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Abstract The Japanese government started to construct
two subsurface dams on Miyako Island in 1988, and the
project was completed in 2001. Before the construction of
the dams, the NO3-N concentration of groundwater on the
island was about 10 mg/l, the upper limit for drinking water
in Japan, owing to the application of fertilizer to sugarcane
fields. Predicting the effect of these subsurface dams on
the groundwater environment was difficult because they
were probably the first mega-subsurface dams in the world.
We measured the NO3-N concentration in the groundwa-
ter at observation wells before and after construction of the
Sunagawa Dam and after the groundwater began to be used.
We also measured the NO3-N concentration monthly at a
typical observation well in the catchment over a period 14
years to evaluate the environmental impact of construction
of the dam. The highest NO3-N concentrations were down-
stream before completion of the subsurface dam, and a
high NO3-N concentration zone remained around the cut-
off wall after its completion, but this high-concentration
zone disappeared and the distribution of NO3-N became
uniform after pumping of the groundwater began. Overall,
the NO3-N concentration decreased gradually. These re-
sults show that the groundwater quality did not deteriorate
as a result of the construction of the Sunagawa Subsurface
Dam.

Keywords Mega-subsurface dam . 3H . Limestone .
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Introduction

A subsurface dam stores groundwater in the pores of strata
and makes sustainable water use possible. Subsurface dams
able to store 103–104 m3 of groundwater have been con-
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structed previously using available technology and put to
practical use in dry regions in Africa, India, China, and
elsewhere (Hanson and Nilsson 1986)

Recently, however, a new civil engineering technology
called the mixed-in-place slurry-wall method has made
it possible to construct subsurface dams able to store
1 million m3 or more of groundwater (mega-subsurface
dams) in locations such as in the Ryukyu and Amami Is-
lands, southwest Japan, where geological and hydrolog-
ical conditions are suitable (Nagata et al. 1993). These
islands consist of highly permeable Quaternary Ryukyu
limestone. The Japanese government started to construct
the first mega-subsurface dam, the Sunagawa Subsurface
Dam, on Miyako Island in 1988. Construction was com-
pleted in 1993, and the groundwater reservoir became fully
recharged in 1995. Since 2001, a large amount of ground-
water has been pumped up to use for irrigation from more
than 100 tube wells.

The concentration of NO3-N in the groundwater on the
island was about 5 mg/l in 1975, but it subsequently in-
creased because of the application of fertilizer to sugarcane
fields (Kondo et al. 1997). Before the construction of the
subsurface dam began, the concentration of NO3-N in the
groundwater had reached about 10 mg/l, which is the upper
limit for drinking water in Japan in 1988. A subsurface dam
drastically changes the groundwater level and groundwater
flow from the natural condition. Groundwater quality, espe-
cially nitrate contamination and possible changes in nitrate
levels caused by the subsurface dam, is one of the most im-
portant concerns of the people of Miyako Island because
groundwater is the only water source on the island. There-
fore, they requested that the effect of the National Irrigation
Project and of the construction of mega-subsurface dams
be evaluated and that changes in the NO3-N concentration
in groundwater be predicted. However, it was difficult to
predict the effect that these mega-subsurface dams would
have on the groundwater environment because these mega-
subsurface dams are unique; the natural groundwater flow
system had not been altered to this extent anywhere in the
world previously (Imaizumi et al. 2002).
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Fig. 1 Map of the study area

We evaluated the effect of the Sunagawa mega-
subsurface dam on nitrogen contamination of the ground-
water on Miyako Island by monitoring NO3-N at observa-
tion wells from the planning stage through the period of
dam construction, and after the stored groundwater began
to be utilized.

Geological and hydrogeological setting

The Ryukyu Islands, which include Miyako Island, are
distributed in an arc from south of Kyushu to Taiwan (Fig.
1). The Ryukyu Trench, with a maximum water depth of
7000 m or more, east of the Ryukyu Islands is a subduction
zone, where the Philippine Sea plate is being subducted
beneath the Eurasian plate. Because of their location in this
tectonically active region, the Ryukyu Islands are being
uplifted, and several levels of marine terraces characterize
the islands. A reef-facies deposit called the Ryukyu
limestone is an uplifted Quaternary limestone found
throughout the Ryukyu Islands (Hori and Kayane 2000).

