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ARTICLE INFO ABSTRACT

Keywords: We investigated mercury (Hg) in human bone from archaeological sites in the Iberian Peninsula where the
Iberia cultural use of cinnabar (HgS) as a pigment, offering or preservative in burial practices has been documented
Neolithic from the 4th to 2nd millennia cal B.C. (Late Neolithic, Copper Age and Bronze Age). Previous analyses have
Chalcolithic shown high levels of total mercury (THg) in human bone at numerous Neolithic and Chalcolithic sites in this
B?‘mze age region, but the question remains if this mercury entered the bones via diagenetic processes in the soil, especially
Cinnabar . . . . . R S .

Pigments where cinnabar powder and paint was found associated with the burials, or if it entered the bone via biogenic
Toxicity pathways from exposure to mercury from using cinnabar in life. We analyzed the humerus, femur, and tibia from
Bone remodeling a total of 30 individual burials from four Neolithic to Bronze Age sites in Iberia and found low to high values of
SEM EDS THg in these bones, with the humerus showing significantly more THg concentrations than other skeletal ele-

ments when the THg was greater than 1 ppm. This pattern of Hg deposition in skeletal material from different
sites and ages strongly suggests a biogenic origin for the mercury. In addition, absence of detectable Hg in bones
with high to low values of THg using SEM EDS analysis further discounts diagenetic intrusion of Hg or cinnabar
particles into the bone from the soil. It is likely that greater stress and bone remodeling rates from use of heavy
tools and other activities in life are responsible for higher THg in the humerus than other skeletal elements, but
additional research is needed to verify this.

1. Introduction

A new direction in bioarchaeology in recent years has been the
analysis of mercury (Hg) in human bone, especially in prehistoric cul-
tures that used cinnabar (HgS) as a mineral pigment, preservative,
medicinal or other use (Emslie et al., 2015; Ochoa-Lugo et al., 2017;
Cervini-Silva et al., 2018). Cinnabar forms as a precipitate in volcanic
and thermal regions with deposits known worldwide, including Europe,
Asia, and the Americas. Prehistoric use of this mineral in the form of red
pigment has been documented in most places worldwide where it oc-
curs naturally, though mining and continuous use of this mineral can
result in toxic exposure to inorganic mercury. Mercury exposure in
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humans also can occur via methylmercury (MeHg), which bioaccumu-
lates and biomagnifies in food webs and can lead to acute or chronic
mercury poisoning (Driscoll et al., 2013). This dietary pathway of ex-
posure, since it is related to increasing mercury concentrations in spe-
cies higher up the food chain, is typically correlated with higher con-
centrations of the heavier nitrogen isotope, 8'°N %o, which also
increases with trophic level of diet (Jardine et al., 2006; Blévin et al.,
2013).

Mineral pigments, especially red from ochres (iron oxides), have a
long archaeological record dating as far back as 200,000 to 300,000
years ago in Africa (Siddall, 2018). These pigments have been used as
paint for rock art, body decoration, or in ceramics and as such need to
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be mixed with a binder or medium such as plant oils or egg yolk. Bright
red colors also were symbolic of blood, life, and vitality as has been
documented in modern hunter-gatherer societies around the world
(Siddall, 2018). Cinnabar has been mined and traded along the silk road
in China for at least 2000 years (Sevillano-Lépez and Gonzélez, 2011)
and since the Late Middle Neolithic in Portugal (Valera et al., 2017) and
the Late Neolithic in Spain (Hunt-Ortiz et al., 2011; Bueno-Ramirez
et al., 2019). Powdered cinnabar not only provided a bright red pig-
ment (brighter than ochre) when mixed with a medium, but as mercury
sulfide also has a long history of medicinal uses in China and India (Liu
et al., 2008) as well as serving as a preservative in human burials.
Medicinal uses include oral doses of mercurial salts as a sedative and to
treat fever, insomnia, stroke, trauma to the brain, mouth and tongue
ulcers, and other ailments (Liu et al., 2018). When mixed into an
ointment, cinnabar has been used to treat syphilis and as an anti-
pediculosis for head lice (Rasmussen et al., 2008; Fornaciari et al.,
2011).

Powdered cinnabar pigment has been found associated with pre-
historic human burials in Japan, Chile, Peru, Mexico, and Iberia
(Yamada et al., 1995; Martin Gil et al., 1995; Cooke et al., 2009, 2013;
Hunt-Ortiz et al., 2011; Domingo et al., 2012; Rogerio-Candelera et al.,
2013; Avila et al., 2014; Garcfa Sanjuan et al., 2016; Ochoa-Lugo et al.,
2017; Arriaza et al., 2018; Cervini-Silva et al., 2013, 2018; Bueno-
Ramirez et al., 2019), though whether the pigment was applied to these
burials as a preservative or for a ceremonial function (the bright red
color signifying blood and life) is not readily apparent in most of these
situations. Powdered cinnabar also was found associated with burials at
the Neolithic/Chalcolithic site of Perdigdes, Portugal, where analyses
first revealed high levels of total mercury (THg) in human bone that
was attributed to the cultural use of cinnabar in life (Emslie et al.,
2015). At the Chalcolithic tholos of Montelirio, cinnabar paint was used
to coat the large slate slabs that formed the walls of the mortuary
chambers implying a symbolic and ceremonial function (Garcia Sanjuan
et al., 2016). Seven individuals buried within this tholos also had
moderate to high levels of THg in their bones (Emslie et al., 2016).

