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The direct ingestion of indoor dust particles at historical heritage sites is a primary exposure pathway for employees to heavy
metals. Water-soluble ions (WSIs) and heavy metal levels, sources, bioaccessibility, and health risks associated with indoor dust
in the Mogao Grottoes were analyzed using comprehensive methods to determine the differences in the concentrations and
distribution characteristics of WSIs and heavy metals between statue dust and floor dust. The concentrations of WSIs and
heavy metals and the magnetic values of χlf and SIRM in indoor dust were higher than those in street dust and topsoil. The mean
χlf and SIRM of statue dust particles were 100:3 × 10−8 m3kg−1 and 1686:9 × 10−5 Am2kg−1. Specifically, the concentration of Pb
was 277mgkg−1, 15-fold higher than the background value, indicating the continual receipt of heavy metals with high magnetic
minerals during dust deposition. WSIs mainly originate from the weathering of surrounding rocks and earthen plaster; Pb
originates from the shedding of paint of murals and sculptures; and Zn, Cu, and magnetic minerals originate from traffic sources.
The bioaccessibility of heavy metals is high in the gastrointestinal phases of indoor dust. Overall, the health risks posed by heavy
metals in indoor dust were low, with moderate to high risks in individual caves. Ingestion presents the highest noncarcinogenic
and carcinogenic risk to employees. These results provide essential knowledge on indoor dust characteristics in the Mogao
Grottoes, facilitating strategies for dust pollution mitigation and employee health risk control.

1. Introduction

Indoor dust is a complex mixture of organic and inorganic
particles, with fine particle size. Indoor dust is composed
of various particle types, including atmospherically depos-
ited particulates, soil and paint particles, automobile and
industrial emissions, smelting and mining particulate, cook-
ing and heating residues, building materials, and carpet and
furniture fibers [1–3]. It also contains various pollutants and
toxins that can accumulate [4–6]. For example, Ibanez et al.
[7] reported that the concentrations of numerous metals and
metalloids in indoor dust are generally higher than those in
urban soil. Moreover, studies have shown that the concen-

trations of contaminants in indoor environments can be
higher than those in the outdoor environments of large
industrialized cities; therefore, an assessment of the health
risks of indoor dust exposure is urgently necessary [8–10].
Among those contaminants, the accumulation of heavy
metals is an urgent matter because of their persistence, high
toxicity, and detrimental effects on human health [2, 10, 11].
The inhalation, ingestion, and dermal absorption of heavy
metals from dust have been directly linked to their accumu-
lation in human fatty tissues and internal organs.

Research on indoor dust has been increasing worldwide
[2, 11–16]. Most of the studies on heavy metals in indoor
dust have concentrated on residential homes, schools, offices,
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indoor workplaces, paint-manufacturing plants, coal industrial
areas, ore-mining areas, smelting industrial areas, and e-waste
areas [10, 11, 17–21]. In addition, some studies have reported
on indoor dust in natural historymuseums, mosques, and buses
[22, 23]. Several studies have been conducted on airborne parti-
cle pollution in museums, degradation in museums, and degra-
dation effects on cultural heritage objects [24–26]. Metal
corrosion, fading of color and pigments, degradation of calcar-
eous stones and murals, and the deterioration of images and
paper-based materials have been associated with indoor dust
contamination [25]. Schieweck et al. [27] reported high levels
of As in the indoor dust of the Lower Saxony State Museum
in Hannover. Marcotte et al. [23] reported that the mean con-
centration of Pb in French museums was as high as 5507mg/
kg. In addition, the protection of historical heritage sites can
be jeopardized by the deposition of soluble chemicals and heavy
metals on natural rocks and historical monuments. Kuchitsu
et al. [28] found that the crystallization of soluble salts on the
surface of heritage sites during the dry season was the leading
cause of the destruction of heritage sites in Phra Nakhon Si
Ayutthaya, Southern Thailand. Zehnder [29] found that the
crystallization of soluble ions in accumulated dust, namely,
sodium nitrate and gypsum, was the main factor of salt disease
in the frescoes of St. John’s Convent in Müstair, Eastern Swit-
zerland, during a 23-year (1985–2005) monitoring period.
The concentrations of Fe, Al, Zn, Cu, Pb, Ti, Ca, Sr, Ni, and K
were very high in the indoor dust of the Yungang Grottoes,
Datong, China, and played a catalytic role in the weathering
of statues, which are covered with a thin black layer of material
[30, 31]. The crystallization of water-soluble salt in dust leads to
the failure of cementation among sandstone grains, increases
the porosity of sandstone, and affects the stiffness and strength
of sandstone, causing the surface of the statues to be silted and
shed [32].

Health risk assessments of employees exposed to heavy
metals in the indoor dust of museums and other historical
heritage sites have been conducted [3–34]. Workers may
be exposed to indoor dust by ingestion or dermal contact
[35]. Mithander et al. [36] indicated the handling of
arsenic-preserved objects by museum staff as a significant
source of As exposure. However, the systematic understand-
ing of heavy metals in indoor dust from grotto heritage sites
and their human health effects requires further research. The
pollution levels and health risks of heavy metals in indoor
dust from historical heritage sites need to be urgently
assessed [23, 33]. This task is vital to the health of
employees, technicians, researchers, managers, and inter-
preters who conduct long-term restoration and protection
of grotto heritage sites.

Many successful methods are widely used to evaluate
pollution levels, source apportionment, and health risk
assessment in dust and soil. More specifically, the enrich-
ment factor (EF) reflects the enrichment factors of heavy
metals and mainly distinguishes anthropogenic pollution
sources from natural sources [37]; Igeo (geoaccumulation
index) can determine the extent of contamination [38];
and the pollution load index (PLI) is an indicator of the
comprehensive pollution level. The US EPA health risk
model is the gold standard for assessing health risks from