Miyako Island, which is located about 2000 km south-
west of Tokyo, is in the subtropical zone; the annual average
of temperature is 23◦C, of humidity 80%, and of precipi-
tation 2200 mm (Fig. 1). Topographically, it is a relatively
flat plateau, and its highest point is 113 m above mean sea
level (a.s.l.). About 57% of the total land area of 158 km2

is used for agriculture, and 14% is forested. Field crops
account for 82% and animal husbandry products for 18%
of agricultural production. Sugarcane and tobacco are the
main field crops (JGRC 2001). Both rainfed and irrigated
agricultural systems were used before construction of the
subsurface dams. This island is subject to drought in years
when few typhoons occur because most precipitation is
brought by sporadically occurring typhoons.

The island geology consists of the highly permeable
Quaternary Ryukyu limestone group overlying basement
mudstone of the Tertiary Shimajiri group (Fig. 2). The
limestone is covered with a lateritic clay soil with a thick-
ness of 0.5–1 m. The Ohnokoshi clay, which is 0–10 m
thick, is found in depressions on the Ryukyu limestone.

This clay has been reworked from a lateritic clay soil de-
veloped in the basement mudstone.

The Shimajiri group, which is the hydrogeological base-
ment, is estimated to be at least 2000 m thick, and its
hydraulic conductivity is less than 1.0 × 10−7 m/s (JGRC
2001). The average hydraulic conductivity of the Ryukyu
limestone is 3.54 × 10−3 m/s, and its effective porosity is
about 10% (Imaizumi et al. 1988). Good aquifers are com-
mon in the Ryukyu limestone, but where the lateritic or
Ohnokoshi clays have flowed into the pores of the lime-
stone, its permeability is decreased (Ishida et al. 2003).
In the catchment area of the subsurface dams the Ryukyu
limestone is 20–50 m thick.

Miyako Island is divided into 23 catchments by the many
faults, which are oriented from northwest to southeast, dis-
tributed throughout the island (Okinawa General Bureau
1982). The southern part of island exhibits a cuesta topog-
raphy inclined toward the west (Fig. 2). The fracture zone
has not developed around these faults, which are imper-
meable due to diagenesis. The basement topography has
several underground valley-shaped structures between the
faults; these valleys are suitable sites for subsurface dam
construction (Ishida et al. 2003).

The Shirakawada catchment differs from the catchments
in the southern part of the island (Fig. 2). The ground-
water basin in the Shirakawada area resembles half of
a bowl that is bounded on the west by a northwest–
southeast-trending fault. Groundwater stored in the basin
flows out at its northeastern edge as the Shirakawada
springs.

National irrigation project

In 1988, as part of the National Irrigation Project, the
Japanese government proposed the construction of two
subsurface dams, the Sunagawa and Fukuzato dams, on
Miyako Island to develop the groundwater resources of the
island for agriculture. The total capacity of these two dams
is about 20,000,000 m3. Table 1 shows the specifications
of the two subsurface dams. Two auxiliary dams to prevent
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Fig. 2 Geological section and
basement contour map of the
study area

leakage of groundwater over the low basement ridge were
constructed as part of the Fukuzato Dam Project. Con-
struction began on the Sunagawa Subsurface Dam in 1988,
it was completed in 1993, and the groundwater reservoir
became fully recharged in 1995. The construction of the
Fukuzato Subsurface Dam started in 1994, was completed
in 1996, and the reservoir was fully recharged in 1998.

The cut-off walls of the subsurface dams were built with
the mixed-in-place slurry-wall method (Ishida et al. 2003).
The groundwater is pumped up from 147 tube wells and
then stored in farm ponds (water tanks), which supply the
pipeline system that serves the entire island.