While high levels of THg have been detected in human bone in
burials associated with cinnabar, the question remains whether this
mercury intruded into the bone via diagenetic processes or if it was
deposited during bone growth and remodeling via a biogenic pathway
from Hg exposure from mining, processing and/or using cinnabar in
life. Here, we examine this question in detail with analyses of archae-
ological human bone from four sites dating to the Late Neolithic,
Copper Age and Early Bronze Age in Iberia. We also completed scan-
ning electron microscope (SEM) analysis of two bones with high and
low mercury concentrations, respectively, to assess diagenetic pene-
tration of the bone. These data are presented with a review of the lit-
erature on the toxicity of cinnabar and how Hg can become deposited in
bone via a biogenic pathway.

2. Materials and methods

We analyzed associated skeletal material from four sites in Iberia:
the Middle Neolithic necropolis of Campo de Hockey, Cadiz, Spain
(N = 18 burials; Vijande Vila, 2009; Vijande Vila et al., 2015), the Late
Neolithic site of Monte da Comenda, Portugal (N = 3), the Late Neo-
lithic/Chalcolithic site of Monte Canelas I, Portugal (N = 3; Silva,
1996), and the Early Bronze Age site of La Encantada, Granatula de
Calatrava, Ciudad Real, Spain (N = 7; Galan Saulnier and Sanchez
Meseguer, 2014, Fig. 1 and Table 1). These sites were chosen not only
because they contained individual burials so that different skeletal
elements from the same individual could be sampled, but also because
they span a period of time that extends from before the first known use
of cinnabar in Iberian prehistory (Middle Neolithic) to the end of its use
in burials by the Bronze Age. These analyses supplement an earlier
analysis of associated skeletal elements of 12 individuals from the
Chalcolithic Montelirio tholos (Emslie et al., 2016).
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Bone was sampled by taking a section of cortical bone from the shaft
of the humerus, femur, and/or tibia, when present in individual burials.
The samples were then washed and scrubbed in running distilled water
and air dried. A NSK Ultimate XL micromotor drill with a coarse bur
was used to remove the outer cortex of the bone and expose clean inner
compact bone. The drill and work area were wiped clean with ethanol,
then a 2/32 carbide bur was used to remove a sample of inner compact
bone onto a clean sheet of aluminum foil. This powdered bone was
stored in a clean plastic vial until analysis in a Tri-cell Direct Mercury
Analyzer (DMA-80, Milestone, Inc.). Each sample run in the DMA-80
was based on 0.01-0.02g of bone powder. Up to 20 samples were
analyzed per run and preceded and followed by two method blanks, a
sample blank, and two samples each of standard reference material
(DORM-4 and DOLT-5 from fish protein and dogfish liver, respectively,
and certified by the National Research Council, Canada). Two to three
replicate runs of each sample were completed when THg concentrations
were greater than 2 ppm to obtain a mean * s.d. Mean percent re-
coveries for standard reference materials were 100.3% + 2.8% (DORM-
4) and 92.2% * 1.8% (DOLT-5). The relative significant difference for
replicates for both standard reference materials was < 7.0%
throughout duration of the present study.

In some cases, duplicate samples also were analyzed in a separate
laboratory using a thermal decomposition Nippon MA-3000 mercury
analyzer (Nippon Instruments Corp., Japan). Each sample run was
completed with 0.01-0.05 g of bone powder with two samples each of
TORT3 standard reference material before and after the run. Mean
percent recovery for TORT3 was 98.5% =+ 1.1% and the relative sig-
nificant difference was 3.9%.

Scanning electron microscopy and Energy-dispersive X-ray
Spectroscopy (EDS) were completed on selected bone samples at the
University of North Carolina Greensboro. Samples were mounted onto
aluminum stubs (Electron Microscopy Sciences, Hatfield, PA, USA)
using carbon sticky tape and coated with 10nm of PtPd using a
Cressington sputter coater (208HR, Cressington, Watford, UK). Two
samples of human bone were analyzed (UE-112 and UE-113) together
with a pig bone fragment included as a negative control known to have
low THg exposure. UE 112 and 113 are humeri from the Montelirio
tholos, Spain (Chalcolithic; Emslie et al., 2016). Analysis of THg from
these bones using the DMA-80 indicated high THg content in UE 112
(273.5 ppm) and low content in UE 113 (10.7 ppm). Here, each of these
bones was analyzed twice at two magnifications (28 x and 100x) with
spectra acquired from several separate regions of interest (ROI). Sam-
ples were imaged using a Zeiss Auriga scanning electron microscope
(Carl Zeiss Microscopy, NY, USA) equipped with x-ray dispersive
spectroscopy (X-Flash 5030, Bruker, PA, USA). The incident electron
beam acceleration was set to 15 KeV with 500,000 events collected for
each spectrum. Spectrum acquisition ranged from 2000 to 4000 counts
s~ with a dead time of < 3% and total live-time of 100-150s per
spectrum. Bruker Quantax Espirit software was used for both acquisi-
tion and analysis. Manual-interactive background subtraction of
bremsstrahlung was performed before standardless quantification of
relevant peaks using the P/B-ZAF method.

We used chi-square tests (2 x 2 table) with df = 1 to test for sig-
nificance in THg distribution among skeletal elements with alphas set at
P < 0.05.

