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Abstract Coastal areas of Hong
Kong Island are one of the most
extensively urbanized areas in the
world. Groundwater samples in
natural slopes and developed spaces
in the regions centered by the Mid-
Levels area, Hong Kong Island,
were collected and analyzed to
investigate the natural and anthro-
pogenic processes affecting the
groundwater chemistry. The results
presented may be of value to other
coastal areas in the world for the
identification of possible groundwa-
ter contamination sources. Ground-
water samples in the natural slopes
were in low total dissolved solid
(TDS) (<100 mg/l), indicating that
the waters were in the early evolu-
tionary stage. Using chloride as a
normalizing factor, the ‘‘non-mar-
ine’’ components of different major
ions in the samples were calculated.
The correlation analysis indicated
the occurrence of weathering of
plagioclase feldspars in the natural
slopes. However, the breakdown of
biotite and K-feldspar seems to be
limited by short groundwater resi-
dence time and high resistance to
weathering. The high variety in
hydrochemical facies may suggest
the presence of extremely heteroge-
neous subsurface geological condi-
tions. In the developed spaces,
groundwater samples exhibited a
high range of TDS (�100–5300 mg/
l) and were mainly dominated by
Na–Cl and Na–Ca–Cl water types.

Besides water-rock interactions, the
groundwater chemistry was signifi-
cantly affected by leakage from ser-
vice pipes and the dissolution of
concrete materials. Some chemicals
were used as signatures to identify
the leakage from various service
pipes. The area generally suffered
from widespread, but small amount
of leakages, and no obvious leakage
was discovered. The strong correla-
tions among major cations and
chloride suggested that even a small
amount of leakage from salty flush-
ing water pipes can significantly af-
fect the groundwater chemistry.
Groundwater is found to be highly
aggressive toward concrete as sup-
ported by three commonly used
aggressiveness indices. Additional
Ca2+ may be released to ground-
water by corrosion of subsurface
concrete materials such as building
foundations and basements. The
strength of those subsurface engi-
neering structures may be weakened.
Besides, excess Ca2+ may deposit in
the dewatering systems in the area,
which may affect their performance
in lowering high water tables. The
findings regarding leakage from
service pipes will be useful for vari-
ous government organizations such
as the Water Supplies Department
and Drainage Services Department.
Discussion of the behavior of
Ca2+ is instructional to foundation
and slope dewatering designs in
the area.
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Introduction

Few places in the world have experienced such intense
urban growth as Hong Kong has over the last half cen-
tury. This has created some environmental and engi-
neering problems but at the same time also offered
unprecedented opportunities for novel research. Urbani-
zation of the rugged topography in Hong Kong has cre-
ated thousands of cut slopes. Groundwater samples from
theweepholes or drains installed in these slopes, which are
otherwise extremely difficult or expensive to collect, pro-
vide an unique and economical chance to understand the
physical and chemical natures of the subsurface flow
system in the intensively urbanized hillslopes and the
potential impacts of urbanization on groundwater
chemical systems. However, in Hong Kong, groundwater
chemical studies are few in number largely due to the fact
that groundwater is not a major drinking water source.
Over 70%of freshwater is imported from theGuangdong
Province, China and the rest is supplied from local res-
ervoirs (Water Supplies Department 2002). Previous local
groundwater chemical studies have been restricted to
subjects such as the evaluation of well water pollution in
villages (Lam 1981, 1983) and the identification of leakage
from service pipes by selected chemical tracers for slope
stability studies (Geotechnical Control Office 1982).

In the last few years, studies have been carried out on
the hydrogeochemistry in areas central to the Mid-
Levels area, Hong Kong. Samples from natural springs
and seepages from both cut and natural slopes in dif-
ferent seasons mainly in the Mid-Levels area were col-
lected and analyzed, and provided valuable data for
further environmental studies. Some of the results are
presented and some of the fundamental processes such
as water-rock interactions, and the issues of the impacts
of urbanization on the subsurface environment are dis-
cussed. The results may be useful for coastal areas in
other countries with a similar level of urban develop-
ment to understand the potential threats to their
groundwater resources.

Geology and hydrogeology of the study area

The Mid-Levels area, approximately 1.5 km2 in size, is
situated on the northern slope of the Victoria Peak

(550 mPD) on Hong Kong Island (Fig. 1). The study
area can be divided into two parts with signifi-
cantly different modes of development. The upper part
of the area (>170 mPD) is essentially a natural slope
with minimal development. In contrast, the lower part
of the area has been extensively urbanized with
numerous residential and office buildings and is re-
garded as one of the most highly urbanized areas in
the world. Here, the original landscape has been
greatly modified by continuous slope cutting and
filling. Groundwater samples can be collected easily
from the weepholes and drains installed in these
slopes.

The geology and hydrogeology of the area have been
described elsewhere in the Geotechnical Control Office
(1982) and will only be briefly introduced here. The
geology is dominated by two rock types, acidic volcanic
rocks and a granitic intrusion. The volcanic rocks have
been subject to low-grade regional metamorphism and
deformation and affected by contact metamorphism
where close to the granite. Both lithologies have been
subsequently intruded by basaltic dykes. The irregular
contact between the granite and volcanic rocks crosses
the area and is disrupted by normal faults in several
locations (Fig. 1).

