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Abstract: Mercury (Hg) is one of the top ten chemicals of concern for public health, according to
the World Health Organization. This study investigates Hg concentrations in house dust collected
from urban single family homes, to better understand typical indoor residential exposures. Using
direct solid sample analysis, total Hg and carbon (TC) were determined in the <80 µm fraction of
settled dust samples collected under the Canadian House Dust Study. Hg concentrations displayed a
log-normal distribution with median/geomean of 0.68/0.70 mg/kg (n = 995). A small subset (<1%)
of homes exhibited anomalously high dust Hg concentrations (>9.0 mg/kg). A comparison of Hg
concentrations in fresh dust and household vacuum dust collected from the same homes indicated
no significant difference in the two sampling methods. Total carbon concentrations displayed a
median/geomean of 29.3/28.5% (n = 1011). A significant correlation between total Hg and TC in
house dust (p < 0.00001) reflects the association between Hg and organic carbon previously observed
in soil and sediments. The results of this study indicate a 10-fold enrichment in house dust compared
with the average background concentrations reported for soil and sediments (0.07 mg/kg). The
observed enrichment is attributable to Hg emissions from indoor sources and/or Hg carried home
from occupational sources.

Keywords: mercury sources; indoor exposures; urban geochemistry; take-home mercury; residential
sources

1. Introduction

Mercury (Hg) is a toxic metal identified by the World Health Organization (WHO)
as one of the top ten chemicals of concern for public health [1]. A combination of anthro-
pogenic and natural sources and processes has contributed to the enrichment of Hg in
the surface environment and food chain globally [2,3]. Mercury occurs in the environ-
ment as gaseous elemental Hg, inorganic Hg2+ compounds, and organic compounds of
which methylmercury is the most toxic form [4]. Methylmercury bioaccumulates along
the food chain posing a risk for human health through consumption of high trophic level
aquatic species [2,5]. Results of the Canadian Health Measures Survey (2007–2009), which
included 5319 respondents aged 6–79 years, demonstrated that fish and shellfish consump-
tion significantly influenced blood Hg levels in the Canadian population, attributable to
methylmercury ingestion [6]. Total blood Hg levels were also influenced by smoking,
alcohol consumption, and number of dental amalgams [6]. Amongst other health impacts,
exposure to Hg can impair the nervous system, respiratory function, and the gastroin-
testinal system and can lead to death in cases of extreme exposure [2,3]. Canada-wide
legislation and standards for Hg management have been established since the 1990s, in
cooperation with the United States and Mexico, with the intention of limiting the use
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of Hg and its release into the environment, thus decreasing human exposure to Hg and
minimizing impacts on health [7,8].

All of the populations are exposed to Hg to some extent, and exposure to elemental
and inorganic Hg mainly occurs in occupational settings through contact with products
containing Hg and contaminated outdoor environments [3,4]. Throughout the 20th century,
Hg was used in a wide variety of consumer products and medical devices, including
switches, relays, fluorescent lamps, barometers, thermostats, dental amalgams, thermome-
ters, vaccines, and eyedrops [5,7]. Nowadays, most uses of Hg have been reduced or
replaced by alternatives, such as light-emitting diode (LED) bulbs rather than fluorescent
lamps, and lithium, silver, and alkaline batteries rather than Hg-containing batteries [9].
Nevertheless, Hg is still found in relatively high concentrations in the indoor environment.
For this reason, it is regarded as a “re-emerging chemical” [10].

Indoor monitoring for Hg exposures is generally associated with workplace air qual-
ity [3] and there are relatively few studies that quantify Hg exposures in indoor residential
environments. Majewski et al. [11] found that gaseous elemental Hg in the indoor environ-
ment tends to adsorb strongly onto fine particulate matter (PM) resulting in enrichment
of Hg in indoor PM1 relative to outdoor PM1. As house dust is a sink for inorganic and
organic contaminants, it serves as a useful indicator of indoor exposures [12]. Studies of
homes not impacted by local Hg mining or smelting activities or other industrial sources
of Hg [13–15] have indicated elevated Hg concentrations in indoor settled dust samples
compared with the corresponding outdoor soil and dust samples. In outdoor environ-
mental media, Hg displays an affinity for organic matter: The mercuric ion is strongly
sequestered by organic compounds in soil and sediments, and consequently total Hg con-
centrations tend to correlate with organic matter concentrations in these media [16–18]. As
the organic carbon content of house dust tends to be 5-fold higher than the corresponding
garden soil [19], it follows that Hg may display a similar affinity for organic carbon in the
indoor environment.