With the completion of the project in 2001, groundwater
from the subsurface dams began to be used for irrigation.
Pumpage from the Sunagawa Subsurface Dam was 2.7 mil-
lion m3 in 2001, 4.8 million m3 in 2002, and 5.0 million m3

in 2003. Groundwater levels remained higher than the full
water levels (31 m a.s.l.) during this time period. The con-
struction of the cut-off wall of the Sunagawa dam decreased
the thickness of the unsaturated zone in the deepest part of
the reservoir area from 38 to 13 m and the hydraulic gradi-

ent from 0.0067 to 0.00012 m/m. In the case of the Fukuzato
Dam, the thickness of the unsaturated zone decreased from
26 to 5 m, and the hydraulic gradient decreased from 0.0059
to 0.0026 m/m. The groundwater flow velocities also de-
creased (Table 2).

Methods

The underground topography of the basement in the Suna-
gawa catchment was determined from borehole data from
30 to 40 points/km2 (Fig. 3). The catchment is bounded
on its upstream end by an underground topographic ridge
and on either side by faults. The groundwater flows south-
east from the ridge, toward the Pacific. Land use in the
catchment is for sugarcane fields, except for a small vil-
lage 1.5 km upstream from the dam. Groundwater samples
were collected from seven groundwater observation wells
in 1993, from 39 in 2000, and from 40 in 2003. The ground-
water collection depth was 5 m below the groundwater ta-
ble in 1993 and 2000, and 5, 10, 20, and 30 m below the

Table 1 Specifications of the
two subsurface dam systems

Sunagawa Dam Fukuzato Dam
Main dam Main dam Auxiliary dam 1 Auxiliary dam 2

Maximum dam height (m) 50.0 27.0 21.0 6.0
Dam length (m) 1,677 1,790 786 332
Elevation of crest (m a.s.l.) 31.0 46.0 46.0 46.0
Basin area (km2) 7.2 12.4
Total capacity (m3) 9,500,000 10,500,000
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Table 2 Comparisons of hydrogeological conditions before and after construction of the subsurface dams

Sunagawa Dam Fukuzato Dam
Before construction

Before construction (1988) After construction (2001) (1988) After construction (2001)

Groundwater level (m a.s.l.) 7.94 32.17 25.43 46.29
Groundwater level (m below
the ground surface)

37.59 13.36 25.52 4.72

Maximum aquifer thickness
(m)

26.38 50.6 5.16 25.96

Hydraulic gradient 0.0067 0.00012 0.0059 0.0026
Groundwater flow velocity
(m/day)

5.8 0.10 5.1 2.2

groundwater table in 2003. In 2003, the groundwater sam-
ples were sequentially collected from shallow depths with
a bailer. In addition, long-term monitoring of NO3-N levels
in the groundwater was performed from 1988 to 2001 at
observation well 87-SB-9 (SB), located near the Sunagawa
subsurface cut-off wall. The groundwater samples from
well SB were collected from 5 m below the groundwater
table. The collected samples were analyzed for NO3-N,
NO2-N, and NH4-N by using ion chromatography (ICA-
2000, TOA DKK Ltd., Tokyo, Japan).

Tritium concentrations were measured in the Shi-
rakawada catchment at observation wells B1, B2, and B3 to
study the mixing of groundwaters under natural conditions
(Fig. 2). In September 1992, groundwater was sampled at
5-m intervals by using a pump at each observation well.
Tritium concentrations were analyzed by the method of
Kimura (1971) and reported in tritium units (TU). A preci-
sion of ± 5–10% was obtained by routine analysis.

Fig. 3 Sampling points

Results

NO3-N concentration in groundwater

Most nitrogen occurred as NO3-N; NO2-N and NH4-N con-
centrations were negligible. In 1991, 2 years before com-
pletion of the Sunagawa Subsurface Dam, NO3-N ranged
from 7.0 to 11.9 mg/l (Fig. 4). The concentration of NO3-N
tended to increase from the upstream to downstream ar-
eas, although the data were limited. The concentration of
NO3-N was highest around the dam.

