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Summary 
 
Industrial and agricultural development and urbanization in coastal regions will lead to 
an increase in demand for water from groundwater reserves. However, it should be 
remembered that groundwater in coastal aquifers is more vulnerable to ill-effects arising 
from excessive exploitation than that in aquifers with a natural freshwater hydrological 
recharge. These adverse effects include land subsidence and seawater intrusion into 
freshwater aquifers; these problems, when established, are almost irreversible and may 
result in disasters and in deterioration of the hydrological environment. Even though the 
cost of groundwater exploitation is often low compared with that of developing other 
water resources, all exploitation of groundwater from coastal aquifers must be carefully 
planned. This article explains the vulnerability of groundwater in coastal aquifers and 
the fundamental characteristics of saline water movement. Several related technological 
elements of managed coastal groundwater abstraction, such as subsurface dams and 
desalination plants, are also considered. 
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1. Land Subsidence 
 

 
 

Figure 1. Locations of coastal aquifers studied in this article. 
 

One of the typical adverse effects of groundwater exploitation from coastal aquifers is 
subsidence of the aquiclude, which consists of unconsolidated soils like clay and silt. 
This subsidence occurs mainly in alluvial plains close to the coast, where the 
groundwater is utilized by industry and agriculture and for drinking water. A reduction 
in water pressure in the soft clay or silt of the aquiclude due to excessive groundwater 
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extraction results in consolidation of the aquifer. An example of such land subsidence is 
that in Saga Prefecture, Japan. Figure 1 shows the location of Saga Prefecture together 
with that of other coastal areas to be studied in this article. In the Saga region, close to 
the Ariake Sea (Figure 2), groundwater is used intensively because of the scarcity of 
surface water. Irrigation water for rice production and drinking water cannot be supplied 
from surface water alone. 
 
The multilayered aquifer itself consists of alternating layers of gravel, sand, clay, and 
silt. The thick upper layer termed Ariake clay, composed of marine clay and Holocene 
silt deposits, is about 20 m thick and very soft and cohesive. By contrast, the Pleistocene 
layer below consists of sand and gravel, while containing some volcanic ash. This layer 
ranges from 50–200 m below the ground surface and is a major aquifer, exploited by 
many wells. 

 

 
 

Figure 2. Saga Prefecture: total land subsidence, February 1972–February 1999. The 
lines represent the contours of land subsidence, the dots represent groundwater and 

ground-level monitoring stations. (Courtesy of Saga Prefecture Office, 1999.) 
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Exploitation of groundwater started in the 1950s due to an increased demand for 
irrigation and drinking water. Groundwater and land-level monitoring started when land 
subsidence was first observed in 1958. Figure 3 illustrates how groundwater extraction 
has led to land subsidence. The land elevation varies, following (after a time lag) 
seasonal groundwater drawdown. The lowest level corresponds with peak groundwater 
extraction during the period of paddy field irrigation. Land subsidence in 1994 was 
particularly serious as a result of the most severe drought on record. Because of a 
shortage of the irrigation water usually supplied from rivers and ponds, groundwater 
was extracted at volumes almost three times larger than for a normal year. Land 
subsidence reached approximately 16 cm in 1994, almost four times the 3.7 cm yearly 
average of the previous four years. 

 

 
 

Figure 3. (a) Change in the elevations of groundwater head (m) and land surface (cm) in 
Saga Prefecture, Japan. (b) Groundwater extraction for the drought year of 1994 in 

Shiroishi Town. 
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Excessive exploitation of groundwater, as in this case, may lead to irreversible land 
subsidence. Flooding can easily take place if a heavy storm affects the areas of 
subsidence, and the floodwater will persist for a long time within them. Severe damage 
is unavoidable. 
 
2. Seawater Intrusion 
 
2.1. Nature of the Problem 
 
Another problem affecting coastal aquifers is seawater intrusion. Its major causes 
include groundwater extraction rates exceeding rates of recharge, groundwater level 
drawdown caused by construction works in the fresh groundwater zone, or seawater 
level rise. 
 
According to the US Geological Survey (<http://ga.water.usgs.gov/edu/saline.html>), 
saline water may be classified in terms of its salt content as follows: 
 

 freshwater: less than 1000 mg L–1; 
 slightly saline water: 1000–3000 mg L–1; 
 moderately saline water: 3000–10 000 mg L–1; 
 highly saline water: 10 000–35 000 mg L–1; 
 ocean water: over 35 000 mg L–1. 

 
Since saltwater is harmful to plants, corrodes metal and concrete, and is unpleasant to 
drink, concentrations of chloride must be controlled. In Table 1, values of admissible 
chloride ion concentrations for different water uses in the United States are set out. As 
can be seen from the detailed explanations of the chloride concentrations permitted for 
drinking water, plants, and industrial uses at 
<http://agnews.tamu.edu/drought/DRGHTPAK/SALITAB9.HTM>, it is clear that 
management of coastal aquifers to avoid seawater intrusion is important. 

