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Abstract

Stable isotopes of nitrogen were used to identify sources of nitrate contamination to groundwater on Cheju, a sub-
tropical island off the southernmost tip of the Korean peninsula. The 6'°N ranges of potential animal waste and fertil-
izer N sources on the island were similar to those previously reported in the USA, Europe, and Africa. A total of 108
soil pore water samples were collected between January and October 1998 from fertilized soils below soybean fields
and citrus groves. Low concentrations of nitrate below fertilized soybean fields indicated that it is highly unlikely
that these fields contribute significant N to the groundwater problem on Cheju. The low average §'°N value of +1.9 +
2.1%o in pore-water nitrate and the even lower §'°N values after the fertilizer flush suggest that low levels of mineral-
ized N are released from the bean roots or nodules. Located in the western region, the bean fields received less rain-
fall than the citrus groves in the southern region. Pore-water below citrus trees contained considerably higher nitrate
levels, and the 6'°N values became cyclically enriched after the initial fertilizer flush. Although denitrification can be
expected in warm, wet soils high in organic-C content in the southern region of Cheju, it was not supported by pore-
water or groundwater chemistry. Isotopic enrichment in soil pore-water is caused primarily by volatilization of am-
monium-based fertilizers. Since isotopic fractionation in the soils did not exceed +4 %o, source identification was pos-
sible. The dominant sources of nitrate contamination to Cheju groundwater were identified as commercial N-fertilizer
applications to citrus, and, in the Seogwipo municipality, human or animal wastes.

Keywords: ammonia, ground water, S9N, nitrate, pore water, volatilization

Introduction

Groundwater contamination by nitrate (NO,") is a
global problem and is most often associated with leach-
ates derived from fertilizers or animal and human
wastes (Spalding and Exner, 1993). Because NO,™ is
known to cause methemoglobenemia in infants, the US
Environmental Protection Agency has specified 10 mg
NO;-N 1! as the maximum contaminant level (MCL)
under the Safe Drinking Water Act (Federal Register,
1975). This limit has been adopted by the South Korean
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Department of Environmental Preservation. In a study
of 780 wells located throughout the Republic of South
Korea, 101 wells contained NO,-N levels that exceeded
the MCL (Shin, 1996). Kumazawa (1996) reported that
the main island of Japan and several islands in the Japa-
nese Archipelago have extensive agricultural areas with
elevated groundwater nitrate concentrations. Green et
al. (1998) reported that 67% of the sampled groundwater
from the intensively grazed island of Jersey in the Brit-
ish Channel was adversely impacted by NO,™ concen-
trations in excess of the MCL. Like Jersey and the Jap-
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anese islands, agriculture is intensive on Cheju and its
groundwater quality is threatened by nitrate contamina-
tion. The island is the most adversely nitrate-impacted
groundwater province in Korea (Shin, 1996). Glob-
ally, many islanders are solely dependent on shallow
groundwater supplies that are threatened by N leach-
ates from intensive agriculture.

In oxidizing environments, agronomic-N leachates
from commercial fertilizer and mineralized soil organic
matter can be isotopically differentiated from those orig-
inating from animal waste (Berndt, 1990; Exner & Spald-
ing, 1994; Gormly & Spalding, 1979; Kreitler, 1975; Ko-
mor & Anderson, 1993). Transformations of nitrate and
ammonia in soils and groundwater generally are domi-
nated by isotopic enrichment of the substrate, defined as
¢ =1 - o, in which the rate constant for the compound
with the heavier mass, k;, is slower than that of the com-
pound with the lighter mass, k,, such that k,/ k, = a and
o is < 1. During the volatilization of NH, formed via
the enzymatic hydrolysis of urea in animal and human
wastes, enrichment is caused by an equilibrium isotope
effect between aqueous NH,* and gaseous NH, and has
an isotope equilibrium constant of 1.034 (Kreitler, 1975).
Volatilization losses are minimized when anhydrous
NH, used as a starter fertilizer is injected into the soil,
and in most cases, the nitrate signature of the impacted
groundwater nitrate is only slightly enriched relative to
the light signature of the anhydrous fertilizer (Gormly
& Spalding, 1979). In oxidizing soil and water environ-
ments, the residual applied NH4-N is quickly nitrified
to NO,-N and, since the nitrification reaction goes to
completion, the isotopic signature of the reactant is as-
sumed by the product.

