American Mineralogist, Volume 88, pages 1872–1878, 2003

Black carbon pollution of speleothems by fine urban aerosols in tourist caves
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ABSTRACT
Speleothems in the karst caves of South Korea, which receive many visitors, are losing their aesthetic appeal due to black coloring. Mineralogical, textural, and chemical analyses were conducted on
the speleothems to discover the cause of the discoloration. An abrupt color change from the natural
color seen in the inner zones to the black color of the outer zones suggests that pollution commenced
just after the opening of caves to visitors, and has continued since then. The main mineral compositions of both the outer black and the inner layers are the same, but the concentration of non-carbonate
carbon is much higher in the black layers than in the inner layers. Electron microscopy showed that
chain-like agglomerates (ca. 0.2–1.1 mm diameter) of sub-micrometer carbon spheres (ca. 0.02–0.05
mm diameter) are absent from the inner layer but present in the black layer, as well as in the cave
aerosol. On the basis of their sub-micrometer size, agglomeration pattern, and composition, the carbon spheres and their agglomerates are considered to originate mostly from automobile exhaust. They
are presumed to have been carried into the caves by visitors from urban environments and then deposited on the surface of growing speleothems. Protection of speleothems from discoloration requires
control of these fine anthropogenic aerosols.

INTRODUCTION
Karst caves attract visitors who wish to view the speleothems,
secondary mineral deposits that include stalactites, stalagmites,
flowstones, and cave corals. However, development of caves for
tourists requires construction work to install lighting and pathways, causes perturbations to the climate and hydrology of the
caves, and introduces anthropogenic materials carried in by, or on,
the visitors (Cabrol 1997). Cave environments are very sensitive
to such disturbances, and without adequate protection, the
speleothems rapidly lose their aesthetic appeal as a result of drying, dissolution, fragmentation, and color changes. This may result in a decrease in the number of visitors and may require lengthy
periods of closure for restoration.
Numerous karst caves are found in the Paleozoic sedimentary basin of South Korea, and nine of these caves have been
registered as natural monuments. The most significant pollution in these tourist caves is the color changes found on the
speleothem surfaces. A green color is attributed to lampen flora
growing around the illumination lamps (Cigna 1993; Kangwon
Development Research Institute 2000; Kim et al. 2000a), but
the origin of the black color is uncertain. The green color may
be managed by the removal of lampen flora from surfaces and
by improved lamp design. Black pollutants are more difficult
to remove, because they are not restricted to the surface. Although the black coloring is widespread in the caves of China
and Japan, and probably in small caves popular with visitors in
other countries (Hill 1982; Kangwon Development Research
Institute 2000), its origin has not been studied in detail. The
nature of the black pigments and their source need to be deter* E-mail: jearth@andong.ac.kr
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mined so that speleothems can be protected from this undesirable
color change. This paper reports the results of an investigation of
the micro-textural, mineralogical, and chemical nature of black
speleothems in an intensely polluted cave. This work enabled us
to characterize the black pigments and trace their origin.

CAVE ENVIRONMENTS
Most of the well-known karst caves are located in mountainous regions remote from the major cities of South Korea.
Four tourist caves popular to visitors were investigated. In three
of these, which have been opened to the public for several decades, the speleothems were colored black, while those in a
fourth, recently opened cave, had undergone little color change.
The Sungryu cave (36∞ 57' 14" N, 129∞ 22' 54" E) was selected
for a detailed investigation because of the intense black coloring of its speleothems. This cave was opened to the public in
1963 and is registered as the 155th natural monument of South
Korea. The average annual number of visitors was 409 000 in
the four years between 1997 and 2000. The cave entrance is at
the foot of a hill (199 m high), and the cave extends horizontally for 472 m at an elevation of 20 m. The entrance is narrow
(0.95 m width ¥ 2.2 m height) but the largest chamber within
the cave is 25 m wide ¥ 18 m high (Won et al. 2000). The
stream within the cave is connected to a nearby river. The average air temperature and relative humidity within the cave are
14.7 ∞C and 91%, respectively. The hill in which the cave occurs is covered with brown soils, supporting pines and deciduous vegetation. The area, which is located in the middle latitudes
of the northern hemisphere, belongs to the humid temperate
climate zone. The mean annual air temperature and precipitation are 12.8 ∞C and 1139 mm, respectively. Forty-four percent
of the annual precipitation falls between June and August.
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