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Heavy Metal Loads Accompanying Rainfall Runoff on Low Farmland

Introduction

 Low farmlands in the coastal area around Ariake 
Bay in Japan have creek canals.  The farmlands through 
which the creek canals pass use the creek water as irriga-
tion water, and discharge the drainage water back into the 
creek canal.  Therefore, farmlands on the downstream side 
of the creek canal use water that contains the drainage 
water from the farmlands upstream (cyclic irrigation).  
 Cyclic irrigation involves the risk of increasing creek 
canal nutrient concentrations9.  Total nitrogen (T-N) and 
total phosphorus (T-P) concentrations in the creek water 
around Ariake Bay tended to be higher than the environ-
mental quality standard for water pollution (for lakes; ag-
ricultural use; T-N: 1 mg•L–1 or less, T-P: 0.1 mg•L–1 or 
less) and environmental standard for irrigation water 
quality (T-N: 1.0 mg•L–1 or less)1,8,10.  
 In recent years, environmental problems such as 
heavy metal pollution have become important issues.  
Some heavy metals are necessary to support life, but oth-
er heavy metals form toxic chemical compounds and af-

fect the ecosystem2.  Since heavy metals tend to be dis-
charged from farmlands where there is a mixture of 
paddy fields and upland fields even on days when there is 
no rainfall during the inundation period4, cyclic irriga-
tion involves the risk of increasing heavy metal concen-
trations.  Excess heavy metal loads, one of the causes of 
the increase in heavy metal concentrations in the irriga-
tion water, have become a serious problem.  Especially, 
the drainage water from the farmland is considered to in-
crease with rainfall.  To our knowledge, the dynamics of 
heavy metal runoffs from farmland on rainy days has not 
yet been reported on.  
 Zinc (Zn), arsenic (As), cadmium (Cd), and lead (Pb) 
are listed in the environmental quality standard for water 
pollution in Japan and/or environmental standard for irri-
gation water quality in Japan (Table 1).  These heavy met-
als have not only drawn attention in terms of their listing 
as part of the environmental standards, but it has also 
been pointed out that there is some level of toxicity with 
regard to plants.  Cadmium has an inhibiting effect on the 
biosynthesis of chlorophyll3 and there are concerns as to 
its negative effect on the growth of plants.  Nitrate reduc-
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tase plays a key role in nitrogen assimilation by the body 
of the plant6.  Since lead inhibits the supply of metabolic 
products that act as electron accepters, it tends to inhibit 
the activity of nitrate reductase5.  It has been reported that 
concentrations of arsenic in the groundwater around the 
study field are high7.  In this respect, it should be noted 
that there is a possibility that arsenic concentrations in 
the surface water are also high.
 In this study, discharges of zinc, arsenic, cadmium, 
and lead from farmland were examined using field data 
for the summer of 2006.  In particular, the study focused 
on the effects of rainfall runoff on the discharge of heavy 
metals from the farmland.

Methods  

1. Observed Farmland  
 The farmland that was studied is located in a low-
land coastal area of Ariake Bay, Kyushu Island, Japan 
(33°80'N, 130°26'E) where irrigation water partly con-
tains the water drained from upstream farmlands (Fig. 1).  
A strip of farmland with a drainage canal flowing in a T-
shaped pattern was selected for the observations.  In the 
drainage canal in this farmland it is comparatively easy 
to observe the discharge at both the upstream and the 
downstream ends.  The drainage canal has gates at the east-
ern and northern ends (upstream ends).  The western end 
(downstream end) of the canal has no gate between the 
canal and the creek.  The gate on the eastern end of the 
drainage canal is always closed, but slight leakage from 
the creek into the canal was sometimes observed when 
the water level in the creek was extremely high.  The over-
flow water was usually observed at the overflow gate at 
the northern end of the canal.  
 Sta. A-1, Sta. A-2 and Sta. A-3 shown in Fig. 1c are 
the water sampling and discharge measurement points in 

Fig. 1. Location and overview of the fields in the study
 The area enclosed by the bold broken line is the 

farmland area of the study. 
 The arrows show the direction of the flow.
 : Paddy fields (early ordinary rice, 62,000 m2)
 : Paddy fields (sticky rice, 14,000 m2)
 : Upland fields (soybean, 36,000 m2)
 : Sampling point and triangular measurement weir 

setting point (Stations).
 : Gate.

