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Millennial-scale datasets of heavy metals in biota are difficult to obtain but are

important for determining patterns and underlying drivers of toxicant

concentrations. This is particularly important to better discriminate

contemporary natural and anthropogenic sources. Globally mercury is a

contaminant of concern. Post-industrial increases in mercury in arctic biota

have been documented and monitoring of Steller sea lions (Eumetopias jubatus)

in the Aleutian Islands, Alaska, has revealed a high proportion of pups with fur

mercury concentrations above thresholds of concern in some regions. As bone is

a tissue that is well preserved in archeological middens, it may prove useful for

developing long-term mercury data sets under appropriate conditions. The goal

of this study was to evaluate methodologies for measuring mercury

concentration in Steller sea lion bone using a direct mercury analyzer,

considering sample preparation methods and variability among bone tissue

types (e.g., compact versus spongy bone). Finally, we directly compare

sensitivity and precision of two different direct mercury analyzer models.

Based on the methods presented here, direct mercury analysis using the

Nippon MA-3000 can quantify small (ppb) quantities of Hg accurately and

precisely in 20 to 60mg of bone with minimal specimen processing. The

described method is efficient, relatively inexpensive, and requires minimal

bone, conserving rare and valuable specimens. Hydrogen peroxide cleaning

and collagen extraction were not required, and may be detrimental for optimal

Hg quantification in bone. Further, while homogenization of distinct compact

and spongy bone did not impact concentration determination, variance of

technical replicates was lower improving quantitation precision. Most

importantly, significant differences between compact and spongy bone exist
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within some individual specimen; however, the difference is not consistent and

may indicate differential Hg exposure windows influenced by turnover rate of

bone types. We conclude bone provides a natural archive for mercury ecosystem

dynamics over millennial time scales in regions where appropriate samples are

available. Compact bone has lower and less variable [THg] simplifying analysis

and interpretation of data; however, the more dynamic concentrations observed

in spongy bone should not be dismissed as invaluable due to their variability in

[THg]. Comparisons of [THg] between bone type within individual may provide

insight into more acute changes in mercury exposure within an

individual’s lifetime.

KEYWORDS
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Introduction

Mercury (Hg) is one of the top 10 contaminants of concern for

human health with estimates that between 1.5 and 17 per thousand

children in coastal fishing communities exhibit toxic health effects

from Hg exposure (WHO, 2010; Liu et al., 2014). Arctic coastal

communities are especially vulnerable to the effects of Hg

contamination due to their reliance on aquatic and marine

ecosystems for sociocultural, economic, and subsistence resources

(Basu et al., 2022; Dietz et al., 2022),. Predatory wildlife also serve as

ecosystem sentinels for Hg exposure and potential impacts on

human health due to their position in the food web and

utilization as subsistence resources by Native communities (Basu

and Head, 2010; Castellini et al., 2012). Relatively high total

mercury concentrations ([THg]) have been found in some Steller

sea lions (Eumetopias jubatus) in the Aleutian Islands, Alaska (Rea

et al., 2020) prompting questions about long-term, millennial trends

of [THg] in Aleutian Island food webs.

Millennial-scale datasets of heavy metals in biota are difficult to

obtain but are important for determining patterns and underlying

drivers of heavy metal concentrations. This is particularly

important to better discriminate contemporary natural and

anthropogenic sources (Barst et al., 2022; Chastel et al., 2022;

Morris et al., 2022). While significant increases in Hg

concentrations ([Hg]) have been observed over the past 150 years

in parts of the Arctic (Dietz et al., 2022), limited information is

available for longer term, pre-Industrial revolution (1750

CE) periods.

Bone may be a valuable tissue from which to develop long-term

Hg data sets, as it is preserved in many archaeological sites. Mercury

bioaccumulates in bone during an organism’s lifetime, and the long

turnover time of this tissue removes the confounding factor of

seasonality (Manolagas, 2000). Mercury content of bone has been

examined in modern and historic humans (Rasmussen et al., 2013;

Zioła-Frankowska et al., 2017; Álvarez-Fernández et al., 2020;

López-Costas et al., 2020), seals (Aubail et al., 2010), and fish

(Murray et al., 2015). Several studies have determined that Hg

remains in human bone with undetectable leaching into adjacent

soils (Yamada et al., 1995; Rasmussen et al., 2015; Álvarez-

Fernández et al., 2022). Further, there is likely no uptake of Hg

post-mortem in Hg-laden burial sites (Ãvila et al., 2014; Emslie

et al., 2019) as bone Hg is present within localized osteon (areas of

active remodeling) as inorganic mercuric sulfide (Swanston

et al., 2015).

