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Airborne Pollutants in the Buddhist Cave Temples at the Yungang Grottoes,
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The Buddhist cave temples at the Yungang Grottoes,
China, experience rapid soiling due to the deposition of
airhorne particles. Contributing sources include coal
mining and combustion, fugitive road dust, and regional
dust storms. Both particle and gas-phase air pollutants
are characterized at that site. Annual average coarse
(diameter, d, >2.1 pm) particle concentrations outdoors
average 378 pg/m8, increasing to more than 1200 ug/m?
during peak 24-h periods. These coarse airborne particles
include crustal dust (e.g., soil dust; over 80% of coarse
mass) and carbon-containing particles (10%). Fine air-
borne particle concentrations (dp =<2.1 pm) outdoors
average 130 #g/m®and consist mainly of carbon-containing
particles (45.5%) and crustal dust (24%). Airborne
particle concentrations inside cave 6 average approxi-
mately 60% of those outdoors. SOz is the principal gas-
phase air pollutant averaging 31 ppb outdoors and 19 ppb
inside cave 6 over the year studied. Other pollutant gases
are present at lower average concentrations: NHj (4-10
ppb), NO. (46 ppb), HNO; (0.1-0.2 ppb), and HC] (<0.1
PpPb).

Introduction

Recent studies have shown that museum collections that
are not protected by deliberate air purification systems
may become soiled at a rapid rate (I-3). Certainarchaeo-
logical sites suffer from similar problems, for example,
the Buddhist cave temples at the Yungang Grottoes in
the People’s Republic of China, which are located in a
region with high outdoor airborne particle concentrations.
The Yungang Grottoes are carved into the side of a cliff
in the Wuzhou hills overlooking a river valley located
approximately 16 km west of the industrial city of Datong
near the Inner Mongolian border and contain approxzi-
mately 50 000 carvings on the wallsand ceilings. Work on
the caves began during the Northern Wei Dynasty in the
5thcentury A.D. The Yungang Grottoes belong toastring
of early Buddhist cave temples that stretch across northern
China, today receiving hundreds of visitors on a daily basis
4-6).

Many of the caves are built with entrances open to the
outdoor air, allowing abrasive windblown dust and air
pollution present in one of China’s largest coal-mining
districtsto enter the caves without restriction followed by
particle deposition onto the sculptures. . The sources of
airborne particles are many and include operations at the
mines, dust generated by coal trucks on a nearby highway,
dust generated by traffic on dirt roads in the village of
Yungang in front of the caves, combustion of coal for home
cooking and heating, and coal combustion by railroad
locomotives and other industry. In addition, the caves
are not far from the edge of the Gobi Desert, and desert
dust storms can affect the site.
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An extensive cleaning project was undertaken in 1986,
and photos were taken of the carvings within the caves at
that time (7). Comparing the scuiptures today with the
photographic record from 1986, there is a visible buildup
of deposits, especially on upward-facing horizontal sur-
faces. In some places, deposits as much as 0.8 cm deep
were measured during the present study at locations that
are kmown to have been cleaned in 1986 (8). Unless such
severe particle deposition processes can be abated, any
attempt to preserve or restore the sculptures in the caves
may well be defeated by a continuing assault of abrasive
and possibly chemically reactive airborne contaminants.

The purpose of this paper is to report the resulis of a
field experimental program designed to obtain baseline
data on air quality both inside and immediately outside
of the Yungang Grottoes. Filter-based air sampling
methods were used to determine the concentration and
chemical composition of airborne particles in both the
fine (diameter, d, <2.1 um) and coarse (dp >2.1 um) particle
size ranges as well as the concentrations of selected reactive
gases: SOg, NO;, NHg, HNO;, and HCL. These measure-
ments reveal the chemical and physical nature of the
pollution problem to which the Grottoes are exposed and
help toidentify the likely sources of the air quality problem
in a way that can help to guide remediation efforts.

