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Caesium-137 (¥’Cs) tracing of sediment movement depends substan-
tially on a valid assessment of "’Cs reference values. Recent research sug-
gests that "’Cs is more spatially varied than previously assumed. The
range of ”’Cs values at and between reference sites, and environmental
controls on ¥’Cs behaviour are prime topics for study. The present re-

scarch investigates reference sites in the monsoonal tropics of Hong.

Kong. There was doubt about the use of ’Cs in such areas, sustained by
the paucity of “’Cs studies in the Tropics and the potential lack of "'Cs
here due to global air circulation parterns. This paper shows that the
technique is applicable in the Hong Kong environment.

As rainfall controls "’Cs fallout, a large range of mean annual rainfall
within a small area makes Hong Kong a good location to test *’Cs vari-
ability. Three input sites representing a wide range of rainfall totals are re-
ported here. The uneroded status of an input site is tested by producing a
profile of "Cs totals in 2 cm increments; the form of the profile reflecting
"Cs movement in the soil. The results illustrate the difficulties of using a
simple model of profile distribution as confirmation of a site’s stability.
They also confirm the difficulty of finding sites that have experienced no
significant disturbance in the past four decades.

Ten core samples and the profile point value were used to assess *'Cs
variability across the input sites. These data permit an evaluation of sam-
pling methodology. The present results suggest that a large sample num-
ber is required to express the mean input value at a site. If this is not to
impede routine use of the ’Cs technique, further investigations of sam-
pling methodology are needed.

Ky Worps: Fallout *’Cs reference values, Site selection and sam-
pling, Monsoonal tropics, Hong Kong.

CONTEXT

An empirical understanding of hillslope sediment mo-
vement is important to geomorphology, particularly in
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studies of sediment production and budgets, and soil con-
servation (cf. Walling, 1990; Morgan, 1985). The standard
approach to its study includes monitoring erosion and
deposition processes on hillslopes (Lehre, 1981) or on con-
trolled erosion-plots (Moldenhauer & Foster, 1981). An al-
ternative is to use caesium-137 (*'Cs) as a tracer of sedi-
ment movement. As this technique is reviewed elsewhere
(eg Walling & Quine, 1995), only a brief introduction will
be given here.

Caesium-137

Y'Cs is an artificial radionuclide derived solely from the
nuclear energy industries. It has been deposited globally as
fallout with precipitation following atmospheric testing of
thermonuclear bombs since 1952 and, in some areas, acci-
dental releases of nuclear material (e.g. the Chernobyl acci-
dent of 1986).

The logic behind the use of *'Cs as a tracer is straight-
forward. "'Cs fallout is assumed to have been uniformly
distributed across the landscape, with qualifications for -
controls on precipitation. As fallout was deposited over an
extended period, its initial di stribution will reflect large-
scale spatial patterns of rainfall (de Jong & aliz, 1982). Up-
on reaching the soil, "’Cs becomes almost irreversibly ad-
sorbed to soil colloids (Lomenick & Tamura, 1965) and re-
mains in place as the colloid is transported. Thus soil-""Cs
values reflect sediment movement totals that are aggregat-
ed for around 40 years. In practical terms, the technique
compares favourably with other sediment monitoring tech-
niques. It can also be used to measure deposition rates in
lakes (Pennington & a/i7, 1976) and floodplains (Walling
& He, 1994), and, where reference values are known, to
fingerprint sediment sources (Peart & Walling, 1986).

Reference values and their variability

The use of “'Cs as a tracer depends substantially on use
of an input value against which the altered inventories of
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field samples are measured. However, actual fallout totals
from precipitation monitoring are rarely available in prox-
imity to a site. Furthermore, uncertainties about the use of
precipitation totals as a surrogate are usually too large; for
example, studies have variously related ’Cs input to mean
annual rainfall (Basher & Matthews, 1993), to storm-con-
trolled rainfall (Kiss & /7, 1988), and to orographic rain-
fall (Cox & Fankhauser, 1984).

In resolution, input values are usually obtained from
soil ’Cs totals at a reference site that can reasonably be
considered stable (Campbell & a/7Z, 1988). The acceptabili-
ty of the site is judged by measuring the profile of *'Cs val-
ues with depth. A suitable profile will show most of the
Y'Cs concentrated in the surface layers. Early reports pro-
vided a standard concept of ¥’Cs quantities decreasing ex-
ponentially with depth at the rate of approximately 60%
per cm of depth (Campbell & ali7, 1988). Detailed charac-
teristics of the profile will be controlled by the soil’s ability
to adsorb *’Cs (Livens & Loveland, 1988) and to resist sub-
sequent colloidal movement. As *'Cs redistribution contin-
ues through time, more complex profiles are developing on
sites thar still fulfill the criteria of stability. Thus profiles are
increasingly being reported as having a certain proportion
(eg 75 or 80%) within a certain depth of the surface (eg 10
cm), with an exponential decrease below the given depth
(eg Walling & Quine, 1995, Owens & Walling, 1996).