In 2000, 7 years after the completion of the Sunagawa
Subsurface Dam, NO3-N ranged from 2.69 to 9.75 mg/l,
with a mean of 6.38 mg/l (Fig. 5). The highest concen-
trations were at the downstream end of the catchment
before completion of the subsurface dam, and the high-
concentration zone remained near the cut-off wall after its
completion.

Fig. 4 Distribution map of NO3-N at 5 m below the groundwater
table in 1991
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Fig. 5 Distribution map of NO3-N at 5 m below the groundwater
table in 2000

In 2003, 2 years after the groundwater began to be used
for irrigation, NO3-N ranged from 2.14 to 8.34 mg/l, with
a mean of 5.77 mg/l (Fig. 6). The high-concentration zone
near the cut-off wall observed in 2000 had disappeared by
2003.

Near the village, NO3-N in 2000 ranged from 2.69 to
6.11 mg/l (mean, 4.76 mg/l), which was lower than that
in the surrounding area (Fig. 5). In 2003, NO3-N beneath
the village was 3.29–6.04 mg/l (mean, 4.71 mg/l), and it
was still lower than in the surrounding area (Fig. 6). These
results can be explained by assuming that the area with
sugarcane fields was relatively less in the village than else-
where.

Figure 7 shows the NO3-N concentrations in 2003 along
a transect extending from the Sunagawa cut-off wall to
2000 m upstream. Intake pumps were installed in the tube
wells that were distributed from near the cut-off wall to
750 m upstream. From 2001 to 2003, a total volume of
12.5 million m3 of water was pumped, corresponding to
134% of the total capacity of the subsurface reservoir.
The NO3-N concentration was comparatively homoge-
neous with depth, except in a small area near the village.
However, the NO3-N concentration tended to be low, from

Fig. 6 Distribution map of NO3-N at 5 m below the groundwater
table in 2003

5 to 7 mg/l, in the area where the pumps were installed
and the unsaturated zone was in limestone, and it tended to
be high, from 8 to 10 mg/l, in the area without pumps
and where the unsaturated zone was in the Ohnokoshi
clay.

Figure 8 shows fluctuations of the NO3-N concentration
in the groundwater sampled at observation well SB from
1988 to 2001 (bold line). The monitoring period was di-
vided into three stages to examine the impact of the subsur-
face dam on the groundwater environment: before comple-
tion of the subsurface dam (1988–November 1993), after
completion but before the reservoir was fully recharged
(December 1993–September 1995), and after the reservoir
was fully recharged and recharged water overflowed (Oc-
tober 1995–February 2001).

The pattern of fluctuation of the NO3-N concentration
can be characterized by a main component (dotted line)
and an accessory component (thin lines) (Fig. 8).

The main component describes the overall trend of the
NO3-N concentration, which decreased from 12.0 mg/l in
1988 to 8.2 mg/l in 2001. This decreasing trend of NO3-N
has been reported in groundwater of catchments without
subsurface dams as well (Tashiro and Takahira 2001); thus,

Fig. 7 Distribution of NO3-N
in 2003
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Fig. 8 Fluctuation of NO3-N in groundwater of the catchment of
the Sunagawa Subsurface Dam

it is the general trend on Miyako Island. It is notable that
this trend was not affected by the construction of the Suna-
gawa Subsurface Dam, even though long-term monitoring
data are available only for the period before and after con-
struction of the dam.

The accessory component is represented by the height of
the interval between a line drawn through the concentration
maxima and one drawn through the concentration minima
(Fig. 8), and it reflects monthly changes in the NO3-N
concentration. This value tended to decrease from the first
monitoring stage to the third stage.

Table 3 shows the mean, variance, standard deviation,
and relative standard deviation of NO3-N concentration
in groundwater at SB during the three stages. The mean
concentration decreased slightly from stage to stage. The
variance, standard deviation, and relative standard devia-
tion had decreased by at least one half by the third stage.
These trends reflect the effects of recharge from rain, of
construction of the subsurface dam, and of full recharge
(see Sect. Discussion).