There are two general types of bone tissue: compact (cortical)

and spongy (trabecular). The uniqueness in structure and

physiology of each contributes to differences in organic and

inorganic composition. Studies in humans indicate that specific

bone elements (e.g., femur) vary both in the both carbon and

nitrogen stable isotope and heavy metal concentration (Zioła-

Frankowska et al., 2017). In the human skeleton, mercury

concentration of compact bone is consistent while limited data

suggests mercury content of spongy bone is more variable

(Rasmussen et al., 2013; Zioła-Frankowska et al., 2017). These

composition differences are likely related to the turnover rate of

bone types and proportion of compact and spongy bone present in

each bone sample (Manolagas, 2000; Rasmussen et al., 2013). The

extracellular matrix (ECM) of osseous tissue within bone is

comprised primarily (60%) of inorganic hydroxyapatite

containing calcium and phosphate minerals, and organic proteins

(30%) including collagen, non-collagen proteins, proteoglycans,

and glycosaminoglycans (Le et al., 2017). The disulfide bridges

formed in cystine rich proteins are well known to bind mercury

(Song et al., 2021). The most abundant protein in bone, Type I

collagen, is a cystine rich protein that likely sequesters mercury in

the ECM; however, precise molecular interaction of mercury in

bone is unknown.

This pilot investigation measured [THg] in bone fragments of

ancient otariids (Steller sea lions and northern fur seals; Callorhinus

ursinus) collected during archaeological excavation of ancestral

Unangax̂ (Alaska Native) middens in the regions of the eastern

and western Aleutian Islands. Middens are layers of refuse that
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accrete over thousands of years and contain discarded plant and

animal material utilized by Native people. Archaeological bones

provide information about [THg] over several centuries to help us

evaluate contemporary trends in [THg] observed in Aleutian Island

sea lions (Rea et al., 2020). The goal of this study was to evaluate

methods of bone mercury analysis using the direct mercury

analyzer available in our laboratory, considering sample

preparation, variability among bone tissue types (e.g., compact

versus spongy bone). Finally, we will directly compare sensitivity

(method detection limit) and precision (CV) of two different direct

mercury analyzer units.

Our hypotheses are that (1) [THg] differs significantly between

bone tissue types, (2) collagen extraction is not necessary for reliable

quantification of bone Hg, and (3) peroxide treatment decreases

[THg]. Reliable determination of [THg] in bone using a direct

mercury analyzer provide ecologists significant opportunity to

investigate natural variation in mercury dynamics across diverse

ecosystems and across millennial timeframes using this relatively

stable material that is well represented in ancient middens.

Understanding these long-term natural mercury dynamics is

important to help future studies identify what environmental

factors contribute significantly to [THg] in ecosystem sentinels,

both past and present.

Methods

Bone sample collection

Archaeological bone

Archaeological otariid (fur seal and sea lion) skeletal elements

(or fragments thereof) were excavated from village middens of

ancestral Unangax̂ . Unangax̂ (Aleut) are Alaska Natives who have

lived in the Aleutian Islands for 9000 years. Otariid bones included

Steller sea lions, northern fur seals (Callorhinus ursinus) and

fragments that could not be identified to species. Specimen were

acquired (n = 40) from middens located on Sanak and Kiska

Islands, Alaska (Figure 1). These sites span the time period from

3700 to 180 years before present (YBP) as determined by

radiocarbon dating (Misarti et al., 2011; Funk, 2018).

This study included skeletal elements from the axial and

appendicular skeleton (Table S1) with varying quantities of

compact and spongy bone. Archaeological samples were from a

range of age categories. Based on osteological criteria, including

degree of fusion of epiphyseal plate, most of the specimens were

mature adults (Grayson, 1984). Archeological bones and bone

fragments were used to compare [THg] between compact and

spongy bone within individuals and to assess analytical

differences between homogenized and non-homogenized

bone (Figure 2).

Modern bone

Due to the large quantity of bone material needed to assess the

impact of collagen extraction and peroxide masceration on [THg]

quantification, and to validate [THg] measures between two models

of direct mercury analyzers, modern bone specimen was utilized.

Modern otariid bone were collected opportunistically from Steller

sea lion pup carcasses found during population counts completed

by NOAA in 2011 on Agattu Island in the Western Aleutian Islands

(n = 2) and in 2012-2013 on Ulak and Seguam Islands in the Central

Aleutian Islands (n = 4; total n = 6, ADF&G MMPA/ESA Permit

No. 14325). Carcasses were processed according to methods

outlined in Correa et al. (2014). The skeletal muscle was

mechanically removed from the bones, which were subsequently

placed in distilled water for 3 weeks to facilitate mechanical removal

of the remaining fascial tissue. The clean, whole femur and the 4th

rib bone were freeze dried and homogenized using a Retsch

Cryomill (Retsch Inc, Newton, PA). Dried homogenized bone

samples, with femur and rib combined as a representative sample

of bone (Brookens et al., 2008) were stored at room temperature in a

polyethylene Whirlpak® until analysis. Since these samples were

collected and processed as a part of another study compact and

spongy bone were not separated (Correa et al., 2014) and

thus all modern mammal specimens in this study represent

combined compact and spongy bone homogenates. The

modern, homogenized Steller sea lion samples were used in

this study to evaluate methods of collagen extraction and to

compare [THg] measurements between different direct mercury

analyzer models.