The methods established for Hg determination in soil and sediments are appropriate
for house dust. One of the most commonly used techniques for quantifying total Hg in
these media is acid digestion (e.g., aqua regia) followed by stannous chloride reduction
and spectroscopic determination. Wet digestion methods must take steps to ensure that
no Hg is lost throughout the process, and thus tend to be more labor intensive than the
direct solid sample analysis [20]. Another challenge associated with wet digestion is the
difficulty of dissolving low solubility Hg compounds, such as Hg sulfide [21]. Instrumental
neutron activation analysis (INAA) is also listed amongst the techniques that can be
used successfully for Hg quantification. However, due to its high cost and infrastructure
requirements, it is not widely used. In addition, higher limits of detection (LOD) associated
with this method further restrict the application of INAA. Thermal decomposition with
subsequent trapping by amalgamation, followed by atomic absorption spectrophotometry
(e.g., US-EPA Method 7473), is another approach used to quantify Hg [22]. A key advantage
of this method is that the sample pre-treatment is limited to drying and sieving, which
provides a fast turn-around time [20]. To investigate the above-mentioned affinity of Hg
for organic carbon, a method is also needed to determine the carbon content of house dust.
The most commonly used methods for the determination of TC in environmental samples
are: Time-of-flight mass spectrometry techniques, dry combustion by automated system,
wet chemical oxidation, and loss-on ignition [23–25]. In these methods, the total carbon
(TC) content of a sample corresponds to the sum of total organic carbon (TOC) and total
inorganic carbon (TIC) [23]. TC is quantified by the complete oxidation of all of the carbon
forms present in a sample, whereas TOC is determined by first eliminating TIC from the
sample using an acid treatment [23]. Based on this relationship (TC = TOC + TIC), the
indirect quantification of TIC is typically performed by quantifying TC and TOC, then
calculating TIC by subtraction [25,26].

The present study was undertaken to characterize total Hg concentrations in house dust
collected from typical urban Canadian homes, and to investigate whether the Hg–carbon
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relationship that is observed in outdoor media is also observed in indoor dust. Direct solid
sample analytical methods were selected for this purpose: The DMA-80 direct mercury
analyzer for total Hg and the VarioMAXTM CN carbon analyzer for total C determination.
The accuracy and reproducibility of both methods were evaluated using certified reference
materials. The solid sample methodologies were applied to samples collected under the
Canadian House Dust Study [27,28], to obtain a nationally representative baseline for
total Hg and C concentrations in house dust. Finally, an evaluation of sample collection
and sample preparation methods was undertaken to inform the design of future house
dust studies.

2. Materials and Methods
2.1. Sample Collection and Preparation

Settled house dust samples were collected from 1025 urban single family homes across
Canada under the Canadian House Dust Study (CHDS), as described previously [27,28].
The goal of the statistical design was to obtain urban baseline datasets representative of
the country, not individual provinces, regions or cities. The homes were selected using a
stratified random sampling design. The homes identified for recruitment were randomly
selected from a total of 107 dissemination areas (DAs), which were randomly selected from
13 cities with a population greater than 100,000 [27]. During the house visit, technicians
documented basic house characteristics (e.g., heating practices, dates of construction,
proximity to industry, occupations). None of the sampled DAs were located in the vicinity
of Hg mining or smelting activities or any other Hg-releasing industries.

The samples were collected during the winter season over 4 years, from 2007 to 2010.
The sampling protocol generated two types of vacuum samples per home: The household
vacuum dust (hereafter “HD”) and the fresh or “active” house dust (hereafter “FD”). The
HD sample was collected from the participant’s vacuum system, which was used for
their regular cleaning activities. The FD sample was a composite sample of active dust
collected from floors or carpets of all the available living spaces within each house. The
FD sample was collected by technicians using a Pullman Holt vacuum cleaner (Model 102
ASB-12PD) [28], who vacuumed areas that were part of the regular cleaning routine of the
participants, with the exception of wet areas (e.g., bathrooms, workshops). These areas
were avoided in order to preserve sample integrity.

All of the vacuum samples (HD and FD) were air-dried for a minimum of 24 h prior to
their size fractionation using stainless steel sieves (W.S. Tyler, Mentor, OH, USA; Cat. Nos.
2451, 5209, 5205). The <80 µm size fraction was stored in amber glass bottles with PTFE-
lined cap (Fisher Scientific, Waltham, MA, USA) at −4 ◦C until elemental determination.
Previous research [19] showed that the <80 µm size fraction of house dust had the advantage
of greater homogeneity and typically higher metal concentrations than coarser fractions.
Finer dust fractions also have greater relevance for particle resuspension models and
childhood exposure estimates [12,29]. No further sample preparation was required for the
direct solid-sample analytical techniques used in this study. Although most homes were
represented by both HD and FD samples originally, there was insufficient FD sample mass
remaining for many homes after the completion of elemental analyses for previous studies.
For homes lacking an adequate FD sample, HD samples were used instead, for 112 homes
in the case of Hg determination and for 203 homes in the case of TC determination. A
comparison of Hg concentrations in a matched set of HD and FD samples was conducted
in the present study, for 29 homes that were represented by both sample types.

