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There are many emerging reports that submarine groundwater discharge (SGD) may con-
tribute much nutrient to the coastal zone (Taniguchi et al., 1993, 2002; Church, 1996; Burnett,
et al., 2001, 2003; Zhang and Satake, 2002; Kim et al., 2003). Chen (2002) has also suggested
that alkalinity generated on the continental shelves may be as important as those generated in
the global open oceans. SGD may be an important source of alkalinity and carbon to the conti-
nental shelves but the current biogeochemical models (e.g. Chen and Wang, 1999) do not prop-
erly include contributions from SGD because of the lack of data. In fact, SGD has not been
measured in most coastal areas of the world. No such data have been published in Southeast
Asia where rainfall is abundant and SGD is to be expected.

The subtropical island of Taiwan enjoys a high rainfall (av. 2,515 mm or 90x 10°m’a year
between 1949 and 1990 for the island of 35,873 km® in size). However, the areas of steep moun-
tain terrain above 1,000 m elevation cover 32% of the island and 156 peaks stand taller than
3,000 m. Further, hills and terraces between 100 and 1,000 m elevation comprise 31% of the is-
land. Because of the rough topography, rivers are short and most rainwater reaches the oceans
within a very short time. As a result, rivers supply only one third of the total water consumption
on Taiwan. As reservoirs are all small, combined together they account for only one fourth of the
water supply. The major source of freshwater turns out to be groundwater. The usage of ground-
water started in 1923 when the Taiwan Sugar Co. drew water in the Pingtung Plain in south-
western Taiwan. Over two hundred thousand wells have since been drilled. Unfortunately, such
groundwater pumping amounts to over 7x 10°m®a year compared to an annual recharge rate of
merely 4x 10°m® (Wei, 2000; Chen et al., 2004a).
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Because of overdrafting of groundwater, especially in the flat coastal plains in western Tai-
wan, over 1,000 km® of coastal land has subsided and seawater has started to intrude since 1980
(CGS, 2002). It is thus understandable that no one has attempted to directly sample the SGD in
Taiwan although there are indications based on oceanographic or groundwater balance data
that SGD may exit (CGS, 2002; Lin et al., 2003). Groundwater balance data, however, are highly
variable and signals based on water column measurements in the oceans are weak. The present
authors believed that, at least, there should be isolated places in Taiwan where there is a sur-
plus of groundwater. In addition, even when there is an overdrafting of groundwater on the an-
nual basis, during the raining season there maybe a surplus of groundwater which may find its
way into the oceans. It was thus decided to do an exploratory investigation of SGD in Taiwan.
Preliminary Results
(1) Kaohsiung City

Borosilicate glass ampules with valves on both ends were buried in sand at several places
along a section of the Kaohsiung Coast (Fig. 1, A) from low tide on 22 July to low tide on 23 July,
2004. These ampules were placed at a water depth of about 30 cm when the water reached the
lowest level, and the water depth was about 70 cm at high tide. The salinity of three samples
collected at Xiziwan where a small creek enters averaged 1.85+ 2.29 below the seawater above.
Three samples collected at Shousan where there is no riverine outflow averaged 1.09+ 1.09
lower than the overlaying seawater.

The average NO;, NO., PO, and SiO. were, respectively, 2.8+ 4.6, 0.5+ 0.9, 1.76+ 1.65 and
18.5+ 23.4p mol/kg higher than the seawater at Xiziwan. At the Shousan site the average NOs,
NO., PO, and SiO. were, respectively, 1.8+ 0.8, 0.07+ 0.08, 0.19+ 0.18, and 34+ 41y mol/kg
higher than the overlaying seawater. The average pH was 0.26x 0.17 lower at Xiziwan, and
0.18% 0.01 pH units lower at Shousan. The above experiment was repeated at Shousan between
the low tides on 2 August and 3 August, 2004. Samples from four ampules averaged 0.74+ 0.06
and 0.30% 0.48, respectively, lower than the overlaying seawater in terms of salinity and pH.
On the other hand, the average NO;, NO., PO, and SiO, of the four samples were 6.4+ 9.0, 0.34
+ 0.25, 0.19% 0.08, and 33.3+ 18.9u mol/kg higher than the seawater. These were the first indi-
cations that some fresher but nutrient-rich groundwater may have seeped out of the ocean floor
at the sampling site.