As the input or reference site value is the basis for all
calculations of sediment movement, its reliability is crucial
for successful tracer studies. Recent work suggests that the
spatial distribution of ’Cs at reference sites is more vari-

able than previously assumed (Wallbrink & /i, 1994; Su-
therland, 1996). There is a need for research into the range
of P'Cs values at input sites, and in particular, the number
of samples needed to assess the variability of "’Cs totals

correctly (Sutherland, 1996).

STUDY AREA CHARACTERISTICS AND "'CS
IN THE TROPICS

Though Walling and Quine (1995) called for an im-
proved indication of regional "'Cs inventories, there re-
main few tropical studies (eg Quine & aliz, 1992; Garcia-
Oliva & alii, 1995; Forsyth, 1996: from health physics,
Pham Zuy Hien & aliz, 1994; Cox & Fankhauser, 1984).
This lack of data, coupled with tropical aircirculation pat-
terns, cast some doubt on the potential for "’Cs tracing in
such areas. Indeed, Lowe (1978) recorded very low soil
Y'Cs levels in West Malaysia.

Located in the monsoonal tropics of the Northern
Hemisphere, Hong Kong is a good location to study the
spatial variability of *’Cs. The influence of a seasonal trop-
ical weathering environment, clay mineralogy of relatively
low *’Cs adsorbancy and a low soil organic content may be
critical to *’Cs behaviour in the soil. The topography of
Hong Kong is of interest to the discussion of controls on
?'Cs input. There is a large range of mean annual rainfall
totals (1400 to >3000 mm) within a small area (cz. 1000
km®) (see figure 1) because of its steep relief, and variabil-
ity of "’Cs between sites is presumed to be high.

I

FiG. 1 - Map of Hong Kong show-

ing mean annual rainfall torals

(mm) for the period 1953-1982
(from Lee & Kwan, 1984).
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Hong Kong also has a distinct “"Cs fallout history. For
example, Tso & alii (1987) suggest that the Hong Kong
Observatory’s fallout record is dominated by input from
the Chinese bomb tests of 1963-1980, resulting in a later
peak input period than many Northern hemisphere loca-
tions (cf. Cambray & aliz, 1982 in the UK). Furthermore,
the influence of Hong Kong’s monsoonal climate on fall-
out totals is little known, though it may be significant; the
trace quantities of Chernobyl fallout in 1986 were appar-
ently delayed by southerly winds and borne by northern
monsoon winds (Tso & a/iz, 1987).

SITE SELECTION

A programme to select a number of input reference
sites must take into account the nature of the local envi-
ronment. In the present programme, sites reflecting differ-
ent rainfall totals were selected following the guidelines of
Campbell & alzi (1988). Thus they were relatively flat, had
no run-on and showed general indications of stability. Ad-
ditional criteria used here included selection of sites with a
regolith of at least 30 cm depth (though the Shek O site is
an exception), with few trees or shrubs (to avoid "’Cs con-
centration by canopy interception, Bunzl & Kracke, 1988)
and relatively low stone content. These sites have been
checked against air photographs to extend the control of
sites back to the 1950’s.

However, Hong Kong has a complex land-use history.
Clearance of subtropical forest at ca. 3000 years BP influ-
enced much of the territory’s soils (Grant, 1960). Another
clearance around the time of the Japanese Occupation of
1941-1945 instigated severe erosion in certain areas. Inten-
stve rural activities such as paddy farming, phytomass har-
vesting and burning have recently been replaced by uncon-
trolled development of scrap yards and ship container
stores. Coupled with the topography of steep relief and the
practical difficulty of sampling in thick vegetation, identifi-
cation of suitable sampling locations has been difficult. For
example, while the hill at Tai Che Leng Tung in the Sai
Kung Country Park appears suitable for sampling, the sur-
face is marked by exposed boulders, old temporary struc-
tures, army foxholes, a large footpath and the impact of
cow herding.

To best control site stability, sites with a known history
were sought. A number of 1940’s military structures might
have provided physical confirmation of stability. However,
field investigation of over 10 sites recorded only inacces-
sibility or active disturbance. Other sites chosen for this
ongoing research programme include weather stations,
golf courses and hilltops in the Country Parks. While
some selected sites have, of necessity, smaller area than the
ideal site, reliance is placed on the profile data to test site
stability.

CONFIRMATION OF SITE STABILITY

To investigate site stability, soil was sampled from se-
lected sites by taking 2 cm increments to a depth of 30 cm,

using a 20x30 cm scraper frame (after Campbell & aliz,
1988). Samples were oven dried, hand crushed, and sieved
to obtain the 2 mm fraction. This fraction was assessed for
Y'Cs content using an HPGe gamma spectrometer, count-
ing for at least 40 000 sec. All data were obtained at the
Nanjing Institute of Limnology and Geography, Academia
Sinica bar the Shek O profile. The latter data were ob-
tained using equipment of the Hong Kong University’s Ra-
dioisotope Unit: 2 samples repeated at Nanjing supported
the depth distribution presented.

As mentioned above, the calibrated totals of *'Cs with
depth are used to assess input site stability. Three exam-
ples from Hong Kong are given here. The site locations
(fig. 2) can be compared with figure 1 as an approximation
of likely "’Cs input patterns.