Colluvium overlies several meters of decomposed
rock above the bedrock. Granite underlies most of the
developed area, composed of quartz (23%–42%),
potassium feldspar (31%–42%), plagioclases (16%–
35%), and biotite (�5%) according to Allen and
Stephens (1971). Volcanic rock underlies the upper
undeveloped slopes.

Although it is likely that the lithologies in the
subsurface are very heterogeneous and anisotropic, the
Geotechnical Control Office (1982) has grouped them
into three aquifer units corresponding to: a) collu-
vium, b) decomposed volcanic and granite rocks, and
c) volcanic and granite bedrocks. The colluvium
contains transient and permanent perched water ta-
bles, whereas, as recently demonstrated by Jiao et al.
(2003, 2004), the highly decomposed rock or saprolite
below the colluvium is relatively impermeable due to
its clay-rich content. The bedrock zone along the
rockhead may be fairly permeable with confined
groundwater contained within a well-developed frac-
ture network.

Keywords Hydrogeochemistry Æ
Urbanization Æ Water-rock interac-
tions Æ Leakage from service
pipes Æ Dissolution of concrete
materials
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Field and analytical methods

Groundwater and seepage samples were collected in
September 2002 and January 2003 which represent the
conditions of wet and dry seasons, respectively. The
sampling and analytical techniques followed the stan-
dard methods (APHA 1998) and will be briefly intro-
duced here. At each sampling site, pH and
temperature were measured by a Hanna HI
98128 meter; electrical conductivity (EC) was measured
by a Hanna HI 3292 ATC Conductivity Probe; and
dissolved oxygen (DO) was measured by a WTW Oxi
330i meter with a Cellox 325 probe. Samples for
geochemical analyses were filtered through a hand-held
Hanna filter system using a 0.45-lm cellulose filter
paper and collected in 500-ml HDPE bottles. A 125-ml
sample for cation analysis was acidified to pH<2
using ultra-pure concentrated nitric acid. Except for Si,
which was analyzed by inductively coupled plasma
atomic emission spectrometer (ICP-AES), analyses for
other cations were performed by inductively couple
plasma mass spectrometer (ICP-MS). A three-point
calibration curve was constructed for each cation. The
NIST SRM 1640 was used to check for the reliability
of the analysis. The measured values of SRM 1640
were all within 5% of the certified values. The results
of three replicate analyses indicated that the precision
of cation measurements was generally better than 5%.
A second 125-ml sample was filtered and left un-
acidified to be used for anion analysis by HPLC Ion

Chromatography. HCO3
) was measured by titration

with standard hydrochloric acid (HCl) solution. A
third 125-ml sample was collected for aggressive CO2

determination. Samples were stored in a refrigerator at
4�C prior to analysis.

About 95% (36 out of 38) of values in the wet season
fall in the range of +5 to )5% and the worst charge
imbalance is about 7%. For the dry season results,
about 85% (22 out of 26) of values fall in the range of
+5 to )5% and the worst charge imbalance is about
7%. These results suggest that the analyses are of rea-
sonably good accuracy.

Results and discussion

Groundwater and seepage samples were collected from
both natural slopes and highly urbanized spaces in the
Mid-Levels area. The results collected from the natural
slopes serve two purposes: (1) to identify the natural
processes controlling the groundwater chemistry; (2) to
compare with the results collected from highly-urban-
ized spaces so that the impacts of urbanization on
groundwater chemistry can be investigated.

Two sets of samples were collected, at the same
location wherever possible, in wet and dry seasons to
investigate the seasonal effects on groundwater in the
area. However, some sampling points were missing in
either season. This is because some sampling points
cannot be accessed due to construction works (mainly

Fig. 1 Overview of the study
area. The shaded area represents
the natural slope with minimum
development. The area
bounded by gray line is the
Mid-Levels area. Dotted lines
represent the contact between
granite and volcanic rock.
Black lines represent the loca-
tions of normal faults
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slope maintenance) or the sampling points dried up
(mainly in dry season). The sampling locations in wet
and dry seasons are shown in Figs. 2 and 3, respec-
tively.

Hydrogeochemical characteristics of the natural slopes

In Hong Kong, the pH of rainwater (the only recharge
source for natural slopes) generally varies between 4 and

Fig. 3 Sampling location in dry
season in 2003 in Mid-levels
area, Hong Kong. Open trian-
gles represent the location of
sampling and the corresponding
Sample ID is presented. Shaded
area represents the natural
slopes

Fig. 2 Sampling location in wet
season in 2002 in Mid-levels
area, Hong Kong. Open squares
represent the location of sam-
pling and the corresponding
Sample ID is presented. Shaded
area represents the natural
slopes
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5 due to factors such as the dissolution of NO2 and SO2

emitted from motor vehicles and coal-burning power
stations (Wong and Tanner 1997). Wong (1997) mea-
sured and calculated that the mean pH of rainwater in
1996 was about 4.6, which was similar to the measure-
ment by the Environmental Protection Agency, Hong
Kong (Environmental Protection Agency 1991–1994).
These pollutants may contribute nitrates and sulphates
to shallow groundwaters. Groundwater samples col-
lected from the natural slopes in the wet season were
slightly acidic (average pH = 6.08, and as low as 4.73)
and with TDS less than 100 mg/l. This reflects their
short residence time and low degree of water-rock
interactions. In the dry season, groundwater became
slightly more acidic, with an average pH of 5.68 but
ranging as low as 4.63. Rainwater is generally more
acidic in dry season than in wet season in Hong Kong
(Tanner 1999a). Groundwater contained low levels of
organic pollutants. The mean nitrate concentrations
were about 1.70 mg/l and 2.14 mg/l in wet and dry
seasons, respectively, and no PO4

3) was detected in
either season. A higher nitrate level was detected in the
dry season, which may be related to the generally
poorer air quality during the winter monsoon climate in
Hong Kong.

