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ABSTRACT

This paper presents a detailed study on the indoor air pollution in the Jokahng Temple at Tibet Plateau,
and its implication to human health. The mean concentrations of PM1 and PM; 5 were 435.0 + 309.5 and
483.0 + 284.9 ug/rn3, respectively. The PM; 5 concentration exceeded the National Ambient Air Quality
Standard (75 pg/m®) by 6.4 times. The size-segregated aerosols displayed a bimodal distribution. One
peak was observed in the fine mode (0.4—2.1 um) and the other peak appeared in the coarse mode (2.1
—9.0 pm). The concentration of the total size-resolved PM was 794.3 + 84.9 ug/m>. The mass fraction of
coarse particles shared by 41.1%, apparently higher than that reported at low altitudes, probably due to
incomplete combustion at Tibet Plateau with hypoxic atmospheric environment. The total concentration
of polycyclic aromatic hydrocarbons (PAHs) was 331.2 + 60.3 ng/rn3, in which the concentration of
benzo(a)pyrene (BaP) was 18.5 + 4.3 ng/m°>, over ten times higher than the maximum permissible risk
value of 1 ng/m? on account of carcinogenic potency of particulate PAHs through inhalation. PAHs
exhibited a trimodal distribution, of which two peaks were observed in the fine mode and one peak in
the coarse mode. With the aromatic rings increasing, the peak intensity increased in the fine mode. Na,
Ca, Al, Mg and K dominated the elemental mass profiles, and metals displayed a bimodal distribution
with a dominant peak in the coarse range. The total PAH deposition flux was 123.6 and 53.1 ng/h for
adults and children, respectively. Coarse particles contributed most deposition flux in the head region,
while fine particles contribute most deposition flux in the alveolar region. The increment lifetime cancer
risk (ILCR) of PAHs ranaged at 10->-10~4, indicating potential cancer risk to human health. The total
deposition flux of metals was estimated at 1.4—13.2 ng/h. With the size increasing, deposition flux
increased in the head region while decreased in the alveolar region. The highest ILCR of Cr and Ni were
49 x 107> and 1.5 x 105, respectively, exceeding the permissible risk of 10~6. The hazard quotient (HQ)
of Fe (107°-10~%) and Zn (10-6-10~>) were much lower than the safe level of 1.0, and thus they were not
considered as a health concern.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

lifetime indoors (Schweizer et al., 2007; Rebecca et al., 2013;
Hussein, 2014). Generally, the poor ventilation condition indoors

Indoor air quality (IAQ) has been focused as a hotspot field
during the past years due to the fact that people spend most of their
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facilitates retention of greater amount of air pollutants (Beko et al.,
2013; Wierzbicka et al., 2015). The indoor air pollution could derive
from a series of human activities, concluding walking, incense
burning, cooking, tobacco smoking, and electrical appliances, etc
(Jones, 1999; Wang et al., 2006; Karimatu et al., 2013). The pollut-
ants emitted from human activities, especially the fine mode par-
ticles are prone to depositing in human respiratory system, and
thus could cause adversr effects to human health, such as
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inflammatory responses, and cardiopulmonary diseases (Bitterle
et al., 2006; Kawanaka et al., 2004; Li et al., 2017a,b).

In many Asian countries with religious beliefs, incense burning
is a common source of indoor air pollution. The raw material of
incense generally constitutes various fragrant plant substances
concluding flowers, resin, essential oils, tree bark, and spices (Jetter
et al, 2002). Due to the complex mixture of ingredients, the
emission factors of particles from incense burning could be much
higher than those from combustion of charcoal, wood, and cigarette
(Shih-Chun et al., 2006; Oanh et al., 1999; Rebecca et al., 2013). The
temple is a special indoor public venue where incense is frequently
burned for religious rites and festivals. The confined space, rela-
tively dense flow of people, and poor ventilation could lead to se-
vere indoor air pollution (Shih-Chun et al., 2003). An assessment on
the incense particles revealed that the concentration of total sus-
pended particles (TSP) was about 11 times higher than that outside
the temple (Lin et al., 2001). Lung and Kao (2003) further found that
burning incense in the Buddhist temples generated massive
quantities of fine particles (aerodynamic diameter < 2.5 mm:
PM, 5), which were markedly higher by 10—20 times than the in-
door air quality standard of Taiwan (35 pg/m?).