Table 1.  Heavy metal concentrations listed in water quality standards 

Heavy Metals Environmental quality standards for water pollution Water quality 
standards for 
irrigation water
(paddy field)

Environmental 
quality standards
for human health

Environmental quality standards for 
conservation of the living environment

Rivers and Lakes
(mg/L)

Coastal water
(mg/L)(mg/L) (mg/L)

Zinc (Zn) < 0.03 <0.01 or < 0.02* < 0.5
Arsenic (As) < 0.01 < 0.05
Cadmium (Cd) < 0.01
Lead (Pb) < 0.01

*: Dependent on biological environment. 
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the drainage canal.  Most of the inflow into the drainage 
canal was the flow through Sta. A-1 from the eastern 
side, the flow through Sta. A-2 from the northern side 
and drainage from the farmland.  
 Underdrains are installed to rice paddy fields and 
soybean upland fields.  All underdrains of both rice pad-
dy fields and soybean upland fields were closed during 
the observation period.  Thus, the drainage from the farm-
lands to the drainage canal was considered to consist of 
the surface discharge and the horizontal infiltration.  
 However, surface discharges from the surrounding 
paved roads were observed and these flowed into the 
drainage canal with rainfall events, although the influent 
surface discharge was very low (around 2%) compared to 
the drainage from the farmland.  
 The area of the farmland is around 112,000 m2 (170 
m × 660 m), of which 76,000 m2 and 36,000 m2 are used 
as rice paddy fields and for soybean cultivation, respec-
tively (Fig. 1).  Yume-Tsukushi rice (early ordinary rice) 
and Hiyoku-Mochi rice (sticky rice) were planted in 
62,000 m2 and 14,000 m2 of rice paddy fields, respective-
ly.  Since the upland soybean field was in rotation from 
prior use as a rice paddy field, the upland soybean field 
has a ridge around the field.  The ridge around the upland 
soybean field blocked the surface drainage.  
 There was 26,000 m2 of the farmland used as rice 
paddy fields and soybean upland fields on both sides of 
the drainage canal from the upstream end to Sta. A-1.  
The farmer village was located about 200 m upstream 
from Sta. A-2.  The drainage water from more than 
100,000 m2 of the farmland flowed to the drainage canal 
between the farmer village and Sta. A-2.  

2. Observation Periods and Intervals  
 Discharges were observed and water samples were 
collected from June 15 to July 13 (28 days) in 2006.  Pad-
dling and the transplanting were carried out in 14,000 m2 
of the paddy fields where Hiyoku-Mochi rice was being 
cultivated from June 16 to June 24.  Other paddy fields 
had been planted with the Yume-Tsukushi rice before the 
observations were made.  Fuku-Yutaka soybean was plant-
ed in the upland soybean field.  
 The sample water was collected at 3 points (Sta. A-1, 
Sta. A-2 and Sta. A-3) along the drainage canal every 6 
hours.  If rainfall was observed, the sample water was 
collected every hour from the beginning of the rainfall 
event to 5 hours after the end of the rainfall.  The collect-
ed samples were kept in cold storage and then taken to the 
laboratory.  

3. Flow Rate Observations  
 The discharge was observed at the upstream ends 

and the downstream end of the drainage canal (Sta. A-1, 
Sta. A-2 and Sta. A-3).  The stream regime of each station 
was stable with enough discharge to measure flow rate 
using the triangular measurement weir at each station.  
Each station was suitable for the installation of the trian-
gular measurement weirs.  However, there was no dis-
charge from the creek to the drainage canal through the 
closed eastern gate except at times of extremely high wa-
ter levels in the creek, most of the time there was enough 
discharge to measure flow rate using the triangular mea-
surement weir at Sta. A-1.  This discharge maybe related 
to the water discharge from the farmland located between 
the canal and Sta. A-1.
 The discharge was basically observed using the tri-
angular measurement weirs.  When the discharge deviat-
ed from the conditional tolerance of the triangular mea-
surement weirs, the discharge was calculated from the 
discharge velocity and the cross-sectional area as mea-
sured in the stable flow regime site on the upstream side 
of the triangular measurement weirs.  The discharge ve-
locities and water levels were measured using a 2-dimen-
sional electromagnetic flow meter (Kenek Corp., VP2000) 
and an automatic water level meter with a pressure gauge 
(STS Sensor Technik Sirnach AG, MC1100W), respec-
tively.  