The first two profiles (figs. 3 and 4) were sampled from
a spur behind the granodiorite hill of Kwun Yam Shan and
a low hilltop near the village of Pak Tam, Sai Kung Coun-
try Park. Both profiles exhibit significant down-profile de-
clines in "’Cs totals, indicating that the sites have been
stable. 80% of the "'Cs loading is found in the uppermost
6 cm for Kwun Yam Shan and 8 cm for Pak Tam, with
peak values in the surface increment. The disparity be-
tween the two total "’Cs loadings, the former of 1565.30
Bq m™, the latter of 866.08 Bq m?, gives preliminary con-
firmation of the importance of rainfall for "’Cs input totals
in Hong Kong. Measurement precision ranges from + 1.04
to + 0.25 Bq kg™. “"Cs concentrations in the two profiles
show that the "'Cs-tracer technique is applicable in Hong
Kong.

The third profile (figure 5) was sampled at the Upper
Golf Course of the Shek O Country Club, Shek O, in an
area that was reported by Club staff as not having been al-
tered since its initial construction in 1925. An area of
rough grass was selected as being flat, topographically ele-
vated and free from the flooding that affects the Lower
Course. The ”’Cs data illustrate the value of taking a pro-
file to test the stability of reference sites. "’Cs is absent
from all but the 10-12 ¢m increment, immediately above
the weathered rock surface. The total *’Cs loading (158.81
Bq m™) iS lower than the other two sites, as might be ex-
pected from the mean annual rainfall totals (figure 1) and
indeed the site may have a full *’Cs loading. For example,
the non-standard input profile may reflect the addition of
soil to the course surface after "’Cs fallout ended (in the
early 1980’s), despite reports by the course staff that top-
dressing had not been practiced at the Course. The ongo-
ing research programme aims to establish the relationship
between soil "'Cs values and rainfall totals at a larger num-
ber of sites to investigate such difficulties.

SPATIAL DISTRIBUTION OF Y'CS

Having confirmed site stability, "’Cs variability across a
reference site should be assessed to produce an accurate
Y’Cs input value (Sutherland, 1991). In the present pro-
gramme, the "’Cs content of ten core samples of 30 cm
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depth are assessed at each input site, sampled at approxi-
mately 1 m intervals around the profile location. The point
values for Kwan Yam Shan range from 2.39 + 0.47 to 9.43

+ 1.12 Bq kg™, with a mean value of 1646.76 Bqm™ and a
coefficient of variation of 39.86%. The Pak Tam site val-

ues range from 2.71 + 0.36 to 5.58 + 0.54 Bq kg™, with a
mean value of 898.33 Bq m™ and a coefficient of variation
of 19.51%.

Practical difficulties associated with sampling the indu-
rated soil at Pak Tam with a sledgehammer and metal core
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resulted in shallower core samples than usually sampled in
this project. While 7 samples extended to 19 cm and there-
fore reached the maximum depth to which “'Cs was re-
corded in the profile, 3 reached only 14 cm. Some under-
estimation of the ’Cs point values at these points may be
expected. Over 95% of the 7’Cs content of the profile is
recorded in the uppermost 14 cm of soil, however, and
thus it is suggested that underestimation is negligible. This
example confirms the value of taking a "’Cs profile as an
indication of core-depth suitability. The Shek O cores
were not measured.

Coefficients of variation of these sites (11 samples
including the profile point value) are not particularly
high when compared to other locations (see reviews by
Sutherland (1996) and Owens & Walling (1996)). Owens
& Walling (1996) postulated that higher values of varia-
bility in Zimbabwe (48.9 and 67.2%) reflected the low
"Cs values of the Tropics and more-variable soil pro-
perties. Work is being undertaken to evaluate the role of
soil properties in controlling “’Cs distribution in Hong
Kong. However, the sample number required to express
the mean *Cs total of the site, calculated after Fredericks
& alii (1988), remains exceptionally high. While only
12 samples are needed at Pak Tam, the higher coeffficient
of variation at Kwun Yam Shan would require 80 sam-
ples to express the mean. At even 12 samples to express
the mean value, the required machine time is consi-
derable. Sample bulking must be considered if the tech-
nique is to be cost effective, although bulking results
in the loss of important information on "’Cs variability
at a site.

CONCLUSIONS

This paper introduces methodological aspects of a
study assessing spatial variability of fallout-"'Cs at refer-
ence sites in Hong Kong. Results to date confirm that
there has been sufficient “'Cs input in this monsoonal
tropical environment for tracing sediment movement.
The "’Cs values of different sites followed the pattern
expected for environments of a steep rainfall gradient.
The importance of careful site selection and the need
for both a profile and point measurements to test site suit-
ability and sampling methodology has been illustrated,
particularly with the high spatial variability of ’Cs at ref-
erence sites. If such caution is needed for each tracer
study, it follows that time and cost requirements are in-
creased. This has repercussions for the potential of the
YCs technique, particularly for large scale or reconnais-
sance projects. Given the demand for greater understand-
ing of sediment movement in areas such as tropical soil
conservation, further research is needed on the nature and
controls of *'Cs variability and suitable methodologies for
its study.
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