adverse health impacts, lead contamination in eggs
is difficult for owners or consumers to detect, as
chickens rarely exhibit symptoms of lead toxicity,
and lead-contaminated eggs appear normal.
Consuming lead-contaminated eggs can have pro-
found negative health effects, especially if the eggs
are eaten on a regular basis, and/or if they are
eaten by children. As there are potentially hun-
dreds of thousands, if not millions, of abandoned
metalliferous mine sites worldwide (United Nations
Environment Programme 2001; Venkateswarlu
et al. 2016), and over 1,300 in Wales alone
(Environment Agency Wales 2002), further studies
examining the lead concentrations in eggs pro-
duced in similar environments to those in this
study are clearly necessary. Better public awareness,
additional research, and increased regulations on
eggs produced in lead-contaminated areas are
necessary to reduce the risk of lead toxicity from
the consumption of lead-contaminated eggs.

Acknowledgements

The authors thank the landowners for participating in this
study, Catherine Williams and Saul Vazquez Reina for tech-
nical assistance with sample preparation and analysis, and
Aisling McManus, Calum Ramage, Danielle Brunsdon,
Katarina Piponi, and Sharandeep Dhami for helping col-
lect samples.



10 A. SARTORIUS ET AL.

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

This work was financially supported by the Natural
Environment Research Council under NERC grant reference
number [NE/L002604/1], with Andrea Sartorius’s studentship
through the ENVISION Doctoral Training Partnership.
Further funding for this project was provided by Natural
Resources Wales and the University of Nottingham.

ORCID

Andrea Sartorius () http://orcid.org/0000-0002-4922-2443
Matthew Johnson (%) http://orcid.org/0000-0003-1336-5490
Scott Young ([ http://orcid.org/0000-0002-3371-7185
Malcolm Bennett () http://orcid.org/0000-0002-5490-2910
Kerstin Baiker () http://orcid.org/0000-0003-4855-6879
Paul Edwards () http://orcid.org/0000-0003-3227-0921

Lisa Yon (®) http://orcid.org/0000-0002-9765-3192

Data availability statement

The data that support the findings of this study are openly
available in the Nottingham Research Data Management
Repository at https://doi.org/10.17639/nott.7117.

References

Ander EL, Cave MR, Johnson CC. 2013. Normal back-
ground concentrations of contaminants in the soils of
Wales: exploratory data analysis and statistical methods.
Keyworth (UK): British Geological Survey.

Bautista AC, Puschner B, Poppenga RH. 2014. Lead expos-
ure from backyard chicken eggs: a public health risk? J
Med Toxicol. 10(3):311-315. d0i:10.1007/s13181-014-
0409-0

Bar A. 2009. Calcium transport in strongly calcifying laying
birds: mechanisms and regulation. Comp Biochem and
Physiol Part A: Mol Integr Physiol. 152(4):447-469. doi:
10.1016/j.cbpa.2008.11.020

Baykov BD, Stoyanov MP, Gugova ML. 1996. Cadmium
and lead bioaccumulation in male chickens for high food
concentrations. Toxicol Environ Chem. 54(1-4):155-159.
doi:10.1080/02772249609358308

Boucher O, Muckle G, Jacobson JL, Carter RC, Kaplan-
Estrin M, Ayotte P, Dewailly E, Jacobson SW. 2014.
Domain-specific effects of prenatal exposure to PCBs,
mercury, and lead on infant cognition: results from the
Environmental Contaminants and Child Development
Study in Nunavik. Environ Health Perspect. 122(3):
310-316. do0i:10.1289/ehp.1206323

Cecil KM, Brubaker CJ, Adler CM, Dietrich KN, Altaye M,
Egelhoff JC, Wessel S, Elangovan I, Hornung R, Jarvis K,
et al. 2008. Decreased brain volume in adults with child-
hood lead exposure. PLoS Med. 5(5):e112. doi:10.1371/
journal.pmed.0050112

Chiodo LM, Jacobson SW, Jacobson JL. 2004.
Neurodevelopmental effects of postnatal lead exposure at
very low levels. Neurotoxicol Teratol. 26(3):359-371. doi:
10.1016/j.ntt.2004.01.010

Cowie E, Gartrell BD. 2019. Lead concentrations in the
blood and eggs of backyard laying hens. N Z Vet J.
67(2):86-92. doi:10.1080/00480169.2018.1561340

Dogaru D, Zobrist J, Balteanu D, Popescu C, Sima M,
Amini M, Yang H. 2009. Community perception of
water quality in a mining-affected area: a case study for
the Certej catchment in the Apuseni mountains in
Romania. Environ Manage. 43(6):1131-1145. doi:10.
1007/500267-008-9245-9

Ethier AA, Muckle G, Bastien C, Dewailly E, Ayotte P,
Arfken C, Jacobson SW, Jacobson JL, Saint-Amour D.
2012. Effects of environmental contaminant exposure on
visual brain development: a prospective electrophysio-
logical study in school-aged children. Neurotoxicology.
33(5):1075-1085. doi:10.1016/j.neuro.2012.05.010

Environment Agency Wales. 2002. Metal mine: strategy for
Wales. Cardiff (UK): Environment Agency Wales.