 
Drinking water Irrigation water (mg L–1 TDS) Industrial water (mg L–1 TDS) 

250 mg L–1 
chloride 

500–1000 
(dependent 
upon crop 
sensitivity) 

250 mgL–1 
chloride 

Brewing: 500~1000 
Pulp and paper: 200~500 
Boiler feed water: 50~3000 
Canning/freezing: 850 

Source: <http://h2osparc.wq.ncsu.ed/info/salinity.html> 
 

Table 1. Examples of chloride concentration and TDS regulations in the United States 
 
2.2. Geochemical Analysis of Saline Water in an Aquifer 
 
The relationship between electric conductivity (EC) and dissolved ions up to around 
2000 μ S cm–1 for 25℃ water may be approximated by: 
 

)(100100)( 11 ∑∑ −− ×=×= meqLcationsanionscmSEC μ  (1) 
 



UNESCO – 
EOLS

S

SAMPLE
 C

HAPTERS

GROUNDWATER – Vol. II – Coastal Aquifer Development - Jinno K. 

©Encyclopedia of Life Support Systems (EOLSS) 

On the other hand, the total dissolved solid (TDS) can be also correlated to EC, as 
shown by Eq. (2) (<http://h2osparc.wq.ncsu.edu/info/salinity.html>): 

64/)()( 11 −− = mgLTDSSmEC μ  (2) 
 
Here, the unit μS m-1 represents the magnitude of conductivity of electric current per 1 
meter, and “S” refers to “Siemens”. Whichever relation is used, EC increases with ion 
concentration. Since, as will be demonstrated later, seawater is contaminated by ions, 
seawater intrusion cannot be discerned by measuring EC. TDS, however, increases with 
the presence of any ions, even those not predominantly dissolved in seawater, so it is 
insufficient to draw conclusions regarding the cause of seawater intrusion using EC 
alone. To clarify the nature of the intrusion, a geochemical analysis of water sampled 
from boreholes is necessary. 
 

 
 

Figure 4. Trilinear classification diagram of groundwater chemistry (after Fetter, 1988; 
data A, B, and C from Yamamoto, 1983) 

 
A trilinear diagram is often used as one method to distinguish seawater intrusion from 
unaffected ordinary groundwater. A trilinear diagram, as shown in Figure 4, is made by 
plotting the major cations and anions which are dissolved in the fresh and saline waters. 
The symbols I, II, III, and IV represent distinct regions that characterize the 
groundwater quality. Generally, region I is dominated by calcium as cation and 
bicarbonate as anion. This type of groundwater is typically found in unconfined aquifers. 
The dominant anion in this region, bicarbonate, originates from the dissolution of 
carbon dioxide in the air. In region II, sodium is more dominant than calcium. This type 
of groundwater is found in confined aquifers. Region III represents a situation in which 
bicarbonate is replaced by sulfate ions.  
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Component A. Spring water in Shougawa Fan B. Groundwater in the coastal aquifer of Imizu Plain C. Sea water of Toyama Bay 
 mg L-1 meq L-1 % mg L-1 meq L-1 % mg L-1 meq L-1 %

Na 4.7 0.20 18.02 19.82 3090 134.0 54.32 55.78 10560 470.0 77.37 79.02 
K 0.7 0.02 1.80 139 3.6 1.46 380 10.0 1.65
Ca 13.7 0.68 61.26 80.18 922 46.1 18.69 44.22 400 20.5 3.37 20.98 
Mg 2.6 0.21 18.92 769 63.0 25.54 1270 107.0 17.61

Total of cations 21.7 1.11 100 4920 246.7 100 12610 607.5 100 

HCO3 57.3 0.94 81.03 81.03 116 1.9 0.76 0.76 130 2.34 0.39 0.39 

Cl 3.4 0.10 8.62 18.97 813 229.0 91.53 99.24 18980 548.00 90.30 99.61 

SO4 6.0 0.12 10.34  928 19.3 7.73  2650 56.50 9.31  

Total of anions 66.7 1.16 100 1157 250.2 100 21760 606.84 100 
Note: The unit meq L-1 is often used to calculate the ion balance. “meq” refers to milliequivalent, 1/1000 of equivalent. 

 
Table 2. Groundwater quality (from Yamamoto, 1983) 
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Finally, region IV is affected by saline water typical of the coastal aquifers where 
seawater intrusion is in progress. Fossil groundwater, hot springwater, and water 
drained from mines also show similar characteristics, however. Figure 4 shows the data 
set A, B and C presented in Table 2 on the trilinear diagram. The groundwater sampled 
at point B is similar to seawater, although it is slightly mixed with freshwater as seen 
from the trace presence of calcium and increased magnesium. Another simple way to 
assess the presence of seawater is by comparing the ratio of chloride ions with the sum 
of carbon dioxide and bicarbonate ions )/( 3

2
3

−−− + HCOCOCl . 
 
The chemical properties of groundwater in reclaimed or lowland coastal aquifers are 
influenced by several factors, including the aquifer materials in contact with the water, 
the origin of water, contact time , and regional geological history. Careful investigation 
is therefore necessary. Many detailed analyses of how groundwater is affected by 
seawater intrusion can be found in the literature. 
 
- 
- 
- 
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