Although groundwater samples from the natural
slopes had similar TDS, their hydrochemical facies
were quite different. Six hydrochemical facies (Na–Ca–
Cl–HCO3–SO4, Na–Ca–HCO3–Cl, Na–Ca–HCO3–Cl–
SO4, Na–HCO3–Cl, Na–Ca–Cl–HCO3, and Ca–Na–
HCO3) were found among 18 samples in the wet sea-
son. Nearly the same patterns of hydrochemical facies
(Na–Ca–Cl–HCO3–SO4, Na–Ca–HCO3–Cl, Na–Ca–
HCO3–Cl–SO4, Na–HCO3–Cl, Na–Ca–Cl–SO4, and
Ca–Na–Cl–HCO3–SO4) were observed among 12 sam-
ples in the dry season. No significant change in hyd-
rochemical facies is observed in different seasons. Such
high diversity of hydrochemical facies may reflect the
highly heterogeneous geological condition of the area.
Groundwater with different flow paths may undergo
different natures and extents of water-rock interaction.
Although rainwater chemistry in Hong Kong may vary
from time to time as affected by such factors as
weather condition (Tanner 1999b), rainwater is gener-
ally of marine origin due to the regional coastal envi-
ronment and the ‘‘near-to-coast’’ locality of the area.
Na+ and Cl) are more abundant in rainwater at
coastal areas. Groundwater in the natural slopes still
retained a partial coastal rainwater chemical signature
as indicated by the dominance of Na+ and Cl) ions.
However, the groundwater chemistry has been pro-
gressively modified by water-rock interactions along
various flow paths in both seasons. Although about
80% of rain falls from May to September in Hong
Kong (Hong Kong Observatory 2003), more sites
exhibited higher TDS in wet season than in dry season

in both natural slopes and developed areas (Table 1). A
possible reason may be that more salts could be lea-
ched out due to the generally higher water table during
the wet season.

The nature and the extent of water-rock interac-
tions can be identified by investigating ion concentra-
tions relative to chloride concentrations. Chloride is a
useful normalizing factor because it does not enter
into precipitation-dissolution processes except at brine
concentrations and it rarely enters into oxidation-
reduction or adsorption reactions (Feth 1981). This
conservative nature makes it useful in comparison with
the relative loss or gain of other ions, the evaluation
of which can constrain possible water-rock interac-
tions.

According to Figs. 4 and 5, all groundwater samples
in the natural slopes are enriched in major cations
compared to seawater in both seasons except for Mg2+

in certain sites, It appears that groundwater samples in
the natural slope showed similar (for Ca2+) or even
higher (for Na+, Mg2+, and K+) cation enrichment in
wet season than in dry season. This is somehow con-
sistent with the finding of generally higher TDS in wet
season than in dry season. Part of the cation enrich-
ment observed from groundwater may be contributed
from the dissolution of aerosols, particulates, or dust
in rainwater before falling on the ground (Wong 1997;
Tanner and Tam 2000; Tanner and Wong 2000). The
weathering of minerals such as plagioclase feldspars,
K-feldspar, and biotite may also contribute certain
ions to groundwater as showed by the following
equations:

2NaAlSi3O8

(albite)
þ2CO2 þ 3H2O

! Al2Si2O5ðOHÞ4
(kaolinite)

þ2Naþ þ 4SiO2 þ 2HCO�3 ð1Þ

CaAl2Si2O8

(anorthite)
þ2CO2 þ 3H2O

! Al2Si2O5ðOHÞ4
(kaolinite)

þCa2þ þ 2HCO�3 ð2Þ

2KMg3AlSi3O10ðOHÞ2
(biotite)

þ14CO2 þ 7H2O

! Al2Si2O5ðOHÞ4
(kaolinite)

þ2Kþ þ 6Mg2þ þ 4SiO2

þ 14HCO�3 ð3Þ

2KAlSi3O10

(microcline)
þ2CO2 þ 3H2O

! Al2Si2O5ðOHÞ4
(kaolinite)

þKþ þ 4SiO2 þ 2HCO�3 ð4Þ

The excess ‘‘non-marine’’ component of each ion
(Na+, Ca2+, K+, Mg2+, and SO4

2)) is calculated from
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the observed chloride value, assuming no chloride
source in the study area other than precipitation
characterized by seawater values. To further define
possible sources for the ions, statistical techniques were
applied to see whether there is any correlation among
Na+, Ca2+, K+, Mg2+, SO4

2), HCO3
), SiO2, and

NO3
) . The statistical results are shown in Tables 2 and

3.
Na+ and Ca2+ are positively correlated with HCO3

)

(R = 0.684 and 0.747, respectively, in wet season and

R = 0.636, and 0.515, respectively, in dry season). This
implies that Na+, Ca2+, and HCO3

) may be mainly
derived from the weathering of plagioclase feldspar. The
generally low HCO3

) (0.38 meq/l in wet season and
0.32 meq/l in dry season) indicates low degrees of water-
rock interactions in the form of weathering. Na+ and
SiO2 are linearly correlated (R = 0.760 in wet season
and 0.724 in dry season), which further confirms that the
source of Na+ and SiO2 is likely to be the weathering of
sodic feldspar (Eq. 1).