3. Results

Middle Neolithic: Campo de Hockey is located in the Bay of Cadiz,
the southernmost region of the Iberian Peninsula in Spain. Geo-ar-
chaeological studies have confirmed that, during the Neolithic, this
marshy area was mostly under the sea, the most elevated areas in both
the city and its immediate hinterland forming small islets (Arteaga
et al., 2008). In 2007, the construction of a hockey stadium exposed the
remains of this Late Neolithic settlement, dated at the end of the 5th
millennium and the beginning of the 4th millennium (4221 - 3708 B.C.;
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Fig. 1. Map of Iberia showing the locations of archaeological sites where human bones have been analyzed for THg (four reported here for the first time), and the

location of the Almadén cinnabar mine, Spain.

Vijande Vila, 2009). Different types of graves exist, from simple burial
pits to burial mounds or more elaborate graves (Vijande Vila, 2009;
Vijande Vila et al., 2015). A total of 60 graves have been excavated to
date, including 49 (82%) individual graves, eight double graves and
two quadruple graves, amounting to a total of 73 individuals. The
presence of rich grave offerings (beads made of amber, variscite and
turquoise, and imported polished axes) in the most elaborate graves is a
clear indication of social differentiation. No cinnabar has been identi-
fied at this site or found associated with any of these burials.

Of the 18 burials studied here, all had low THg concentrations in all
three skeletal elements analyzed (THg < 2-3 ppm; Supplementary
data). Because the concentrations were all < 2 ppm, additional dupli-
cate analyses were not considered necessary. Seven individuals had
higher THg concentrations in the humerus compared to the femur and
tibia (Fig. 2A); an eighth individual (UE 1213) also had slightly higher
THg in the humerus but the values were so low in each bone
(< 0.071 ppm) that the results are not considered meaningful. The
seven individuals with highest concentrations in the humerus (range
0.52-2.45 ppm) overall also had higher THg measurements in all three
bones compared to the other eleven burials. In these eleven burials, no
pattern in skeletal element concentrations emerges and neither the
femur (N = 5) or the tibia (N = 6) had higher concentrations than the
other elements.

Late Neolithic: Monte da Comenda is a hypogeum in the Beja district
of southern Portugal that has been radiocarbon dated at 4405 - 4361
B.P (Valera, 2018), or 2455 - 2411 B.C. A minimum number of 12

Table 1

individuals were buried here. Two of three burials (UE 431 and 442)
were analyzed for THg in the humerus and tibia (no femora present),
while the humerus and femur were analyzed in the third (UE 448; no
tibia present; Fig. 2B). All three burials had low to high levels in one or
more elements. In UE 431, the humerus and tibia had high levels
(> 58 ppm) with the former element slightly higher than the latter. In
UE 448, low levels of THg were highest in the humerus. UE 442 had
moderate levels of THg in both elements, but the tibia had on average
over twice as high a concentration as the humerus (Supplementary
data).

Late Neolithic/Chalcolithic: The Monte Canelas I hypogeum was ex-
cavated in the early 1990s and consists of a small corridor leading to
two underground burial chambers (Silva, 1996). Thousands of human
bone fragments were recovered and two burial layers were separated by
limestone rock. Five primary inhumations were found placed in fetal
positions in the lower level, dated at 3200 B.C. (Silva, 1996), but only
three were recovered in situ and were analyzed here. While only the
humerus and tibia was present from one of these burials, all three in-
dividuals had moderate levels of mercury in their bones (range
2.2-7.5 ppm) and higher THg concentrations in the humerus compared
to other elements (Fig. 2C), similar to findings at La Encantada de-
scribed below.

Early Bronze Age: La Encantada is a necropolis, defensive structure
and temple site located on top of an 800 m high hill above the Jabalén
River valley, Spain. Excavations began there in 1977 and uncovered 82
burials dating from 1850 to 1450 B.C. (Sanchez Meseguer and Galan

Summary of Iberian sites discussed in the text, with their chronology (2 sigma range), burial number and types, presence/absence of cinnabar at the site or with
burials, sample number for individual burials from sites analyzed here, and references where more specific information on the site and radiocarbon chronology can be
found. Note that Perdigdes has produced hundreds of individuals from collective funerary burial and cremation pits.

Site Radiocarbon chronology Burial Type MNI Cinnabar Sampled individuals No. References
(B.C)
Campo de Hockey, Spain 4221-3708 Individual and multiple 73 no 18 Vijande (2009); Vijande Vila et al. (2015)
Perdigdes, Portugal 3400-2100 Collective (pits, tholoi) yes Valera et al. (2014)
Monte Canelas I, Portugal 3020-2420 Collective (hypogeum) 5 no Silva (1996)
Montelirio, Spain 2875-2635 Collective (tholos) 26 yes 11 Ferndndez Flores et al. (2016)
Monte da Comenda, Portugal 2455-2411 Collective (hypogeum) 12 no Valera (2018)
La Encantada, Spain 1850-1450 Individual 82 no 7 Séanchez Meseguer and Galdn Saulnier (in

press)
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Fig. 2. Relative concentrations of THg (in ppm) in associated burials from (A) Campo de Hockey, Spain, (B) Monte da Comenda, Portugal, (C) Monte Canelas I,
Portugal, and (D) La Encantada, Spain, that consistently indicate the humerus receives more Hg deposition than the femur and/or tibia. Shading of bars in all graphs
is given in legend in D, with humerus, femur, and tibia illustrated for each burial (labelled with UE or EN numbers) from left to right, respectively. Note that samples
from Campo de Hockey were only analyzed once, due to very low THg values, so the graph does not have error bars.

