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Abstract: Sediment cores were collected from the remote subalpine Great Ghost Lake in southern
Taiwan. Because the lake is anoxic the sediments are well preserved, distinctive past variations
can be dated accurately. The vertical distributions of total and acid-leached metal concentrations

Sfor aluminum, arsenic, cadmium, cerium, chromium, cesium, copper, iron, magnesium, manganese

nickel, lead, rubidium, strontium, vanadium and zinc are measured and the fluxes determined. The
dates of higher fluxes in the past 2600 years seem to correlate with dry spells. Further, trace
metal fluxes show a large increase but Pb-206/Pb-207 ratios show a large decrease since 1950,
suggesting a significant anthropogenic input.
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1. Introduction

With ever increasing population and industrialization, human activities have become the domi-
nant process affecting the global biogeochemical cycling of many trace metals. The amount of
material removed from the Earth’s crust each year by mining is now of the same order of magni-
tude as such fundamental geological processes as mountain building, erosion, and oceanic crust
formation. Anthropogenic fluxes of many potentially toxic trace metals to the atmosphere have
even exceeded the natural fluxes (Shotyk, et al., 1996).

Similarly, the current suite of changes in Taiwan -- population growth, urbanization, and indus-
trialization -- are more profound than any changes that have occured in the past. Notably the
rapid industrialization in Taiwan over the past 40 yrs has made air pollution and acid rain major
environmental problems. There is the concern that acidified water from acid rain would mobilize
metals, thus generating a threat to the health of the public.

For a number of years the authors have been studying the effect of acid rain on lakes in Taiwan.
It was concluded that the high mountain lakes are the most threatened hence the distribution of
metals in the near-surface sediments of these lakes are likely to be affected (Chen and Hung, 1987;
Chen et al., 1988; Wann et al., 1995; Wann and Chen, 1996).

Because of the strong interest in metal fluxes, it is necessary to understand the various pathways.
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The Earth's atmosphere has been known to transport both naturai and anthropogenically mobilized
trace elements, among which lead is one of the easiest to study. Atmospheric input has been
shown to be dominant for lead (Schaule and Patterson, 1981, 1983; Patterson and Settle, 1987). It
is known that aelion anthropogenic lead has been produced from the development of cupellation
technology starting about 4 500 bp (Settle and Patterson, 1980), and then its production increased
markedly in the late 18th century at the beginning of the Industrial Revolution. Around 1940,
there was a sharp increase in atmospheric lead concentrations due to lead emissions from
automobiles (Murozumi et al., 1969). The industry in Taiwan started to take off about ten years
after that.

The anthropogenic source of lead is relatively easy to identify as lead in most ores has Pb-
206/Pb-207 ratios measurably less than the natural lead of soil and soil-related components
(Shirahata et al.,1980). Two widely used methods of reducing the grain-size effects in order to
evaluate the natural or anthropogenic sources of metals in the sediments (Kemp and Thomas,
1976; Kemp et al., 1976; Ng and Patterson, 1982; Forstner and Wittmann, 1983; Finney and Hubh,
1989) are comparison of the relative abundance with respect to aluminum or the leaching the
sample with dilute acid. The iron and manganese oxides, the surface of clay minerals, organic
matters and carbonates are the major phases of metal association in sediments. Acid-leached
metals represent most of metals in these phases but do not include those in the lattice of clay
minerals and rock debris. The latter are of natural origin and are not changed by anthropogenic
inputs.

In order to identify the anthropogenic sources it is also useful to compare the recent data with
the historical data, which, unfortunately, are lacking in Taiwan. As a result, the authors ’studied
lake sediments deposited over a time span of 2 600 yrs. Not only is a baseline thus established,
but also natural variations are identified. Finally, the fluxes are calculated in a way similar to the
work of Hamilton-Taylor (1979).

2. Study Area and Methods

Great Ghost Lake (Ta-Kuei Hu), situated at 22°52'N, 120°51'E, is a 2150-m high lake and one of
the best preserved natural lakes in Taiwan. Because of its isolation there has been little human
perturbation. It takes two days to reach this lake by foot from the nearest road. The sediments are
well preserved as the lake is not only deep (maximum 40 m, the deepest in Taiwan) but also
surrounded by mountains. As a result, the deep water is anoxic most of the year (Chen and Wang,
1990; Wang and Chen, 1990). Little or no wind mixing or bioturbation is expected to have
occurred. Sediments that have remained undisturbed in this condition for the past thousands of
years thus serve as archives of atmospheric metal deposition.