Experimentaf Section

During April and May 1991, a series of air pollutant
measurement experiments were conducted by Caltech
personnel at the Yungang Grottoes, China. The ambient
samplers employed toobtain data onfine and total airborne
particle concentrations and chemical composition are
illustrated schematically in Figure 1 (9-11). Amap ofa
section of the Grottoes site indicating sampler location is
shownin Figure 2. Three samplerswere deployed in April
1991. One of these samplers was located outside‘cave 9
at a site protected from rain by the overhanging cliff above
the entrance to that cave. A second sampler was placed
within the main chamber of cave 9, which is a room
hollowed out behind the face of the eliff having horizontal
dimensions approzimately 9 m X 8 m and a height of 8.5
m. Analysis of a sample of the cliff rock by a scanning
electron microscope equipped with an energy dispersive
X-ray spectrometer and by X-ray diffraction shows the
rock to be asandstone consisting of quartz, feldspar, some
dolomite, and a few percent calcite; the pore spaces in the
rock are filled with secondary kaolinite from decomposition
of the feldspar. Cave 9 shelters an 8-m-high seated statue
of the Buddha. Both the central statue and the many
smeller carvings on the cave walls are polychromed. Cave
9 has a thick layer of deposited dust on its floor. That
cave is closed to the public, and care was taken to exclude
personnel from this cave during sampling so as not to
disturb the deposited dust.
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Figure 1. Schematic diagram of fine and totat particle samplers.
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Figure 2. Map section of the Yungang Grottoes showing sampler placement.

Originally, the entrance to cave 9 was sheltered by a
wooden pagoda front, one room deep, attached to the
outside of the cliff into which the cave is carved and
reachingup the face of the cliff to a height of several stories.
That wooden temple front has since fallen away from the
face of thecliff, leaving the entrances to cave 9 open directly
to the outdoors. In order to examine the possible
protection against air pollutant intrusion that might have
been provided by the traditional wooden temple front, a
second indoor sampler was placed inside cave 6, which is
one of two caves that retain a wooden structure over the
entrances. The dimensions of cave 6 are approximately
10.5 m X 11 m in horizontal extent and 15 m high with a
7 m X 7m carved stone pillar standing in the center of the
cave. Cave 6 routinely receives visitors, and that cave has
ahard tile floor that is occasionally swept. While the floor
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of that cave is relatively clean, the visitors and sweeping
activity represent a possible source of resuspended dust.
The caves are not presently used for organized religious
purposes; the only combustion sources in cave 6 consist
of a few incense sticks it by visitors on their own initiative.
We observed about three incense sticks in a 1-month
period.

Airborne particle samples were collected over 24-h
periods every third day for eight sampling events in April
and May 1991. Measurements were also made of the
concentration of certain gas-phase pollutants that could
affect the stone or the painted surfaces including SOp,
NO», HNQ3, NHg, and HCl. Particle deposition samples
were collected over themonth-long period (on both vertical
and horizontal surfaces) and for shorter times (sequential
4- and 24-h periods) on horizontal surfaces. Additional
measurements were made of air-exchange rates between



the outside atmosphere and the inside of the caves. Air
velocities and temperatures in the near-wall region that
govern particle deposition processes likewise were mea-
sured.

At the close of the experiments in early May, arrange-
ments were made for the staff at the Yungang Grottoes
to continue atmospheric sampling for three additional
1-month periods to complete a full seasonal cycle (July
1991, October 1991, and January 1992). ‘T'wo abbreviated
ambient samplers were placed at the site, one outdoors
and one inside cave 6, to continue monitoring fine and
coarse airborne particle concentration and chemical com-
position and gas-phase SO» concentration. During these
months, 24-h average samples were taken at 6-day inter-
vals,