Saulnier, in press). No cinnabar was found associated with any of these
burials. Seven individuals were analyzed here for THg of the humerus,
femur and tibia. All individuals had low to moderate mercury con-
centrations in all skeletal elements; five of the seven individuals had
higher THg values in the humerus (Fig. 2D). One individual (EN 58.1)
had low THg values (< 0.35ppm) in all three skeletal elements (see
Supplemental data) and was not included in Fig. 2D.

Of all burials analyzed here (N = 32), 17 (53.1%) had higher THg in
the humerus compared to the femur and/or tibia indicating no sig-
nificant pattern in Hg distribution (X* = 0.0322, df = 1, P = 0.86).
When comparing only burials with > 1 ppm THg in at least one of the
bones (N = 17), the percentage of individuals with a greater THg
concentration in the humerus increases to 88.2% (15 of 17) and is
significant (X? = 4.023, df = 1, P = 0.045). The two exceptions to this
pattern of compartmentalization of Hg among skeletal elements include
UE 442 (Monte da Comenda, discussed above) and EN 18 (La
Encantada).

SEM analysis: X-ray dispersive spectroscopy analysis of the two
human bone samples (UE 112 and 113 described above) confirmed
Cas(PO4)3(0OH) (hydroxyapatite) as the primary mineral, as evidenced
by dominant peaks for Ca, O and P (Figs. 3 and 4, Table 2). No sig-
nificant Hg emission peaks were detected in the negative control pig
bone (n = 1 sample, 2 locations, 8 separate spectra, data not shown).

No significant Hg or S peaks were detected in either UE 112 (n = 3 ROIs
and spectra, Fig. 3 and Table 2) or UE 113 (n = 3 ROIs and spectra,
Fig. 4 and Table 2) from the Montelirio tholos, suggesting Hg and S, if
present, are well below the limit of detection for EDS. We also included
larger areas of ROIs at 100x in UE 112 and UE 113 with similar results
(Supplementary Figs. 1-2).

4. Discussion

Given that most mercury exposure in the Late Neolithic to Bronze
Age of Iberia is likely due to cultural use of cinnabar (Emslie et al.,
2015), it is important to review the toxicity of this mineral and po-
tential biogenic and diagenetic pathways in which Hg from cinnabar
may become deposited in human bone. This is particularly important as
cinnabar is often spread over burials and has potential to penetrate
bone via diagenetic processes. Biogenic exposure to Hg, though, can
occur from mining and processing cinnabar, or in using it as a body
paint, medicinal, or other cultural use.

4.1. Is cinnabar toxic?

Cinnabar ore, by itself, is harmless and essentially insoluble in water
(King, 2002). The mercury within it is bound to sulfur and thus in an
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Fig. 3. EDS spectroscopy of human bone sample UE-112 from Montelirio tholos
known to have high THg concentrations (> 273 ppm). (A) Human bone sample
UE-112 with three regions of interest (ROIs; black, blue and red) from which
corresponding X-ray spectra were collected. (B) Three spectra from (A) ROIs are
overlaid and major element X-ray emission peaks labelled. The primary Hg Ma
emission energy is indicated with a dotted black line. No significant Hg was
detected in any of the bone samples examined. Magnification 28 x ; scale bar on
photo. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)

inert state. However, if subsequent chemical reactions release the in-
organic mercury from this bond, it can enter the environment and
methylate into the highly toxic methylmercury that can biomagnify up
the food chain (Diez et al., 2011). In addition, numerous studies have
now shown that mercury in cinnabar specifically can break down or
metabolize via various organic pathways in animals including humans,
ultimately causing harmful effects. Moreover, burning cinnabar will
release the mercury into highly toxic Hg® vapor which also can result in
chronic or lethal exposure if inhaled in sufficient quantities. So, while
cinnabar itself is not toxic, processing and using cinnabar can be
harmful or even lethal. For example, according to the World Health
Organization (WHO; http://www.who.int/mediacentre/factsheets/
fs361/en), inhalation, ingestion or dermic exposure to mercury can
cause neurological and behavioural disorders, including tremors, in-
somnia, memory loss, neuro-muscular effects, migraines and cognitive
as well as motor dysfunctions.

Cases of mercury poisoning are well documented from the Almadén
cinnabar mines of central Spain since the 16th century AD, including
description of the symptoms suffered by the ‘azogados’, as the ill ones
were referred to (from the Old Spanish word ‘azogue’, for mercury)
(Lopez Antén and Martinez Tarazona, 2018). Liu et al. (2008, 2018)
provide reviews of cinnabar use and mercury exposure in Chinese
medicinal practices. They describe applications of this mineral as a
sedative and to treat various ailments including insomnia, inflamma-
tions, strokes, and epilepsy, all with limited impact from Hg exposure.
Fornaciari et al. (2011) also report the likely use of ointments
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Fig. 4. EDS spectroscopy of human bone sample UE-113 Montelirio tholos
known to have low THg concentrations (< 11 ppm ppm). (A) Human bone
sample UE-113 with three regions of interest (ROIs; black, blue and red) from
which corresponding X-ray spectra were collected. (B) Three spectra from (A)
ROIs are overlaid and major element X-ray emission peaks labelled. The pri-
mary Hg Ma emission energy is indicated with a dotted black line. No sig-
nificant Hg was detected in any of the bone samples examined. Magnification
28 x; scale bar on photo. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)