Table 1 Summary of the TDS and hydrochemical facies of samples from natural slope and developed area in the Mid-Levels area,
Hong Kong, in wet and dry seasons. TDS is in unit of mg/l

Sample I.D. Wet Season Dry Season % change in TDS

Hydrochemical facies TDS Hydrochemical facies TDS

Natural Slope
13 Na–Ca–Cl–HCO3–SO4 69.01 Na–Ca–Cl–HCO3–SO4 71.59 –3.75
15 Na–Ca–HCO3–Cl 71.97 Dried –
16 Na–Ca–HCO3–Cl–SO4 70.38 Na–Ca–Cl–HCO3–SO4 63.32 +10.03
17 Na–Ca–HCO3–Cl–SO4 72.35 Na–Ca–Cl–HCO3–SO4 72.78 )0.59
18 Na–HCO3–Cl 74.52 Na–Ca–HCO3–Cl 73.52 +1.33
19 Na–Ca–HCO3–Cl 85.58 Na–Ca–HCO3–Cl 80.79 +5.59
20 Na–Ca–HCO3–Cl 95.51 Na–Ca–HCO3–Cl 92.69 +2.94
21 Na–Ca–HCO3–Cl 91.19 Na–Ca–HCO3–Cl 77.61 +14.89
22 Na–Ca–HCO3–Cl–SO4 65.90 Not sampled –
23 Ca–Na–HCO3 95.24 Dried –
24 Na–Ca–Cl–HCO3–SO4 57.70 Na–Ca–Cl–SO4 51.87 +10.11
26 Na–Ca–Cl–HCO3–SO4 63.65 Ca–Na–Cl–HCO3–SO4 74.14 )16.48
D009 Na–Ca–Cl–HCO3–SO4 55.91 Not sampled –
D012 Na–Ca–Cl–HCO3–SO4 53.42 Na–Ca–Cl–HCO3–SO4 53.53 )0.21
D116A Na–Ca–HCO3–Cl 67.02 Na–Ca–HCO3–Cl 66.05 +1.45
D118 Ca–Na–HCO3 73.76 Not sampled –
Drain Na–Ca–HCO3–Cl 60.17 Not sampled –
PS#1 Na–Ca–HCO3–Cl 69.39 Not sampled –
LFS Not sampled – Na–HCO3–Cl 49.69

Developed Area
7 Ca–Na–HCO3–Cl 227.14 Dried –
8 Na–Ca–Cl 806.29 Na–Ca–Cl 732.32 +9.17
27 Na–Cl 804.51 Na–Ca–Cl 619.62 +22.98
28 Na–Cl 1673.30 Na–Ca–Cl 1715.93 )2.55
29 Na–Cl 1671.13 Na–Ca–Cl 2259.57 )35.21
30 Na–Ca–HCO3–Cl 133.46 Na–Ca–HCO3–Cl–SO4 131.51 +1.46
35 Na–Cl–SO4 370.28 Not sampled –
36 Na–Ca–Cl 593.03 Not sampled –
37 Na–Ca–Cl–HCO3 275.39 Not sampled –
38 Na–Cl 5331.71 Not sampled –
39 Na–Ca–Cl–HCO3 561.07 Dried –
40 Na–Cl 3353.81 Not sampled –
42 Na–Cl 838.64 Na–Ca–Cl 1495.99 )78.38
43 Na–Cl 688.26 Na–Ca–Cl 629.15 +8.59
44 Na–Ca–Cl 664.80 Na–Ca–Cl 604.41 +9.08
45 Na–Ca–Cl 799.07 Na–Ca–Cl–HCO3 350.70 +56.11
46 Na–Cl 856.62 Na–Cl 959.31 )11.99
47 Na–Ca–Cl 831.38 Not sampled –
48 Na–Cl 923.78 Na–Cl 753.87 +18.39
No.2 Na–Ca–Mg–HCO3–Cl 476.26 Na–Ca–Mg–HCO3–Cl 348.58 +26.81
MM Dried – Ca–Na–Cl–HCO3–SO4 116.04
LLR Not sampled – Na–Ca–Cl 847.93

The percentage difference of TDS between wet and dry seasons is calculated by the equation: (TDSwet - TDSdry)/TDSwet · 100%.
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It is suggested that plagioclase feldspar is usually the
first primary mineral to be weathered significantly,
followed by K-feldspar and biotite at a later stage,
while quartz should be the most stable of all the min-
erals (Awoleye 1991). K-feldspars usually appear as
large crystals in the groundmass in the volcanics in the
area. Their lower surface area to volume ratios may
retard the weathering rate. Given the short residence
time of shallow groundwater, K-feldspar and biotite
may not be significantly weathered. This is further re-
flected by the poor correlation among Mg2+, K+, and
SiO2. Other sources may also contribute Mg2+ and K+

to groundwater. Mg2+ is positively correlated with
SO4

2) (R = 0.798 in wet season and 0.745 in dry
season) but since neither can be correlated with NO3