2.2. Mercury Instrumentation

A total of 995 dust samples was analyzed for total Hg using the DMA-80 Direct
Mercury Analyzer (Milestone Inc., Bergamo, Italy), which is a solid sample analyzer based
on the principle of atomic absorption spectrometry. The DMA-80 is equipped with a dual
spectrophotometer cell and a silicon UV photodetector. High purity oxygen (Linde Canada
Inc., Ottawa, ON, Canada) was used as the combustion and carrier gas. Quartz sample boats
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were pre-cleaned to avoid contamination using the following procedure: Soaked overnight
in a 4% aqueous based HNO3 solution (HNO3, 67–70%, Seastar Chemical Inc., Sydney, BC,
Canada), rinsed with deionized water (DIW, Milli-Q 18.2 MΩ), then dried and heated in a
muffle furnace (Model 650-14, Fisher Scientific, Waltham, MA, USA) until its temperature
reached 900 ◦C. The DMA-80 analytical approach and settings followed US-EPA Method
7473 [22]. The dust samples were mixed thoroughly to ensure homogeneity and a mass of
250 mg was weighed directly into the quartz boat using an Excellence Plus XP analytical
balance (XP205; Mettler Toledo, Mississauga, ON, Canada). The sample was dried inside
the DMA-80 for 60 s at 300 ◦C. Then, the furnace temperature was increased to 650 ◦C
for 180 s, which allowed for sample decomposition. Subsequently, the Hg vapors were
transported, by the carrier gas (flow rate 8 L/h), to the catalyst tube where the impurities
were removed. This procedure converted all forms of Hg in the sample to elemental Hg,
which was carried as vapor to the gold amalgamator where it was quantitatively trapped.
After the amalgamator had completed its flash heat cycle (at 850 ◦C), Hg was released into
the atomic absorption spectrophotometer where the absorption intensity was measured
at a wavelength of 253.65 nm. Finally, the resulting Hg peak height was integrated by
the EasyDoc software (Milestone Inc., Bergamo, Italy) and the total Hg concentration was
reported in mg/kg.

The Hg calibration curve was assessed daily using two Certified Reference Mate-
rials (CRMs) obtained from the National Institute of Standards and Technology (NIST)
(Gaithersburg, MD, USA) as recommended by US-EPA Method 7473 [22]. The DMA-80 was
calibrated over a range of 0.5 to 500 ng of Hg. NIST 2587 (trace elements in soil containing
lead from paint, nominal 3000 mg/kg lead) was used to calibrate spectrophotometer cell
1, which reads low concentrations (0 to 15 ng Hg). In addition, NIST 2584 (trace elements
in indoor dust, nominal 1% lead) was used to calibrate spectrophotometer cell 2, which
reads higher concentrations (up to 500 ng Hg). When the observed concentrations were
within 20% of their true value, the calibration curve was considered to be valid and the
analysis could begin. If the returned values did not meet the acceptance criteria, a new
calibration curve was built using fresh CRMs. Before each batch of sample analysis, the
DMA-80 was flushed through three consecutive readings of an empty sample location.
Quartz boat cleaning efficiency was assessed using the mean of three consecutive analyses
of empty boats.