4. Definition of rainfall runoff event  
 When the effect of rainfall on the load from the 
farmland is discussed, the definition of a rainfall runoff 
event is very important.  The duration of the hydrograph-
ic peak of the rainfall runoff at Sta. A-3 was always lon-
ger than that for Sta. A-1 and Sta. A-2 in these observa-
tion periods.  A single rainfall runoff event is defined as 
the period from the beginning of the increase to the end 
of the hydrographic peak in the discharge at Sta. A-3.  
 Figure 2 shows the calculation method for the dis-
charge during a single rainfall event.  The discharge 

Fig. 2. Calculation method for the discharge during the 
rainfall events
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through each station was calculated as the summation of 
the area shown in Fig. 2 from the beginning to the end of 
the rainfall runoff.  The discharge between sampling 
times was linearly-interpolated.  For example, the total 
discharge through Sta. A-1 was calculated as follows in 
equation 1:  

    (1)

where DA-1 is the total discharge through Sta. A-1 during 
the single rainfall event [m3], ti is sampling time shown in 
Fig. 2 [s], and Qti is the discharge through Sta. A-1 in sam-
pling on ti shown in Fig. 2 [m3•s–1].  The drainage water 
from farmland was calculated as follows in equation 2:  

    (2)

where DFL is the drainage from farmland [mm], and A is 
the area of studied farmland [m2].  
 The load was calculated as follows in equations sim-
ilar to the calculation of discharge:  

    (3)

    (4)

where LA-1 is the total load through Sta. A-1 during the 
single rainfall event [mg], Cti is the heavy metal concen-
tration at Sta. A-1 on ti [mg•m–3, µm•L–1] and LFL is the 
heavy metal load from farmland [mg•m–2].  

5. Heavy Metal Concentration Analysis  
 The concentrations of zinc, arsenic, cadmium, and 
lead were analyzed using inductively coupled plasma 
mass spectrometry (ICP-MS; Parkin Elmer, Inc., ELAN 
DRC-II) after decomposition.  The total heavy metal con-
centration was estimated from the target isotope concen-
tration and the content in natural conditions.  The target 
isotope of each heavy metal element (52Zn, 75As, 114Cd, 
and 207Pb) was selected to ensure optimum sensitivity.  
Decomposition was carried out using a microwave oven 
(Milestone, ETHOS TC) employing the Easy Control 
Program No. B0031 (Milestone General).  Detection lim-
its of heavy metals by ICP-MS are; zinc: 0.075 µg•L–1, ar-
senic: 0.006 µg•L–1, cadmium: 0.001 µg•L–1, and lead: 
0.004 µg•L–1, respectively.  Residual standard deviations 
of heavy metal measurement by ICP-MS are; zinc: < 5.0, 
arsenic: < 10, cadmium: < 10, and lead: < 5.0, respective-
ly.