European Food Safety Authority. 2010. Scientific opinion
on lead in food. EFSA J. 8(4):1570.

Feleafel MN, Mirdad ZM. 2013. Hazard and effects of pol-
lution by lead on vegetable crops. ] Agric Environ Ethics.
26(3):547-567. doi:10.1007/s10806-012-9403-1

Finster ME, Gray KA, Binns HJ. 2004. Lead levels of edibles
grown in contaminated residential soils: a field survey.
Sci Total Environ. 320(2-3):245-257. doi:10.1016/j.scito-
tenv.2003.08.009

Franson J, Pain DJ. 2011. Lead in birds. In: Beyer WN,
Meador JP, editors. Environmental contaminants in
biota. 2nd ed. Boca Raton (FL): CRC Press; p. 563-593.

Gibson S, Gray J. 2020. Evaluating current egg consump-
tion patterns: associations with diet quality, nutrition and
health status in the UK National Diet and Nutrition
Survey. Nutr Bull. 45(4):374-388. doi:10.1111/nbu.12462

Grace EJ, MacFarlane GR. 2016. Assessment of the bio-
accumulation of metals to chicken eggs from residential
backyards. Sci Total Environ. 563-564:256-260. doi:10.
1016/j.scitotenv.2016.04.128

Hardy A, Benford D, Halldorsson T, Jeger MJ, Knutsen
KH, More S, Mortensen A, Naegeli H, Noteborn H,
Ockleford C, et al. 2017. Update: use of the benchmark
dose approach in risk assessment. EFSA J. 15(1):e04658.
doi:10.2903/j.efsa.2017.4658

Jarup L. 2003. Hazards of heavy metal contamination. Br
Med Bull. 68(1):167-182. doi:10.1093/bmb/1dg032

Johnson C, Ander E, Cave M, Palumbo-Roe B. 2012.
Technical Guidance Sheet (TGS) on normal levels of
contaminants in English soils: supplementary informa-
tion: lead (Pb): technical guidance sheet supplementary


https://doi.org/10.17639/nott.7117
https://doi.org/10.1007/s13181-014-0409-0
https://doi.org/10.1007/s13181-014-0409-0
https://doi.org/10.1016/j.cbpa.2008.11.020
https://doi.org/10.1080/02772249609358308
https://doi.org/10.1289/ehp.1206323
https://doi.org/10.1371/journal.pmed.0050112
https://doi.org/10.1371/journal.pmed.0050112
https://doi.org/10.1016/j.ntt.2004.01.010
https://doi.org/10.1080/00480169.2018.1561340
https://doi.org/10.1007/s00267-008-9245-9
https://doi.org/10.1007/s00267-008-9245-9
https://doi.org/10.1016/j.neuro.2012.05.010
https://doi.org/10.1007/s10806-012-9403-1
https://doi.org/10.1016/j.scitotenv.2003.08.009
https://doi.org/10.1016/j.scitotenv.2003.08.009
https://doi.org/10.1111/nbu.12462
https://doi.org/10.1016/j.scitotenv.2016.04.128
https://doi.org/10.1016/j.scitotenv.2016.04.128
https://doi.org/10.2903/j.efsa.2017.4658
https://doi.org/10.1093/bmb/ldg032
https://doi.org/10.1080/19440049.2022.2062059
https://doi.org/10.1080/19440049.2022.2062059
https://doi.org/10.1080/19440049.2022.2062059

information TGS02s, July 2012. Keyworth (UK): British
Geological Survey.

Karri V, Schuhmacher M, Kumar V. 2016. Heavy metals
(Pb, Cd, As and MeHg) as risk factors for cognitive dys-
function: a general review of metal mixture mechanism
in brain. Environ Toxicol Pharmacol. 48:203-213. doi:10.
1016/j.etap.2016.09.016

Kim JH, Park GH, Han GP, Choi HS, Ji SY, Kil DY. 2020.
Prediction of lead intake and tissue lead concentrations
in broiler chickens using feather lead concentrations.
Biol Trace Elem Res. 193(2):517-523. do0i:10.1007/
s12011-019-01726-2