2.3. Carbon Instrumentation

A total of 1011 dust samples was analyzed for TC by dry oxidative combustion using
an Elementar VarioMAXTM carbon analyzer (Elementar Ltd., Langenselbold, Germany)
equipped with a thermal conductivity detector (TCD). The carbon analyzer furnace reaction
tubes and drying tubes were prepared according to the manufacturer’s specifications using
the prescribed fillings: Corundum balls (Elementar Americas Inc., New York, NY, USA;
Cat. No. 50 008 467), copper oxide fine granular (Elementar Americas Inc., New York, NY,
USA; Cat. No. 05 001 039), copper wire (Elementar Americas Inc., New York, NY, USA;
Cat. No. 05 000 699), platinum catalyst (Elementar Americas Inc., New York, NY, USA;
Cat. No. 03 002 262), tungsten granulates (Elementar Americas Inc., New York, NY, USA;
Cat. No. 12.01-0045), and phosphorus pentoxide (Elemental Microanalysis, Okehampton,
UK; Cat. No. B1197). The instrument was operated in CN mode and the calibration curve
was built using L-glutamic acid (Sigma-Aldrich, St-Louis, USA; Cat. No. G1251). Stainless
steel crucibles were pre-cleaned with DIW followed by a cup burn at 900 ◦C in a muffle
furnace (Model 650-14; Fisher Scientific, Waltham, MA, USA) prior to the analysis. The dust
samples (100 mg) were weighed directly in the cleaned steel crucibles using an Excellence
Plus XP analytical balance (XP205; Mettler Toledo, Mississauga, ON, Canada). The weighed
samples were introduced to the furnace at an incineration temperature of 900 ◦C in the
combustion tube, followed by post-combustion at 900 ◦C and reduction at 830 ◦C. As
recommended by the manufacturer, the combustion gas (high purity oxygen from Linde
Canada Inc., Ottawa, ON) was set to 4 bar, while the carrier gas (ultra-high purity helium
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from Linde Canada Inc., Ottawa, ON) was adjusted to 2.5 bar for a flow rate of 681 mL/min.
Carbon dioxide released during the oxidation process was measured and the signal was
integrated by the VarioMAXTM software (version 7.0). An extended calibration curve was
built using 1 to 1000 mg of L-glutamic acid (TC: 40.78%).

A rough leak test was performed daily to ensure proper sealing of the system. As part
of the daily measurement routine, any carbon normally accumulated while the instrument
was idle was flushed until the resulting C peak area reached the baseline level (≤100). At
this point, 250 mg of L-glutamic acid was run in triplicate, which served two purposes:
Conditioning the instrument (i.e., gas flow, gas pressure, proper component functionality)
and minimizing the memory effect. Subsequently, the daily calibration correction factor was
computed based on a triplicate analysis of 100 mg of L-glutamic acid, which allowed for
the adjustment of the calibration curve to the daily ambient conditions (e.g., air pressure).
The observed daily factors were within the 10% tolerance (0.9 and 1.1) and varied from
0.994 to 1.084 throughout the project.

2.4. Quality Control

To evaluate the accuracy (recovery) and reproducibility of Hg results, NIST 2584 trace
elements in dust (n = 83) or NIST 2587 trace elements in soil (n = 142) was included after
every 10 samples. The Hg limit of detection (LOD) was determined as 0.005 mg/kg based
on 3 times the standard deviation of method blanks (empty quartz boat; n = 243). All of the
method blanks were less than 10% of the lowest Hg concentration (<0.04 mg/kg) measured
in the dust samples in accordance with the quality criteria of US-EPA Method 7473 [22].
All of the samples were analyzed for Hg in duplicate and if the difference between the
duplicates exceeded 20%, additional replicates were analyzed (and all of the replicates were
subsequently averaged). Total carbon results were evaluated using NIST 2710 (Montana
Soil) and EuroVector Soil 1 (Elemental Analysis Quality Assurance Laboratory, Milan,
Italy). The TC LOD was determined as 0.035% based on 3 times the standard deviation of
procedural blanks (empty crucible; n = 118). Moreover, NIST 2710 (n = 71) or EuroVector
Soil 1 (n = 31) was included at the beginning and at the end of each analytical batch for
quality assessment. Sample duplicates were inserted approximately after every 10 samples.

As part of the CHDS protocol, subsamples (0.5 g) of FD were initially sent to an
external laboratory (ActLabs Inc.; Ancaster, ON, Canada) for non-destructive instrumental
neutral activation analysis (INAA). As the Hg concentrations of most of the dust samples
were below their reported LOD for INAA (1 mg/kg), the sensitivity of this technique
was deemed inadequate for the present study. The INAA FD samples were saved for
subsequent analysis (after “cooling” to negligible Gamma emission) as only a limited
quantity of FD material was available from each home. Before using these INAA FD
samples for the present study, testing of CRMs (i.e., NIST 2583 (n = 11), NIST 2584 (n = 10),
NIST 2586 (n = 13), NIST 2702 (n = 10), NIST 2710 (n = 7), NIST 2711 (n = 3), LKSD-2 (n = 6),
LKSD-4 (n = 7), and Till-1 (n = 4)) that had been included in the INAA submission was
conducted using the DMA-80 direct mercury analyzer, to determine whether Hg losses
had occurred during irradiation or subsequent storage. As shown in Figure 1, there was a
strong linear relationship (R2 > 0.99) between the observed and certified concentrations
for the previously irradiated CRMs. Recoveries averaged 103% for previously irradiated
CRMs containing <0.5 mg/kg Hg (Figure 1a) and 96% for CRMs containing 1 to 35 mg/kg
Hg (Figure 1b). These results confirmed that the use of valuable FD subsamples was
appropriate for subsequent Hg analysis using the more sensitive approach.