Results and discussion  

1. Discharge from the farmland  
 Figures 3a–3b show the precipitation and the ob-
served discharge at each station in the drainage canal.  
The rainfall data represents the observed data in the Au-
tomated Meteorological Data Acquisition System in 
Yanagawa City (AMeDAS Yanagawa; 33°16'N, 130°40'E), 
which is the nearest weather station from the area of 
farmland studied.  During the observation period 418 mm 
of rainfall was observed.  
 The fluctuations of the discharge at Sta. A-1, Sta. A-
2 and Sta. A-3 are shown in Fig. 3b.  The inflow from Sta. 
A-1 was small compared to Sta. A-2 and Sta. A-3.  With-
out rainfall or a large water inflow from the upstream 
end, discharges in the drainage canal seem small.  If the 
inflow from Sta. A-2 was large, the discharge at Sta. A-3 
tended to also become large.  While the rainfall runoff 
pattern depends on the properties of the rainfall, if the 
precipitation was above a certain level this caused obvi-
ous rainfall runoff.  
 Except in rainy periods, the discharge in the drain-
age canal was very small during the inundation period, 
and tended to be larger in the morning during the pad-
dling and/or transplanting periods due to the large inflow 
from the upstream end.  The average discharges in the 
periods without rainfall were 0.012 m3•s–1 at Sta. A-1, 
0.024 m3•s–1 at Sta. A-2 and 0.042 m3•s–1 at Sta. A-3.  
 Discharges in the drainage canal tended to increase 
significantly with the rainfall during the observation pe-
riods.  The maximum discharges in the rainfall periods 
were 0.048 m3•s–1 at Sta. A-1, 0.195 m3•s–1 at Sta. A-2 and 
0.796 m3•s–1 at Sta. A-3, and these were 4.0, 8.1 and 19.0 
times greater than the average discharges in the rainless 
periods.  The average discharges in the rainfall periods 
were 0.013 m3•s–1 at Sta. A-1, 0.061 m3•s–1 at Sta. A-2 and 
0.120 m3•s–1 at Sta. A-3, and were 1.1, 2.5 and 2.9 times 
larger than the average discharge in the rainless periods.  

2. Heavy metal concentrations in the drainage canal
 Figures 3c–3f show the fluctuation of the heavy met-
al concentrations in the drainage canal.  Zinc, arsenic, 
cadmium, and lead concentrations tended to be high dur-
ing the rainfall periods.  The increases in the concentra-
tions tended to be observed without reference to the 
amount of rainfall.  The surface discharges from farmlands 
affected by rainfall are considered to be affected by not 
only the rainfall and its intensity, but also other factors.  
For example, the surface discharge from the paddy field 
doesn't drain until the water level in the paddy field ex-
ceeds the height of the end plate at the outlet point even if 
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Fig. 3. Fluctuation of discharge and heavy metal concentrations in the drainage canal
 ◇: Sta. A-1, ■: Sta. A-2,  ●: Sta. A-3.
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the water level rises by rain, and the surface discharge 
from the upland field doesn’t drain until the rainfall in-
tensity exceeds the intake rate at the surface of the soil.  
As typified by the rainfall event on June 25, however, 
when a large precipitation was observed, the heavy metal 
concentrations did not increase so much.  The reasons for 
this phenomenon are not identified in this paper, but a di-
lution by rain water and a surface soil runoff from upland 
fields affected by rainfall intensity are considered to 
cause this phenomenon.  
 Zinc concentration is listed in the environmental 
standard for irrigation water quality in Japan; 0.5 mg•L–1 
or less.  The observed zinc concentrations were higher 
than the standard only once during rainfall events.  The 
environmental standard for irrigation water quality in Ja-
pan lists the maximum concentrations.  If plants are grown 
by hydroponic culture with higher concentrations than 
the maximum, there is some possibility that the plants 
will be damaged during growth.  Therefore, it is not clear 
what the environmental standard for irrigation water 
quality in Japan applies to; the annual average, the daily 
average or the momentary value.  Regardless of this, the 
observed zinc concentrations were not considered to be 
causing a problem since the observed zinc concentrations 
were sufficiently below the standard during the rainless 
periods and most of the observed zinc concentrations 
were lower than the environmental standard for irrigation 
water quality in Japan even during the rainfall periods.  
On the other hand, zinc concentration is listed in the en-
vironmental quality standards for conservation of living 
environment of ecosystem integrity (for rivers and lakes; 
0.03 mg•L–1 or less).  Zinc concentration in the creek wa-
ter was comparatively higher than the standard of ecosys-
tem integrity.  It will be necessary to pay attention to it in 
the future.  
 Cadmium is not listed in the environmental stan-
dard for irrigation water quality in Japan but is listed in 
the environmental quality standard for water pollution in 
Japan (0.01 mg•L–1 or less).  Cadmium concentration stan-
dards in foods are listed in food sanitation laws; for ex-
ample, the cadmium concentration standard for rice is 
0.04 ppm in milled rice in the Codex and 0.1 ppm in 
brown rice in the food sanitation law of Japan.  Cadmium 
concentration in foods (plants) is considered to be affect-
ed by the planting environment including irrigation wa-
ter.  Thus, cadmium concentration in the surrounding 
water environment is very important.  The observed cad-
mium concentrations were always lower than the stan-
dard even during rainfall events.  Observed cadmium con-
centrations during the rainless periods were around the 
lower limit of the qualitative analysis.  
 Arsenic concentration is listed in the environmental 