),
they are not likely from anthropogenic sources such as
fertilizers, but may be derived naturally from litholog-
ical sources or from soils. In fact, the low nitrate level
measured in the natural slopes confirms that fertilizers
are not a likely source. Another possible explanation of
the SO4

2) excess in shallow groundwater might be acid
rainfall. Few sites have molar Mg/Cl smaller than that

of the seawater, which may imply that ion exchange is
taking place on a localized scale in both seasons. K+ is
positively correlated with NO3

) (R = 0.538 in wet
season), and although no fertilizer is used in this area,
potassium nitrate, KNO3, appears to form in this hot
and humid climate by bacterial action during the
decomposition of organic materials such as plant deb-
ris. In dry season, such reaction may become inactive
as indicated by the weak correlation between K+ and
NO3

) .

Hydrogeochemcial characteristics of the developed
area

Twenty and fourteen seepage samples were collected in
the built-up area in wet and dry seasons, respectively.
The pH ranged from 5.63 to 7.52 with a mean of 6.75
in wet season. In dry season, based on the samples
collected, the pH ranged from 5.64 to 7.10 with a mean
of 6.38. The average nitrate concentrations were
18.27 mg/l and 16.26 mg/l in wet and dry seasons,
respectively, which are about 11 times and 8 times
higher than that of the natural slopes. Seepage samples
in the developed area exhibited significantly larger
variation in TDS than that in the natural slopes. Un-
like the great variety of hydrochemical facies observed
in the natural slopes, seepage samples in the developed

Fig. 4 Na+, Mg2+, Ca2+, K+ concentrations plotted against Cl)

concentration in the Mid-Levels area in wet season. Open triangles
and open circles represent samples from developed and undevel-
oped slopes, respectively. The dotted lines represent the seawater
dilution line for the corresponding cation
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area were generally dominated by Na–Cl and Na–Ca–
Cl water types. More sites showed a higher TDS in wet
season than in dry season. However, urban hydrologi-
cal systems may be far more complex than rural ones
because many additional recharge sources like leakage
from service pipes can be found (Lerner et al. 1990).
Some sites were diluted by rainwater in the form of

leakage from stormwater drains in the built-up area
during wet season.

In the study area, the built-up space is located
downstream, while the natural slope is upstream. The
TDS of groundwater usually increase as flow path
increases. In this case, the TDS suddenly jumped
from <100 mg/l in the natural slopes to as high as
5,300 mg/l in the developed area over less than one
kilometer horizontal distance. It seems unlikely that
such TDS elevation over a short distance could be
caused solely by natural processes. Seepage waters in the
developed area are possibly mixed with high-salinity
waters. Since all the sampling locations are situated well
above the mean sea level and there is virtually no

Fig. 5 Na+, Mg2+, Ca2+, K+ concentrations plotted against Cl)

concentration in the Mid-Levels area in dry season. Open squares
and black crosses represent samples from developed and undevel-
oped slopes, respectively. The dotted lines represent the seawater
dilution line for the corresponding cation

Table 2 Pearson correlation analysis of major ions (*represent non-marine component) of seepage samples collected in natural slope in
wet season (n = 18)

Na+ * Mg2+ * K+ * Ca2+ * SiO2 NO3
) SO4

2) * HCO3
)

Na+* 1 )0.233 0.172 0.265 0.759a )0.283 )0.164 0.684a

Mg2+* 1 )0.251 0.378 )0.625a )0.048 0.798a )0.118
K+* 1 )0.103 0.292 0.538b )0.522b 0.187
Ca2+* 1 )0.132 )0.271 0.269 0.747a

SiO2 1 )0.070 )0.671a 0.531b

NO3
) 1 )0.203 )0.278

SO4
2)* 1 )0.292

HCO3
) 1

aRepresents correlation is significant at the 0.01 level (2-tailed);
bRepresents correlation is significant at the 0.05 level (2-tailed)
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groundwater pumping activity in the area, the elevated
salinity in some of the groundwater samples should not
be related to seawater intrusion. Possible factors affect-
ing the groundwater chemistry in highly urbanized
spaces are discussed in the following section.

Leakage from service pipes

It is generally believed that leakage from water mains
occurs in every urban area (Lerner 1986; Pokrovsky
et al. 1999; Norin et al. 1999; Ofwat 2000). In Hong
Kong, about 22.5% of fresh water in water mains is
leaked out (Environmental Protection Department
2002). Leaking conditions could vary considerably in
different areas depending on factors such as the age of
the water distribution system and the frequency of
replacement and repair work. It is reasonable to assume
that seepage samples collected in the built-up area may
contain a certain amount of leakage from service pipes.
Four types of service pipes have been installed in the
area: sewage pipes, flushing water pipes, drinking water
pipes, and stormwater drains. Focus will be placed on
the first three types of service pipes. Water carried in
each of them has a unique chemical signature, which is
helpful for the identification of leakage.