A Kkinetic isotope effect during denitrification causes
a similar enrichment in the residual NO, ™. Isotopic en-
richment of nitrate-N during denitrification has been
reported in soils (Chien et al., 1977) and in groundwa-
ter (Mariotti et al., 1988; Smith et al., 1991; Spalding et
al., 1993). In the process facultative anaerobes utilize or-
ganic carbon (CH,0) as an electron donor and when O,
is limiting, NO,~ becomes the electron acceptor. The
generalized formula for heterotrophic denitrification is:

5CH,O +4NO,~ +4H" —5CO,+2N, +7H,0

Dissimilatory nitrate reduction to ammonia (DNRA) can
occur when the molar concentration of assimilable C ex-
ceeds that of the nitrate (Korom, 1992):

2H*+NO,~ +2CH,0 — NH," +2CO, + H,0

Where both heterotrophic reduction and DNRA reduc-
tion pathways occur, heterotrophic denitrification is
more significant (Tiedje, 1994).

Suction lysimeters are used to extract percolate from
soils within and below the root zone. Measurement of
pore-water nitrate concentrations and N-isotope values
ascertain the extent of isotopic fractionation in upper
soil horizons and whether stable N-isotopes are an ap-
propriate tool for source assessment.

The objectives of this investigation were: (1) to de-
termine the extent of N-isotope fractionation in warm,
wet subtropical soils; (2) to compare §'°N signatures of
nitrate extracted from soil pore water below citrus and
soybean agriculture to those in the island’s municipal
wells; and (3) to determine whether leachate from fertil-
izer-N used in subtropical agriculture is a major contrib-
utor to Cheju Island’s high groundwater nitrate.

Background

Cheju Island lies about 145 km from the southwest
corner of the Korean Peninsula and has a total surface
area of 182 580 ha (Figure 1). About 30% of the island’s
~515,000 inhabitants live on farms, i.e., twice the farmer
density of the Korean mainland (Shin, 1996).

About 54,500 ha or 30% of the island is cropped.
Fertile, dark brown and black, silt loam soils classi-
fied as andisols (Shin, 1996) are the primary weather-
ing products of the volcanic rock. A survey of more
than 41,000 ha of Cheju farmland revealed a regional
average soil organic matter ranging from 4.9 to 12.3%
and averaging 8% (Hyun, 1996). Because the farmland
has an abundance of large volcanic rocks and the is-
land is very windy, rock walls 1-2 m have been con-
structed around the cropped fields. The walls serve as
wind breaks, and separate the farmland into thousands
of fields, each usually less than 5 ha. These cropped
fields support a thriving agricultural industry. Tanger-
ines represent 59% of the island’s agricultural produc-
tion. Tangerine orchards cover 39.9% of the cropped
area, while on an additional 4.1% of the cultivated area
tangerines are grown in specially constructed green-
houses (Shin, 1996).

Annual average coastal temperatures are 15.2°C at
Cheju City on the island’s north side and 15.9°C at Seog-
wipo City on the south side (Shin, 1996). The north-
ern portion of the island occasionally has near freezing
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Figure 1. Geographic zones on Cheju Island (Kim et al., 1996)
and historical precipitation data.

conditions during January, which is the coldest month
with temperatures averaging 5.2°C in Cheju City. Pre-
cipitation is usually plentiful throughout the island.
However, it is not uniform (Figure 1) and greatly influ-
enced by orogenic effects of Mt. Hallasan, the 1783-m
volcanic peak in the island’s center. Thirty-year precipi-
tation averages (1961-1990) indicate that Cheju City re-
ceived 1423.7 mm year! and Seogwipo City 1771.4.
Average precipitation is two times higher during the
warm season from April to September than in the cooler
months. Precipitation increases with altitude at a rate of
110 mm/100 m (Shin, 1996).

Preferential flow through channels in the layered ba-
salts of the unsaturated zone at estimated rates of 10m
year™! permit rapid groundwater recharge. Large lava
tunnels are known to provide deep flow channels in
several areas. Depth to groundwater level varies from
10 to 100 m in the coastal uplands where most of the
samples were collected.

Kim et al. (1996) measured pH, major ions, and NO,-
N in 99 groundwater samples during a water qual-
ity investigation. Their results indicate that the water
quality was quite different in each of the geographic
subdivisions as shown in Figure 2. They reported salt-
water encroachment into a thin fresh water lens in the
eastern zone and NO,-N contamination in the western
and southern zones and subdivision Cc in the northern
zone. Highest NO,-N concentrations (>30 mg 1) were
recorded in the subdivisions Tj, Ad, Sg and Nw in the
western and southern zones, respectively. NO,-N con-
centrations averaged 6.6 mg 17! in the western zone and
8.5 in the southern zone.