heavy metals [39–42]. Magnetic methods are rapid, inexpen-
sive strategies for the effective analysis of heavy metal pollu-
tion and identification of pollution sources [43–47]; these
methods have been applied to indoor dust assessment
[48–51]. The magnetic properties of a dust sample can be
correlated with metal concentrations to elucidate informa-
tion on chemical speciation and heavy metal content in
indoor dust [52]. Principal component analysis (PCA) has
been recognized as an effective method for identifying
potential heavy metal sources [53]. Positive Matrix Factori-
zation (PMF) is a method established by the US EPA that
is ubiquitous in air and soil quality analysis due to its ability
to determine the contribution of each pollution source
[54–56]. The precision of analytical information on potential
pollution sources would be improved by using the combina-
tion of PCA and PMF models, which can accurately estimate
the percentage of a given metal that originates from each
source and minimize biased judgment in source apportion-
ment [57]. In vitro simulation testing has generally been
applied instead of in vivo animal models because of its accu-
rate results, satisfactory repeatability, time-saving, and easy
operability [58, 59]. This method has increasing applications
in health risk assessment by evaluating heavy metal bioac-
cessibility in indoor dust [60, 61]. However, heavy metal
sources in the indoor dust of historical heritage sites have
seldom been identified using magnetic methods, PCA, and
PMF. No studies have been conducted on the bioaccessibility
of heavy metals in indoor dust of grotto heritage sites and
their association with health risks. In this study, we aimed
to comprehensively assess the pollution status, heavy metal
contamination sources, and WSIs in indoor dust from the
Dunhuang Mogao Grottoes heritage site in northwest China.
To achieve this goal, we used pollution evaluation methods,
magnetic methods, PCA and PMF models, in vitro simula-
tion testing of PBET, and health risk assessment models.

The world-famous Dunhuang Mogao Grottoes, referred
to as an “art gallery of the world” or “the museum on a wall,”
are the largest, artistically exquisite Buddhist Grottoes rich
in statues and murals and have a long history of approxi-
mately 1600 years [62]. The Mogao Grottoes were listed as
a World Cultural Heritage Site by UNESCO in 1987 [63]
and were the only intersection of Chinese, ancient Indian,
ancient Greek, and Islamic civilizations on Earth. The
Mogao Grottoes are visited by over 300,000 tourists per year
[64]. However, the deterioration of murals and statues
caused by natural and human factors has occurred since
the caves were established, and approximately 50% of wall
paintings have deteriorated [65]. Many studies have been
undertaken to understand the effects of Gobi sandstorms,
water-salt damage, airborne bacteria and fungi, and the
excretion of apoptotic spectrum images on murals [63–66].
Mogao Grottoes have suffered from serious sandstorm prob-
lems for centuries. Examples of these problems are the burial
of caves by sand, erosion of murals, and weathering of paint-
ings [67]. Harm to the murals by indoor dust mainly mani-
fests as discoloration and definition loss, seriously affecting
the artistic integrity. The Mogao Grottoes are affected by
the rapid accumulation of indoor dust that settles on the sur-
faces of historical statues and murals. Dust is difficult to
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remove when the particles enter the gaps between murals
and pigments, accumulating to a certain extent, resulting
in the peeling off of large areas of mural pigment [67]. How-
ever, little is known of the heavy metal concentration,
sources of heavy metals, and WSIs in indoor dust, and insuf-
ficient knowledge of the health risks posed by heavy metals
has become a bottleneck for dust hazard control in the
Mogao Grottoes.

According to our review of the literature, this report is
the first on the characteristics of WSIs and heavy metals in
indoor dust from the Mogao Grottoes. In this study, we
aimed to (1) determine the sources of WSIs and heavy
metals in indoor dust via the PCA and PMF models and
magnetic property analysis, (2) assess heavy metal bioacces-
sibility and influencing factors, and (3) evaluate the potential
health risks to employees from indoor dust. Our research
contributes to the development of indoor dust pollution
control policies in historical heritage sites and their effects
on employee health, especially in grottoes.

2. Materials and Method

2.1. Study Area. Dunhuang is famous for the Mogao
Grottoes, Mingsha Mountain, Crescent Lake, Western
Thousand Buddha Caves, and Yadan National Geological
Park. The Mogao Grottoes (40.03 E, 94.80 N), a collection
of man-made caves excavated into the side of a steep sand-
stone cliff, is located 25 km southeast of Dunhuang city
and faces the Daquan River to the east (Figure S1). To the
west of the Grottoes is Mingsha Mountain (a huge,
complex megadune). The elevation of the Mogao Grottoes
is between 1330 and 1380m above sea level.

Located in the hinterland of northwest China, the Mogao
Grottoes region has a typical desert climate with low rainfall,
strong evaporation, and frequent dust storms. The average
annual temperature is 10.3°C, with the highest temperature
being 40.6°C. The annual average rainfall is 23.2mm, and
summer (June to August) rainfall accounts for 58% of the
total rainfall. Westerly winds are the main drivers of aeolian
hazards that endanger the protection of the Mogao Grottoes.
The annual number of sandstorm days is 15-20 [43].
There are 735 numbered caves at the Mogao Grottoes on
a cliff 1680m long and approximately 15-30m high, with
1-4 layers of caves (Figure 1) [64]. The Mogao Grottoes
are divided into two parts. The southern area is mainly
painted on the theme of Buddhist Merit Grottoes. There
are more than 45,000m2 of colorful murals and 2415
painted sculptures among the main 492 of the southern
caves [63]. The 243 caves in the northern area were
mainly the living grottoes of monks and nuns (living
grottoes, Zen grottoes, burial grottoes, and storage grottoes),
and among them, only five caves have painted sculptures and
murals.

2.2. Sampling and Sample Preparation. Fourteen caves were
selected for this study, and 20 indoor dust samples were col-
lected on May 5-6, 2021, including 11 caves, numbered 16,
72, 100, 148, 258, 261, 458, 446, 447, 431, and 427, in the
southern area, and three caves numbered B53, B132, and

465, in the northern area (Figure 1). Among these are five
open caves, six closed or semiclosed caves in the southern
area and one closed cave (465) in the northern area. There
are no statues or murals in caves B53 or B132. Eleven
perennial-settled dust samples were collected from the
Buddha Terrace, Buddha statues, central pillar, painted
sculpture, and murals (referred to as statue dust), and nine
dust samples were collected from the cave floor, corners,
pathway, and hearth (referred to as floor dust). Additionally,
12 street-dust samples and many topsoil samples collected in
the Mogao Grottoes Square, the staff apartment area, and
Dunhuang City from Ma et al. [68] were used as outdoor
dust for comparative study. Each sample was divided into
four equal amounts and filtered using nylon screens with
mesh sizes of 150μm, 250μm, 1mm, and 2mm for analyz-
ing the particle size distribution, magnetic parameters,
in vitro experiments, WSIs, heavy metal concentrations,
and basic properties. All samples were treated and measured
at the Key Laboratory of Western China’s Environmental
Systems, Lanzhou University.