Sewage usually contains high levels of nitrate, phos-
phate, and/or saline ammonia. It is suggested by Lerner
and Halliday (1993) that phosphate concentration is
sensitive to pH, and it can only be used as a marker
when the pH is higher than 7 in all samples. However, in

this study, few groundwater samples were of pH higher
than 7. Therefore, phosphate concentration should be
omitted during consideration. Table 4 shows the results
of nitrate and saline ammonia measured in the devel-
oped area in wet and dry seasons.

As demonstrated by the levels of nitrate (NO3
)) and

saline ammonia (NH4
+), it seems that some seepage

waters in the developed area contained leakage from
sewage pipes. However, sewage leakage seems to be
insignificant as supported by the generally low maxi-
mum concentrations of each of the above parameters.

Fluoride is added into the drinking water in Hong
Kong to the level of 0.5 mg/l for dental protection
purpose (World Health Organization 1994). Such
0.5 mg/l of fluoride and the TDS of about 120 mg/l
could be regarded as references for the identification of
leakage from drinking water pipes. No site in the
developed area had both fluoride and TDS similar to
that of the drinking water. Certain sites had similar
fluoride levels; however, they had a much higher TDS
than drinking water. Therefore, it seems that there is no
obvious leakage from fresh water pipes in the area.
However, small-scale leakage is considered to be
occurring because zero leakage from water mains is
hardly possible in any urban area.

Seawater has been used for flushing in Hong Kong
since 1955, and after the mid-1960s in the Western Hong
Kong Island (Ho 2001). In 2001, about 80% of the
population was supplied with seawater for flushing in
Hong Kong (Water Supplies Department 2002). Many

Table 3 Pearson correlation analysis of major ions (*represent non-marine component) of seepage samples collected in natural slope in
dry season (n = 12)

Na+* Mg2+* K+* Ca2+* SiO2 NO3
) SO4

2)* HCO3
)

Na+* 1 )0.510 0.444 0.105 0.724a )0.150 )0.558 0.636b

Mg2+* 1 )0.590b 0.057 )0.355 0.310 0.745a )0.350
K+* 1 )0.212 0.227 )0.518 )0.755a 0.301
Ca2+* 1 0.377 )0.014 0.240 0.515b

SiO2 1 )0.354 )0.552 0.728a

NO3
) 1 0.712a )0.600b

SO4
2)* 1 )0.547

HCO3
) 1

aRepresents correlation is significant at the 0.01 level (2-tailed);
bRepresents correlation is significant at the 0.05 level (2-tailed)

Table 4 Summary of
parameters indicating possible
sewage pollution in wet and dry
seasons in the Mid-Levels area

*Guidelines proposed by the
European Community (1988)

Pollutant Range (mg/l) Indication of
contamination*
(mg/l)

Possibly contaminated
No. of sites (%)

Wet season NO3
) 1.14–36.60 25 6 (30)

Dry season NO3
) 1.54–31.88 25 3 (21.43)

NH4
+ 0.00–2.30 0.13 7 (53.85)
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seepage samples in the built-up area were characterized
by high TDS and dominated by Na+ and Cl) ions,
suggesting that they are possibly contaminated by salt
water in different extents. Because more samples could
be collected in wet season, the extent of leakage from
flushing water pipes in the area would be evaluated
largely based on the wet season results. The chloride
level of seepage samples ranged from 15 mg/l to
2,840 mg/l in wet season, which represents a concen-
tration of 0.08%–15% of seawater in which the Cl) level
is about 19,000 mg/l. The mean chloride level of
groundwater in the developed area was about 480 mg/l
(2.53% of seawater). No seepage was found to be
chemically comparable to seawater in the area in both
seasons. In this sense, the built-up area is generally free
from any major leakage from flushing water pipes.
However, small-scale leakage was common. As demon-
strated in Tables 5 and 6, groundwater chemistry in the
developed area seems to be significantly affected by
seawater as indicated by the strong correlation among
the major cations and chloride and sulphate, respec-
tively.

Figure 6a and 6b presents semi-log plots of sodium
and chloride concentrations in the Mid-Levels area in
wet and dry seasons, respectively. There are two dis-
tinct slopes (shown as dotted gray lines) on each of the
plots, a steep slope at low concentrations and a gentle
slope at higher concentrations. The weight Na/Cl for
the steep slope is approximately unity, greater than the
seawater ratio of 0.55. High ratios are very typical of
fresh groundwater. The bimodal slope on these plots
may imply a transition from fresh water to water
possessing a saline component (Nordstrom et al. 1989).
This reflects one of the major changes in the hydrog-
eochemical system from the natural slope to the
developed area. The plots further support that
groundwater in the built-up area is obviously affected
by seawater.