The particles emitted from incense burning could host a wide
range of toxic components, including metals, inorganic ions, PAHs,
carbonyl compounds, etc., all of which could deteriorate IAQ and
bring health risk (Rasmussen, 1987; Kuo et al., 2008; Wang et al.,
2007; Tsai et al., 2010). Kuo and Tsai, (2017) found allergenic ter-
penols in the emissions from the Taiwanese and Thai incense
burning, which could increase the contact dermatitis, broncho-
constriction, asthma and chronic obstructive pulmonary disease
(Matura et al., 2002; Weschler, 2006). Besides, high levels of PAHs
were frequently observed from incense burning, which were
mainly hosted by fine and ultrafine particles (Lin et al., 2002; Chen
et al., 2005). Certain PAHs could retain for a long time in human
tissue due to their high lipophilicity (Newman, 2010), and thus
exert the adverse effects to human health such as the DNA damage
and lung inflammation (Heinrich et al, 1994). Furthermore,
metallic components within raw material of incenses also have a
health concern, even though they just constitute a small fraction of
the particles. Hazardous metals such as Cd, Mn, Cr, Ni, Fe, Zn, and Pb
were commonly observed as the emissions of incense burning, all
of which could be immediately internalized and pose potentially
health risk such as cellular pro-inflammatory response (Adamson
et al., 2000; Fang et al., 2013; Majestic et al., 2007). However, pre-
vious studies mainly focused on characterizing the emission of
chemical constitutes in mere fine particles, the particle size dis-
tribution of chemical species associated with human health effects
is presently poorly known (Lin et al., 2002; Fang et al., 2003, 2009;
Chiang et al., 2009; Rebecca et al., 2013).

Lhasa, which is well known as the holy land of Tibetan Bud-
dhism, has an area of about 31, 662 square kilometers and 0.5
million of population. Worshipping Buddha with burning incense is
a traditional custom of the Tibetan culture. There are 286 temples
and more than 4800 monastics at Lhasa (Zheng and Ma, 2013).
Given a unique location in the middle of the Tibetan Plateau (TP)
with an elevation of 3650 m, the amount of oxygen in Lhasa air is
about 60—70% of the normal level (Gong et al., 2011). The more
common types of incense applied in the local temples are Liuwu
and Sheng Kang (two local brands) incense sticks, which are made
mainly from medicinal aromatic plants, sandalwood, eaglewood
and pangolin. As Buddhists spend considerable time to worship
inside the temples, the air pollution in temple indoors and its
implication to human health have become an important concern.

As the most sacred temple of Tibetan Buddhism, the Jokhang
Temple was selected as the study site. It is located in downtown
Lhasa (shown in Fig. S1) with an area of more than 20,000 square

meters. The average number of visitors is nearly 10,000 to 20,000
per day, which is significantly higher than the famous Buddhist-
Taoist combined temple at Taiwan (Chiang et al., 2009). A signifi-
cant amount of incense is burned on a daily basis for the religious
purposes. Especially, the application amount of incense increases
sharply on specific days (e.g., Saga Dawa Festival, Seance festival
and Exorcism festival, and the 3rd, 5th, 8th, 10th, 15th and 30th day
of each Tibetan lunar month). The aim of this study is as follows: (1)
to determine the physiochemical characteristics of incense burning
particles, (2) to compare the data with those observed in temples
located at low altitude places, and (3) to quantify the health risks
associated with the pollutants exposure inside the Jokhang Temple.

2. Materials and methods
2.1. Sampling description

Sampling work was conducted at the main hall of the Jokhang
Temple from 29 to 31 August 2014. The location of the sampling site
was illustrated in Fig. S1. An Anderson eight-stage particle sepa-
rator (Tisch Environmental Inc., USA) was used to collect particles
at an inlet flow rate of 28.3 L/min. Particles in the size bins of
5.8-9.0, 4.7-58, 33-4.7, 21-33, 11-21, 0.7-11, 04-0.7
and < 0.4 um were collected on quartz fiber filters (Whatman QMA,
47 mm). The filters were baked in the muffle furnace under
400—-500 °C, and then equilibrated at a constant temperature
(20 °C) and relative humidity (RH, 40%) for 24 h before sampling
(Lyu et al., 2016). All of the filters were weighted before and after
sampling by a balance (Sartorius BP211D), and each filter was
weighed for several times until the difference between two
repeated weighing was within +15 pg. After weighting, the loaded
filters were stored in a refrigerator at 20 °C for further analysis.