A home-made gravity corer with plastic barrel was used to collect sediment samples. The cores
were sealed by wax immediately after recovery and then opened at the home laboratory by being
cut with a fishing line to avoid any contamination by metals (Chen et al., 1993). The water
content was determined by freeze drying at -50 °C.
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Fig. 1 Vertical distributions of total metal concentrations.
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Fig. 2 Vertical distributions of Relative Brightness Index (RBI), water content, organic
carbon, total nitrogen and total sulfur (taken from Lou et al., 1997).
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Fig. 4 Fluxes of total metals (ug - cm™? - yr) in different years. The total aeolian deposition
rates of Wu (1996) are marked at the bottom.
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Fig. 5 Fluxes of acid-leached metals (ug - cm™ - yr?) in different years. The total aeolian



322 Journal of Lake Science (ISSN 1003-5427) 1998; Volume 10, Supplement

10" As.~Al 10° Cd./ Al 10° Ce.~Al
1 3 5 03

20 2000
+ AD

10" Cr. Al 10° Cs.~ Al
L3 1.8 0 2 4 6 4 6 3 o 4 & 8 10

s
=

1
it

———

:
L

v}‘

—
S

T
&

Fs

-5 500 |
E BC
-1 -1000 L

2000

1500

1000

-500 |

BC

-1000 L
10° Rb~ Al 10° Sr.7Al : 10° V.7Al 10° Zn~Al
08 12 16 05 07 09 1.1 08 13 18 08 1 12 14
2000
AD T et o

1500 L

< =

<

(/""
¥
v :EEE;

‘(\V\k\/ J\‘"’..\I‘"

:

=1000 L

Fig. 6 Fluxes of total metal/Al ratios in different years.
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Fig. 7 Fluxes of acid-leached metal/Al ratios in different years.
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Fig. 8 Vertical distributions of acid-leached lead and Pb-206/Pb-207 ratios.

In the leaching procedure, the dried sediment (0.3 g) was treated with 15 ml of 1.6N nitric acid
and shaken overnight (Ng and Patterson, 1982; Giblin et al., 1990) in a 50-ml centrifuge tube.
The leachate was separated by centrifuge and was then removed with a quartz pipette for the
measurements of metals and Pb-206/Pb-207 ratios. The dry sediments (0.3 g) for the
determination of the total metal content were digested with an acid mixture (40 % HNO,, 15 %
HCIO, and 20 % HF) in pressured bombs or were digested by a microwave system with an acid
mixture (42% HNO,; and 17 % HF). Metals and Pb-206/Pb-207 ratios were measured by an
ELAN 5000 ICP-MS with a Ryton spray chamber and cross flow nebulizer to which sample
solutions were delivered with a peristaltic pump at a flow rate of 1 ml - min". Carbon-14 dating
was done by both conventional and AMS methods, while Pb-210 dating was done using the
method of Chung and Craig (1983) (Chen et al., 1993). i

The National Institute for Environmental Studies No.2 Pond Sediment was used to test the
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accuracy of the trace metal determinations. Most of accuracy deviations are less than 10%. A
correction was made only when the deviation was larger than 15 %. The accuracy of the Pb-206/
Pb-207 measurements could not be checked, but the precision of isotope ratio measurement was
roughly 1% (n=5; Wann and Chen, 1996).
The flux of an element i (F;; pg - cm? -a') was calculated based on the following equation:
F,=5,XD, (1-W)

where S; (cm - a') is the sedimentation rate of sample i based on the C-14 and Pb-210 dates; D; is
the bulk density (g - cm™) of the sample; C, is the concentration (lg - g') of the element and; W, is
the water content.

3. Results and Discussion

The vertical distributions of 16 total metal concentrations (Al, As, Cd, Ce, Cr, Cs, Cu, Fe, Mg,
Mn, Ni, Pb, Rb, St, V and Zn) are shown in Fig. 1. The values vary a great deal, far more than the
possible analytical errors. In order to be certain that these are not caused by sampling error
another core was also analyzed. Similar peaks are found (Lou, 1996). In Fig. 2 the authors
plotted the Relative Brightness Index (RBI), the water content, the organic carbon content, and the
total nitrogen and sulfur contents for the same core. The white laminations (higher RBI) are
composed of smaller particles, and have lower water, organic corbon, nitrogen, and sulfur
contents. These layers have been suggested to have significant contributions from wind blown
material from northern China (Lou et al., 1997). It seems that the peaks in Fig. 1 are related to the
RBI peaks. The white laminations at 3, 23, 30, 51, 58, 63 and 75 cm have higher concentrations
of aluminum, cesium, iron, magnesium, nickel, rubidium and zinc, but lower concentrations of
arsenic, cadmium, cerium, manganese and strontium. The first group of metals are mostly from
the crust and the second group is more associated with organic matter.