Water-rock interactions

Owing to the exceptionally high salinity of flushing
water, a small amount of leakage could effectively mask

Table 5 Pearson correlation analysis of major ions of seepage samples from developed area in wet season (n = 20)

Na+ Mg2+ K+ Ca2+ SiO2 F) Cl) NO3
) SO4

2) HCO3
)

Na+ 1 0.985a 0.966a 0.936a )0.190 )0.418 0.997a )0.055 0.982a )0.031
Mg2+ 1 0.980a 0.938a )0.222 )0.463b 0.990a )0.121 0.968a 0.005
K+ 1 0.934a )0.228 )0.468b 0.966a 0.006 0.959a 0.050
Ca2+ 1 )0.038 )0.260 0.950a )0.079 0.921a 0.108
SiO2 1 0.757a )0.169 0.028 )0.182 )0.325
F) 1 )0.400 )0.045 )0.444b )0.199
Cl) 1 )0.098 0.974a )0.035
NO3

) 1 )0.007 0.161
SO4

2) 1 )0.021
HCO3

) 1

aRepresents correlation is significant at the 0.01 level (2-tailed);
bRepresents correlation is significant at the 0.05 level (2-tailed)

Table 6 Pearson correlation analysis of major ions of seepage samples from developed area in dry season (n = 14)

Na+ Mg2+ K+ Ca2+ SiO2 F) Cl) NO3
) SO4

2) HCO3
)

Na+ 1 0.951a 0.914a 0.951a )0.263 )0.581b 0.997a 0.843a 0.973a 0.273
Mg2+ 1 0.910a 0.899a )0.302 )0.735a 0.944a 0.790a 0.945a 0.409
K+ 1 0.909a )0.396 )0.671a 0.916a 0.866a 0.898a 0.570b

Ca2+ 1 )0.224 )0.499 0.942a 0.814a 0.916a 0.330
SiO2 1 0.559b )0.252 )0.482 )0.233 )0.457
F) 1 )0.572b )0.595b )0.650b )0.547b

Cl) 1 0.851a 0.978a 0.259
NO3

) 1 0.853a 0.242
SO4

2) 1 0.229
HCO3

) 1

aRepresents correlation is significant at the 0.01 level (2-tailed);
bRepresents correlation is significant at the 0.05 level (2-tailed)
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the original groundwater chemistry. Seepage waters in
the developed area may also have undergone certain
kinds of modifications, not just mixed with the leakage
from service pipes, as indicated by their compositions. If
groundwater is solely dominated by salty flushing water,
then the next most abundant cation and anion should be
magnesium and sulphate, after sodium and chloride.
Also, the observed molar Na/Cl should be close to 0.85.
However, these are not the cases for most samples in the
developed area.

As indicated by different cation concentrations rel-
ative to Cl), the weathering of minerals and ion ex-
change processes seem to be taking place in the
developed area. The molar Na/Cl of some seepage
points in the developed area were slightly higher than
that in the natural slopes. This suggests that plagioclase

feldspar weathering continues to take place and Na+ is
added into the water. The Na/Cl could be lowered by
mixing with the leaked salty flushing water in the
developed area. Some localities even had molar Na/Cl
lower than that of the seawater, confirming that ion
exchange is occurring. Many sites had molar Mg/Cl
lower than seawater and some of them even showed
great deficiency of Mg2+ compared with seawater.
These values represent that ion-exchange processes may
significantly ‘‘remove’’ Mg2+ ions from groundwater in
some localities. It is also likely that Mg2+ is lost in the
geological environment as secondary magnesium sili-
cates (Banks et al. 1998). The weathering of minerals
and ion exchange are still process in the developed
slope. However, it seems that ion-exchange processes
became more significant in the lower part of the

Fig. 6 a, b: Semi-log plot for
sodium and chloride concen-
tration in the Mid-Levels area
in wet and dry seasons, respec-
tively
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developed area especially during dry season. More ca-
tions could be washed out and contribute to the seep-
age chemistry during wet season and/or ion-exchange
processes may be more dominant in dry season than in
wet season. The generally slower groundwater move-
ment in dry season may provide a more favorable
environment for ion-exchange processes.

Dissolution of concrete materials

When groundwater flows from the natural slopes down
to the developed area, different reactions may take
place. Some processes may lower the overall degree of
Ca2+ enrichment. These processes include (a) the loss
of Ca2+ (and HCO3

)) by calcite precipitation (Eq. 5),
as calcium deposits in the form of ‘‘tufa’’ are discov-
ered in many of the weepholes and horizontal drains in
retaining walls; and (b) dilution by leakage from water
mains in the built-up area.

Ca2þ þ 2HCO�3 ! CaCO3 þH2Oþ CO2 ð5Þ

However, many seepage samples from the developed
slopes were found to be enriched in Ca2+ to nearly the
same extent as those from the natural slopes. Therefore,
some processes may also be taking place to add Ca2+

into the groundwater. As mentioned, some sites with
molar Na/Cl and Mg/Cl lower than that of seawater
may indicate ion exchange taking place. It may be pos-
sible that Ca2+ is exchanged by Na+ or Mg2+ on clay
particles and this process may contribute part of the
observed Ca2+ in groundwater. However, according to
Figs. 4 and 5, it seems that the positive deviation of
Ca2+ from the seawater dilution line is significantly
larger than that of the negative deviation of either Na+

or Mg2+ . This indicates that the ion-exchange process
alone may not be able to account for the observed
amount of Ca2+ .

Another possible source of Ca2+ could be the
dissolution of concrete in the developed area where
much of the in-situ materials have been largely re-
placed by construction materials. The high-rise build-
ings in the Mid-Levels area contain basements and
deep foundations (with piers anchored 5 m below the

rockhead) constructed by concrete. Some of these
structures are permanently or periodically beneath
water tables. Concrete slowly degenerates when water
soaked by leaching of cement-paste compounds.
Calcium hydroxide, which constitutes some 25% of
cement paste, is found in zones on aggregate surfaces
and may precipitate in voids and cracks. It is readily
soluble in water to about 1,200 mg/l (French 1992).
The leaching of concrete by groundwater may become
more obvious if the water is acidified. Three
widely used indices were employed to assess the po-
tential aggressiveness of water towards concrete. They
are the Aggressiveness Index (AI), the Langelier Sat-
uration Index (LSI), and the Ryznar Stability Index
(RSI).