2.5. Data Analysis

Statistical analyses were conducted using the Analyze-It add-in software for Microsoft
Excel 2016. Duplicate measurements (n = 984 pairs for Hg and 158 pairs for TC) were aver-
aged. No sample concentrations were below LOD for Hg or TC. Duplicate uncertainty was
calculated according to Synek’s equation [30]. The Hg dataset was log-normally distributed
(skewness = 0.333, kurtosis = 0.868), while the log-transformed TC dataset displayed a



Geosciences 2022, 12, 52 6 of 15

near-normal distribution (skewness = −1.01, kurtosis = 3.20). The inter quartile range
(IQR) approach was used to identify anomalously elevated Hg concentrations as follows:
Concentrations exceeding the 75th percentile + 1.5 IQR were identified as “anomalous”,
where IQR is equal to the difference between the 75th and 25th percentile value. Statistical
significance for Pearson correlation and Student’s t-tests was established at a probability
level of p < 0.05 (95% CI).
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Figure 1. Linear relationship between the measured and certified concentrations of Hg in certified
reference materials (CRMs) (a) containing low concentrations (<0.5 mg/kg Hg) and (b) containing
high concentrations (1 to 35 mg/kg Hg), all of which were previously subjected to neutron activation
analysis (n = 3 to 13 replicates per CRM).

3. Results and Discussion
3.1. Total Hg and TC in Certified Reference Materials and CHDS Samples

The results for CRMs presented in Table 1 demonstrate that both solid sample analysis
techniques provide accurate and reproducible analyses of total Hg and TC. The recover-
ies obtained for CRMs were within 99–102% for Hg and within 97–102% for TC. These
techniques proved suitable for house dust analysis as the measured concentrations of all
the collected samples exceeded LODs (Hg LOD = 0.005 mg/kg and TC LOD = 0.035%).
In addition, both techniques showed good reproducibility, with percent relative standard
deviations (%RSDs) below 10% (Table 1).



Geosciences 2022, 12, 52 7 of 15

Table 1. Accuracy and reproducibility assessment for solid sample analysis using DMA-80 for total
mercury and VarioMAXTM CN for total carbon.

Total Mercury (mg/kg)

NIST 2584 Observed 5.1 ± 0.44
(n = 83) Certified 5.2 ± 0.24

Recovery 99%
RSD 8.5%

NIST 2587 Observed 0.294 ± 0.023
(n = 142) Certified 0.290 ± 0.009

Recovery 102%
RSD 7.79%

Total Carbon (%)

NIST 2710 Observed 3.1 ± 0.11
(n = 71) Informative value 3

Recovery 102%
RSD 3.6%

EuroVector Soil 1 Observed 3.4 ± 0.03
(n = 31) Certified 3.5 ± 0.066

Recovery 97%
RSD 0.92%

Table 2 shows the summary statistics for total Hg and TC measured in the <80 µm
fraction of house dust collected from the CHDS homes. These results indicate that concen-
trations found in the indoor urban environment are higher than the typical environmental
background concentrations (i.e., not including hotspots, such as ore deposits or industrial
contamination). For example, the median/geomean house dust Hg concentration in the
CHDS (0.68/0.70 mg/kg; n = 995 homes; Table 2) is 10 times higher than the global soil
average (0.07 mg/kg [31]). Moreover, the median/geomean Hg house dust concentration in
Table 2 is an order of magnitude higher than the Hg concentrations reported for Ontario soil
(mean = 0.07 mg/kg [32]), and other typical background environmental samples, such as
bottom sediments collected from Canadian lakes and streams (0.072–0.075 mg/kg [16,33]).
This observation of higher Hg concentrations in house dust compared with outdoor en-
vironmental media is consistent with a previous Canadian study, which reported higher
Hg levels in indoor dust (median = 1.61 mg/kg) than in the corresponding garden soil
(median = 0.05 mg/kg) and street dust (median = 0.02 mg/kg) in the city of Ottawa [13].
Similarly, a recent study in the town of Maribor, Slovenia [15] reported that median Hg
concentrations were 3-fold higher in indoor dust (0.316; 63 µm; n = 27) than in street dust
and soil (approx. 0.1 mg/kg).