Lastly, modern Pacific cod vertebrae (n = 3) from commercial

fisheries catches between 2013 and 2015 (Cyr et al., 2019) were used

to examine the effects of peroxide maceration (a common bone

preparation method for curation) on measurement of [THg].

Bone preparation

Compact and spongy bone types
To address high variability observed in some early whole bone

technical replicates archaeological bone fragments (n = 19) were

manually separated into compact and spongy bone to assess

difference in [THg] between bone tissue types (Figure 2).

Utilizing a small chisel and hammer compact and spongy bone

were separated. Transition line between the bone types was avoided.

Compact bone fragment was visually inspected to assure no spongy

bone was present.

Homogenization of archaeological samples
Many bone samples collected from archeological sites are very

small, especially after separating compact from spongy bone. In our

early analyses, specimens were not homogenized due to very small

nature of the bone fragments available. Our concern was that

homogenization result in further sample loss and could limit

whether sufficient sample was available; however, there was high

variability between technical replicates sampled from the same

fragment. We compared the [THg] of non-homogenized bone

fragments to [THg] measured in samples of the bone after

homogenization to determine the effect of homogenization on

precision of [THg] analysis. Compact and spongy bone types

from archaeological bone samples were mechanically separated
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and ground independently in 2 ml polypropylene tubes (Sarstedt,

Newton, NC) with two 5 mm steel ball bearings at room temp,

30 Hz for 12 min using a Retsch mixer mill MM 400 (Retsch Inc,

Newton, PA). Total Hg was quantified from matched fragment and

homogenized bone from 7 individuals with four technical

replicates each.

Direct mercury analysis

Total mercury concentration was quantified in dried samples of

bone (20 to 60mg) analyzed in triplicate (mg/kg dry weight) on a

Milestone DMA-80 (dual cell; Shelton, CT). Samples that had

technical replicates with greater than 10% variability were

reanalyzed. The practical method detection limit (PMDL; mean

of blanks + SD × 5; 0.0876 ± 0.0290 ng) was less than the

lowest calibration point and too low to produce reproducible

replicate measurements. The second lowest calibration

point (1 ng) was conservatively used as the DMA-80 method

detection limit (MDL) as this limit resulted in replicates with

variability < 10%. With specimen mass of 25 to 60 mg the

MDL was 17 to 40 µg/g. Blanks, liquid standards (10 and

100 µg/kg), and certified standard reference materials (SRM;

Spinach NIST 1570a, 29.7 ± 2 µg/kg; NRC DORM-4, 412 ±

36 µg/kg) were included in each analytical run. Bone meal (NIST

SRM 1486; reference value 2.3 ± 1.4 µg/kg was initially included as a

matrix matched reference material; however, [THg] was below the

detection limit of the DMA-80 so use of this SRM was discontinued

with this instrument.

Percentage recoveries were 97.4 ± 4.30% (90 to 105%, 100 mg/kg

calibration standard), 96.5 ± 5.8% (88.2 to 110%, DORM-4), and

98.6 ± 10.2% (82 to 114%, spinach).

Milestone DMA-80 and Nippon
MA-3000 comparison

After the initial pilot study was completed on the DMA-80, we

gained access to a Nippon MA-3000 (Shibuya City, Tokyo) Direct

Mercury Analyzer which has a lower reported detection limit.

According to the manufacturer the Nippon method detection

limit was less than 0.001 ng with a practical quantitation limit

between 0.01 to 0.02 ng. Although we intended to run all remaining

bone samples on the new instrumentation, it was important to

conduct a comparison between these instruments to confirm that

analyses on archaeological bone fragments included in the pilot

study were comparable and could be included in our overall study.

Archived samples of modern bone homogenates (n = 6) from a

previous study (20 to 45 mg; Correa et al., 2014) were analyzed to

compare [THg] quantification between the DMA-80 and Nippon

MA-3000. Ten technical replicates were run for each homogenized

specimen on each mercury analyzer. Technical replicate mean,

standard deviation, and percentage relative standard deviation

(%RSD) was calculated for each specimen. For comparison,

values [mean ± SD (%RSD)] for low and high concentration

specimen were reported in the results section for each analyzer.