Fig. 3 shows the vertical distributions of acid-leached metals. The peaks also correlate with
RBI. In addition, aluminum, cadmium, cerium, copper, lead and zinc show apparent near-surface
enrichment, suggesting a possible anthropogenic input. With the help of the Pb-210 and C-14
datings the depth scale can be changed to the age of the sediments. Further, the metal
concentrations are converted to fluxes and plotted in Figs. 4 and 5. It can be seen clearly that
since about 1350 AD, or the onset of the Little Ice Age (Lou, et al., 1997), most metal
concentrations started to increase. The highest rate of increase occurs after about 1950 AD when
the industrialization started to take off in Taiwan.

Recently Wu (1996) measured total aeolian deposition rate and his results are given at the
bottom of Figs. 4 and 5. Our values for magnesium and manganese agree with Wu's data but our
results for aluminum, arsenic, chromium and iron are higher than his results. This may be
because sediments in Great Ghost Lake also receive inputs from the watershed. However, Wu's
results for cadmium, copper, nickel, lead, strontium and zinc are much higher than the
background values of ours although the agreement is better for data after1950. His values are
higher because his measurements are all in urban areas and these metals are mostly from
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industrial pollution. Strontium may be from sea salt which affects the urban areas in the coastal
plains but does not easily reach the 2150 m-high lake.

Since the aeolian particle fluxes also started to increase since 1350 AD, as evidenced by the
higher RBI value (Fig. 2), the higher metal fluxes are most likely due to the higher rate of long-
range transport of crust material. The crust material can best be represented by the aluminum, a
relatively conservative element with no significant anthropogenic source. In order to look at other
effects, the total metal and acid-leached metal fluxes relative to the aluminum fluxes are plotted in
Figs. 6 and 7. The increasing trend since 1350 AD has now largely disappeared, confirming the
major contribution of Asian dusts.

Some increasing trends after 1950, however, still exist, notably for lead. In order to see if this
was due to pollution, the authors measured the acid-leached lead in a shorter core collected near
the longer core. Both cores show higher fluxes after 1950 AD (Fig. 8). Further, the Pb-210/Pb-
207 ratios are also plotted in Fig. 8. The ratios decrease after 1950 AD, reenforcing the
conclusion of an anthropogenic origin of lead near surface.

With the exception of winter time, the hypolimnion of Great Ghost Lake is anoxic with active
redox cycles of iron and manganese (Chen and Wang, 1990; Wang and Chen, 1990; Wann and
Chen, 1996). Upward migration and diffusion of reduced species could also alter their
concentrations, but the effects are probably smaller than variations due to the difference of source
material.

Note the onset of the anthropogenic lead increase in Great Ghost Lake was about 1950 AD.
Other studies show similar results (Bruland et al., 1974; Skei and Paus, 1979; Shirahata et al..
1980; Ng and Patterson, 1982; Finney and Huh, 1989; Giblin et al., 1990). The onset of the sharp
anthropogenic lead increase in Great Ghost Lake also occurred around 1950. The worldwide lead
emissions from automobiles since 1940 have probably been important in these sharp increases.
Some recent records (Hong et al., 1994; Shotyk et al., 1996), however, indicate that the lead
concentration has started to decrease in recent years because the leaded gasoline has been phased
out. The record in Great Ghost Lake does not show a decrease in lead concentration near the top
yet, perhaps because leaded gasoline in still widely used in Taiwan.

Since Great Ghost lake is located in remote subalpine regions, the anthropogenic metals there
must have come from atmospheric fallouts. The high solubility of trace metals in atmospheric
particulates was previously noted (Wallace et al., 1977; Hodge et al., 1978; Crecelius, 1980: Ochs
and Gatz, 1980; Gatz et al., 1982). It follows that most of the anthropogenic lead in the sediment
of Great Ghost Lake was dissolved from aeolian particulates and subsquently sequestered by iron
oxides (Wann and Chen, 1996).

4. Conclusion

In conclusion, aelion Asian dust particles seem to play a significant role in the flux of metals in
Great Ghost Lake. The fluxes are generally higher during dry periods especially since 1350 AD.
On the other hand, local pollution of certain trace metals seem to be important after 1950 AD.
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For instance, the low Pb-206/Pb-207 ratios of surface sediments confirm that most of the acid-
leached lead in the surface sediments of Great Ghost Lake was anthropogenic in origin. Pb-210
and C-14 datings indicated that the onset of large anthropogenic lead increase was about 1950,
probably caused by the worldwide lead emission from automobiles.
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