The observed enrichment of Hg in house dust suggests the influence of indoor sources,
highlighting the importance of monitoring this legacy chemical in indoor residential en-
vironments. Potential indoor Hg sources include wood combustion and releases from
Hg-containing thermostats, building materials, and consumer products [4,34]. Huang
et al. [35] reported that domestic wood combustion may be an important source of oxidized
mercury (mostly in the particulate phase) in northern climates in winter. Their mea-
surements determined that Hg is emitted from domestic biomass combustion as gaseous
elemental Hg, gaseous oxidized Hg, and fine particle-bound Hg, in proportions that vary
depending on combustion conditions, including the type of fuel (e.g., pellets or wood) and
combustion temperature [35]. Of the 1025 participating homes in the present study, 308
(30%) used wood fuel for space heating. Therefore, biomass combustion may be a source
of Hg in the dust from these homes. As the mean ± SD date of construction of the CHDS
homes was 1965 ± 27 [28], older-model thermostats that use Hg switches may be an indoor
source of Hg [36], particularly in homes using electric baseboard heating (n = 181 or 18%
of CHDS homes). In older homes, Hg may be released from building materials, such as
gypsum wallboard [37], cement foundations [38], and latex paint [39].
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Table 2. Summary statistics for total Hg and TC in house dust (<80 µm fraction) of the Canadian
House Dust Study.

Hg (mg/kg) TC (%)

N 995 1011
LOD 0.005 0.035

Geomean 0.70 28.5
Arithmetic Mean ± SD 1.24 ± 2.93 29.2 ± 5.83

Range (min–max) 0.04–68.6 9.30–76.4
Percentiles

5 0.15 19.4
10 0.21 21.8
25 0.37 26.0

50 (median) 0.68 29.3
75 1.30 33.0
90 2.39 35.8
95 3.73 37.0

97.5 5.20 38.4
98 5.88 39.0
99 7.25 40.2

Of note, the median Hg concentration in house dust from typical urban Canadian
homes (0.68 mg/kg) is lower than the median values reported for homes located in hotspot
areas. For example, a study of 100 homes located near smelting activities in southwest
China reported a median Hg concentration of 1.8 mg/kg [40]. Other studies of homes in
Hg mining and smelting areas reported Hg concentrations in house dust ranging from
6.4 to 120 mg/kg (median 20.9 mg/kg; n = 16) in Idrija, Slovenia [41] and 3.06 to 926 mg/kg
(median 63.3 mg/kg; n = 60) in Huancavelica, Peru [42].

The TC median value of 29.3% (n = 1011; Table 2) measured in the present study
is similar to the previous Canadian study, which reported a median of 28.9% for TC in
house dust, more than 5 times higher than the median TC content of 5.21% for garden soil
collected from the same homes [19]. Similarly, the median TC content was 26.8% (n = 15;
<125 µm) for house dust collected in Slovenia [41] and 29.1% (n = 32; <63 µm) in the United
Kingdom [43]. Results of the present study are consistent with previous studies which
concluded that carbon concentrations are elevated in indoor dust compared with outdoor
soil [19,41]. In southern Ontario, for example, the average soil organic carbon content is
2.34% [44], and TC concentrations vary between 1.82 and 3.39% in typical agricultural
soil [45]. The sources of organic carbon in house dust are varied and include human and pet
hair, skin flakes, fibers, synthetic compounds (e.g., musks, phthalates, flame retardants) and
products of combustion, including cooking activities and wood fuel [12,35,46]. Soil is also a
source of organic carbon in indoor dust, as soil particles tracked indoors may contribute
organic carbon to house dust, particularly when outdoor footwear is not removed [46,47].

3.2. Relationship between Hg and TC in House Dust

The Pearson correlation analysis indicated a significant association between Hg and
TC (r = 0.26; p < 0.00001) in indoor dust (n = 991 paired samples), illustrated by the scatter
plot in Figure 2. This observation is consistent with studies of outdoor environmental media
(soil and sediments), which show strong correlations between Hg and TC, attributed to the
tendency of Hg to bind to organic carbon [16–18]. Previous studies have reported that TC in
house dust consists predominantly of organic carbon (TOC) with minor carbonate carbon
(inorganic carbon, TIC). For example, a median concentration of 27.8% for TOC compared
with 1.11% for TIC was reported for house dust samples collected in Ottawa, Canada [19].
Similarly, Bavec et al. [41] reported median concentrations of 22.6% TOC and 3.9% TIC in
Slovenian house dust samples. As these studies showed that organic carbon accounted for
about 85–97% of the house dust TC content, it is assumed that the TC content measured in
the present study is predominantly organic carbon, as well. These results contrast with a
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previous urban house dust study in Poland, which reported a lack of correlation between
Hg and carbon [48].
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The CHDS appears to be the first study to demonstrate a correlation between Hg and
carbon in house dust. This correlation may indicate a common source for both Hg and
carbon, such as particle-bound Hg emitted from biomass combustion. Alternatively, Hg
and carbon may originate from separate sources in the home, in which case the correlation
occurs where carbon compounds in the settled dust are trapping Hg that has been released
in elemental or oxidized form (via adsorption and/or organic ligands). Further research
would be needed, involving detailed particle characterization and/or stepwise thermal
decomposition, to identify the species of Hg and carbon present in settled dust and to better
understand their origins.