Fine particle samples were collected on47-mm-diameter
filters located downstream of an ATHI.-design cyclone
separator that removed particles with aerodynamic di-
ameter greater than 2.1 um (12). A complete fine particle
sample set for a single sampling event consisted of two
Teflonmembrane filters (Gelman Teflo, 0.5-pm pore size)
through which air had been drawn at a rate of 3 Lpm each
and one quartz fiber filter (Pallflex, 2500 QAQ) through
which air had been drawn at a rate of 10 Lpm for 24 h (see
Figure 1). The Teflon filters were weighed before and
after sampling for gravimetric determination of aerosol
mass concentration. One Teflon filter sample from each
set was analyzed by X-ray fluorescence (XRF) for 34
elements. The other Teflon filter sample of each set was
analyzed by ion chromatography (IC) for nitrate, sulfate,
and chloride ion concentration (13, 14), for ammonium
jon concentration by colorimetry (I5), and for water-soluble
sodium and magnesium by atomic absorption spectroscopy
(AA) (16). All quartz fiber filters/were baked at 550 °C
for at least 4 h prior to usein order to reduce their carbon
blank. Followingsample collection, the quartzfiber filters
were analyzed to determine the organic carbon, elementat
carbon, and carbonate carbon particle concentration by
a thermal evolution and combustion technique (17, 18).
Detailed descriptions of the filter preparation and anal-
ytical methods have heen reported previously (3, 9). A
second set of Teflon and quartzfiber filters placed in open-
face filter holders were used for total particle (without
any size separation) collection and analysis. Coarse
particle characteristics were determined by difference
between the fine particle and the total particle concen-
tration data.

In addition to the fine and total pariicle filter samples
mentioned above, the denuder difference method em-
ploying nylon filters was used to measure atmospheric
HNO;z and HCl concentrations (19, 20), and tandem filter
packs were used for the collection of gas-phase SOy, NO,,
and NHg (10, 2I). In the filter pack, or tandem filter
method, gas-phase species are collected on treated backup
filters after particles are removed on Teflon or quariz fiber
prefilters that are held in open-face filter holders. SO»
was collected using KyCOg-impregnated Whatman 41
paper filters. NO» was collected using triethanolamine
{TEA) impregnated Whatman 31ET chromatography
filters. The NHj samples were collected on oxalic acid-
impregnated Gelman AE glass fiber filters. These samp-
ling techniques have been described previously, and the
interested reader is directed to the original references (10,
19-21).
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Figure 3. Mass concentration of coarse and fine particles autdoors
and inside of cave 6 at Yungang Grottoes over four seasons and inside
of cave 9 during Aprii 1991.
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Horizontally and vertically oriented deposition plates
were deployed having substrates similar to those used for
airborne particle sampling. The vert:tca]ly oriented plates
were mounted on the cave walls in caves 6 and 9 plus
outdoors where they were mounted on the side of a stand
located near the ambient sampler. Horizontally oriented
plates likewise were placed near the ambient samplers.
Teflon filter material (Gelman Zefluor, 20 cm X 25 cm)
onto which particle deposits accumulated was clamped
into aluminum holders having bevelled edges designed to
minimize the disruption of the boundary layer air flow
over the collection plates. The dry deposit samples were
analyzed in the same manner as ambient T'eflon filters for
80,4%, NOg-, CI-, NH4t, Nat, Mg*, Cat, and K*. Quartz
fiber filter material (102-mm-diameter) mounted in alu-
minum holders with bevelled edges also was used asa dry
deposition surface. Those guartz fiber surfaces were
analyzed to determine organic carbon, elemental carbon,
and carbonate carbon particle deposition rates. Other
particle collection substrates deployed included glassshides
and Millipore filters for use in a single particle counting
and sizing experiment designed to determine the particle
size distribution and size-dependent deposition velocity,
which is described in a separate paper (8).

Results and Discussion

Particle Mass Concentrations. The mass concentra-
tions of both coarse and fine particles are shown in time
series for each season both inside and outside the caves
in Figure 3. Annual average concentrations were
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estimated by first averaging the data within each season
and then averaging the four seasonal periods. Annpual
average outdoor coarse particle concentrations were found
to be 378 ug/m3, and annual average outdoor fine particle
concentrations were found to be 130 pg/m®. By compari-
son, coarse particle concentrations in the air outside
museums in downtown Los Angeles, CA, average about 78
pg/m3, while fine aerosol concentrations in Los Angeles
average about 46 pg/m?(3,9). While Los Angelesis widely
recognized as experiencing high airhorne particle loadings,
itis quickly seen thatlevels of both coarse and fine particles
are higher at Yungang. By comparison to Los Angeles,
the coarse aerosol concentrations are very high, confirming
the observer’s visual impression that Yungang is quite
dusty.