standard for irrigation water quality in Japan; 0.05 mg•L–1 

or lower.  The observed arsenic concentrations were al-
ways lower than the standard even during rainfall events.  
However, arsenic concentrations in the groundwater 
around the study fields were high7, although the observed 
arsenic concentrations were low and were not affected by 
the groundwater.  
 Lead is not listed in the environmental standard for 
irrigation water quality in Japan but is listed in the envi-
ronmental quality standard for water pollution in Japan 
(0.01 mg•L–1 or less).  The observed lead concentrations 
were lower than the standard during rainless periods, but 
sometimes higher than the standard during rainfall 
events.  The environmental quality standard for water pol-
lution applies to annual average concentrations.  There-
fore, the average over the long term should be used as a 
comparison with the standard.  The average lead concen-
tration during the observation period was 2.7 µg•L–1 and 
was below the standard.  

3. Drainage water from the farmland during rainfall 
runoff events

 Many rainfall events were observed during the ob-
servation period.  Minor rainfall events that resulted in 
no rainfall runoff were ignored.  The data collected dur-
ing the rainfall periods on June 25–26 and July 5 is ex-
cluded since the discharge in the Sta. A-1 was too large to 
measure due to the heavy rain and the simultaneous in-
crease in the water depth in the drainage canal.  On June 
30, since the background discharge was too high and the 
rainfall runoff was smaller than the background level, the 
rainfall runoff could not be evaluated.  As a result, data 
on eight rainfall runoff events was collected during the 
observation period (Fig. 4a).  
 Figure 4b shows the discharges for the rainfall run-
off events.  The two graphs on the left side of Fig. 4 show 
the data collected during the paddling and/or transplant-
ing periods, and the two graphs on the right side of Fig. 4 
show the data collected during the inundation periods.  
Figures 4a–4b show that the discharges increased with 
the rainfall.  With regard to rainfall events 1–5 and 7, ex-
cluding rainfall events 6 and 8, the inflows from Sta. A-2 
increased and the outflows from Sta. A-3 increased in 
conjunction with the rainfall.  
 The pattern of the drainage pathway from the farm-
land is complex and consists of the surface drainage, the 
vertical infiltration drainage and the horizontal infiltra-
tion drainage.  The in situ qualitative observation of each 
drainage route is too difficult.  Thus, the drainage water 
from the farmland was estimated on the basis of the dif-
ference in the passage of the discharge between the flow 
at the upstream ends and that at the downstream end of 
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Fig. 4. Fluctuation of discharge and heavy metal loads in the drainage canal
 □: Sta. A-1, ●: Sta. A-2,  ◆: Sta. A-3.



282 JARQ  42 (4)  2008

K. Hamada et al.

the drainage canal.  This method makes it possible to es-
timate the total discharge from the farmland into the 
drainage canal.  The discharge was calculated following 
equation 2.  
 Table 2 lists the rainfall, drainage water and runoff 
ratios on the left side.  The rainfall values in Table 2 cor-
respond to the eight numbered rainfall events shown in 
Fig. 4a.  Table 2 indicates that the runoff ratio tended to 
be over 100% in the paddling and the transplanting peri-
ods, and the runoff ratios were less than 100% in the in-
undation periods.  The condition of the end plate at the 
outlet point was considered to affect these phenomena.  
The surface discharge from the paddy field doesn't occur 
until the water level in the paddy field exceeds the height 
of the end plate at the outlet point even if the water level 
rises by rain, surface discharge from the paddy field did 
occur when the end plate at the outlet point was removed 
artificially.  No distinct relationship between the rainfall, 
rainfall runoff and runoff ratios was found, but the rain-
fall runoff tended to be greater with an increase in rain-
fall.  