2.2. Particle mass concentration

The mass concentration of PM was measured by a real-time
personal aerosol monitor (AM510 SidePak™). This instrument
measures mass concentration of particles based on the light-
scattering technology (Morabia et al.,, 2009). The DustTrak can
measure particles with a size range of 0.1—-15 um at the concen-
tration scope of 0.001-150 mg/m> (Li et al,, 2015). The personal
aerosol monitors were equipped with a size-selective inlet for
PM; 5 or PM1.

2.3. Chemical analysis

1/4 of each filter was cut down for PAH analysis. The filter was
extracted by Soxhlet extraction with 200 mL of acetone/hexane
(1:1, v/v) for 22 h, and washed by 1.5 mL of 0.5 M KOH solution and
cleaned with 3% of water deactivated alumina (MP Biomedicals
GmbH, Eschwege, Germany) for column chromatography after ro-
tary evaporation. Finally, the extracts were concentrated for gas
chromatography coupling with mass spectrometry (GC-MS, 7890A-
5975C: Agilent, Santa Clara, CA, USA) analysis (Wang et al., 2016).
Chemical standards for 12 PAH compounds designated by the
United States EPA including naphthalene (NaP), acenaphthene
(Ace), acenaphthylene (Acy), Anthracene (Ant), Fluorene (Flu),
Fluoranthene (FL), Phenanthrene (Phe), Benzo(a)anthracene (BaA),
Benzo(a)pyrene (BaP), Benzo(b)fluoranthene (BbF), Benzo(k)fluo-
ranthene (BKF) and Chrysene (Chry) were acquired from AccuS-
tandard (New Haven, CT, USA) and J&K Chemical (Beijing, China).
More detailed QA-QC procedures were described previously
(Delgado-Saborit et al., 2009, 2010).

1/4 of each filter was digested by high concentrated acid
(HF:HNO3:HClOg4, with a mixture ratio of 3:1:1), and kept at 170 °C
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Fig. 1. Temporal variation patterns of fine particle in mass concentration.

for four hours in a closed Teflon digestion vessel. The procedures
were repeated several times until the residuals were completely
dissolved. Finally, the digestion solution was diluted by ultrapure
water into 10 mL for element analysis. Metal elements were
analyzed by inductively coupled plasma atomic emission spec-
trometry (ICP-AES). More detailed description regarding the ana-
lytic procedure was published previously (Voutsa et al.,, 2015). All
metals and regents for standard solutions used in the present study
were of analytic grade. Filter and procedural blanks, duplicate
analysis and standard calibration were conducted for validation of
the analytical data.

2.4. Health risk assessment

2.4.1. PAHs health assessment

In order to assess the influence of size-resolved PAHs on human
respiratory potential, the deposition efficiency and flux of PAHs was
calculated by an International Commission on Radiological Pro-
tection (ICRP) model. Based on inhaled particles sizes, the respi-
ratory tract was sorted into three deposition regions: head airway
(HA), tracheobronchial region (TR), and alveolar region (AR). The
detailed information on calculating with this model was included
elsewhere (Lyu et al., 2016; Zhang et al., 2012). The inhalation rate
of people is shown in Table S1. The deposition efficiency of size-
resolved particles in HA, TR and AR regions was estimated by the
following equations:

1 1 1
1 ¢684+1.183mDp T 1} ¢0.924-1.885IDp (1)

DEHA =1IF x |:

-3
DEpg = <% ) « [e70,234(1nDp+3.40)2 1639

« 870.8]9(lnDp—1461)2] (2)

DEqg — (0-%11)55) y [8—0.416(111Dp+2.84)2 +1911

% 6—04482(InDp—14362)2} (3)

Where Dp is the diameter of the particles, IF is the inhalable frac-
tion of the size-resolved particles:

1
F=1- (1 "~ 1+7.6Dp28 x 1074) /2 @

Incremental lifetime cancer risk (ILCR) was calculated to esti-
mate the potential cancer risk of PAHs exposure in the Jokhang
Temple. ILCR for pilgrims through inhalation, direct ingestion and
dermal contact were calculated using the following carcinogenic
risk equation:

Ca % IRq x RT x VF x ED x cf

LADDjyp, = BW x AT (5)
_ Cpa x IRy x RT x VF x ED x cf
LADDing = BW x AT, 6)
LADD: _ Cpa X AB x xSA x EV x AFy x RT x VF x ED x cf
ing = BW x AT,
(7)
ILCR; = LADD; x (CSF;) x ((BW/70kg)1/3) (8)
3
TILCR =) " ILCR; (9)
i

The implications, units and reference values in equations
(1)—(5) are listed in Table S1. An ILCR between 10~® and 10* im-
plies potential risk, whereas that greater than 10~* indicates high
potential risk (USEPA, 2001).

2.4.2. Elemental health assessment

The ICRP model was used for evaluating the influence of size-
resolved metals on the human respiratory tract. The daily intake
by ingestion and dermal contact (US-EPA , 2001) was calculated by
the following Eqs. (6) and (7):

Ring x EF x ED

Dling = CvcL * =g AT

x CF (10)

SAF x Agin % DAF x EF x ED
BW x AT

In term of inhalation, the following equation adopted from
Cheng et al. (2016) was described as follows:

Dlgermar = Cuct * x CF (11)

CxIRxED
BW x AT

The implications, units, and reference values used in Egs.
(6)—(8) are listed in Table S2.

The incremental probability of cancer risk for individual
element was calculated as follows:

DIipp = (12)

ILCR = DI x CSF 9)

The reference CSF values for Ni and Cr are 0.8 and 42, respec-
tively (Jiang et al., 2016).
The non-carcinogenic risk was calculated by:
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Fig. 2. Box and whisker plots of the PM mass concentrations in the size-resolved particles.
evaluate the exposure risk of incense burning particles to human
HQ = DI/RfD (13) body.

If the hazard quotient of HQ is < 1, the health concern was not
considered, for HQ > 1, adverse health effects are possible and more
attention should be paid. The reference RfD values of Fe and Zn are
0.7 and 0.3 mg/(kg-d), respectively.

3. Results and discussion

3.1. The concentration of fine particles at the Jokhang Temple
indoors

Fig. 1 shows the temporal variations of PM1y and PM; 5 mass
concentrations during the sampling. The PM1o and PM; 5 concen-
trations ranged at 5—2430 and 6—2620 pg/m>, and averaged at
435.0 + 309.5 and 483.0 + 284.9 pg/m°, respectively. The mass
concentration of PM; 5 was much higher by 6.4 times than that of
the National Ambient Air Quality Standard (75 pg/m?>). It has been
demonstrated that each 10 pg/m? increase in fine particle mass
concentration could raise the death risk from lung cancer by about
8% (Pope, 1999). The exceedance of the daily PM, 5 standards in the
Jokhang Temple implied a great health concern.

In order to investigate the emission characteristics of the par-
ticles in the temple air, the mass concentration ratio of PM1,o/PM; 5
was further analyzed. The mean ratios of PM1o/PMa 5 herein were
calculated at 0.92. This pattern was in fair agreement with the
previous studies, which found that most of the particles displayed
aerodynamic diameters below 1 pm (Yang et al., 2007; Jetter et al.,
2002; Zhou et al., 2016). Given a significant influence of the finer
particles on cardiopulmonary diseases and lung cancer, the infor-
mation about size distributions of particles is essential to further