Materials and methods
Sampling methods

In early July 1997, 21 lysimeters were installed at
seven sites in upland soils along the island’s perime-
ter. Soil Moisture Equipment™ Model #1920 pressure-
vacuum lysimeters (Figure 3) were placed in manually
dug 1-m deep holes below the drip line of mature citrus
trees, and in trenches 2.5 m apart and 1 m deep in soy-
bean fields. Rocks and pebbles were removed from the
excavated soil, and the cleanest fill was placed around
the porous ceramic cup at the bottom of the HDPE ly-
simeter chamber. The remaining void was backfilled
with rock-free soil from the excavated hole. The soil was
tamped to moderately compact the fill. PVC risers 7.5
cm in diameter and 10 cm long were placed over the ac-
cess tubes and capped to protect the coiled access tubes
from vandalism and preferential flows.

The lysimeters were cleaned out several times during
1997; however, no sample collection occurred until Jan-
uary 1998. Briefly, pore water was collected by attach-
ing a precleaned, 250-ml glass side-arm flask to a vac-
uum pump manifold, connecting the sampling line to
a tube inserted through the rubber stopper in the flask,
and, with the valve closest to the flask shut, applying a
vacuum to the vacuum line for approximately one hour.
Then the vacuum line valve was closed, and the sample
line opened allowing water to fill the bottom of the flask
(Figure 3). The soil pore water was transferred to 250-ml
polypropylene bottles, acidified with H,5O,, and frozen
for air-express shipment to the University of Nebraska-
Lincoln (USA) Water Sciences Laboratory (WSL).

Eighteen municipal wells, located in the urban areas
of Cheju City and Seogwipo City, rural towns, and in



240 SPALDING ET AL. IN NUTRIENT CYCLING IN AGROECOSYSTEMS 61 (2001)

Skm

Cs = Geographic Subdivision

® = Municipal Well Sampled for

NO;-N Only, e.g. hh (Kim et al., 1996)
< = Municipal Well Sampled for

NO,-N and 8'*N for This Study
* = Pore Water Sampling Site, e.g. HH

Figure 2. Location of sampling sites.

Kapa

Island
Vacuum Vacuum tube

pump
; Sample tube
Valve
Valve Plastic Cap
Flask riser

A

Soil

Air-tight silicone plug

Im

HDPE chamber -

Lysimeter

Porous ceramic cup V.
]
Scm

Figure 3. Soil pore water sampling system.

cropped fields were sampled from faucets on the well
heads. Samples were collected in 1-1 polyethylene con-
tainers, acid preserved, and shipped to the WSL.

Several different commercial N-fertilizers as well as
samples of rape seed cake and animal manure were also
received by the WSL for analysis.

Analytical methods

Nitrate-N and ammonia-N concentrations were de-
termined in water by steam distillation followed by acid
titration (Bremner & Keeney, 1965). Preparation of com-
mercial N-fertilizers, rape seed, and manure for N-iso-
tope analysis followed the methods outlined in Gormly
and Spalding (1979). The (NH,),SO, was subsequently
oxidized to N, in a vacuum preparation system de-
signed after that of Kreitler (1975). Purified N, samples
were analyzed with a dual inlet isotope ratio mass spec-
trometer (VG Optima). The 6'°N values were defined by
the expression:

(15N / 14N) — (15N / 14N)

sample

(15N/ 14N)

515N(%o) - standard x 1000

standard

These 6'°N values were determined by the procedure of
Bremner & Edwards (1965) and Miyaka & Wada (1967).
The primary standard was atmospheric N,, prepared
according to the procedure of Cline (1973). The absolute
ratio of N/N in atmospheric N, was first found to be
272.0 £ 0.3, an N abundance of 99.63%, with 0.37% 1°N
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Figure 4. 6N signature of potential nitrogen sources on Cheju
Island.

(Junk & Svec, 1958). They also determined that the abun-
dance was invariant of sampling location. More refined
abundance measurements indicate an >N abundance of
0.3663% (Létolle, 1980). The 6'°N values presented here
are relative to measured atmospheric N, 1°N /!N ratios.
The working standard was ultra pure (99.999%) carrier
grade tank N,. The calculated standard deviation for
216 preparations of the working standard was 0.07%eo.
The 6N of (NH,),SO,, another USGS working stan-
dard, had a mean of —=2.2 + 0.17%o for 10 determinations.
In a recent USGS-sponsored accuracy crosscheck pro-
gram, the WSL’s §°N values were well within accept-
able limits (Bohlke and Coplen, 1995).