2.3. Particle Size and Magnetic Parameters. The particle size
distribution was measured by a Mastersizer 2000 laser dif-
fraction analyzer. A Bartington MS2B susceptibility tester
was used to measure the low frequency (470Hz) χlf and high
frequency (4700Hz) χhf of each sample. ARM was induced
via an AF demagnetizer and Minispin magnetometer. A
series of magnetic fields (-20mT, -100mT, and -300mT)
was employed for IRM analysis, using MMPM-10 Impulse
Magnetizer and Minispin magnetometer. The saturation
IRM (SIRM) was IRM acquired in 1.0T magnetic field. The
χfd% was calculated as χf d% = ðχl f − χhf Þ/χl f × 100%. Hard
isothermal remanent magnetization (HIRM) was calculated
as HIRM = ðSIRM + IRM−300mtÞ/2. S-ratio was expressed as
IRM−300mT/SIRM.

2.4. Chemical Analysis of Heavy Metals and WSIs. The total
concentrations of heavy metals in the digested solutions
were determined using an ICP-MS (Agilent 7700X)
(Table S1), and all chemicals used were provided by the
Beijing Chemical Reagent Institute of Analytical Grade.
Certified reference materials (GBW-07408: GSS-8) were
used to confirm and validate the analysis of soil chemical
composition [43, 68]. The instrument detection limit was
0.001μg L-1 for all targeted metals. The limits of detection
(LOD) of the extracted sample analysis were 0~0.2μg L-1
for Cr, Cd, Co, Ni, Mn, Cu, and Pb and 0.455μg L-1,
1.12μg L-1, and 8.34μg L-1 for Fe, Zn, and Al, respectively.
Nine samples were analyzed per batch, along with
duplicate and blank samples. In the repeatability test, the
recovery of each metal element ranged from 95% to 105%,
and the relative standard deviation (RSD) was less than 4%
(Table S2). For the analysis of WSIs, a 0.1 g dust sample
was put in a 15mL centrifuge tube with 10mL of
deionized water and ultrasonically extracted for 60min. All
the extracts were then filtered with a Teflon filter (0.45μm)
and maintained at 4°C for chemical analysis. A Dionex ICP-
2500 instrument was used to determine the concentration of
WSIs. Separation was performed using a Dionex IonPac
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AS14 Column for anions and a CS 12 A Column for cations.
Guard columns (Dionex Ionpac AG 14 and CG12A) were
used for anions and cations, respectively. The system was
equipped with a self-regenerating suppressed conductive
detector (ADRS 600), and the detection limits were 0.11,
0.23, 0.27, and 0.32 for Mg2+, Na+, K+, and Ca2+ and 0.19,
0.25, and 0.45mg/L for NO3

−, Cl−, and SO4
2−, respectively.

Replicated analysis of each ion revealed an RSD of less than
5% and recoveries ranging from 95% to 110%.

2.5. In Vitro Simulation Testing of PBET. In vitro simulation
testing of PBET was conducted in the gastric and intestinal
phases by referring to the literature [43, 68, 69]. The 1 L gas-
tric digests comprised 0.5 g sodium citrate, 0.5 g sodium
malate, 1.25 g pepsin, 0.5mL acetic acid, and 0.420mL lactic
acid. Gastric juice was acidified to pH 1.3 by 12M HCl. Dust
or soil samples (1 g) and 100mL gastric solution were added
to a 110mL HDPE bottle. The solution was then shaken for
1 h at 150 rpm and 37°C. Ten milliliters of the gastric digest
was filtered through a 0.45μm cellulose acetate membrane
filter. The remaining gastric digest was adjusted to pH 7.0
by adding NaHCO3 powder. Next, 0.5 gL-1 pancreatin and
1.75 gL-1 porcine bile salts were added to create an intestinal
digest, which was then shaken for 4h at 150 rpm at 37°C.
Finally, 10mL aliquots were collected and filtered (0.45μm).
The experiment was performed in triplicate. The filtered gas-
tric and intestinal solutions were stored at 4°C, and the con-
centrations of heavy metals were determined by ICP-MS.
Bioaccessibility (BA) was calculated by dividing the concentra-
tion of heavy metals in the gastric or intestinal phase solutions

(CBA) by the total concentration (CT) using the following
equation: BAð%Þ = CBA/CT × 100%:

2.6. Pollution Assessment of Heavy Metals. The pollution
levels of heavy metals in the indoor dust were assessed using
EF, CF, PLI, and Igeo and were calculated as follows:

EF =
Ci/Crð Þsample

Ci/Crð Þbackground
,

CF =
Ci

Bi
,

PLI =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Y

CFi
8
q

i = 1, 2,⋯,8ð Þ,

Igeo = log2
Ci

1:5 × Bi

� �

,

ð1Þ

where the Ci is the heavy metal concentration; Cr is the con-
centration of the reference element (element Al); and Bi is
the background value [70]. The enrichment levels were clas-
sified as slight, moderate, significant, strong, and very strong,
with EF values of 1~2, 2~5, 5~20, 20~40, and >40, respec-
tively, by Ekwere and Edet [71]. CF represents the pollution
index for each heavy metal (Cr, Cd, Co, Ni, Mn, Cu, Zn, and
Pb). PLI for each sample was calculated based on the CF. PLI
was classified into 6 categories, and Igeo was classified into 7
categories [38, 68, 72]. These two indices are classified inmuch
the same way [68]: uncontaminated (0 < PLI ≤ 1 ; Igeo ≤ 0);
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Figure 1: Maps of the Mogao Grottoes of Dunhuang, with sampling caves numbered (a, b).
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moderately to uncontaminated (1 < PLI ≤ 2 ; 0 < Igeo ≤ 1);
moderately contaminated (2 < PLI ≤ 3 ; 1 < Igeo ≤ 2); moder-
ately to heavily contaminated (3 < PLI ≤ 4 ; 2 < Igeo ≤ 3);
heavily contaminated (4 < PLI ≤ 5 ; 3 < Igeo ≤ 4); heavily to
extremely polluted ð4 < Igeo ≤ 5Þ; and extremely contaminated
(PLI > 5 ; Igeo > 5).