3.2. Size-segregated mass concentration and chemical composition
of particles

3.2.1. Size-segregated mass distributions

For the size-resolved particles, those smaller than 2.1 um were
labeled as the fine fraction, while those with the diameters of
2.1-9.0 um were termed as the coarse one. As illustrated in Fig. 2,
particle size presented a bimodal distribution with one peak in the
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fine size range (0.4—2.1 um) and the other peak in the coarse size
range (2.1-9.0 um). The fine modal peak indicates direct emission
from incense burning, whereas the peak of coarse mode may
originate from the contribution of incomplete combustion and/or
re-suspended soil dust (Long et al.,, 2001; Li et al.,, 2017a,b). The
concentration of the total PM was 794.3 + 84.9 pg/m> during the
sampling periods. Specifically, the coarse particles constituted 41.1%
of the total particles by mass. The mass fraction of the coarse par-
ticles was apparently higher as compare to that measured at low
latitudes such as Taiwan (30%) and Hongkong (18%) (Fang et al.,
2003, 2009; Wang et al., 2007). This implied that the incomplete

combustion degree may be higher in the Jokhang Temple compared
to the ones at low altitudes, probably due to the relatively lower
oxygen level in the local air.

3.2.2. Concentration profile of the size-resolved PAHs

The individual PAH concentration in PM on average is shown in
Fig. 3. The total concentration of PAHs was estimated as being
3312 + 60.3 ng/m>. BaA (179.5 + 15.2 ng/m?®) was the most abun-
dant component, followed by Chry (30.6 + 11.0 ng/m®), BaP
(18.6 + 7.7 ng/m>), NaP (15.8 = 5.5 ng/m°>), FL (14.0 + 4.5 ng/m?>),
Acy (12.0 + 2.6 ng/m?), BKF (11.3 + 3.6 ng/m?), BbF (10.7 + 3.8 ng/
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Fig. 8. Deposition flux of the size-resolved metals in the human respiratory tract and relative metals abundance of in the head airway, tracheobronchial region, and alveolar region.
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Fig. 9. Health risk assessment of Ni and Cr (a): ILCR of Ni due to exposure to the size-resolved PM. (b): cancer risk assessment of Ni for the extreme, high and moderate exposure

groups, respectively. (c): ILCR of Ni due to exposure to the size-resolved PM. (d): cancer risk assessment of Cr for the extreme, high and moderate exposure groups, respectively.
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m?>), Ace (10.5 + 4.5 ng/m?), Phe (4.3 = 2.1 ng/m>), Ant (4.2 + 2.0 ng/
m?) and Flu (1.7 + 1.1 ng/m>). With regard to the number distri-
bution of aromatic ring, both five-ring and four-ring were domi-
nant, which accounted for 74.8% and 7.7% of the total PAHs by mass,
respectively. It was well known that most high molecular-weight
PAHs were mutagenic and/or carcinogenic, likely to threaten hu-
man health (Kameda et al., 2005).

To describe the size distribution of PAH, the dC/dlogD, was
plotted as a function of Dy, in Fig. 4. Most of PAH species (NaP, Acy,
Ace, Flo, Phe, Ant, BKF, BbF, BaP) showed the trimodal size distri-
butions, with two peaks in the fine mode and one peak in the
coarse mode. Along with the increase of aromatic rings, the peak
intensities varied, and the fine mode peak intensity increased in the
high-molecular PAH species (BkF, BaP, BbF). Wu et al. (2006) re-
ported that PAHs with high molecular-weight showed a tendency
of accumulating in the fine particles, which could be attributed to
that high-molecular PAHs are less volatile, and thus preferentially
condense onto fine PM. In contrast, the low-molecular PAH species
are more volatile, and are thus inhibited on finer particles as a
consequence of the Kelvin effect (Dewangan et al., 2014; Hien et al.,
2007; Andrea et al., 2016).

3.2.3. Concentration profiles of size-resolved metals

The elemental concentration profile was dominated by Na, Ca,
Al, Mg and K (Fig. 5), of which the mean concentrations were 226.6,
82.2, 61.5, 38.4 and 28.5 ng/m?>, respectively. The principal metallic
components detected in PM closely resembled those detected in
the wood ash, as reported by Lin et al. (2007). Other species,
including Fe, Sr, Zn, P, Ni and Cr, were detected in the smaller
concentrations of 3.0, 2.5, 2.2, 1.3, 1.1 and 0.6 ng/m’, respectively.