3.3. Duplicate Uncertainty

House dust is a complex mixture of inorganic and organic particles. Therefore, it is
known to be highly heterogeneous [12]. For this reason, house dust samples (<80 µm) were
analyzed in duplicate for the assessment of sample heterogeneity. The duplicate uncertainty
for Hg was calculated based on the typical concentration range (i.e., values falling between
the 25th and 75th percentile), and observed/certified results for CRMs were used for
comparison (Table 3). The results presented in Table 3 demonstrate that uncertainties
calculated for the <80 µm house dust samples are comparable with uncertainties reported
for the homogenized and milled CRM powders. In the case of TC, the results show that
the <80 µm particle size fraction of house dust tends to be equally homogeneous as CRMs.
This finding is consistent with previous conclusions that smaller house dust fractions have
the advantage of greater homogeneity [19]. These results have relevance to the selection of
an optimal particle size fraction for future house dust studies.
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Table 3. Uncertainty (U) of mercury and total carbon analyses of CHDS dust samples (<80 µm
fraction) calculated using duplicates, compared with observed/certified U of certified reference
materials (CRM): One NIST indoor dust CRM (2584), two NIST soil CRMs (2587 and 2710), and one
EuroVector soil CRM.

Mercury Total Carbon

House dust duplicates House dust duplicates
Concentration range (mg/kg) 0.23–1.39 Concentration range (%) 9–48
No. duplicate pairs in range 480 No. duplicate pairs in range 56
relative SD of duplicates a 12% relative SD of duplicates a 2%

CRMs CRMs
NIST 2584 (n = 83) EuroVector Soil 1 (n = 31)

Observed relative U b 9% Observed relative U b 1%
Certified relative U c 5% Certified relative U c 2%
NIST 2587 (n = 142) NIST 2710 (n = 71)

Observed relative U b 8% Observed relative U b 8%
Certified relative U c 3% Certified relative U c NR

a Averaged RSD based on the relative SD of CHDS duplicates. b SD/mean based on replicates of NIST and
EuroVector CRMs. c Uncertainty/mean reported on the CRM certificate of analysis. NR: Not reported on the
certificate of analysis.

3.4. Comparison of Sampling Methods (FD vs. HD)

Total Hg concentrations were compared for a subset of matched samples of household
vacuum dust (HD) and fresh dust (FD) collected from the same homes (n = 29 pairs; Table 4).
The subset of homes used for the sampling method comparison (Table 4) was selected to
represent the Hg concentration range of the entire dataset (Table 2). The Pearson correlation
analysis of the two log-transformed Hg datasets (i.e., HD vs. FD) indicated a strong and
significant positive correlation between the HD and FD samples (r = 0.671; p < 0.0001).
Furthermore, there was no significant difference between the geomean values (Student’s t-
test p = 0.3886) of the HD and FD datasets. These observations are consistent with previous
studies of synthetic organics in dust (e.g., musks, phthalates, organophosphate esters,
bisphenol A,) which reported significant correlations for most compounds determined in
matched HD and FD samples [49–52]. Similarly, Rasmussen et al. [53] reported significant
positive correlations (p < 0.001) between concentrations measured in matched HD and FD
samples for 17 metals, with moderate to strong Spearman rho values (0.40–0.76). These
results demonstrate that dust samples collected from the household vacuum system can be
used as a viable and cost-effective alternative to fresh (or “active”) dust samples collected
by trained technicians.

Table 4. Comparison of total Hg concentration (mg/kg) measured in household vacuum dust (HD)
vs. fresh dust (FD) collected from the same homes (n = 29 pairs).