containing mercury as an antipediculosis in mummified hair of Ferdi-
nand II or Aragon, King of Naples, in 15th century Italy. Burning cin-
nabar and releasing mercury vapor, Hg®, can result in the highest levels
of exposure with 80% Hg absorption through the lungs (Clarkson et al.,
2007; Park and Zheng, 2012). Absorption through the skin and gut are
much lower at 0.2-1.0%. Ointments and creams containing Hg can
absorb through the epidermis and sweat glands, causing a lightning of
the skin, but long-term use can result in rashes, nephritic syndromes,
tremors, weakness, and insomnia (Park and Zheng, 2012). Although
inorganic Hg absorption levels are much lower than exposure to the
bioavailable and highly toxic methylmercury, continuous exposure to
inorganic mercury and mercury salts will result in increased Hg con-
centrations in the kidney that can lead to renal failure (Wang et al.,
2015). In children, the effects may be more permanent impacting brain
and motor function when the Hg binds to enzymes that relate to neuron
activities as shown in controlled experiments with mice dosed with
cinnabar (Huang et al., 2012).

4.2. Biogenic pathways of Hg in bone

Numerous studies on mercury and other trace metal deposition in
modern human and animal bone have been conducted that provide
insight on how this might have occurred in archaeological bone.
Whether exposed to either inorganic or methylmercury, Hg deposition
in bone will follow the same chemical pathways during bone growth
and remodeling. Blood carrying Hg, Pb, Zn, Sr and other heavy and
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Table 2

Summary of quantification of weight percent (top) and atomic percent for
human bone samples UE-112 and UE-113 at ROIs 1-3 given in Figs. 3 and 4,
respectively.

UE-112 wt% Calculations

Spectrum C (6] Na Mg P Ca Pt

ROI-1 (UE-112 4.spx) 7.27 35.30 0.29 0.02 10.54 3479 10.14

ROI-2 (UE-112 3.spx) 7.57 28.56 0.35 11.87 40.35 11.19
ROI-3 (UE-112 1.spx) 4.87 25.03 0.37 0.14 1451 4345 11.62
Mean 6.57 29.63 0.34 0.08 12.31 39.53 10.98
StDev 1.48 5.22 0.04 0.08 2.02 4.39 0.76

UE-112 At% Calculations

Spectrum C (6] Na Mg P Ca Pt

ROI-1 (UE-112 4.spx) 14.75 53.77 0.31 0.02 8.29 21.16  1.27

ROI-2 (UE-112 3.spx) 16.22 4597 0.39 9.87 25.92 1.48
ROI-3 (UE-112 1.spx) 11.25 4340 0.45 0.16 13.00 30.08 1.65
Mean 14.08 47.71 0.38 0.09 10.39 25.72 1.47
StDev 2.55 5.40 0.07 0.10 2.40 4.46 0.19

UE-113 wt% Calculations

Spectrum C (0] Na Mg P Ca Pt

ROI-1 (UE-113 1.spx) 6.38 33.47 052 0.15 11.13 34.84 10.96
ROI-2 (UE-113 2.spx)  5.60 3191 0.52 0.15 11.66 36.42 11.28

ROI-3 (UE-113 3.spx) 5.12 29.83 0.25 11.60 39.45 11.32
Mean 5.70 31.73 0.43 0.15 11.46 36.90 11.19
StDev 0.64 1.82 0.15 0.00 0.29 2.34 0.19

UE-113 At% Calculations

Spectrum C [0} Na Mg P Ca Pt

ROI-1 (UE-113 1.spx) 13.40 52.79 0.57 0.15 9.07 21.94 1.42
ROI-2 (UE-113 2.spx) 12.09 51.71 0.58 0.16 9.76 23.56 1.50

ROI-3 (UE-113 3.spx) 11.38 49.82 0.29 10.01 26.30 1.55
Mean 12.29 51.44 0.48 0.16 9.61 23.93 1.49
StDev 1.02 1.50 0.16 0.00 0.49 2.21 0.07

trace elements will deposit these into cortical bone as it develops in
newly forming bone in the young, or in cement lines or with micro-
fractures from excess loading and strain during bone remodeling in
fully grown adults (Miculescu et al., 2011; Pemmer et al., 2013). Thus,
Hg concentrations are expected to vary between cortical and trabecular
or cancellous bone, as well as among different skeletal elements. Re-
search on cortical bone of the femoral neck in humans is most common
as these bones are more available following hip surgeries and can be
compared to the diet, age, sex and other criteria of the donor. These
studies are in accordance with greater Hg and other metal deposition
occurring in cortical bone of the femoral neck compared to cancellous
bone of the femoral head (Lanocha et al., 2012, 2013; Pemmer et al.,
2013; Ziola-Frankowska et al., 2017). The reasons for this difference
include cortical bone remodeling more slowly and metal concentrations
dependent on degree of mineralization (Ziola-Frankowska et al., 2017).

Analysis of Hg and other metals in animal bone also have shown
higher concentrations in areas with greater Hg pollution, including both
inorganic and methylmercury. Sanchez-Chardi et al. (2007) analyzed
long bones of shrews in two regions of Spain, one (Ebro Delta) with
heavy pollution and the other area, Medras Islands with no human
habitation or pollution, as a control. They found significantly higher
levels of Hg and Pb in bone from the polluted area.