The elemental size distributions are shown in Fig. S2. One can
see that the elements clearly showed a bimodal distribution with
peaks in the size bins of 0.7—1.1 and 4.7—5.8 um, respectively. The
peak in the fine mode might be ascribed to condensation of vapor
during the combustion process, whereas the peak in the coarse
fraction could be attributed to the incomplete combustion, and/or
resuspension of ground dust due to pilgrim's walking (Mannix
et al,, 1996; Li et al.,, 2017a,b). It was well documented that the
mass concentrations of particulate metals inside the temples at low
altitude were mainly concentrated in the fine mode (Fang et al.,
2003; Hsueh et al., 2012). In contrast, a relatively larger propor-
tion of the metal mass was distributed in the coarse mode in the
present study. The significant different mass profiles herein could
be associated with incomplete combustion of metals due to their
high melting points, and insufficient oxygen level in the atmo-
sphere of Tibet Plateau.

3.3. Health implications of the PM collected from the Jokhang
Temple

3.3.1. Health risk of size-resolved PAHs

Intake of PAHs hosted by particles is associated with an excess
risk of lung cancer (Grimmer et al., 1988). Especially, BaP was listed
as Group 1 level carcinogen (IARC, http://www.iarc.fr/), and ranked
8th of 275 priority listed hazardous substances (ATSDR, 2011). The
mean BaP concentration measured in the Jokhang Temple was
18.5 ng/m>, which was much higher by ten times than the
maximum permissible risk value of 1 ng/m> on account of carci-
nogenic potency of particulate PAHs through inhalation (Slooff
et al,, 1989). The BaP equivalent concentration (BaPeq) was gener-
ally used to evaluate the carcinogenic potency of the multi-
component PAH exposure, which was calculated by multiplying
the concentration of individual PAH and its toxic equivalent factor
(TEF) given by Nisbet and LaGoy (1992). TEF of the individual PAH is
listed in Table S3. The calculated BaPeq concentration was 40.9 ng/

m?>, which was four times higher than the daily BaPeq standard of
10 ng/m? of the United State Environmental Protection Agency's
(US-EPA, 1996). Therefore, it is likely that PAHs exposure in the
Jokhang Temple could exert health hazards to human. To further
evaluate the human risk of PAHs collected from the Jokhang Temple
indoors, the respiratory exposure to size-resolved PAHs was
assessed, and the health risk via inhalation, ingestion and dermal
contact was calculated.

For evaluating the respiratory exposure, the deposition effi-
ciency of size-resolved PAHs was incorporated. As shown in Fig. S3,
the deposition efficiency increased with the particle size increase
except for the alveolar region, in which the deposition efficiency
decreased with the increase of particle size. Coarse particles made a
greater contribution in the head region as compared to the alveolar
and tracheobronchial region, probably due to that the coarse par-
ticles could be inhabited by the nasal area, and thus they had a less
chance of reaching the alveolar and tracheobronchial region (Lyu
et al., 2017). In contrast, finer particles could pass the respiratory
tract easily and deposit in the alveolar region. Such phenomenon,
combined with the fact that most of the high-molecular weight
(four and five ring) PAHs tend to absorb in finer particles, makes
them more important for potential human damage.

Fig. 6 shows the deposition fluxes of the size-resolved PAHs and
their relative contributions in the head, tracheobronchial, and
alveolar region. The highest total deposition flux occurred in the
head region (73.6%), followed by the alveolar (18.7%) and tracheo-
bronchial region (7.7%). The deposition flux was bimodal with
peaks in the size range of 1.1-2.1 and 4.7—5.8 um, respectively. The
total PAH deposition flux was 123.6 ng/h for adults, which was
much higher than that obtained in the urban community of
Guangzhou (3.7 ng/h) (Zhang et al., 2012), but was much lower than
that for traffic police exposure to vehicles emission in Beijing
(280 ng/h) (Liu et al., 2007). Moreover, the deposition flux level
varied among the different particle sizes. When particle size
increased, the deposition flux increased in the head region, but
decreased in the alveolar region, suggesting that coarse particles
contributed most PAHs deposition in the head region, while fine
particles contributed most PAHs in the alveolar region. The fine
particles could pass rapidly from the human lung into the circula-
tory system, causing systematic exposure to PAHs (Nemmar et al.,
2002).