HD FD

Mean ± SD 1.05 ± 1.32 1.30 ± 1.75
Geomean 0.67 0.76
Median 0.90 0.72

Range (min–max) 0.10–7.25 0.13–8.74

3.5. Hg Distribution in the CHDS Homes

Figure 3 displays the frequency distribution of total Hg concentrations within the
CHDS. The log-normal distribution of the Hg dataset contrasts with the distribution
of other metals measured in the CHDS dust samples, which was not normally or log-
normally distributed [28]. The Hg concentrations vary between 0.04 and 68.56 mg/kg,
which represent a wider range than previous urban house dust studies, for example, 0.012
to 37.1 mg/kg (n = 48) in Canada [13] and 0.005 to 1.566 mg/kg (n = 64) in Serbia [14]. The
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larger Hg concentration range observed in the present study is likely due to the fact that a
wider variety of homes was captured by the larger sample size (n = 995).
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The distribution in Figure 3 shows that while most of the datapoints are below
7.0 mg/kg, there is a subset of anomalous samples characterized by concentrations higher
than 9.0 mg/kg. The highest observed Hg value in the CHDS (68.6 mg/kg) occurred in
house dust collected from a home in which two occupants were employed in a dental office
(as a dentist and a dental hygienist). Mercury is used in dental amalgam compounds to
form a hard and stable restorative material [54]. Therefore, it is likely that the high Hg
concentration in this home reflects “take-home” Hg from an occupational setting. It is well-
recognized that lead (Pb) can be carried home from an occupational site in this way [55].
At the time of sample collection (2007–2010), there were numerous possible anthropogenic
sources of Hg in the indoor environment as traditionally Hg was found in many consumer
products, for example, latex based paint in older homes, thermometers, mercury ther-
mostats, tilt-switches, compact fluorescent bulbs, dental amalgam, anti-microbial agents,
and cosmetics [34]. Spilled elemental Hg, from a broken thermometer or Hg switch, is
difficult to clean and tends to soak into porous building materials, such as carpeting,
clothing, drywall, fiberboard, unfinished wood, and upholstered furniture [36]. Therefore,
apart from possible occupational sources, the anomalous values in Figure 3 could reflect
re-emission from past accidental Hg spills.

This study has provided a nationally representative urban baseline for Hg in house
dust (for 2007–2010) that will enable future decision-makers to evaluate the progress of
Hg reduction programs and risk management strategies. The CHDS was not designed or
intended to characterize the influence of external point sources, such as mining/smelting
or to identify specific indoor sources of metals within the studied homes [28]. Although
the track-in of Hg from outdoor sources is feasible, none of the CHDS homes were located
in the vicinity of Hg mining or smelting activities or other Hg-releasing industries. As
noted above, studies of house dust collected from homes near Hg hotspots tend to display
higher values than the present study. In this regard, these urban baseline Hg results from
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the CHDS may be used as a point of comparison for residential risk assessments on or near
Hg-contaminated sites.

4. Conclusions

In this present article, the key conclusions are as follows:

1. This study has produced the first nationally representative baseline dataset for Hg
in urban house dust. The median/geomean Hg concentration observed for indoor
dust (0.68/0.70 mg/kg; n = 995) is 10 times higher than the average background
concentrations reported for soil, glacial sediments, and lake sediments (0.07 mg/kg).
The dust Hg dataset is log-normally distributed and reveals a subset of anomalously
high Hg concentrations (>9.0 mg/kg; 0.7% of the studied homes). These results are
consistent with elevated indoor/outdoor Hg ratios previously observed in previous
smaller studies (n <65 homes), which were conducted in urban areas not impacted
by mining or smelting activities or other Hg-releasing industries. In addition, they
indicate the influence of anthropogenic Hg from indoor sources and/or carried home
from occupational sources.

2. A significant positive correlation was observed between total Hg and TC (r = 0.26;
p < 0.00001) in indoor dust, which reflects the association between Hg and organic
carbon previously observed in outdoor environmental media (soil and sediments).
Total carbon concentrations determined in house dust (median 29.3%, geomean 28.5%;
n = 1011) are consistent with previously published studies, which reported that
the carbon content of indoor dust samples is typically 5–6 times higher than the
corresponding garden soil samples.

3. Based on quality assessment results, it is concluded that the solid sample analysis
techniques used in the present study are well-suited for the determination of total
Hg and TC in house dust. Analysis of certified reference materials for both analytes
demonstrated excellent accuracy and reproducibility (within 97–102% recovery and
<10% RSD). Additionally, this study showed that samples previously irradiated for
neutron activation analysis (Hg LOD = 1 mg/kg) may be re-analyzed for Hg by the
more sensitive DMA-80 method used in the present study (Hg LOD = 0.005 mg/kg).

4. Duplicate analysis of the <80 µm dust samples yielded reproducibilities of 12% RSD
for Hg and 2% RSD for TC, which are comparable with reproducibilities reported for
certified reference materials that have been ground and milled to maximize homo-
geneity. These results support the use of the <80 µm particle size fraction for house
dust monitoring studies.

5. The comparison of sampling methods indicated no significant difference in Hg con-
centration between household vacuum samples and fresh or “active” dust samples
collected from the same homes, indicating that collecting dust samples from the house-
hold vacuum system is a viable and cost-effective sampling approach for residential
Hg monitoring.
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