Both the less conservative technical method detection limit

(TMDL; mean of blanks + SD × 3) and more conservative PMDL

were calculated for the DMA-80 and Nippon instruments. The

PMDL was similar to the lowest calibration point (0.05 ng) and was

used as the method detection limit that resulted in replicates with

variability consistently < 10% for all subsequent analyses. Blanks,

liquid standards and certified SRM as listed above were included in

each analytical run.

Nippon MA-3000 percentage recoveries were 109.3 ± 0.1%

(10 mg/kg calibration standard), 107.6 ± 0.8% (100 mg/kg

calibration standard), 105.5 ± 3.8% (DORM-4), 85.9 ± 1.6%

FIGURE 1

Locations of archeological otariid specimen, Steller sea lion and northern fur seals, from Sanak Island (n = 36) in the Eastern Aleutian Islands and

Kiska (n = 4) in the Western Aleutian Islands, Alaska.
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(spinach), and 77.8 ± 4.1% (bone meal). Importantly, although the

recovery of bone meal (matrix match SRM) was low, based on the

recovery SD, the measure was consistent. Further, the mean

concentration of 1.75 mg/kg is within the reported acceptable

range for this SRM is 3.7 to 0.9 mg/kg. DMA-80 percentage

recoveries were 92.9 ± 7.6% (10 mg/kg calibration standard),

103.4 ± 1.0% (100 mg/kg calibration standard), 101.3 ± 2.6%

(DORM-4), 74.0 ± 0.6% (spinach), and 76.1 ± 27.1% (bone meal).

Although, the mean concentration of bone meal quantified on the

DMA-80 was within acceptable range (1.75 mg/kg) the large SDmay

indicate imprecision at low concentrations.

Testing the impact of bone preparation
techniques commonly used in archeology

Collagen extraction
Three preparation methods were tested to determine if archives

of previously extracted collagen could be utilized for total mercury

quantification. Collagen was extracted from six homogenized modern

SSL bone samples (combined rib and femur from Correa et al., 2014)

using three extraction methods (Methods 1–3) using a separate

subsample for each method. Method 1 only included lipid

extraction and demineralization of bone; Method 2 added collagen

gelatinization to Method 1 preparations and Method 3 added a

filtration step to Method 2 (Misarti et al., 2009; Clark et al., 2017).

Lipids were removed from each subsample of bone homogenate

(~200 mg) using the 2:1 chloroform:methanol (v/v) procedure

described by Bligh and Dyer (1959) and Folch et al. (1957). For all

methods, lipid-free samples were demineralized using three

sequential 30-minute incubations in 3mL 1N HCl followed by

centrifugation (2 minutes at 3,000 rpm) and removal of acidic

supernatant. Following acid incubations samples were rinsed 3

times with ultrapure water. For each rinse samples were vortexed

for 30 seconds, centrifuged for 2 minutes at 3,000 rpm and

supernatant decanted. For Methods 2 and 3, demineralized samples

were gelatinized in 20mL glass vials with 10mL ultrapure water and 3

drops of 3N HCl (0.5% HCl v/v), covered and placed in a vortex

evaporator at 65°C until samples were completely gelatinized. For

Method 3, gelatinized samples were filtered with a 0.45 µm filter. All

preparations were frozen and subsequently freeze dried for 48 hours.

The percent yield of collagen for each extraction method was

calculated as (dry mass of collagen/dry mass of bone) × 100. Both

collagen [THg] and the proportion of bone THg recovered in

extracted collagen were compared among extraction methods.

Collagen [THg] was calculated based on dry mass of extracted

collagen (ng THg/g collagen). The proportion of bone THg

recovered in collagen was calculated based on the [THg] and total

dry mass of both untreated bone and extracted collagen (Table 1).

Total mercury concentration was quantified in collagen samples

(15–35 mg) analyzed in triplicate (mg/kg dry weight) on a Milestone

DMA-80 (tri-cell; Shelton, CT). Samples with technical replicates

with greater than 10% variability were reanalyzed. The practical

method detection limit (mean of blanks + 5 × SD) was less than the

lowest calibration point and too low to produce reproducible

replicate measurements the second lowest calibration point was

conservatively used as the method detection limit as explained

above. Blanks, liquid standards (10 and 100µg/kg), and certified

standard reference materials (SRM; Spinach NIST 1570a, 29.7 ±

2 µg/kg; NRC DORM-4, 412 ± 36 µg/kg) were included in each

analytical run.