Leibler JH, Basra K, Ireland T, McDonagh A, Ressijac C,
Heiger-Bernays W, Vorhees D, Rosenbaum M. 2018.
Lead exposure to children from consumption of back-
yard chicken eggs. Environ Res. 167:445-452. doi:10.
1016/j.envres.2018.08.013

Liu W, Huo X, Liu D, Zeng X, Zhang Y, Xu X. 2014.
S100B in heavy metal-related child attention-deficit
hyperactivity disorder in an informal e-waste recycling
area. Neurotoxicology. 45:185-191. doi:10.1016/j.neuro.
2014.10.013

Martins NRS, Marques MVR, Dar V, Resende ]JS,
Carvalhaes AG, Andrade EAG, Barrios PR. 2010. Lead
poisoning mortality in wild passeriformes and its detec-
tion in free-range chicken eggs in Southern Minas
Gerais. Rev Bras Cienc Avic. 12(3):149-152. doi:10.1590/
$1516-635X2010000300002

Mathers C, Stevens G, Mahanani WR. 2013. WHO methods
and data sources for global burden of disease estimates
2000-2011. Geneva (Switzerland): Department of Health
Statistics and Information Systems.

Moody A. 2019. Health Survey for England 2019: adult and
child overweight and obesity data tables. Health Survey
for England 2019. Leeds (UK): NHS Digital.

Obeng-Gyasi E. 2020. Cumulative effects of low-level lead
exposure and chronic physiological stress on hepatic dys-
function—a preliminary study. Med Sci. 8(3):30.

Palmer JP. 2006. Dealing with water issues in abandoned
metalliferous mine reclamation in the United Kingdom.
Paper 2006 Water
Conference; November 14-16; Brisbane, Australia.

Paranthaman K, Harrison H. 2010. Drinking water inci-
dents due to chemical contamination in England and
Wales, 2006-2008. ] Water Health. 8(4):735-740. doi:10.
2166/wh.2010.127b

Pyatt FB, Gilmore G, Grattan JP, Hunt CO, Mclaren S.
2000. An imperial legacy? An exploration of the environ-
mental impact of ancient metal mining and smelting in
southern Jordan. ] Archaeol Sci. 27(9):771-778. doi:10.
1006/jasc.1999.0580

R Core Team. 2018. R: a language and environment for
statistical computing. Vienna (Austria): R Foundation for
Statistical Computing.

Roegner A, Giannitti F, Woods LW, Mete A, Puschner B.
2013. Public health implications of lead poisoning in

presented at the in Mining

FOOD ADDITIVES & CONTAMINANTS: PART A 1

backyard chickens and cattle: four cases. Vet Med. 4:
11-20. doi:10.2147/VMRR.S36083

Roy A, Bellinger D, Hu H, Schwartz J, Ettinger AS, Wright
RO, Bouchard M, Palaniappan K, Balakrishnan K. 2009.
Lead exposure and behavior among young children in
Chennai. India Environ Health Perspect. 117(10):
1607-1611. doi:10.1289/ehp.0900625

Salisbury RM, Staples ELJ, Sutton M. 1958. Lead poisoning
of chickens. N Z Vet J. 6(1):2-7. d0i:10.1080/00480169.
1958.33279

Spliethoff HM, Mitchell RG, Ribaudo LN, Taylor O,
Shayler HA, Greene V, Oglesby D. 2014. Lead in New
York City community garden chicken eggs: influential
factors and health implications. Environ Geochem
Health. 36(4):633-649. d0i:10.1007/s10653-013-9586-z

Stanaway JD, Afshin A, Gakidou E, Lim SS, Abate D, Abate
KH, Abbafati C, Abbasi N, Abbastabar H, Abd-Allah F,
et al. 2018. Global, regional, and national comparative
risk assessment of 84 behavioural, environmental and
occupational, and metabolic risks or clusters of risks for
195 countries and territories, 1990-2017: a systematic
analysis for the Global Burden of Disease Study 2017.
The Lancet. 392(10159):1923-1994. doi:10.1016/S0140-
6736(18)32225-6

Takasaki R, Kobayashi Y. 2020. Effects of diet and gizzard
muscularity on grit use in domestic chickens. Peer]. 8:
€10277. doi:10.7717/peerj.10277

Tchounwou PB, Yedjou CG, Patlolla AK, Sutton DJ. 2012.
Heavy metal toxicity and the environment. In: Luch A,
editor. Molecular, clinical, and environmental toxicology.
Basil (Switzerland): Springer; p. 133-164.

Tong S, Schirnding YEV, Prapamontol T. 2000.
Environmental lead exposure: a public health problem of
global dimensions. Bull World Health Organ. 78(9):
1068-1077.