4. Heavy metal loads from the farmland
 Figures 4c–4f show the fluctuation of heavy metal 
loads at Sta. A-1, Sta. A-2 and Sta. A-3.  The effect of 
rainfall on the heavy metal loads from the farmland was 
very substantial.  
 The increases in concentrations were affected not 
only by the discharged load from the farmland, but also 
by the inflows from Sta. A-1 and Sta. A-2.  Therefore, the 
discharged heavy metal loads from the farmland were 
calculated as in equation 4.  
 The properties of the rainfall events and the dis-
charged heavy metal loads from the farmland are listed 
in Table 2.  Rainfall runoff accompanying the listed rain-
fall events was confirmed, except for rainfall event 6.  In 

rainfall event 6, however, an increase in the discharge in 
the drainage canal was observed and the discharged load 
from the farmland was nearly 0.  In other rainfall events, 
heavy metal loads with the rainfall runoff were consid-
ered to be higher with an increase in rainfall.  A distinct 
relationship among rainfall, rainfall runoff and heavy 
metal loads accompanying the rainfall runoff was not 
found, because the conditions of paddy fields and the up-
land fields were different in each rainfall runoff event.  
The rainfall runoff and heavy metal loads accompanying 
the rainfall runoff were considered to be affected by rain-
fall in this study.  Since the drainage from the farmland is 
affected by many factors, as described above, more ob-
servation data is required to clarify the relationship be-
tween rainfall and rainfall runoff.  
 The total heavy metal loads during this observation 
period of 600 h (except for June 25–26 and July 5) are; 
zinc: 23.0 mg•m–2, arsenic: 2.59 mg•m–2, cadmium: 47.3 
µg•m–2, and lead: 2.62 mg•m–2, respectively.  The total 
heavy metal loads during the 126 h of rainfall runoff 
events listed in Table 1 are; zinc: 16.2 mg•m–2, arsenic: 
1.60 mg•m–2, cadmium: 33.2 µg•m–2, and lead: 1.81 mg•m–2, 
respectively.  Therefore, 70% of the zinc load, 62% of the 
arsenic load, 70% of the cadmium load, and 69% of the 
lead load were discharged with the rainfall runoff even 
though the rainfall runoff time was only 21% of the ob-
servation period.  In this study rainfall had a profound ef-
fect on heavy metal loads.  

Conclusion

 Discharges of the four heavy metals (zinc, arsenic, 
cadmium, and lead) from the low farmland to the drain-
age canal were examined based on field measurements 
conducted between June 15 and July 13, 2006.  The fol-
lowing results were obtained in this study.  

Table 2.  Rainfall, drainage water, runoff ratios, and heavy metal loads during 8 rainfall events

Rain No.
(Fig.4)

Rainfall Drainage 
water (DFL)

Runoff ratio Discharged load

Zn
(mg•m–2)

As
(µg•m–2)

Cd
(µg•m–2)

Pb
(µg•m–2)(mm) (mm) (%)

1 7 20 284 1.0 102 2.8 102
2 5 26 510 1.4 103 3.4 80
3 23 8 35 1.7 265 6.7 376
4 32 39 123 4.5 563 9.8 703
5 6 3 51 0.6 85 2.2 116
6 11 0.1 1 0.0 6 0.1 13
7 36 17 47 6.8 451 7.4 395
8 4 1 20 0.2 23 0.8 20
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1) The concentrations of heavy metals in the drainage 
canal located in the area of low farmland met the en-
vironmental standards for water quality for human 
health and agricultural use.  

2) Zinc concentration in the drainage canal was com-
paratively higher than the environmental quality stan-
dards for conservation of the living environment.  

3) Heavy metal concentrations in the drainage canal 
were affected by rainfall.  

4) Seventy percent of the zinc load, 62% of the arsenic 
load, 70% of the cadmium load, and 69% of the lead 
load were discharged with the rainfall runoff even 
though the rainfall runoff time was only 21% of the 
observation period.  

 A distinct relationship between rainfall, rainfall run-
off and heavy metal loads accompanying the rainfall run-
off was not found, but rainfall runoff and heavy metal 
loads were considered to be affected by rainfall in this 
study.  Further observation is required to understand the 
mechanisms of the discharge of heavy metals from farm-
lands.
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