2.7. Source Apportionment Analysis. All heavy metals (Cr,
Cd, Co, Ni, Mn, Cu, Zn, and Pb) and WSIs (Cl−, NO3

−,
SO4

2−, Na+, K+, Ca2+, Mg2+) were used in the PCA and
PMF models. The Kaiser-Meyer-Olkin (KMO) measure
was adopted to decide the appropriate number of factors
to be retained in PCA, and then, a varimax rotation was
performed. The number of factors was selected by using
the explained variation of the matrix X in PMF. The resid-
ual matrix X was controlled by the minimum value Q,
with most residuals between -3 and 3. The input data
includes chemical species and uncertainties (Unc). Unc is
calculated according to the relation between the concentra-
tion of WSIs or heavy metal (Ci) and method detection
limit (MDLi) [54, 73]:

WhenCi <MDLi,Unc =
5
6
×MDLi,

WhenCi >MDLi,Unc =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

error fraction × Cið Þ2 + MDLi2:
q

ð2Þ

Statistical analyses of the magnetic and chemical data,
both Spearman correlation coefficient analysis and PCA
analyses of the potential sources of heavy metals, were car-
ried out using SPSS version 26.0 for Windows.

2.8. Exposure Risk Assessment. The health risk model based
on USEPA was developed for assessing the health risks of
metals in the indoor dust of Mogao Grottoes. For the
model, an adult was assumed to intake 50mg of indoor dust
per day [40, 41]. Employees were categorized as indoor
workers, who works 250 d every year and 8h every day for
25 years. In order to determine the potential risks to
employees, the total exposure hazard index ðHIÞ and total
carcinogenic risk ðTCRÞ were calculated. The daily dose
CD of heavy metal exposure was calculated for the three
pathways as follows:

CDing = Cs ×
IngR × EF × ED

BW × AT
× CF,

CDinh = Cs ×
InhR × EF × ED
PEF × BW × AT

,

CDdermal = Cs ×
SL × SA × ABS × EF × ED

BW × AT
× CF,

ð3Þ

where heavy metal concentrations (mgkg-1): Cs (the intesti-
nal concentrations) for ingestion exposure and Cs (total
concentrations) for inhalation and dermal contact expo-
sures. CF is the conversion coefficient. The carcinogenic risk
was assessed using the lifetime average daily doses (LADD)

of the carcinogens Cr, Cd, Co, andNi as a weighted average for
each exposure pathway [39]. The LADD was calculated as:

LADD= Cs × EF
AT × PEF

× Rchild × EDchild
BWchild

+ Radult × EDadult
BWadult

� �

,

ð4Þ

where R is the contact (or absorption) rate. RIng for inges-
tion, RInh for inhalation, and Rderm = SA · SL · ABS for der-
mal contact.

HI = 〠
i

1
HQ = 〠

i

1

CD
Rf D0

,

TCR = 〠
i

1
CR =〠LADD × SF0:

ð5Þ

The hazard indexHI > 1 indicates potentially hazardous
exposure, whereas HI ≤ 1 indicates no health risk [74]. A
TCR value ≤1:0 × 10−6 is considered safe; 1:0 × 10−6 < TCR
< 1:0 × 10−4 indicates an acceptable level of carcinogenic
risk; and TCR > 1 × 10−4 is considered unacceptable and
high carcinogenic risk [23, 39, 43]. The exposure parameters
are further described in Supplementary Material (Table S3,
Table S4).

3. Results and Discussion

3.1. Distribution of Particle Sizes. The particle size distribu-
tions of the indoor dust settled in the Mogao Grottoes
(statues and floor dust), street dust, and topsoils are shown
in Figure 2. The grain size of indoor dust decreased from
the floor to the statues. The mean particle size of floor dust
was 50.45–176.98μm, averaging 121.86μm, and the mean
particle size of statue dust was 15.69–93.57μm, averaging
46.11μm. Particles of 0–63μm accounted for 46.65% of floor
dust and up to 84.85% of statue dust. The >250μm particle
size fraction was 15.96% of the total floor dust particles
and 5.44% of statue samples. The mean particle size of street
dust was 27.62–106.96μm, averaging 58.12μm, finer than
that of floor dust and coarser than that of statue dust. The
mean grain size of the topsoils was 97.51–317.47μm, averag-
ing 164.16μm. Particles 0–63μm in size accounted for
77.28% of all street dust particles and 44.46% of topsoil par-
ticles (Table 1).

3.2. Characteristics of WSIs and Heavy Metal Pollution.
Figure 3 summarizes the mass concentrations of WSIs and
heavy metals in the indoor dust, street dust, and topsoil.
The total dissolved solids of WSIs were 32:14 ± 7:97 and
10:09 ± 5:51 g kg-1 in statues and floor dust, respectively.
SO4

2−, Cl-, Ca2+, and Na+ were the four most important
WSIs, and their concentrations were 14:33 ± 5:65, 6:19 ±
1:71, 7:03 ± 2:45, and 6:86 ± 2:74 g kg-1 in statue dust and
3:84 ± 2:93, 1.72± 1.14, 2:25 ± 1:25, and 1:78 ± 1:12 g kg-1
in floor dust, respectively. Overall, the concentrations of
WSIs in street dust samples were lower than those in statue
dust, but slightly higher than those in floor dust, with values
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of 8:89 ± 4:94, 3:45 ± 2:20, 4:78 ± 2:33, and 2:79 ± 1:65 g kg-1
for SO4

2−, Cl-, Ca2+, and Na+, respectively. The concentra-
tions of WSIs in topsoil samples were low, with a total dis-
solved solids value of 5:39 ± 4:56 g kg-1 (Table S5).

The concentrations of Cu, Zn, and Cd were very high in
statue dust, averaging 89.76mgkg-1, 217.02mgkg-1, and
1.0mgkg-1, respectively (Table S6). Among the detected
heavy metals, Pb enrichment was the highest and ranged
from 36.98 to 606.3mgkg-1, with a mean value of
277.26mgkg-1. This value was as much as 15 times greater
than the soil background value and 2–6 times higher than
the permissible limit for soils, according to WHO. In floor
dust, the Cu and Zn concentrations were 1.3–2 times and

the Pb and Cd concentrations were 3–5 times higher than
the background value. Notably, the enrichment of Cd was
the highest among the detected metals in the street dust
[68], ranging from 0.48 to 1.14mgkg-1 and averaging
0.82mgkg-1. As anticipated, the concentrations of heavy
metals in topsoil samples were lower than those in indoor
and street dust samples and were almost the same as the
soil background values. None of the heavy metals exceeded
China’s soil quality standards, with low coefficients of
variation.

The EF enrichment coefficients of Cd, Cu, and Zn in
statue dust were 3–8, indicating a significant enrichment
(Figure 4). The EF of Pb was as high as 12.47, indicating
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Figure 2: Particle size distribution of indoor dust (a, b), street dust, and urban topsoils (c, d).