Trampel DW, Imerman PM, Carson TL, Kinker JA, Ensley
SM. 2003. Lead contamination of chicken eggs and tis-
sues from a small farm flock. ] VET Diagn Invest. 15(5):
418-422. doi:10.1177/104063870301500503

U.S. EPA. 2007. Method 3051A (SW-846): microwave
assisted acid digestion of sediments, sludges, and oils.

Revision 1. Washington (DC): United States
Environmental Protection Agency.
United  Nations  Environment  Programme.  2001.

Abandoned mines-problems, issues and policy challenges
for decision-makers summary report. Paris (France):
United Nations Environment Programme. June 18
Report.

van der Meulen ], Kwakernaak C, Kan CA. 2008. Sand
intake by laying hens and its effect on egg production
parameters. ] Animal Physiol Animal Nutr. 92(4):
426-431. doi:10.1111/.1439-0396.2007.00732.x

Venkateswarlu K, Nirola R, Kuppusamy S, Thavamani P,
Naidu R, Megharaj M. 2016. Abandoned metalliferous
mines: ecological impacts and potential approaches for
reclamation. Rev Environ Sci Biotechnol. 15(2):327-354.
doi:10.1007/s11157-016-9398-6


https://doi.org/10.1080/19440049.2022.2062059
https://doi.org/10.1016/j.etap.2016.09.016
https://doi.org/10.1016/j.etap.2016.09.016
https://doi.org/10.1007/s12011-019-01726-2
https://doi.org/10.1007/s12011-019-01726-2
https://doi.org/10.1016/j.envres.2018.08.013
https://doi.org/10.1016/j.envres.2018.08.013
https://doi.org/10.1016/j.neuro.2014.10.013
https://doi.org/10.1016/j.neuro.2014.10.013
https://doi.org/10.1590/S1516-635X2010000300002
https://doi.org/10.1590/S1516-635X2010000300002
https://doi.org/10.2166/wh.2010.127b
https://doi.org/10.2166/wh.2010.127b
https://doi.org/10.1006/jasc.1999.0580
https://doi.org/10.1006/jasc.1999.0580
https://doi.org/10.2147/VMRR.S36083
https://doi.org/10.1289/ehp.0900625
https://doi.org/10.1080/00480169.1958.33279
https://doi.org/10.1080/00480169.1958.33279
https://doi.org/10.1007/s10653-013-9586-z
https://doi.org/10.1016/S0140-6736(18)32225-6
https://doi.org/10.1016/S0140-6736(18)32225-6
https://doi.org/10.7717/peerj.10277
https://doi.org/10.1177/104063870301500503
https://doi.org/10.1111/j.1439-0396.2007.00732.x
https://doi.org/10.1007/s11157-016-9398-6

12 A. SARTORIUS ET AL.

Vorvolakos T, Arseniou S, Samakouri M. 2016. There is no
safe threshold for lead exposure: alpha literature review.
Psychiatriki. 27(3):204-214. doi:10.22365/jpsych.2016.273.
204

Wickham H. 2016. ggplot2: elegant graphics for data ana-
lysis. New York City (NY): Springer-Verlag.

World Health Organization. 2019. Lead poisoning and
health. Geneva (Switzerland): World Health
Organization.

Yang H, Huo X, Yekeen TA, Zheng Q, Zheng M, Xu X.
2013. Effects of lead and cadmium exposure from

electronic waste on child physical growth. Environ Sci
Pollut Res Int. 20(7):4441-4447. doi:10.1007/s11356-012-
1366-2

Zariff RZ, Pumpa L, Simon DL, Lewis C. 2019. Locally pro-
duced chicken eggs—a source of dietary lead for an
Australian community living with an active lead smelter?
] Expo Sci Environ Epidemiol. 29(5):688-696. doi:10.
1038/s41370-018-0082-5

Zhuang P, Zou B, Lu H, Li Z. 2014. Heavy metal concen-
trations in five tissues of chickens from a mining area.
Pol J Environ Stud. 23:2375-2379.


https://doi.org/10.22365/jpsych.2016.273.204
https://doi.org/10.22365/jpsych.2016.273.204
https://doi.org/10.1007/s11356-012-1366-2
https://doi.org/10.1007/s11356-012-1366-2
https://doi.org/10.1038/s41370-018-0082-5
https://doi.org/10.1038/s41370-018-0082-5

	Abstract
	Introduction
	Materials and methods
	Site
	Sample collection
	Sample processing
	Statistical analyses
	Threshold comparisons

	Results
	Soil
	Feathers, blood, and bones
	Eggs

	Discussion
	Chickens’ lead exposure
	Environmental exposure and lead concentrations in eggs
	Eggs and human health risks

	Conclusions
	Acknowledgements
	Disclosure statement
	Funding
	Orcid
	Data availability statement
	References