Tritium concentrations in the Shirakawada catchment

Tritium (3H) concentrations in precipitation in Japan have
been fairly well established, so the natural tritium con-
centration in the precipitation was assumed to be about
10 TU (Takashima 1991; Ishida et al. 2005). After nuclear
testing in 1952, the tritium concentration in precipitation
abruptly increased, reaching its maximum value in 1963.
Afterward, it decreased steadily. It has now returned almost
to its pre-1952 level. Figure 9 shows the vertical distribution
of tritium in groundwater of the Shirakawada catchment in
1992. The 3H concentration in B3 and B2 was 5.8–7.7 and
6.8–7.1 TU, respectively.

It must be stressed that there is no correlation between
sampling depth and 3H concentration. From the viewpoint

of groundwater flow systems, the potential (head) decreases
with increasing depth in the recharge area, so the flow is
downward, and the head increases with increasing depth
in discharge areas, so the flow is upward (Toth 1963). The
region between the recharge and discharge areas, where the
equipotential lines are vertical or near vertical, is called the
region of lateral flow. Tritium concentrations are expected
to decrease with depth in the recharge area, and in the
discharge area, they are expected to increase with depth.
The patterns of change in 3H concentrations at B2 and
B3 (Fig. 9) suggest that the study area in the Shirakawada
catchment is a region of lateral flow.

The average tritium concentration at B2 was 6.65, and
that at B3 was 6.83 TU. At B2, the concentration ranged
from 6.0 to 7.3 TU, so the precision is ± 10%. Tritium
concentrations at B3 ranged from 6.3 to 7.6 TU, if the
value of 5.8 TU is excluded, so the precision is also ± 10%.
Thus, under natural flow conditions, the groundwater was
vertically well mixed.

If groundwater with an initial 3H concentration of
6.83 TU flows by piston flow from B3 to B2 and the final
3H concentration at B2 is 6.65 TU, then the time required
for the groundwater to flow from B3 to B2, a distance of
450 m, can be estimated as 168 days from the equation
above. The velocity of groundwater flow was therefore cal-
culated as 2.68 m/day. The hydraulic gradient of this area
was about 1/500, the Darcy velocity is 2.68 m/day × 0.1
(average porosity) = 0.268 m/day, the hydraulic conduc-
tivity is 0.268 m/day/(1/500) = 1.55 × 10−3 m/s. The av-
erage hydraulic conductivity of the Ryukyu limestone is
3.54 × 10−3 m/s. Because the estimated value for the ve-
locity of groundwater flow has the same order with the
hydraulic conductivity, 168 days is a reasonable estimate
for the age.

Discussion

Tashiro and Takahira (2001) studied the relationship
between the fluctuation patterns of NO3-N in groundwater
at 13 wells on Miyako Island and the fluctuation patterns
of nitrate loading from fertilizer and animal waste from
1977 to 1999 using commercial fertilizer sales data and
agricultural statistics. The NO3-N concentration curve
in groundwater was convex, reaching a maximum in
1987, and the pattern of nitrate loading was similar, but
reached the maximum value in 1980. From these data, they
concluded that the travel time of NO3-N from the ground
surface to the groundwater table through the unsaturated
zone of the limestone was 7 years. Nakanishi (2001)

Table 3 Fluctuation of NO3-N
in groundwater before and after
completion of the cut-off wall
(mg/l)