Fig. 7 shows the cancer risk assessment of PAHs under extreme,
high and moderate exposure conditions, respectively. As shown in
Fig. 8a, the ILCR value exhibited two peaks with the higher one in
the fine mode, whereas the lower one in the coarse mode, which
was consistent with the distribution pattern of deposition flux.
Specifically, fine mode PAHs contributed about 53.7% of the total
ILCR, suggesting that the majority of cancer risk could be caused by
the fractions of PAHs hosted by fine PM. Among three exposure
routes (inhalation, ingestion and dermal contact), dermal contact
posed the highest cancer risk to human, followed by inhalation and
ingestion pathways, respectively. PAHs exerted higher cancer risk
to female, then to male and lastly to children. For the extreme
exposure to carcinogenic PAH inside the temple, the integrated
ILCR values were 3.9 x 10~% and 4.3 x 10~ for male and female,
respectively. For the high exposure group, the ILCR values were
1.2 x 10~ for female, 1.2 x 10~ for male, and 6.3 x 10~ children,
respectively. The ILCR values for moderate exposure group (female:
2.6 x 107°; male: 2.2 x 107>; children: 1.3 x 10~°) were much
lower than those for the high exposure group, but still exceeded the
acceptable level of 1078, The data shown herein suggested that
PAHs posed high or potential health risk to both adults and
children.

The ILCR value of PAHs obtained herein was significantly lower
than that estimated in the temples in Taiwan (Chiang et al., 2009)
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and Thailand (Susira et al., 2016). The health risks implicated with
worship could be related to the amount of incense burned, and/or
the emission efficiency of the PAHs species, depending on incense
type, combustion condition and environmental factors (Englert,
2004). Based on the ILCR value through three exposure routes,
the visiting frequencies for temple visitors were recommended to
be 41, 23 and 21/year for children, adult male and female,
respectively.

3.3.2. Health risk of size-resolved metals

For the metallic elements hosted within the particles, Cr, Ni, Fe
and Zn could be potentially risk to human body, all of which could
be immediately internalized (Adamson et al., 2000), exerting the
adverse effects to human health. Carcinogenic Cr and Ni harbor the
potential to catalyze ROS formation.

The deposition fluxes of the size-resolved metals are shown in
Fig. 8. The total deposition flux of metals was estimated at
1.4—13.2 ng/h. The main contributor to the total deposition flux
occurred in the head region (80.9%), followed by the alveolar region
(12.9%), and the tracheobronchial region (6.2%). The high deposi-
tion flux of the metals in the head region was attributed to the
combined effects of three deposition mechanisms concluding
diffusion, impaction and sedimentation (Lippmann, 2011). The
deposition flux nearly showed a unimodal distribution pattern with
one peak in the coarse mode, and coarse particles contributed to
about 69.1%—74.4% of the total deposition flux value on average.
Along with the increase of particle size, the deposition flux in the
head region increased. The large particles (>2 pm) tend to deposit
in the head region because of the filtering effect of nose
(Oberdorster, 2004). Among the deposited particles, most of them
could be expelled by sneezing or wiping (Nagar et al., 2014), leaving
only a small amount of particles in the head region. In spite of that,
the residual particles still could pose adverse health effects to hu-
man (e.g. nasal dysfunction) (Seilkop and Oller, 2003). It was well
documented that some particle-bound metals including Ni and Zn
could cross synapses in the olfactory bulb from nasal cavity area
and migrate to distant nuclei of the brain via secondary olfactory
neurons (Sunderman, 2001).

The carcinogenic risks of Ni and Cr are shown in Fig. 9, and non-
cancer risks of Fe and Zn are shown in Figs. S4 and S5, respectively.
Both ILCR and HQ exhibited a unimodal distribution with the peak
in the size range of 4.7—5.8 um. On average, coarse mode metals
contributed about 66.5% of ILCR and 66.3% of HQ, respectively,
suggesting that coarse particles were major harmful metal carriers.
A significant elevation of both ILCR and HQ for children was
observed, indicating the higher risks for children than adults. As
shown in Tables S4 and S5, the main risk for human is originated
from ingestion, followed by dermal contact, and inhalation. The
particles that adhere to human hands might enter human body
through an unconscious hand-to-month contact behaviors (Lyu
et al., 2017). On the other hand, limited quantity of the metals
hosted by particles could be inhaled into the respiratory system,
because the metal mass concentration were mainly distributed in
the coarse mode. In addition, the lower body weight of children is
propitious to ingest greater quantity of particle-contaminated
substances than adults (Beamer et al., 2008).