The annual average concentration of coarse particles
inside cave 6 was calculated to be 228 pg/m3. Thus, the
coarse particle concentrations within cave 6 are almost
60% as high as those outdoors, ascan alsohe seen in Figure
3. Coarse particle concentrations within cave 6 exceeded
outdoor levels on several occasions during October, which
may be due to the previously mentioned visitors and
cleaning activity in that cave. During the April sampling
period, coarse particle concentrations in cave 9 averaged
57% of those outdoors, a value intermediate between the
outdoor and the cave 6 concentrations, which averaged
43% of those outdoors in April. Since cave 9 does not
possess any air filtration system, this differential between
the indoor and outdoor concentrations represents a
depletion of coarse airborne particles by deposition onto
surfaces within that cave. In the case of cave 6, concen-
trations lower than in cave 9 may be due to a combination
of deposition within the cave and to removal of some
particles as air passes through the wooden temple front
structure that covers the entrance to cave 6.

Fine particle concentrations inside caves 6 and 9 are
close tothe fine particle concentrations outdoors. Outdoor
fine particle concentrations averaged 130 pg/m? over the
year while concentrations inside cave 6 averaged 94 pg/m3?
for the year. April fine particle concentrations averaged
102 pg/m? outdoors, 70 ug/m3 inside cave 9, and 80 pg/m?
inside cave 6. The deposition velocity for fine particles
typically is much lower than the gravitational settling
velocity for coarse dusts (I, 22, 23). Thus, with higher
indoor coarse particle concentrations than fine particle
concentrations, most of the mass flux of deposited material
onto horizontal surfaces inside the caves will be due to
coarse particle deposition.

Aerosol Chemical Composition. A material balance
on the chemical composition of each aerosol sample was
constructed based on the ion chromatography data for
ionic species, thermal evolution, and combustion analysis
for carbonaceous species, and X-ray fluorescence analysis
for trace metals. The concentrations of silicon and
aluminum measured by XRF were corrected for the size-
dependentresponse of the XRF system to coarse particles
based on the actual particle size distribution counted by
optical microscopy on Millipore filters taken on the same
day (24). The crustal element concentrations were
converted info the concentrations of their stable oxides
where appropriate. Non-carbonate crustal element mass
concentrations were then estimated by summing the
estimated concentrations of Si0s, Al;03, Feo03, and MnO,
plusthe caleium, potassium, sodivm, and magnesium oxide
compound concentrations in excess of that needed to
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Flgure 4. Annual average composition of coarse and fine particles
outdoors and inside cave 6 at Yungang Grottoes.
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account for the carbonate minerals present. Organic
carbon concentrations were converted into estimates of
the mass of organic compounds present by multiplying
measured OC levels by a factor of 1.2 (25, 26).

Bar charts that compare the annual average chemical
composition of coarse and fine airborne particles inside
cave 6 and outside the caves are given in Figure 4. The
outdoor eoarse aerosol is dominated by crustal dust, most
probably soil dust, accounting for about 80 % of the coarse
aerosol burden on average over the year. The remainder
of the coarse aerosol consists of small amounts of many
different substances as shown in Figure 4.

In contrast, carbonaceous particles are the largest
contributors to the outdoor fine particle concentrations
with organic compounds comprising 41% and elemental
(black) carbon contributing 4.5% of fine aerosol mass.
The fine particle tail of the crustal dust size distzibution
contributes 24% of the average outdoor fine particle mass
concentration. The relative chemical compositions of
indoor and outdoor fine particles are fairly similar, again
suggesting thatthe indoor aerosolis Jargely outdoor aerosol
that has been little changed as a result of its introduction
into the caves.