Table 1: The particle size parameters and distributions of the indoor dust (statues and floor), street dust, and topsoil samples in Dunhuang.

Samples Mean particle size (μm)
Proportion of different particle sizes (%)

0-2μm 0-10 μm 0-63 μm >63 μm 63-250μm >250μm
Statue dust 46:11 ± 23:60 8:08 ± 1:40 40:07 ± 6:55 84:85 ± 9:72 13:36 ± 9:72 7:93 ± 6:21 5:44 ± 4:01

Floor dust 121:86 ± 44:74 4:11 ± 1:82 16:49 ± 8:32 46:65 ± 19:42 53:35 ± 19:42 37:39 ± 13:02 15:96 ± 8:71

Street dust 58:12 ± 22:14 6:37 ± 1:33 22:87 ± 8:33 77:28 ± 11:87 22:72 ± 11:87 17:60 ± 9:53 5:12 ± 3:36

Topsoil 164:16 ± 66:88 4:95 ± 2:11 21:32 ± 8:99 44:46 ± 16:31 55:54 ± 16:31 29:80 ± 8:39 25:74 ± 9:98
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strong enrichment from anthropogenic sources. The EF
enrichment coefficients of Cd, Cu, Zn, and Pb in floor dust
were 2–7, with other elements close to 1. The EF enrichment
coefficients of the majority of elements were between 1 and 2
for street dust, Cu was 2.55, and Cd was 8.61 [68]. The mean
values of PLI ranged from 1.68 to 4.11, with a mean of 2.74,
showing that heavy metals in statue dust were moderately to
highly contaminated, with a PLI of 1:38 ± 0:36 in floor dust;
these values are similar to PLI values for street dust
(1:45 ± 0:35) and topsoil (1:30 ± 0:26) [68]. The median Igeo
values indicated moderate to heavy contamination of statue
dust by Pb (2.67) and Cd (2.46); moderate contamination by
Cu (1.21); noncontamination to moderate contamination by
Zn (0.92); and noncontamination by Cr, Co, Ni, Mn, Fe, and
Al (Figure 4(c)). Floor dust was moderately contaminated by
Cd (1.82), noncontaminated to moderately contaminated by
Pb (0.82), and noncontaminated by other metals (Figure 4(f)).

3.3. Source Apportionment of WSIs and Heavy Metals. The
PMF analysis of statue dust indicated that factor 1 had the
lowest contribution (20.44%), and Zn, Cu, Mg2+, K+, and
Ca2+ had the highest contributions at 65.88%, 29.73%,
61.75%, 43.37%, and 30.76%, respectively (Figure 5). An
increase in the contents of Zn and Cu in paved road dust
can be attributed to vehicle brake wear, tire wear, and oil
leakage. Zinc is not only used as an antioxidant and additive
in lubricants but also as an additive incorporated during tire
manufacturing, and its content ranges from 0.4% to 4.3% in
tires [75]. The pollution from vehicle traffic is considerable
in Dunhuang because it is a crucial transportation hub for
Northwest China. Notably, the proportions of Ca2+, K+,
and Mg2+ were relatively high in this source factor and were
primarily emitted from biomass burning and automobile
exhaust emissions. Thus, the pollution sources of factor 1
were attributed to a mixture of traffic and biomass burning.

0
Na+ K+ Mg2+ Cg2+

Water soluble ions
Cl– NO3

– SO4
2–

5

10

Statues dust
Floor dust

Street dust
Topsoil

15

C
on

ce
nt

ra
tio

n 
(m

g/
g)

20

(a)

0
Al (%) Fe (%) Cr Cd

Heavy metals
Co Ni

10

20

30

40

50

60

70

80

90

100

C
on

ce
nt

ra
tio

n 
(m

g/
kg

)

Statues dust
Floor dust

Street dust
Topsoil

(b)

Heavy metals

0
Mn Cu Zn Pb 𝜒lf

100

200

300

400

500

600

700

800

900

1000

C
on

ce
nt

ra
tio

n 
(m

g/
kg

)

Statues dust
Floor dust

Street dust
Topsoil

(c)

Figure 3: The concentrations of (a) WSIs Cl−, NO3
−, SO4

2−, Na+, K+, Ca2+, and Mg2+ and heavy metals of (b) Al, Fe, Cr, Cd, Co, and Ni and
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The contribution of factor 2 was small (20.49%), and Na+,
SO4

2−, NO3
−, Cl−, Mg2+, and Ca2+ had the highest abun-

dances, contributing 57.68%, 51.27%, 49.40%, 39.76%,
34.74%, and 32.36%, respectively. Thus, factor 2 had a chem-
ical signature of secondary aerosol production because of the
significant contributions of SO4

2− and NO3
−, which are asso-

ciated with gas-to-particle conversion processes. The earthen
plaster of the Mogao frescoes was composed of materials
selected from the pluvial subclay and subsandy soil of the
western gully in front of the Mogao Grottoes. Zhang et al.
[76] found that the main soluble salts in the earthen plaster
were Na2SO4 (0.42-0.47%), NaCl (0.34-0.76%), and MgSO4

(0.11-0.19%), and the salts in the surrounding rocks were
Na2SO4 (0.06-2.33%), NaCl (0.07-0.57%), MgSO4 (0.01-
0.11%), and Ca [SO4] 2H2O (0.42-2.27%). These salts caused
serious damage to the earthen plaster of the murals, which
increased the WSIs and heavy metal contents. Therefore,
factor 2 was identified as weathering dust from earthen plas-
ter, surrounding rocks, and secondary aerosol sources. Fac-
tor 3 had a contribution of 29.27%, and the highest loading
element was Pb (86.06%). Ni, Cu, and Fe also contributed
to 35.78%, 32.87%, and 29.92%, respectively. Pb can be emit-
ted from multiple sources, including power plants and coal
combustion. The use of yellow pigments (Pb chromate)
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and other Pb pigments may significantly influence the Pb
levels in indoor dust [77]. According to the literature, red
lead (Pb3O4), vermillion (Fe2O3), and hematite (HgS) are
the main types of red pigments in the colorful murals of
the Mogao Grottoes [78]. The monochrome lead paint
on the cave paintings (mostly brown and black) has been
badly discolored. It is composed of lead dioxide or a mix-
ture of lead dioxide, indicating that pigment loss from the
frescoes deposited a significant amount of lead. Therefore,
factor 3 was identified as shedding paint and pigments
from murals and sculptures. Factor 4 exhibited the largest
proportion (29.79%), with Cu, Cr, Co, Fe, Al, and Mn as
the main loading elements, contributing 37.39%, 37.38%,
36.78%, 35.46%, 35.36%, and 33.85%, respectively. These
elements are mainly produced by natural weathering pro-
cesses, mainly contributed by crustal oxides with little
anthropogenic influence, and supported by low levels of
WSIs. Factor 4 was defined as the invasion source of
locally raised sand dust.