The aggressiveness index is defined as pH +
log10[Ca

2+][AlkCaCO3] (French 1992). LSI is an equi-
librium model derived from the theoretical concept of
saturation and provides an indicator of the degree of
saturation of water with respect to calcium carbonate
(Langelier 1946). LSI is calculated by the following
method:

LSI ¼ pH� pHs
pHs ¼ ð9:3þ aþ bÞ � ðcþ dÞ

where pH = )log[H+], a = [log10(TDS) ) 1]/10,
b = )13.12 · log10 (�C + 273) + 34.55, c = log10
(Ca2+ as CaCO3, mg/l) ) 0.4, d = log10 (alkalinity as
CaCO3, mg/l)

RSI attempts to correlate an empirical database of
scale thickness observation in water systems to the water
chemistry (Roberge 2000). Like the LSI, the RSI has its
basis in the concept of saturation level. The Ryznar in-
dex is calculated by:

RSI ¼ 2� pHs� pH

where pH is the measured water pH and pHs is the pH
at saturation in calcite or calcium carbonate.

From Table 7, it is clear that groundwater changes
from highly corrosive to concrete materials from the
natural slopes to less corrosive in the built-up area.
This is because the highly corrosive groundwater from
the natural area would eventually flow to the built-up
area, and concrete in foundations and other under-

Table 7 Comparison of different indices for concrete corrosion by water samples from natural slopes and developed area in wet and dry
seasons in the Mid-Levels area.

Index Natural slope Developed area Common value of ‘‘aggressive’’ water

Wet season (n = 18) Dry season (n = 11) Wet season (n = 19) Dry season (n = 14)

Al 8.04 7.70 10.35 9.89 <10
LSI )3.47 )3.89 )1.20 )1.72 <)0.5 or >+0.5
RSI 13.02 13.56 9.15 9.83 >8
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ground structures may be attacked, releasing Ca2+

which in turn causes the water to become less corro-
sive. The calculated results seem to suggest that
groundwater in dry season was generally slightly more
corrosive to concrete whether in the natural slope or
developed area. This may be because the pH of rain-
water in dry season is generally lower than that in wet
season, as stated previously. The more acidic rainwater
in dry season may increase the corrosiveness of
groundwater and thus more Ca2+ may be leached from
concrete. In dry season, the highly corrosive ground-
water and the generally low groundwater table might
cause corrosion of deep foundations, which may neg-
atively affect the structure of high-rise buildings in the
study area accordingly. Groundwater usually moves
more slowly in dry season because of the lower
hydraulic gradient. This may increase the time of
contact between groundwater and concrete and in-
crease the amount of Ca2+ leached out. Moreover, as
suggested, ion-exchange processes seem to be more
effective in dry season and more Ca2+ may be released
from clay particles in this way.

Conclusion

By investigating the major ion chemistry of groundwater
collected from natural slopes and highly urbanized
spaces in a coastal area in Hong Kong, the major nat-
ural and anthropogenic processes affecting the ground-
water chemical system may be defined.

In the natural slopes, groundwater chemistry is
mainly controlled by water-rock interactions, particu-
larly plagioclase weathering. The weathering of K-feld-
spar and biotite may take place to a lesser degree due to
the short groundwater residence time and the high
resistance of these minerals towards weathering. Limited
and localized ion-exchange processes and the decom-
position of plant materials also occur. In general, the
TDS in groundwater samples collected in wet season was
higher than that in dry season. The highly diverse hyd-
rochemical facies in both seasons may imply the high

heterogeneity and complex geological environment of
the slope.

In the developed area, many groundwater samples
were contaminated to various extents by leakage from
service pipes, including sewage, fresh water, and
flushing water pipes. Small-scale leakage from service
pipes was common in the area but no major leakage
was noticed. This finding is useful for the Water Sup-
plies Department of the Hong Kong Government to
further reduce the amount of leakage in the area. Using
chloride as a normalizing factor, it seems that the
weathering of plagioclase feldspar occurred in the
developed area, adding Na+ ions to the groundwater.
As indicated by Na+ and Mg2+ ions, ion-exchange
processes could also change the water chemistry sig-
nificantly. The ion-exchange process appears more
significant in the lower part of the developed area and
in the dry season. Ca2+ ions may add to groundwater
through the process of dissolution of subsurface con-
crete materials, since groundwater in the natural slopes
is strongly corrosive to concrete in the developed area.
Water samples in dry season were slightly more cor-
rosive to concrete. Such corrosive groundwater may
attack the deep foundations of buildings since the
water table is relatively low during dry season. This
finding may be instructive for foundation designs in the
area. Excess Ca2+ may deposit in dewatering systems
such as horizontal drains installed in cut slopes. This
may adversely affect their performance in lowering high
water tables.

Besides the implications stated, the results presented
may also have a reference value to other highly
urbanized coastal areas in the world for the identifi-
cation of possible groundwater contamination
sources. This may aid in groundwater resources
management.
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