Term Mean Variance Standard deviation Relative standard deviation

Before completion of
the subsurface dam

10.8 1.72 1.31 0.121

After completion but
before full recharge

8.82 0.75 0.87 0.0984

After full recharge 8.74 0.22 0.47 0.0547
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Fig. 9 Tritium concentration in
groundwater at the Shirakawada
basin

monitored NO3-N concentrations in groundwater of
Miyako Island weekly for more than 5 years and identified
two NO3-N concentration trends: a long-term trend
showing a gradual decrease, described by a linear equation
with negative slope (y = − 0.0014x + 52.1), and seasonal
fluctuations, with the minimum concentrations observed
in September to October. The NO3-N concentration was
negatively correlated with precipitation (r2 = 0.192) with
a time lag of 0–1 month. Nakanishi (2001) attributed the
seasonal fluctuation in the NO3-N concentration to the
application of chemical fertilizer and its subsequent uptake
by plants, because farmers in this area apply chemical
fertilizer 2–3 months after the planting of the sugarcane
in August. The average age of farmers in this island is
61.8 years, which is very high in Japan. Therefore, to
save labor, farmers tend to apply a lot of fertilizer to the
first stage of sugarcane planting, though the government
is recommending the farmer to give the fertilizer by
dividing. These findings suggest that the unsaturated zone
of limestone has two porosities: a flow path with a travel
time of 7 years and one with a travel time of 0–1 month.

The regional distribution patterns of NO3-N in the Suna-
gawa reservoir area varied among the three stages. Dur-
ing the first stage, before completion of the subsurface
dam (1988–November 1993), NO3-N gradually increased

downstream (Fig. 4). During the second stage, after com-
pletion of the subsurface dam but before the groundwater
in the reservoir was used for irrigation (December 1993–
March 2001), the high-concentration zone remained near
the cut-off wall (Fig. 5). During the third stage, after irriga-
tion had begun (April 2001–), the high-concentration zone
disappeared and an extensive homogeneous area where the
NO3-N concentration was 4–5 mg/l developed in the reser-
voir area as a result of the pumping of a large volume of
groundwater for irrigation (Fig. 6). In cross section, the
NO3-N concentration was homogeneous during the third
stage between cut-off wall and 1000 m or more upstream
from the cut-off wall, where the intake pumps were installed
(Fig. 7).

A big typhoon, No. 19, battered Miyako Island in Septem-
ber 1991. Total precipitation from 15 to 30 September
caused by this typhoon was 527 mm. Figure 10 shows the
relationship between daily precipitation and fluctuations of
NO3-N concentration from May 1991 to July 1992 at the
Nishihanakiri (NH), Hanakiri (HA), and SB observation
wells (Fig. 4). NH is upstream, HA is in the middle, and SB
is downstream in the catchment area. The decreases in the
NO3-N concentration in groundwater caused by 174 mm
of rain falling on 24 September and by 131 mm of rain
falling on 31 August 1991 show a response time lag of 0–

Fig. 10 Relationship between
daily precipitation and
fluctuations of NO3-N
concentration from May 1991 to
July 1992
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1.5 month between observation wells. In contrast, 89 mm
of rain on 23 June 1991 and 73 mm of rain on 27 July 1991
did not cause decrease so much in the NO3-N concentration
at any of the three observation wells.

Limestone permeability is more heterogeneous than that
of noncarbonate rocks because limestone has secondary
porosity, caused by enlargement of pores and cracks (cre-
ated by tectonic movement) by dissolution (karstification),
besides the original interstitial porosity between sedimen-
tary grains. Moderately large openings serving as inlets for
the infiltration of rain into the unsaturated zone tend to en-
large by solution; in contrast, small openings not connected
to the infiltration pathway enlarge only slightly (Legrand
and Stringfield 1971). Consequently, the unsaturated zone
of limestone has both micropores and macropores.