For floor dust, factor 1 was highly loaded on Mg2+ and
NO3-, with the main contributing sources being Mg2+

(54.76%) and NO3- (33.82%). As a result, vehicle exhaust
was ascribed to factor 1, using the same reasoning as statue
dust, and the contribution of factor 1 was 18.32%. SO4

2−,
Na+, Cl−, Ca2+, and Ni were the predominant elements, con-
tributing 59.36%, 50.96%, 50.91%, 44.52%, and 46.45%,
respectively. The contribution of factor 2 was larger than
that of factor 1 at 25.92%, and the contamination source

was identified as dust from the weathering of earthen plas-
ter and erosion of surrounding rocks. Factor 3 had the
smallest proportion (13.93%), with Pb, Zn, Cu, and K+

being the main loading elements, contributing 67.93%,
54.92%, 39.12%, and 35.80%, respectively, which was also
identified as the shedding of paint from murals and sculp-
tures. At 41.82%, the greatest contribution was from factor
4. Cd, Mn, Fe, Co, Cr, and Al had the greatest abun-
dances, indicating that the pollution source was urban-
raised sand dust.

PCA was used to analyze the possible sources of WSIs
and heavy metals in indoor dust. The results are listed in
Table 2 for the variable loadings on the first four principal
components, which were almost similar to those identified
by the PMF model. The first four principal components
account for ~87% of the total variance in statue dust and
~93% of the total variance in floor dust. The first component
(PC1) for statue dust, which accounted for 43% of the var-
iance, was dominated by Al, Fe, Mn, Co, Cr, Ni, and Cu,
which were mainly produced by the natural weathering
process. The second component (PC2) for statue dust,
which accounted for 21% of the variance, was dominated
by Ca+, Mg2+, K+, SO4

2−, NO3
−, and Pb, which were

mainly produced by weathering dust from earthen plaster,
surrounding rocks, shedding paint and pigments from
murals and sculptures, and secondary aerosol sources.
PC3 was dominated by Zn, Mg2+, and K+, representing
~15% of the total variance, and was attributed to biomass

Table 2: Results of principal component analysis of the WSIs and heavy metal concentrations.

Statue dust components Floor dust components
PC1 PC2 PC3 PC4 PC1 PC2 PC3 PC4

Na+ -0.660 0.164 -0.530 0.155 0.934 -0.244 0.033 0.220

K+ -0.181 0.655 0.483 0.291 -0.145 -0.091 0.952 0.209

Mg2+ -0.370 0.536 0.659 -0.002 0.704 -0.441 -0.369 0.006

Ca2+ -0.219 0.833 0.149 -0.119 0.953 -0.078 -0.139 0.171

Cl- -0.499 0.382 -0.313 0.573 0.938 -0.298 -0.064 0.132

NO3
- -0.409 0.880 -0.107 0.017 0.839 -0.039 -0.208 0.410

SO4
2- -0.315 0.679 -0.528 -0.201 0.927 -0.144 -0.014 0.239

Al 0.960 0.135 -0.215 -0.027 0.901 0.116 0.075 -0.217

Fe 0.973 0.119 -0.079 0.034 0.950 0.067 0.039 -0.256

Cr 0.924 0.022 0.212 0.160 0.730 -0.135 0.629 -0.003

Cd 0.368 0.423 0.301 -0.746 0.770 -0.103 0.135 -0.563

Co 0.972 0.043 -0.149 0.057 0.951 0.095 0.102 -0.257

Ni 0.748 0.447 -0.257 -0.067 0.763 -0.166 0.078 0.279

Cu 0.719 0.069 0.146 0.522 0.601 0.774 0.014 0.173

Zn 0.124 0.065 0.907 0.199 0.297 0.910 -0.015 0.076

Mn 0.967 0.200 -0.084 -0.016 0.935 0.126 -0.086 -0.289

Pb 0.596 0.544 -0.293 0.148 0.252 0.945 -0.004 0.071

Total 7.352 3.576 2.572 1.418 10.454 2.799 1.557 1.062

% of variance 43.247 21.035 15.127 8.343 61.495 16.468 9.156 6.245

Cumulative % 43.247 64.282 79.409 87.752 61.495 77.963 87.119 93.364

Extraction method: principal component analysis. Four components were extracted.
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burning. Cu and Cl, which are mainly attributed to vehicle
brake wear, tire wear, and oil leakage and related to road
dust, are strongly correlated with (PC4), which accounts
for ~8.3% of the total variance; therefore, this factor may
be associated with vehicle emissions.

For floor dust, PC1 contributed 61.5% of the total vari-
ance and had significant loadings for all heavy metals and
ions, except for K+ and Pb (Table 2). Therefore, PC1 was
associated with dust deposition from the weathering of
earthen plaster, erosion of surrounding rocks, and pollution
from urban-raised sand dust. PC2 clarified 16.5% of the
overall variance, with high loadings for Pb, Zn, and Cu
(Table 2), which was also identified as the shedding of paint
from murals and sculptures.

3.4. Source of Magnetic Particles and Its Environmental
Significance. The magnetic susceptibility (χlf ) of statue dust
was higher than that of floor dust, but lower than that of
street dust. The χlf in the statue dust ranged from 44:09 ×
10−8 to 299:69 × 10−8 m3kg−1, averaging 100:3 × 10−8 m3kg−1,
and the χlf in floor dust ranged from 31:62 × 10−8 to 198:81
× 10−8 m3kg−1, averaging 66:29 × 10−8 m3kg−1 (Table 3). The
χlf in street dust ranged from 82:05 × 10−8 to 237:44 × 10−8
m3kg−1, averaging 135:65 × 10−8 m3kg−1. The χlf values of
the topsoil samples were lower than those of the indoor and
street dust samples. The χfd% of statue dust was 0.36%-
3.90%, averaging 1.68%, and all floor dust χfd% was <2%
(0.14–1.77%, averaging 0.72%). The mean values of χfd% in
street dust and topsoil were 0.75% and 0.91%, respectively
[68]. The range of the SIRM was 835:6 – 2524:5 × 10−5 Am2