Time series graphs of aerosol chemical composition are
shown for coarse and fine particles in Figures 5 and 6.
Dust storms were observed in late April and early May.
Not surprisingly, air quality during these events was
characterized by large increases in outdoor crustal dust
concentrations. The highest indoor 24-h average coarse
particle concentration (660 pg/m?) measured in cave &
oceurred on April 26,1991, during one of these duststorms,
and chemical analysis shows that crustal oxides plus
carbonate materials made up over 450 pg/m? of that indoor
coarse particle loading. Figures 5 and 6 also show that
fine carbon particle concentrations increase significantly
in winter (January) both inside and ouside the caves. This
may reflect greater concentrations of emissions from
combustion sources relative to soil dust sources at that
time of year, due eitherto increased combustionforheating
purposes during the winter or to suppression of dust
entrainment into the atmosphere by the winter weather
and snow cover.

Protection Afforded by Wooden Temple Fronts.
The possible protection of the grottoes provided by the
traditional wooden temple fronts present on caves 5 and
6 was examined by comparing the results of aerosol particle
intrusion into cave 6 with that of cave 9, which lacked the
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Flgure 5. Chemical composition of coarse and fine particles outdoors
at Yungang Grottoes over four seasons.
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wooden pagoda structure. The mean chemical composi-
tion of coarse and fine airborne particles during the month
of April outdoors, inside cave 9, and inside cave 6 is given
in Figure 7. Mean coarse particle concentrations inside
cave 9 are 57% of those outdoors while coarse particle
concentrations inside cave 6 are further reduced to 43%

of outdoor levels. As can be seen in Figure 7, most of the
reduction of coarse particles inside cave 9 is due to the loss
of crustal dust with some loss of sulfate. In contrast, all
species of coarse particles are somewhat reduced inside’
cave 6.

Gas-PhasePollutants. SO;concenirations measured
over the year are shown in Figure 8. Qutdoor levels range
between 7 and 40 ppb for most of the year, with higher
values up to 115 ppb measured during the winter. These
higher winter values suggest higher concentrations of the
combustion products of local coal at that time of year.
Indoor SO; concentrations inside cave 6 averaged 19 ppb
over the year-long experiment compared to 31 ppb
outdoors. In the absence of any deliberate pollutant
removal systems, this decline in SOs concentrations within
the caves suggests some loss of SOs to interior cave surfaces.
The chemical composition of the rock surfaces within the
caves and some rock weathering products have been
examined previously (27). Those datashow thatthenative
rock contains 30-35% carbonates and that the cement
binder between the sand grains contains 15-25% carbon-
ates. SOy attack on the rock walls thus is possible and
should be examined further as SOz-induced damage to
sandstones has been observed elsewhere (28, 29). Aspart
of the present study, a sample of the cliff rock that had
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Flgure 6, Chemical composition of coarse and fine particles inside
cave 6 at Yungang Grottces over fourseasons. Anasterisk(®)indicates
no data.
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Figure 7. Average composition of coarse and fine particles outdoors,
inside cave 9, and inside cave € at Yungang Grottoes during April
1991.

been exposed to the local atmosphere was examined by a
scanning electron microscope equipped with an energy
dispersive X-ray spectrometer. In addition tothe quartz,
feldspar, dolomite, and intergranular kaolin found on the
unexposed interior of the rock, this surface sample showed
abundant fine erystals of gypsum and kaolinite. Gypsum
is often observed as the reaction product of SO, with
carbonate rocks.

NO,, NHg, HC], and HNO; concentrations were mea-
sured during April 1991. Levels of each of these gases
were much lower than the S0, concentrations. NHj
concentrations averaged 4.7 ppb outdoors, 4.1 ppb inside
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Table 1. Accumulation on Deposition Plates During April
1991 [in pg/(m?2 g71)]

total carhon other species

location orientation massflux® compdst S04 measd®
outdoors horizontal  21.50 0.18 0.75 1.06
outdoors vertical 0.20 0.0003 0.008 0.015
cave 9 horizontal  13.40 0.13 0.11 0.17

cave 9 vertieal 0.034 0.002 0.003 0.0007
cave 6 horizontal 454 0.11 0.06 0.06

cave 6 vertical 0.016 0.02 0.0003 0.0008

@ Mass flux based on the average of 8-24-h glass slide samples,
from ref 8. ® Organic carbon plus elemental carbon from quartz
deposition filter material. ¢ Other compounds measured: Ca*, Cl-,
COy%, K+, Mg*, NH;*, NOjg, and Nat.