The integrated HQ values of Fe and Zn via three contact routes
ranged between 107>-10~% and 107%-107>, respectively, which
were much lower than the safe level of 1.0, indicating non-cancer
risks from the three exposure routes for Fe and Zn. In the case of
the extreme exposure group, the integrated ILCR value of Cr was
49 x 107>, and for the high exposure and moderate exposure
groups, the estimated ILCR values of Cr were 61 x 107® and
1.2 x 1078, respectively, indicating a potential cancer risk of Cr
exposure to human. The integrated ILCR value of Ni for the extreme

exposure group was 1.5 x 108, while that for the high and mod-
erate exposure group were lower than 10~%. The cancer risk of two
carcinogenic metals in the particles collected from the Jokahng
Temple was much lower than that in the Taiwanese temples (Lin
and Shen, 2003). However, the health risk of metals in the
Jokhang Temple should not be overlooked in view of the higher
ILCR values than those of the guidelines.

3.4. Uncertaintiesand limitations of health risk assessment

The health risk assessment of PAHs andtrace metals conducted
by mathematical models could be influenced by somelimitations in
our data sources, especially the inherent problem of uncertain-
tyand variability of the data. Firstly, the exposure factors and toxic
parameterswere directly adopted from public and regulator-
yauthority’s guideline values, due to the lack of such reference
values in China (Shiet et al., 2011). This may be infeasible for the
actualevaluation of local populations. Secondly,the study lacks a
long term monitoring of PAH and metals in the templeindoors,
which may be considered as a limitation of the study due tocon-
straints from temple management to conduct such longitudinal
studies. Weassume that the particle emissions could be much
higher than that observed inthis study during special occasions
such as World Incense Day of Tibetan and GreatPrayer Festival etc.
Despite of the uncertainties and limitations, the modeladopted in
this study captures the essential risk analysis methodology and
isflexible enough to integrate effects occurring at varying subpop-
ulation scales.

4. Conclusions

The physicochemical properties of incense burning PM in the
Jokhang Temple indoors, as well as the implication to human health
were determined in this study. The mean concentrations of PMqg
and PM, 5 reached at 435 + 309.5 and 483 + 284.9 ng/m?>, respec-
tively. The PMys mass concentration exceeded the National
Ambient Air Quality Standard (NAAQS, 75 pg/m>) by 6.4 times. The
aerosol size showed a bimodal distribution with one peak in the
fine mode (0.4—0.7 um) and the other peak in the coarse mode
(4.7—-5.8 um). Specifically, the mass fraction of coarse particles was
41.1%, apparently higher than that observed at low altitudes,
probably due to the hypoxic atmospheric environment at Tibet
Plateau. The total concentration of PAHs was 331.2 + 60.3 ng/m°,
and the BaP concentration (18.5 ng/m>) was over ten times higher
than the maximum permissible risk value of 1 ng/m? on account of
carcinogenic potency of particulate PAHs through inhalation. PAHs
exhibited a trimodal distribution with two peaks in the fine mode
and one peak in the coarse mode. Metals exhibited a bimodal size
distribution with a dominant peak in the coarse mode. ILCR of PAHs
was estimated as being 107°-10~%, indicated high health risk to
temple goers/workers. PAHs in fine mode contributed about 53.7%
of the total ILCR. The highest ILCR of Cr and Ni were 5.5 x 10> and
1.5 x 1078, respectively, exceeding the cancer risk guideline (10~).
HQ of Fe (10°-10%) and Zn (10~°-10~>) were much lower than the
safe level of 1.0. Coarse mode metals contributed about 66.5% of
ILCR and 66.3% of HQ on average, respectively indicating that coarse
particles were major harmful metal carriers.

The data shown herein suggested that incense burning in the
Jokhang Temple could emit massive quantities of primary PM
hosting a complex mixture of hazardous compounds, which could
substantially deteriorate the temple indoor air quality, and exert
adverse effects to human health. Our finding highlights the ne-
cessity for further research in this unique region, and establishing
public policies on the health risks associated with the religious
tradition at Lhasa, Tibet Plateau.
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