kg−1, averaging 1686:9 × 10−5 Am2kg−1 in statue dust, and
520.2–1364. 4 × 10−5 Am2kg−1, averaging 858:4 × 10−5 Am2

kg−1 in the floor dust. The mean value SIRM was 1792:1 ×
10−5 Am2kg−1 in street dust, and 989:3 × 10−5 Am2kg−1 in
topsoil [68]. Magnetic susceptibility χlf principally reflects
the content of magnetic minerals [79]. SIRM, χARM , and
HIRM can also reflect the concentrations of magnetic min-
erals. However, SIRM is not affected by paramagnetic and
antimagnetic minerals, which mainly indicates the contribu-
tion of ferromagnetic minerals and canted antiferromagnetic

minerals [80]. The SIRM and χlf values in most indoor dust,
especially in statue dust, were higher than those from street
dust and topsoils (Table 3), indicating that indoor dust con-
tains the most metal pollutants. Ferrimagnetic phases were
the dominant magnetic minerals in the indoor dust samples,
indicated by the correlation between SIRM and χlf (r = 0:69)
(Table 4 and Figure 6(a)). The overall S-ratio value is as high
as 0.89-1.0 (averaging 0.92), indicating the existence of soft,
low coercive magnetite-type ferromagnetic minerals in
indoor dust. Settled dust on statues or murals in the Mogao
Grottoes has accumulated for decades or even hundreds of
years and may contain pollutants with high magnetic partic-
ulate matter.

The χfd% values in the indoor dust samples ranged from
0.36% to 3.90%, with a mean of 1.42%, indicating a much
lower proportion of SP particles [80, 81]. In Figure 6(c),
King plots [82] were generated, revealing that the magnetic
minerals were mostly greater than 1μm, indicating the pre-
dominance of multidomain and pseudosingle domain
(MD+ PSD) magnetite for all indoor and street dust sam-
ples. The grain size of the two statue dust samples was less
than 1μm, which indicated that these magnetic minerals
were SD particles. The χARM/SIRM was <0.2 for all samples
in the Dearing plot (Figure 6(d)) also suggests the predomi-
nance of MD+ PSD magnetite in the ferrimagnetic minerals
[83]. The magnetic minerals from human activities contain
more MD particles than those from natural activities, and
those from natural sources, such as lithogenic or pedogenic
input, contain the most SP particles. Thus, we concluded
that the occurrence of coarse MD in the indoor dust of the
Mogao Grottoes was mainly controlled by human activities.
However, magnetic particles were relatively less abundant in
the topsoil of Dunhuang, owing to less anthropogenic
impact [68]. A multipeak distribution was observed in the
grain-size curves of statue dust and floor dust. The first peak
had an abundance of 12.03% and represented a 12.6–
15.9μm component in statue dust. The second peak had a
relative abundance of 6.04%, and the grain size was 251.8–
502.4μm. The third most abundant peak (3.12%) repre-
sented a grain size of 0.79–1.42μm (Figure 2), indicating
that indoor dust contained fine and coarse particles. Fine

Table 3: Summary of magnetic properties of indoor dust (statue dust and floor dust).

Samples SIRM (10-5 Am2/kg) χlf (10
-8m3/kg) χfd% HIRM (10-5 Am2/kg) S-ratio (%) HARD%

Statue dust

Max 2524.51 299.69 3.90 73.93 0.95 5.32

Min 835.59 44.09 0.36 31.93 0.89 2.38

Mean 1685.94 100.34 1.68 51.88 0.93 3.50

SD 724.44 81.65 1.12 11.60 0.03 1.29

CV (%) 42.97 81.37 66.68 22.37 2.77 36.79

Floor dust

Max 1364.36 198.81 1.77 39.31 1.01 5.91

Min 520.23 31.62 0.14 0.00 0.88 0.00

Mean 858.36 66.29 0.72 27.29 0.93 3.67

SD 266.33 59.04 0.54 14.16 0.04 2.03

CV (%) 31.03 89.06 75.29 51.87 4.71 55.27
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particles are highly specific for the retention of large
amounts of metals [84]. Moreover, the solubility of fine par-
ticles is generally higher than that of coarse particles, fine
particles are more likely than coarse particles to cross the
gastric mucosa and be absorbed into human tissues [84].
In addition, SIRM was most significantly correlated with
heavy metals Zn, Cu, Cd, Cr, Co, Mn, Fe, and Al, as well
as the PLI (r = 0:55 – 0:81) (Table 4 and Figure 6(b)), and
the correlations with Ni and Pb were less significant than
that (r = 0:33 – 0:37), indicating that magnetic particles and
heavy metals coexist in indoor dust, and SIRM can be used
as an efficient proxy for heavy metal pollution (especially
Zn, Cu, Cr, Co, and Fe). The strong correlation between
SIRM and the concentrations of Cu and Zn indicated vehicle
traffic as a source of magnetic minerals and heavy metals in
indoor dust samples. However, the opposite trend between
χlf and Pb suggests that the magnetic particles and Pb con-

tamination were from different sources. The aforementioned
analysis demonstrates the Pb originated from the paint shed-
ding of murals and sculptures. Thus, we concluded that the
magnetic mineral content was strongly correlated with the
heavy metal elements, and the particle size of the magnetic
minerals was closely correlated with the heavy metals. The
literature has demonstrated that the 0-63μm fraction is the
primary carrier of heavy metals in dust and urban sediments
and can be easily resuspended and transported [44, 85].
Notably, 0-63μm was the most important indoor dust frac-
tion, accounting for 84.8%; by contrast, the >250μm fraction
accounted for 5.44% (Table 1).

3.5. Bioaccessibility of Heavy Metals. The bioaccessibility of
heavy metals in the gastric phase of the indoor dust
increased in the following order: Al, Fe, Cr, Ni, Co, Cu,
Mn, Cd, Zn, and Pb. The gastric bioaccessibility of Al, Fe,

1000
0

50

100

150

200

𝜒
lf (

10
–8

m
3 kg

–1
)

250

300

2000
SIRM (10–5Am2kg–1)

3000

y = 0.07x - 3.68 (r2 = 0.58)

Statues dust
Floor dust

Street dust
Topsoil

(a)

PL
I

0.5
0

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

y = 8.24e–4x + 0.89 (r2 = 0.6)

1000 2000
SIRM (10–5Am2kg–1)

3000

Statues dust
Floor dust
Street dust

Topsoil
Regression line

(b)

0

50

100

150

200

𝜒
A

RM
 (1

0–5
 A

m
2 kg

–1
)

250

300

350
0.1 𝜇m 1 𝜇m 5 𝜇m

0 50 100 150 200
𝜒lf (10–8m3kg–1)

250 300 350

Statues dust
Floor dust

Street dust
Topsoil

(c)

𝜒
lf (

%
)

𝜒ARM / SIRM (10–3mA1)
0

0

2

4

6

8

0.1 0.2 0.3 0.4

Statues dust
Floor dust

Street dust
Topsoil

50% SP

10% SP

S
SD

M
D
+
P
SD

(d)

Figure 6: The plot of (a) SIRM versus χlf , (b) SIRM versus PLI, (c) King plot (χARM versus χlf ), and (d) Dearing diagrams (χarm/SIRM
versus χfd%) for the data set of indoor dust, street dust, and topsoil.