cave 9, and 10.4 ppb inside cave 6; the higher values inside
cave 6 probably being due to the fact that it is more
frequently entered by visitors than is cave 9. NO.
concentrations averaged 3.9 ppb outdoors, 4.3 ppb inside
cave 9, and 5.6 ppb inside cave 6. Concentrations of nitric
acid were found to be less than 1 ppb each day in April
with average HNQj concentrations between 0.1 ppb inside
cave 6 and 0.2 ppb outdoors over the month. HCI
concentrations were even lower, averaging less than 0.1
ppb both inside the caves and outdoors.

Chemical Composition of Dry Deposition Samples.
Table 1 displays the mass accumulation results from the
deposition samples. Total mass flux was calculated using
the particle-counting results on glass slide samples and
assuming a uniform density of 2.2 g/cm? (8). Ionicspecies
measured based on particle accumulation on Zefluor filters
plus carbon compounds (which would include coal dust
and soot) measured on quartz fiber filters account for
3-10% of the total mass accumulation. The restisassumed
to be crustal dust (e.g., soil dust or cave wall material).

Other Measurements. One of the portable abbrevi-
ated ambient samplers was used to take ambient aerosol
measurements at other locations near the grottoes. Mea-
surements were taken at the side of the main coal haul
road located approximately 0.5 km south of the grottoes
on April 28, 1991. The day was sunny and windy with
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winds predominantly blowing from the northwest across
theroad toward thelocation of thesampler. Vehicle traffic
was fairly heavy with approximately 10 trucks/min, 45%
of the trucks were laden with coal.

Mass concentrations measured at roadside were higher
than those at the grottoes: coarse mass, 1710 ug/m3; fine
mass, 191 pg/m3, The chemical composition of the coarse
airborne particle mass was made up primarily of crustal
dust (76%), organic compounds plus elemental carbon
(17% ), and caleium carbonate (6 %). Fine airborneparticle
mass was comprised of 68% organic compounds plus
elemental carbon, 20% crustal dust, and small amounts
of other trace compounds.

Conclusions

High concentrations of airborne particles were measured
outdoors and inside the Yungang Grottoes contributing
to the rapid soiling that occurs inside the cave temples.
Coarse airborne particle levels averaged 378 ug/m? outdoors
during 1991-1992 with peak 24-h outdoor levels of more
than 1200 pg/m?®. Levels of coarse airborne particles inside
cave 6 over the year were also high, averaging 228 pg/m3.
Crustal dust (e.g., soil dust plus cave wall material)
comprised most of the coarse airborne particle mass
accounting for 80% of the outdoor coarse material and
66% of the coarse material inside cave 6. Carbon-
containing compounds account for most of the remaining
coarse material.

Concentrations of fine airborne particlesat the Yungang
Grottoes were also high, averaging 130 ug/m® outdoors
and 94 pg/m? inside cave 6 over the year. Carbon-
containing compounds are the largest contributor to the
fine particle mass, accounting for 456.5% of the outdoor
fine material and 53% of the fine material inside cave 6.
Crustal dust accounts for most of the remaining fine
material.

In summary, then, nearly all of the airborne particulate
matter at Yungang, both coarse and fine, consists either
of mineral dust or carbon particles. Thatknowledgeshould
help focus attention on the control of local sources of such
emissions.

S0; concentrations averaged 31 ppb cutdoors and 19
ppb inside cave 6 over the year studied, with wintertime
peak 24-h SO, concentrations ocutdoors of about 120 ppb.
Given the loss of SO, inside the caves, a chiff rock sample
was examined, and it was determined that gypsum crystals
were present on the surface, which is consistent with SO,
attack on the calcium carbonate content of the original
sandstone. Levelsof other pollutant gases measured were
much lower with average concentrations as follows: NHj3
(4-10 ppb), NO; (4-6 pph), HNO; (0.1-0.2 ppb), and HC1
(<0.1 ppb).
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