Peroxide maceration

Peroxide treatment is a common method to speed maceration

and remove soft tissue from bone. Modern cod specimen were

utilized to test effects of peroxide maceration on [THg]

quantification in bone. Vertebrae were excised from (n = 3)

modern cod subsampled from commercial catches in the Aleutian

Islands. Ultrapure water (100°C) was poured over vertebrae with

attached flesh and allowed to come to room temperature.

Maceration vessels were agitated every 12 hours for 48 hours.

Loose flesh was manually removed. Once flesh was completely

FIGURE 2

Total mercury concentration (µg/kg, dry weight) of a mixed bone fragment compared with analysis of separated spongy and compact bone

segments from the same specimen. Bars represent standard deviation of technical replicates. (Top Inset Image) Bone fragments illustrating structural

difference in solid, superficial cortical or compact bone and porous, deep trabecular or spongy bone. Bone types are mechanically separated and

analyzed independently for mercury content.
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TABLE 1 Mean total mercury concentration ([THg]; µg/kg dry weight) and relative proportion of THg in whole bone and extracted collagen, using different extraction methods.

Sample
ID

Whole bone
homogenate

Method 1: lipid extraction and
demineralization

Method 2: lipid extraction, demineralization,
and gelatinization

Method 3: lipid extraction, demineralization,
gelatinization, and filtration

[THg] non-
extracted
bone
(µg/kg)

% yield
of

collagen

[THg] col-
lagen (µg/

kg)

Relative proportion
THg in recovered

collagen (%)

% yield
of

collagen

[THg]
collagen
(µg/kg)

Relative proportion
THg in recovered

collagen (%)

% yield
of

collagen

[THg]
collagen
(µg/kg)

Relative proportion
THg in recovered

collagen (%)

SSL2012

ULAK DP2

136.9 15.4 81.1 9.1 34.2 36.6a 9.1 25.0 BDLc N/A

SSL2012

ULAK DP1

138.3 38.4 67.1 18.6 39.9 53.5b 15.4 24.9 BDL N/A

NMML2011

Agattu

NEC2

819.4 28.5 296.0 10.3 29.4 245.5 8.8 25.6 102.9 3.2

NMML2011

Agattu

NEC1

35.4 47.5 39.0 52.3 28.3 35.8 28.6 27.5 14.4 11.1

SSL2012

Seguam DP1

202.6 32.0 142.2 22.5 33.0 70.4 11.5 22.8 14.2 1.6

SSL2013

ULAK DP1

107.1 29.9 174.7 48.8 31.0 100.5 29.1 27.1 36.5 9.3

Mean

±SD

(%RSD)

Min-Max

31.9

±10.7

(35.8%)

15.4–47.5

26.9

±19.0

(70.5%)

9.1–52.3

32.6

±4.2

(12.8%)

28.3–39.9

17.1

±9.4

(55.0%)

8.8–29.1

25.5

±1.7

(6.6%)

22.8–27.5

6.3

±4.6

(73.2%)

1.6–11.1

Each unique specimen analyzed in duplicate.
a, b[THg] did not meet QAQC criteria of < 10% RSD among technical replicates; a RSD 43.9%, b RSD 18.1%.
cBDL = below detection limit.
% yield of collagen = (g extracted collagen/g bone) × 100.
Relative proportion THg in recovered collagen = (ng THg in extracted collagen/ng THg in whole bone) × 100 [see comments in Methods].
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removed from bones two adjacent vertebrae were immersed in

either ultrapure water or 3% hydrogen peroxide for 48 hours.

Vertebrae were then freeze dried for 24 hours, pulverized, and

[THg] quantified with the Milestone DMA-80 (tri-cell;

Shelton, CT).

Statistical analyses

All statistical analyses were completed using SAS 9.4 (Cary,

NC). Differences were considered statistically significant when p ≤

0.05. Results are reported as mean ± standard deviation (SD) unless

otherwise noted.

Compact and spongy bone types

Differences in [THg]dw between paired compact and spongy

bone from the same archeological specimen were analyzed using a

Paired T-Test. Homogeneity of variance (HOV) was determined

with Levene’s Test.

Homogenization

Proc mixed repeated measures function in SAS was utilized to

determine if homogenization of bone specimen was required for

precise quantification of bone [THg]. Specimen ID was included as

random effect and bone preparation process (homogenization vs.

bone fragment), bone tissue type (compact vs. spongy), and the

interaction term (process x type) were included in the model with

process as the repeated unit. Heterogeneous compound symmetry

covariance structure was the most parsimonious model fit as

determined by convergence criteria and minimum AIC value.

Difference of Least Square means was used to examine differences

among process method and bone type on [THg] quantification

precision. The model was run once with [THg] as the dependent

response variable and again with variance of the 4 technical

replicates as the dependent response variable.

Collagen extraction

Given that one-third of the [THg] were BDL for Method 3

(Table 1), data from this method was not included in the analysis.