In regard to soft tissues as well as bone, Brookens et al. (2008)
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examined Hg concentrations in Harbor Seal (Phoca vitulina) pups in
California and found that relative concentrations were highest in hair,
liver and kidney tissues, but lowest in bone. While the Hg exposure was
likely from methylmercury in fish prey, these results suggest that bone
is slow to absorb Hg compared to other tissues. Similar results were
found in two groups of rats dosed with low and high levels of me-
thylmercury over a 3-month period (Halffman, 2009). Only the kidney
was examined in this study compared to several bones (cranium, cor-
tical shaft of humerus and femur) with highest levels in both groups
occurring in the kidney and lowest in all of three of the bones. Among
the bones, the cranium had the highest concentrations of Hg followed
by the cortical shafts of the humerus and femur.

Only two studies of Hg and other metal and trace element con-
centrations in bone of workers exposed to industrial pollutants have
been conducted. Lindh et al. (1980) completed autopsies on workers
exposed to mercury and other metals from chimney emissions at a
smeltery and refinery in Sweden for over ten years. Their sample in-
cluded seven individuals ranging from 45 to 75 years in age and five
individuals from an unpolluted area as controls. Analysis of Hg and Pb
in compact bone from the femoral shaft was compared to numerous
other soft tissues. As with the Harbor Seal pups and rats, Hg con-
centrations were consistently lower in bone than in soft tissues. Garcia
et al. (2001) completed a similar study with autopsies of 78 individuals
who lived in a highly industrialized area of Spain for at least ten years
before death. They found levels of Hg in the kidney averaging
0.25 ppm, and 0.14 ppm in the liver, but bone had < 0.05 ppm. Finally,
a study of autopsy tissues from 30 random individuals to examine trace
element and heavy metal concentrations among various tissues, in-
cluding brain, kidney, muscle, heart, and bone, again indicated Hg
deposition was highest in the kidney and lowest in bone (Bush et al.,
1995).

All of the above studies document clear biogenic patterns in Hg and
other metal accumulation in bone. Cortical bone appears to be the
largest sink for Hg deposition, but bone itself accumulates this metal at
a much slower rate and lower concentration than soft tissues, especially
hair, kidney, and liver. High concentrations of Hg in bone, then, must
result from long-term repeated exposure to Hg, whether in the in-
organic elemental form or as the bioavailable methylmercury.

4.3. Can mercury in cinnabar enter bone via diagenetic pathways?

Although cinnabar is largely insoluble in water, it can break down
and undergo dissolution by microorganisms or chemical reactions
under certain environmental conditions, or by artificial means from
retorting the mercury during mining operations which can result in Hg
release into the environment. The natural conditions for dissolution of
HgS include soils high in organic matter (e.g., tropical soils; Balland-
Bolou-Bi et al., 2017) or mine waste waters high in Fe. Paquette and
Helz (1995) reported that mercuric sulfide will dissolve in natural
sulfidic, anoxic conditions at a pH range of 4-10, while Ravichandran
et al. (1998) found that HgS will dissolve in humic soils at pH > 6.0
with high sulfide concentrations and hydrophobic acids. However, the
presence of Ca will inhibit HgS dissolution. Because of these processes,
as well as retorting activities, soils and plants around areas where
cinnabar is mined have increased Hg concentrations compared to non-
mined sites that may impact human populations living nearby
(Williams et al., 1999; Qiu et al., 2006; Diez et al., 2011; Jiménez-
Moreno et al., 2016).

Trace and heavy elements, including metals, can enter bone from
the soil and penetration increases with decay as bone porosity increases
over time (Hedges and Millard, 1995). Contamination can occur by the
soil directly entering bone spaces and pores, or dissolved elements
could replace Ca in the bone structure as mineralization proceeds.
Concentrations of Al, Fe, and Mn can increase in bone from the soil by
these pathways (Rasmussen et al., 2013a). However, for Hg specific
environmental conditions are required for this to occur. Garcia-Alix
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et al. (2012) attribute the red color of Miocene fossil mammals from the
Granada Basin, southern Spain, to cinnabar penetration during diag-
enesis in a lacustrine, high organic environment. Cinnabar dissolved
and then precipitated out in pores of the bones and teeth early in di-
agenesis, but did not become part of the bone or tooth structure. Hg
concentrations ranged from 4513 to 19,332 ppm and were highest in
bone compared to dentine because of additional pore space in the
former tissue.

In regard to archaeological bone, Yamada et al. (1995) reported
mercury levels in bones from 6th-12th century burials in Japan. They
found very high levels (~500 - > 1500 ppm) in burials from different
tombs, but soil analysis revealed little or no mercury. The authors
speculated that the high levels in the bone were due to paint placed on
the body after death, but no additional study was conducted.
Rasmussen et al. (2008) examined mercury in the femur of 110 med-
ieval burials of Danish friars and monks at several cemeteries. Most had
Hg levels at < 1.0 ppm, but soil next to and up to 20 cm away (verti-
cally and horizontally) from three burials indicated decreasing con-
centrations with greater distances from the bone. The high Hg levels
near bones was attributed to Hg released from the soft tissues of the
bodies through decay and they concluded that no transport of Hg took
place from soil to bone, but rather the reverse. The Hg was biogenic in
origin from using inks and medicines containing mercury to treat dis-
eases (syphilis, leprosy). Similar results were found in a later study at
another cemetery (Rasmussen et al., 2013b).