15Indoor Air



and Cr in indoor dust was low, ranging from 2.13% (Al) to
2.84% (Cr) for statue dust and from 1.49% (Al) to 2.48%
(Cr) for floor dust (Table S7). The gastric bioaccessibility
of Cd, Mn, Cu, Zn, and Pb was very high, ranging from
24.78% to 43.91% for statue dust and from 26.51% to
54.35% for floor dust (Table S7). The intestinal
bioaccessibility of Cd, Mn, Zn, and Pb decreased
significantly (Figure 7). For example, the bioavailability of
Pb decreased from 43.91% to 1.62% in the intestinal phase
for statue dust and from 54.35% to 5.88% for floor dust. In
general, the gastrointestinal bioaccessibility of metals in
street dust is lower than that in indoor dust, with gastric
bioaccessibility ranging from 1.05% (Al) to 32.69% (Zn).
The intestinal bioaccessibility of Ni, Zn, Mn, and Pb in
street dust also sharply decreased from 15.69% (Ni) to
1.27% (Pb) in the intestinal phase.

The greater content of organic matter in the indoor dust
increases the binding capacity of metals, increasing bioavail-

ability. Moreover, inorganic compounds can transform
metal ions into more soluble metal–organic compounds
[86]. The absorption and fixation of heavy metals in the
acidic gastric phase are limited because of high concentra-
tions of H+ ions. Instead, heavy metals readily dissociate
from adsorbates. In the alkaline intestinal phase, insoluble
species are precipitated, and cations bind to adsorbates
[87]. Cu binding sites on proteins are stronger than Pb-
and Zn-binding sites, resulting in Pb and Zn ions adsorbed
on the protease surface hydrolyzing and generating precipi-
tation in the intestinal phase, which leads to a sharp decrease
in bioaccessibility from the gastric phase to the intestinal
phase. Cu2+ can remain dissolved by forming a complex
with protease, resulting in little change in the intestinal bio-
accessibility of Cu compared with that of the gastric phase.
Fine particulate metal adsorbents determine the bioaccessi-
bility of heavy metals in the gastrointestinal tract [88, 89].
For example, the particle size of topsoils is larger than that
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of indoor and street dust (Figure 2), decreasing the bioacces-
sibility and adsorption rate for heavy metals. The χlf values
of the PBET-treated and original indoor dust samples were
significantly lower (Figure 8). The results indicated a positive
correlation between the decrease in the χlf value and the
concentration of iron extracted from PBET in intestinal
solutions. Thus, the magnetic mineral content is indicative
of the concentration of heavy metals in indoor dust, and
these elements control the solubility of heavy metals during
digestion. Another possibility is that the dissolution of PSD/
MD magnetic particles resulted in an increase in χfd% from
0.73% to 1.83% in PBET-treated indoor dust samples [44, 90].

3.6. Health Risk Assessment. All eight elements were at risk
of noncarcinogenic exposure, and cobalt, nickel, cadmium,
and chromium also increased carcinogenic exposure. Table S8
summarizes the results of the exposure and health risk
assessments for the exposure routes of ingestion, inhalation,
and dermal contact. Employees (adults) experienced daily

exposure to heavy metals by ingestion, inhalation, and
dermal contact in the order of Mn > Pb > Zn > Cr > Cu >N
i > Co > Cd. The route of exposure that posed the highest
noncarcinogenic risk was ingestion, followed by dermal
contact and inhalation. Similarly, ingestion posed the
highest carcinogenic risk, followed by inhalation and
dermal contact. In general, the carcinogenic risk of heavy
metals in the indoor dust of Mogao Grottoes is low and
within an acceptable range, with moderate to high risk in
individual caves. The total risks of Cr and Co exposure in
statue dust and floor dust were higher than 1:0 × 10−6, with
Co values of 1:22 × 10−6 for statue dust and Cr values of
2:88 × 10−6 for statue dust and 1:76 × 10−6 for floor dust
(Table S8).

4. Conclusion

In this study, we expounded on the breadth of knowledge
regarding the level of contamination, pollution sources,
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and health risks from exposure to heavy metals in indoor
dust. The test site of interest was the Mogao Grottoes,
Dunhuang, China, a historic site consisting of numerous
caves and statues. The PLI, the geoaccumulation index,
PMF, PCA, magnetic property analysis, and in vitro gastro-
intestinal simulation were used. The mean χlf of statue dust
was 100 × 10−8 m3 kg−1, with a maximum of 299 × 10−8 m3

kg−1. The mean SIRM value was 1686:9 × 10−5 Am2kg−1,
with a maximum of 2524:5 × 10−5 Am2kg−1. Notably, this
value was significantly higher than that of street dust and
topsoil, indicating that indoor dust continuously received
material supplies during deposition. Notably, the average
concentration of Pb was 277mgkg-1 in indoor dust, 15-
fold higher than the background value. Matric factorization
analysis identified four source factors: traffic and biomass
burning sources of Zn, Cu, and Mg2+; weathering and sec-
ondary aerosol sources of WSIs; shedding of pigments and
paint sources of Pb; and sand-dust infiltration sources,
which contributed 20.44%, 20.49%, 29.27%, and 29.79%,
respectively, in statue dust, and 33.82%, 25.92%, 13.93%,
and 41.82%, respectively, in floor dust. Another serious con-
cern is the exceptionally high bioaccessibility of several
heavy metals in indoor dust. Based on the decreasing χlf
values of the PBET analysis, we inferred that magnetic min-
erals affected the release of heavy metals during digestion.
Ingestion posed the highest noncarcinogenic and carcino-
genic risks to employees. However, Cr and Co accumulation
in indoor dust is a cause of concern.
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