Results based on buried ampules were confirmed on 3 Aug. 2004 when a SGD collecting de-
vice (Zhang and Satake, 2003) was employed at Xiziwan. A replicate of five samples were taken
at a water depth of about 40 cm and the salinity varied between 19.7 and 22.8. The composite
SGD sample had the salinity 11.82 lower than the overlaying seawater, and the pH was 0.14
lower. On the other hand, the PO, and SiO: of the SGD were, respectively, 0.55 and 239y mol/kg
higher. Another SGD sample taken at about 50 cm water depth yielded a salinity only 2.67
lower than the seawater. The NO; (62.1y mol/kg) and NO. (1.61y mol/kg) concentrations, how-
ever, were much higher than the seawater (NO;O 2.70, NO.[1 0.55u mol/kg). In fact, a freshwa-
ter well only about 40 m from the shoreli ne has similar NO; and NO. concentrations as the
SGD. More detailed studies are needed in order to elucidate the interplays among groundwater,
well water, outflow from the creek, seawater and the SGD. Real time conductivity measure-
ments in the Tomidai-SGD flux chamber (Zhang and Satake, 2003), however, confirmed that
fresher SGD indeed seeped out.

(2) Kaoping River Estuary

The Kaoping River, with a drainage area of 3,257 km” and a mean annual runoff of 8.5x 10°
m’, is the largest in Taiwan and is the major water resourceof the Pingtung Plain (Fig. 1, B). No
low-salinity SGD sample was taken but the flux chamber indicated that fresher water indeed
seeped out at the Linyuansite. Seawater intrusion has frequently been reported for this area. As
the sampling was done during the rainy season how representative it was remains to be studied.
(3) Fangsan

The small town of Fangsan (Fig. 1, C) is located at the southern end of the Pingtung Plain
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where severe seawater intrusion has been reported (e.g. Peng et al., 2000). Essentially pure
groundwater was first sampled on 5 August, 2004, 300 m off the coast of Fangsan at a water
depth of 7.8 m (Fig. 2). This sample had a salinity of 0.2 which is even lower than the typical
lake water (SO 0.5) in Taiwan (Chen et al., 2004b). Fifty meters south and north of this site,
hereby named St. Eureca, the SGD was sampled at a similar depth and the salinities were, re-
spectively, 2 and 5.6. Fifty meters further north the SGD hada salinity of 28. Two additional
SGD samples were taken between St. Eureca and the coast. The one 50 m away from the coast
(water depth 3 m) had a salinity of 3.2 and the one 200 m from the coast (water depth 6.4 m) had
a salinity of 12.3.
(4) Jinshawan and Yanliao

A few SGD samples with salinity as low as 24.8 and nitrate 75 times higher than the seawa-
ter value were taken (Fig. 1 D: Jinshawan; E: Yanliao), and the flux chamber detected SGD
seepage. The results will be reported elsewhere.
Conclusions

Although samples are still being analyzed, it may now be safely concluded that even in Tai-
wan where groundwater is highly overdrafted, SGD exists. The present authors of course chose
the sites where SGD was most likely to be found, and samples were taken during the raining
season. Nevertheless, it is important to point out that even near the Kaoping River estuary
where seawater intrusion has frequently been reported, submarine discharge of groundwater,
perhaps recirculated, still occurs. A large scale investigation is warranted.
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Table] Average chemical data of seawater, river
water, well water and SGD collected at

Xiziwan.
Sal. pH NO; NO, PO, SiO,
Seawater (am) 32.605 8.03 1.93 0.66 0.52 22.10
(pm) | 32769 | 7.82 3.46 0.44 033 | 51.90
River water 0.518 7.64 24.3 11.5 45.0 208
Well water 0.543 7.51 58.4 0.65 0.12 335
SGD composite | 20.861 7.79 - - 0.98 276
(40 cm water depth)
SGD composite 30.020 8.03 62.1 1.61 0.75 182
(50cm water depth)
-: Outlier
Depth-++6.4m Depth---7.8m /\’B
Salinity-++5.6 Salinity---0
P . a—Y
50m 50m
Depth+++7.8m
100m Salinity-+-2.2
Depth---6m ~ \
Salinity---12.3

Depth---4m
200m Salinity- - +3.2
5-/
X[N22° 15°58.2”

E12° 39'09.0”

Detailed illustration of the SGD sampling
and experiments of SGD-Flux Chamber in
Fangsan.
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