Cervini-Silva et al. (2013, 2018) and Ochoa-Lugo et al. (2017)
analyzed two vertebrae from a temple at Palenque, Mexico, using
Scanning Electron Microscope imagery and Energy-dispersive X-ray
Spectroscopy (SEM-EDS) for mercury content. One bone was from in-
side a sarcophagus where thick layers of cinnabar covered a female
burial (the ‘Red Queen’), while the bone from outside the tomb had
more exposure to diagenetic processes. The authors found that Hg from
cinnabar had only penetrated a small layer of the outer cortex of bone
in the sarcophagus, which had high levels of detectable Hg and nano-
tubular structures rich with HgS, while inner cortical bone below this
layer had undetectable levels of Hg. Nanotubular structures similar to
collagen fibrils and evidence of fungal activity in particular were well-
preserved and were attributed to the antibacterial activity of HgS
(Cervini-Silva et al., 2013). For bone samples from outside the sarco-
phagus, the Hg was distributed more homogeneously throughout the
bone and the authors concluded that this bone had been exposed to Hg
via biogenic pathways. Ochoa-Lugo et al. (2017) expanded on these
studies with an analysis of mercury-enriched teeth from a female ske-
leton also found outside of the sarcophagus where the Red Queen was
located. EDS was applied to determine the chemical composition of the
enamel, dentin, and pulp on 1 M and Hg was detected at 24.1-37.4%
concentrations among all three compartments, and as high as 66% on
the outside of the tooth. The authors attributed these results to oxida-
tion of sulfur and release of Hg that penetrated the teeth via tubules and
ion exchange with Ca.

Emslie et al. (2015) reported moderate to high levels of Hg in Late
Neolithic/Chalcolithic human bone from Perdigoes, Portugal, that they
attributed to the cultural use of cinnabar and exposure to Hg in life.
This conclusion was based on the lack of any correlation in Hg and §'°N
concentrations in the bone that would indicate methylmercury ex-
posure via diet, or between bone and associated soil found still attached
on the outside or inside the shaft of the bone. Moreover, five animal
bones from the site had very low concentrations of Hg (< 0.02 ppm).
SEM EDS analysis also failed to register any detectable levels of Hg in
selected bone samples, nor were intrusive particles of soil or cinnabar
evident in the bone pores or inner structure. The authors also applied
Hg isotope analysis to identify the source of the Hg in two human bone
samples from Perdigdes that traced the mercury to cinnabar from mines
at Almadén, Spain, the largest source of Hg in the world today. This
study documented the earliest evidence of chronic mercury exposure in
humans, and was the first use of Hg isotope tracking in an
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archaeological context.

Last, Emslie et al. (2016) studied mercury concentrations in six
associated skeletons recovered from the Chalcolithic Montelirio tholos,
Spain (Fernandez Flores et al., 2016). These burials, mostly adult
women, were found in association with cinnabar powder spread over
and around some of the burials, and cinnabar paint coating the surface
of many of the slate slabs used to line the sides of the tholos chambers
and passage leading to them (Hunt Ortiz and Hurtado Pérez, 2010).
Analysis of the humerus, femur, and tibia, when present in these burials
revealed Hg concentrations varied from low to high, but that in five of
the burials the humerus had higher Hg concentrations than the other
two skeletal elements. This pattern suggests a biogenic origin for the Hg
in the bone, but why the humerus would accumulate higher con-
centrations of Hg than other long bones remains unknown. Another
tomb located near Montelirio and built at a slightly earlier period,
Structure 10.042-10.049, also presented significant evidence of cin-
nabar use (Rogerio-Candelera et al., 2013). It is worth noting that tomb
10.042-10.049 and the Montelirio tholos, both of which yielded
sumptuous grave goods made from various types of exotica (amber,
ivory, rock crystal, flint), remain to this date the only contexts in which
cinnabar has been found within the Valencina de la Concepcién-Cas-
tilleja de Guzman Copper Age mega-site of which they are part. It has
been suggested that these two tombs belong to a connected lineage of
high-ranking, elite individuals from the early 3rd millennium cal B.C.
(Garcia Sanjuan et al., 2018).

4.4. Diagenetic or biogenic?

Our SEM EDS analysis here supports the biogenic hypothesis for Hg
deposition in bone. This analysis revealed no detectable levels of mer-
cury in the bone matrix or pore spaces in two bones with high and low
THg measured using the DMA-80. This result also demonstrates that the
Hg levels at any one ROI, a point < 200 pm in diameter, the Hg is low
or undetectable. However, when bone is sampled with a micromotor
drill so that a relatively large area of cortical bone is included in the
powdered sample for analysis (0.01-0.02 g), the mercury levels are
measureable. These results indicate that the Hg is unevenly distributed
within the bone matrix where it was deposited via blood flow during
bone growth and remodeling. This uneven distribution is in accordance
with studies of metal deposition in bone with higher concentrations
along cement lines and where microfractures have occurred (Pemmer
et al., 2013), or with distal versus proximal shafts as remodeling rates
vary with loading and strain with age (Lieberman et al., 2003).

Our results also indicate that when overall THg concentrations in
long bones are higher than ~1 ppm, the humerus is significantly more
likely to contain greater concentrations of THg than the femur or tibia.
This pattern was first noted in five of six burials that included THg
analysis of the humerus, femur and/or tibia at the Chalcolithic
Montelirio tholos, Spain (Emslie et al., 2016). To find a similar pattern
from four other archaeological sites that differ in age by thousands of
years and occur in different depositional environments is striking.