These observations suggest that the decrease in NO3-N
concentration in groundwater occurs after rainwater from
a storm of 100 mm rainfall/day or more passes through the
macropores. The presence of macropores has important im-
plications for the rapid movement of solutes and pollutants
through soils and rocks composed of chalk or limestone.
Beven and Germann (1982) reviewed evidence showing
that macropores play an important role in the hydrology of
some field soils. Foster and Smith-Carington (1980) iden-
tified by-pass flow through macropores (both microfissures
and large pores) in chalk from a balance calculation of
tritium in the unsaturated zone and suggested that up to
15% of the tritium was transported by the preferential flow
of water through macropores. The fraction of water mov-
ing in this way in chalk in England has been estimated as
6–15% of total water movement (Smith et al. 1976). This
type of flow is currently thought to occur principally during
heavy rainstorms. The characteristic size of macropores in
chalk has been estimated to be 0.01–0.2 mm. Such voids
are unlikely to represent more than 1% of the chalk by vol-
ume (Foster and Smith-Carington 1980). Hosotani and Ito
(1986) suggested that voids constitute 2% of the Ryukyu
limestone by volume on the basis of the water balance cal-
culated with a numerical distributed model that accounted
for the macropore system. Peterson et al. (2002) studied
the discharge rate of nitrate in a spring discharging from
a limestone aquifer in northwest Arkansas. They found
that 74% of the nitrate was discharged under base-flow
conditions and the remaining 26% was discharged after
rapid recharge associated with precipitation storm pulses.
Monthly fluctuation of NO3-N in the long-term record was
also related to the dilution of groundwater by storm rains
flowing through macropores causing low NO3-N concen-
trations. Preferential flow through macropores in Ryukyu
limestone on Miyako Island may occur after storms of
100 mm/day or more of rain.

The rates of decrease of NO3-N at NH, HA, and SB in
response to storms of 100 mm/day or more of rain were 5.3,
2.6, and 2.3 mg/l, respectively, and the degree of dilution
tended to be lower downstream. In contrast, the thickness
of the saturated zone at NH, HA, and SB was 7.06, 11.95,
and 16.7 m, respectively, and tended to be larger in down-
stream. Thus, the degree of dilution is smaller when the
buffer volume of groundwater is larger. The decrease in

range of NO3-N concentration (the accessory component)
in response to storm rains from the second to the third stage
may be related to the increase in the buffer volume of stored
groundwater behind the subsurface dam.

The vertical distribution of 3H in the Shirakawada basin
shows no correlation between sampling depth and 3H con-
centration in this limestone aquifer. Thus, the groundwater
is vertically well mixed under natural groundwater flow
conditions. Because recharge water mixed with the laterally
flowing groundwater, the 3H concentration in the aquifer
was homogeneous. Fresh water from rainfall was mixed si-
multaneously with the upper part of the groundwater body
in the saturated zone as it flowed laterally. Groundwater
near the groundwater table within a certain area of the
aquifer may become homogeneous immediately because of
the high permeability of the limestone. This certain area can
be defined as the representative volume element for disper-
sion of NO3-N under natural flow conditions. Because the
average 3H concentration at B2 (6.65 TU) is different from
that at B3 (6.83 TU), the distance over which such a homo-
geneous groundwater body extends under natural ground-
water flow cannot exceed 450 m in the Shirakawada basin.

In the cross section showing the distribution of NO3-N
during the third stage (Fig. 7), the zone of high concentra-
tion around the subsurface cut-off wall present during the
second stage has disappeared, and a homogeneous zone
with a NO3-N concentration of 4–5 mg/l extends 1000 m
or more upstream from the cut-off wall. The disappearance
of the high-concentration zone seems to be closely related
to the high pumpage, 134% of the reservoir volume, from
the many tube wells arranged in lines paralleling the under-
ground valley. The groundwater stored downstream flowed
in the reverse of the natural direction sometimes because
the groundwater table was kept at the level of the top of
the cut-off wall for 3 years. The cut-off wall and the arti-
ficial groundwater flow caused by pumping resulted in the
homogeneous distribution of NO3-N.