All other [THg] measures were above the detection limit.

Proc mixed repeated measures function in SAS was used to

identify differences in percentage yield of collagen, [THg] in

collagen (ng/g) and relative proportion of THg in recovered

collagen (dependent variables) due to collagen extraction method

(independent variables). Percentage yield of collagen was arcsin

transformed prior to statistical analysis, and run with an

autoregressive covariance structure. Optimal covariance structure

model fit was determined by convergence criteria and minimum

AIC value. Specimen ID was included as random effect and method of

collagen extraction was the repeated unit. Difference of Least Square

means was used to determine differences among extraction methods.

A one-tailed paired T-test was used to identify differences in [THg]

between bone homogenate and collagen from Method 1. In addition,

this test was also used to determine if the relative proportion of THg

differed between Method 1 and 2. Regression (proc mixed) analyses

were completed to examine the relationship between percentage yield

of collagen and relative proportion of THg in recovered collagen.

Extraction method and the interaction of method and percentage

collagen extracted were included in the model.

Peroxide maceration
A paired T-test was used to determine if [THg] differed between

water and peroxide maceration techniques.

Results

While direct comparison of [THg] between archaeological and

modern time periods was beyond the scope of this study, measures

ranged within a similar scale. Total mercury concentrations in

archaeological bone specimens ranged from 8 to 267 µg/kg (76.4

± 68.4 µg/kg) and 27 to 506 µg/kg (145 ± 130.9) in compact and

spongy bone, respectively. In modern, homogenized bone samples

acquired from a previous study (Correa et al., 2014) [THg] ranged

from 35 to 819 µg/kg (240 ± 289.0 µg/kg).

Compact and spongy bone types

A representative specimen illustrating variability in technical

replicates of mixed bone types compared with separate analysis of

compact and spongy bone is provided (Figure 2). In paired

specimen (t18 = −2.99, p = 0.008; unequal variance) spongy bone

had greater [THg] compared with compact bone (Figure 3). The

pattern of [THg] difference between the two bone types was similar

among 17 of the 19 specimens with greater [THg] in spongy bone

(145.3 ± 29.3 µg/kg) compared with compact bone (76.4 ±

11.9 µg/kg). However, 2 of 19 specimen had greater [THg] in

compact bone. Unfortunately, since modern bone specimen were

collected and processed for another study (Correa et al., 2014) it was

not possible to separate compact and spongy bone for comparison

with modern bone specimen although similar differences between

bone types are likely for modern bone as well.

Homogenization

Variance of technical replicates was greater in bone fragments

(13.89 ± 15.18 compact bone and 11.10 ± 11.97 spongy bone)

compared with homogenized bone (p = 0.006; 0.14 ± 0.29 compact

bone and 0.19 ± 0.17 spongy bone). Homogenized specimen had

reduced variance compared with whole bone fragments (p = 0.006)

while bone type (p = 0.715) and the interaction of bone type and

process (p = 0.704) did not impact THg variance among

technical replicates.

Milestone DMA-80 and Nippon
MA-3000 comparison

Concentrations of THg for (n = 6) modern bone homogenates

ranged from a low concentration of 30.1 ± 1.18 (2.38%RSD) and 759.7
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± 31.54 (4.90%RDS) µg/kg for the high concentration specimen

utilizing the DMA-80. The same specimen analyzed with the MA-

3000 were 38.9 ± 2.75 (2.13%RSD) for the low value to 799.4 ± 17.04

(7.07% RSD) µg/kg for the high concentration specimen. The Nippon

MA-3000 consistently reported greater [THg] compared with the

identical specimen run with the DMA-80 (t5 = 4.04, p = 0.010; 231.6 ±

6.45 and 210.9 ± 3.87, respectively). Measures of [THg] were highly

correlated between the two mercury analyzers with slightly greater

values achieved with the Nippon MA-3000 as indicated by a slope of

1.032 (p < 0.001, R2 = 0.9990). Further, the percentage difference

between the mean values quantified with the DMA-80 and Nippon

MA-3000 were 9.48% within our acceptable range (< 10%) for error

among technical replicates.

The TMDL and PMDL for the DMA-80 was 0.0785 ± 0.0198 ng

and 0.0876 ± 0.0290 ng, respectively. Sensitivity was improved with

the Nippon MA-3000 yielding TMDL 0.0072 ± 0.0036 ng and

PMDL 0.0110 ± 0.0054 ng. Given a sample mass of 20mg, based on

PMDL the minimum detectable concentration was 6.24 ±

0.99 µg/kg and 0.76 ± 0.18 µg/kg for the DMA-80 and Nippon

MA-3000, respectively.