These results suggest that relatively high or constant exposure to
Hg, whether from methylmercury in diet or inorganic mercury from
using or processing cinnabar, the human humerus is subject to higher
depositional rates than the femur or tibia. This pattern likely results
from higher bone remodeling rates via biomechanical regulation in the
humerus (Robling and Turner, 2009), perhaps from use of heavy tools
and other activities in life. Under stress, bone remodeling may change
the thickness and shape of the bone, or act to repair microcracks at the
Haversian level (Lieberman et al., 2003). Neolithic to Bronze Age
peoples undoubtedly experienced heavy labor in farming, animal hus-
bandry, construction, and other strenuous activities. In this respect, at
least three of the 11 individuals sampled from the Montelirio tholos
(large burial chamber) seem to present a correlation between high THg
levels and musculo-skeletal markers commonly associated with intense
physical activity (Garcia Sanjuan et al., 2016). Individual UE 346
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(probably female) who yielded a result of 255.88 ppm of THg showed
marked development of the linea aspera in her femur; individual UE
109 (adult female) with 84.14 ppm of THg in her humerus showed
musculo-skeletal stress markers in both her legs and hands. Finally,
individual UE 113 (adult female) with 132.21 ppm THg recorded in her
femur, showed evidence of dorso-lumbar spondilo-arthrosis as well as
arthrosis in her right knee and her hip. Potentially, therefore, it is
possible to establish correlations between concentrations of THg in long
bones and the individual's personal history of physical activity, pro-
vided the necessary musculo-skeletal stress-marker data are available.
It is possible that the increased loading and strain on some bones,
particularly the humerus, would result in more remodeling and thus,
more Hg deposition in this element compared to others analyzed here.
The two exceptions to this pattern, burials UE 442 and EN 18, cannot be
explained except that the high levels of THg in the tibia of the former
perhaps resulted from greater use and stress in the legs than the arms in
life. EN 18 from La Encantada had very low levels of THg in all three
skeletal elements analyzed (< 2.15ppm) and only in higher con-
centrations does the pattern with the humerus emerge completely. La
Encantada also dates to the Early Bronze Age, when cinnabar use in
Iberia was waning and it no longer appears with burials. The highest
concentration of THg measured from this site was in the humerus of
burial EN 3 at 12.86 ppm (Supplemental data). Biogenic Hg exposure at
La Encantada likely occurred from environmental pollution from living
near the Almadén mine, where impacts of this mining are still mea-
surable today (Diez et al.,, 2011). Ultimately, these results provide
strong evidence that the Hg in bone is biogenic as it is unlikely that this
pattern could occur via diagenetic processes at now five sites of dif-
ferent ages and locations. This hypothesis can be tested with additional
analyses, including other skeletal and cranial elements not sampled
here. Investigation of other metals (e.g., Pb) or minerals (e.g., Sr) that
deposit in bone via similar pathways from blood with bone growth and
remodeling (Rasmussen et al., 2015) also may reveal similar patterns
among the skeletal elements that would support this hypothesis.

5. Conclusions

Although more Hg isotope tracking would be beneficial to de-
termine if cinnabar from Almadén or other mines is the source of the Hg
in archaeological human bone in Late Prehistoric Iberia, whether the
Hg is from cinnabar or methylmercury from dietary exposure, our data
here provide strong support for a biogenic pathway into cortical bone.
We report for the first time a pattern in Hg concentrations among
skeletal elements, with the humerus usually having higher levels than
the femur or tibia, at five sites (four reported here) across Iberia that
range in age from Middle Neolithic to Bronze Age. These results war-
rant further investigation on the compartmentalization of Hg and other
metals and minerals among human skeletal elements. We also found
that the amounts of Hg in human bone are highest in high-ranking
burials such as at Montelirio tholos and Structure 10.042-10.049 at the
Copper Age mega-site of Valencina. In Montelirio not only did some of
the deceased have remarkably high levels of mercury in their bones,
cinnabar was also heavily used in various ways: as a thick coating
covering the slate slabs lining the walls of the tomb, and sprayed over
the bodies. The study of this tomb suggests that cinnabar-based pig-
ments were very important socially (possibly as a means to distinguish a
special group of people, in this case interpreted as priestesses, or the
elite) and ideologically (because of its symbolic value, red color being a
pervasive presence in the tomb; Garcia Sanjudn et al., 2016). In Early
Bronze Age cinnabar is also documented (Lopez Padilla e al. 2012)
although less frequently and in far smaller quantities, which is in ac-
cordance with the decline of the trading networks for exotic raw ma-
terials in this period.

The widespread, pervasive use of cinnabar as a socially and cultu-
rally important material further suggests that it is highly unlikely that
the presence of mercury in human bone developed at so many sites of
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different chronologies, locations, and soil conditions by diagenetic
means. Clearly the humerus receives greater concentrations from a
biogenic pathway that may relate to greater blood flow and higher
remodeling rates that result in more Hg deposition in this bone than in
other skeletal elements. While additional diagenetic pathways need to
be explored, especially in situations where Hg is mobilized from HgS in
humic soils, this study provides baseline data for advancing this new
area of bioarchaeology and mercury exposure from the cultural use of
cinnabar that can be applied to other regions where this important and
valuable mineral was available to prehistoric peoples.
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