Figure 11 shows annual cultivation acreage of sugarcane
in Miyako Island and annual average NO3-N concentration
in groundwater at well SB. The cultivation acreage of sug-
arcane shows the tendency to keep decreasing from 1989 by
farmer’s aging and the depression of the price of sugarcane,
etc. This tendency is corresponding to a decrease in the

Fig. 11 Annual cultivation acreage of sugarcane in Miyako Island
and NO3-N concentration in groundwater at well SB
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Fig. 12 Relationship between cultivation acreage of sugarcane and
NO3-N concentration in groundwater at well SB

NO3-N concentration in the groundwater. Figure 12 shows
relationship between cultivation acreage of sugarcane and
NO3-N concentration in groundwater at well SB. There is
a high, positive correlation between the two, and the corre-
lation coefficient is r2 = 0.80. These results show that the
reason why the nitrate concentration in the groundwater
decreased gradually depended on a decrease in the cultiva-
tion acreage of sugarcane. After 1995 when the reservoir
became being filled with water, the cultivation acreage of
sugarcane and NO3-N concentration in the groundwater al-
most both showed a level off or a little decrease. This shows
that the construction of subsurface dam did not influence
NO3-N concentration in the groundwater so much.

Conclusions

We studied the impact of a subsurface dam on groundwa-
ter flow using NO3-N concentration as an indicator of the
groundwater environment.

The regional distribution patterns of NO3-N in the reser-
voir area varied among three stages: before completion of
the subsurface dam (1988–November 1993), after comple-
tion of the subsurface dam and before use of the ground-
water for irrigation (December 1993–March 2001), and
after irrigation began (April 2001–). During the first stage,
the NO3-N concentration increased gradually in the down-
stream direction. During the second stage, there was a high-
concentration zone around the cut-off wall. During the third
stage, the high-concentration zone disappeared and an ex-
tensive homogeneous area with a NO3-N concentration of
4–5 mg/l developed in the reservoir area because of large-
scale pumping of groundwater for irrigation. This homo-
geneous zone of NO3-N concentration extended 1000 m or
more upstream from the cut-off wall, where intake pumps
were installed.

The vertical distribution of 3H in observation wells B2
and B3, which are 450 m apart, showed that groundwa-
ter was well mixed under natural lateral groundwater flow
conditions. The difference in the average 3H concentration
at B2 (6.65 TU) and B3 (6.83 TU) indicates that the lateral
dimension of a homogeneous groundwater body under nat-

ural groundwater flow must not exceed 450 m. The 1000 m
length of the homogeneous groundwater body in the reser-
voir area during the third stage thus indicates that artificial
groundwater flow caused by pumping strongly affected the
groundwater environment.

Long-term fluctuations in NO3-N contained a main com-
ponent and an accessory component. The main component
showed a gradual decrease in the NO3-N concentration of
3.2 mg/l over 13 years. A decrease in NO3-N concentration
harmonized with a decrease in the sugarcane cultivation
acreage, and this tendency was similar after having con-
structed the subsurface dam. This result shows that the
construction of subsurface dam did not influence NO3-N
concentration in the groundwater so much.

The accessory component showed irregular monthly fluc-
tuations in the NO3-N concentration. The magnitude of the
accessory component became smaller during the second
stages.

The NO3-N concentration measured at three wells de-
creased after a rainstorm with 100 mm/day or more of rain,
with a delay of 0–1 month. The rainfall, with a low NO3-
N concentration, rapidly recharged the reservoir through
macropores such as fissures or large pores and diluted the
stored groundwater having a high concentration of NO3-N.
The degree of dilution was smaller downstream, indicating
that the degree of dilution is smaller when the buffer volume
of groundwater is larger. The decrease in the magnitude of
the accessory component at the second stage may be related
to the increase in the buffer volume of stored groundwater
behind the subsurface dam. Our study showed that con-
struction of the subsurface dam and pumping of the stored
groundwater for irrigation strongly affected the groundwa-
ter environment, including groundwater flow and mixing of
waters in the aquifer. The subsurface dam did not cause an
increase in the NO3-N concentration in the stored ground-
water after 3 years of irrigation. NO3-N concentrations in
the stored groundwater are unlikely to increase in the fu-
ture because nitrate loading has recently been reduced on
Miyako Island. However, the NO3-N concentration in the
reservoir area should be carefully monitored from now on
because of the considerable time required for nitrate to
move through the limestone aquifer system.
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