Testing the impact of bone preparation
techniques commonly used in archeology

Collagen extraction

The percentage yield of collagen was not significantly different

among the 3 extraction methods (p = 0.184) likely due to high

variability among the specimen within each method (Table 1).

While Methods 1 and 2 produced similar mean collagen yields the

results from Method 1 were highly variable, ranging from 15-48%

(%RSD 36%). While Method 3 appeared to produce the most

consistent yields, except for one individual it also produced the

lowest yields (25.5 ± 1.7%).

While [THg] was higher in homogenized bone compared to

Method 1 in most individuals (4 of 6), it was not always the case and

there was no significant difference in [THg] between homogenized

bone and Method 1 extracted collagen (t5 = 1.325, p = 0.242).

Similarly, Method 2 had less [THg] than homogenized bone;

however, due to small sample size and large variance this

difference was not statistically significant (p = 0.066). Method 3

but was not included in the [THg] analysis since 2 individuals had

[THg] BDL. The relative proportion of bone THg recovered in

collagen was significantly lower using Method 2 compared with

Method 1 (p = 0. 0.030). While collagen yield was positively

associated (p = 0.036, r2 = 0.2465) with of proportion of THg

recovered, the low r2 indicates that very little of the variance in

[THg] was explained by collagen yield.

Peroxide maceration
Concentrations of THg were reduced in matched peroxide

treated modern cod vertebrate (5.0 ± 0.4ng/g) compared with

vertebra macerated with only water (10.2 ± 0.4 µg/kg; t = 7.91,

p = 0.016). Percentage difference between the two groups indicated

a 51.1 ± 4.9% decline in [THg] with peroxide treatment.

Discussion

Bone provides a stable, and accessible medium to examine

millennial-scale variability in environmental Hg (Murray et al.,

2015; Álvarez-Fernández et al., 2020). In this study we have shown

that peroxide cleaning and collagen extraction are not required, and

may be detrimental for optimal Hg quantification in bone. Further,

while homogenization of distinct compact and spongy bone did not

impact concentration determination, variance of technical

replicates was lower improving quantitation precision. Most

importantly, significant differences between compact and spongy

bone exist within some individual specimen; however, the difference

is not consistent and may indicate differential Hg exposure windows

influenced by turnover rate of bone types.

FIGURE 3

Total mercury concentration (µg/kg, dry weight) of archaeological bone fragments. Paired compact and spongy (trabecular) bone type from the

same bone fragment are connected by lines. Despite some individual variability, mercury concentration in spongy bone was significantly greater than

compact bone (t18 = −2.99, p = 0.008; unequal variance).
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Compact and spongy bone types

Data from the current study demonstrated differences in [THg]

between compact and spongy bone. Previous human bone studies

determined that spongy bone had greater quantity and variability in

[THg] compared with compact bone in most individuals

(Rasmussen et al., 2013; Zioła-Frankowska et al., 2017), although

there was considerable individual variability. In this study most

individuals had greater [THg] in spongy compared with compact

bone; however, several individuals had either no difference between

bone types or compact with greater concentrations. Separate

analyses of these bone types prior to [THg] analysis is

recommended to avoid high variability that could result among

technical replicates based on the proportion of spongy and compact

tissue included in each replicate.

Manolagas (2000) reports that in humans, complete turnover of

compact bone occurs approximately every 30 years, while spongy

bone rapidly remodels and completes turnover in 3 to 4 years.

Rasmussen et al. (2013) proposed that these differences in the

turnover time of compact versus spongy bone potentially provide

two different temporal windows to explore past ecological or

physiological impacts through analysis of a single bone sample.

These different temporal windows should be considered in future

analyses of [THg] and stable isotopes in bone. This would be

particularly applicable when investigating changes in individual

foraging pattern (e.g., change in trophic position), ontogenetic shifts

in diet, or alterations in habitat selection of animals that would

contribute to the amount of Hg an individual is exposed to in their

diet (Chételat et al., 2020).

Homogenization

Due to the low [THg] in bone and high variability in the

distribution of Hg throughout the bone, even within a single bone

type, [THg] analyses of intact bone fragments were highly variable.

The high variability among technical replicates led to replicates

outside of the identified QAQC standard (RSD ≤ 20%). Due to

the limited mass of archaeological fragments this resulted in a

number of study individuals dropped from statistical analysis.

Homogenization reduced the variance of technical replicates for

THg determination and improved the precision of analyses. Thus,

homogenization resulted in retention of a larger number of

individuals in the study. We strongly recommend separate

homogenization of compact and spongy bone types to

improve precision and RSD of technical replicates. Other

tissues such as liver are also known to have heterogenous

distribution of THg due to the formation and sequestration

of Selenium–Hg complexes (tiemannite) as a detoxification

method. Although the concentrations of THg are low in bone,

given the high percentage of total body volume and mass,

bone could be an important location for Hg sequestration (Correa

et al., 2014). The subcellar and extracellular location as well

as molecular composition of mercury in bone remains an

understudied topic.

Milestone DMA-80 and Nippon
MA-3000 comparison

While both direct mercury analyzers were able of quantifying

low [THg] found in bone there were some differences worth noting.

Bone specimen were often close to the MDL with increased %RSD

when run on the DMA-80. Further, utilization of matrix matched

bone meal was not possible on the DMA-80 due to low recovery and

high variability among replicates. The reduced sensitivity of the

DMA-80 favors use of the more sensitive Nippon MA-3000 when

quantifying specimen of low concentration and limited mass, such

as highly valuable archaeological specimen.

Most previous research investigating bone [THg] utilized cold

vapor atomic absorption (Rasmussen et al., 2013) or mass

spectrometry methods (Kepa et al., 2012). While these methods

are highly sensitive, they are expensive and require substantial time,

effort, and caustic chemicals needed for chemical digestion. Direct

Mercury Analysis offers an alternative analytical technique with

high sensitivity and minimal specimen processing. Laser ablation

techniques have also been utilized for quantification of heavy metals

in various tissues (Pornwilard et al., 2013). Due to the high

variability of [THg] throughout the bone matrix found in this

study we would caution the use of laser ablation techniques,

preferring the homogenization of the bone fragment before analysis.

Testing the impact of bone preparation
techniques commonly used in archaeology

Collagen extraction

We investigated whether [THg] in extracted collagen was

predictive of [THg] of intact bone fragments to determine if

extensive archival collections of collagen extracted from archeological

bone for stable isotope analysis could assist our study. Investigation of

three different collagen extraction methods determined collagen did

contain a large portion of THg quantified in bone; however, as

evidenced by the greater [THg] in whole bone homogenates, either

collagen extraction methods resulted in liberation of some mercury

from collagen or mercury is associated with other bone components.

The degree of processing (acid demineralization and

gelatinization, and filtering) impacted collagen yield (percentage).

Improved collagen yield did not improve Hg detection and the

proportion of collagen in the bone tissue was not correlated with

[THg]. Given that Hg associates with cystine rich proteins, such as

collagen, it is possible that the acidic collagen extraction methods

liberated some forms of Hg from the cysteine residues (Jalilehvand

et al., 2006). Interestingly, archaeology studies have found an

inverse relationship with degree of mineralization (hydroxyapatite

quantity) and mercury content of bone (Álvarez-Fernández et al.,

2022). Young bone or newly remodeled bone generally has more

collagen fibers and less mineralization. Given this, a reasonable

hypothesis would be that young bone would have greater collagen

and [THg] compared with bone from older animals. All the bone

tested in this study was from young pups. The large variation in

collagen percentage was surprising. This may be due to the semi-
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quantitative nature of the collagen extraction methods or the very

small sample size. Regardless, the relationship between collagen

content of bone, degree of bone mineralization, and [THg] should

continue to be explored.

Peroxide maceration
Although peroxide maceration is commonly used to deflesh

bone, we caution against using peroxide in studies measuring

mercury in bone. More than 50% of the mercury quantified in

cod vertebrae that was defleshed with only nanopure water was

liberated during peroxide maceration. Similar to the results of this

study, previous in-vitro studies found an increase in mercury ions

liberated from dental amalgam following treatment with hydrogen

peroxide which is often used as a dental whitening agent (Al-Salehi

et al., 2007).

Summary & conclusions

This study demonstrated that direct mercury analysis was a

robust method to quantify small quantities of mercury accurately

and precisely in small (20 mg) quantities of bone with minimal

specimen processing improving analysis efficiency and reducing

overall cost. Compared with the Milestone DMA-80, the Nippon

MA-3000 provided 10-fold greater sensitivity determined by PMDL

with very small sample size, 20mg. This is a significant advantage

when quantifying low concentration specimen such as bone and rare

specimen where sample conservation is essential. Homogenization of

bone specimen improves precision of [THg] measures.

Different extraction methods did not result in consistent yields

in collagen, [THg] in collagen, or proportion of collagen extracted

from bone, making reported [THg] in collagen suspect as

representing the actual [THg] in native collagen. The relationship

of bone collagen and mercury is intriguing and warrants further

investigation. Importantly, while many studies avoid quantification

of [THg] in spongy bone, differences between compact and spongy

bone within an individual may provide a unique bio-monitor of

decadal change in environmental mercury given the differences in

turnover rate. Archaeological bone is an extremely useful medium

to examine long term variability in environmental mercury

dynamics over millennial time scales.
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