Results and discussion
Potential N sources

Figure 4 depicts the §°N values of major nitrate
sources that have the potential to contaminate Cheju Is-
land groundwater. The §*°N values of Korean commer-
cial fertilizers and pig and chicken manure on Cheju Is-
land are within ranges determined in the USA, France,
South Africa, and Germany (Spalding et al., 1982). The
use of rape seed cake as fertilizer on Cheju is apparently
unique. Rape seed cake is the compacted seed, which is
formed during pressure squeezing the seeds to extract
oil. Rape fields are fertilized at 350 kg N ha™!, and the
seeds have a high N content. The relatively low §'°N
values of rape seed cake suggest that isotope fraction-
ation of fertilizer-derived N is quite limited during plant
uptake and seed processing. The difference between
0N values for commercial fertilizer and animal waste
is sufficient for source discrimination.

Groundwater N sources

In June 1996, NO,-N concentrations in the 18 munic-
ipal wells ranged from 2.1 to 20.2 and averaged 12.5 +
5.8 mg I™1. Values for §"°N of NO,-N ranged from +3.6
to +10.2%o and averaged +5.9 £ 1.7%o. A few wells were
resampled in July and 13 wells were resampled in No-
vember. While in some wells NO,-N concentrations
fluctuated widely, the §°N values remained relatively
constant during the 4-5 months (Table 1). The data sug-
gest that the individual wells were impacted by the
same source, regardless of changes in NO,-N concentra-
tions. The concentration fluctuations probably were re-
lated to seasonal changes in recharge or capture zone
with the latter a result of changes in pumping demand.

Variations in the natural abundance of stable nitro-
gen isotopes have been used successfully to semiquan-
titatively differentiate between nonpoint source areas
impacted by agronomic and waste sources of nitrate in
groundwater (Bohlke & Denver, 1995; Exner & Spalding,
1994; Gormly & Spalding, 1979). The geographical distri-
bution of 6N values for groundwater NO,-N suggests
that with the exception of two wells there is one domi-
nant source of nitrate contamination on Cheju (Table 1).
The enriched §°N in the two wells (Ngn, Si) near Seog-
wipo City suggests the source is human waste. Both mu-
nicipal wells are located in the most densely urbanized
area sampled, and the groundwater could be contam-
inated by leachates from human waste-N seeping from
rock-lined sewer drains along the city streets. Like ani-
mal wastes, the ™°N values of NO,~ derived from hu-
man waste are enriched (Aravena et al., 1993). The re-
maining wells on the island are impacted by agronomic
sources that include commercial fertilizers and to a lesser
extent animal waste. The island’s cooler north side has
higher average 6'°N values (+6.8%o) than the rest of the
island, which with the exception of the two wells near
Seogwiopo City (Ngn and Si) in the southern zone, av-
eraged +5.1%o. A similar average §'°N value of 5.3%o oc-
curred in the western zone. Reported heavier applica-
tions of manure by farmers on the north side of Cheju
Island (Kim et al., 1996) may have resulted in a greater
contribution of animal waste N to the regional ground-
water. However, with respect to electrical conductivity,
Cl~™ and Na*, the northern groundwater is not signifi-
cantly different from that in the south. Berndt (1990) and
Exner & Spalding (1994) have shown that the §""N-NO,~
in groundwater containing mixtures of animal and hu-
man waste and commercial fertilizer increased in pro-
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Table 1. Nitrate-N concentrations and §'°N of nitrate in eighteen municipal wells on Cheju Island

Well ID Zone June 1996 June 1996 July 1996 July 1996  Nov 1996 Nov 1996 Avg +SD
mg NO,;-N11 §5N(%) mgNO,-NIT 65N(%) mgNO,-NIT 65N (%) 6N (%o)

Hbs Northern 8.0 6.2 - - 8.7 7.3 6.8+0.8
Ws Northern 2.1 8.9 4.6 8.6 2.2 7.6 84+0.7
Sh Northern 15.8 7.1 7.1 6.1 184 6.3 65+05
Os Northern 8.9 4.7 8.6 6.4 8.7 5.7 5.6+0.8
Th Southern 13.0 3.9 - - - - 3.9

Jid Southern 20.2 44 17.2 5.0 11.3 4.6 47+0.3
Hh Southern 19.7 5.1 - - - - 5.1

Wp Southern 14.8 52 - - - - 52

Si Southern 12.2 9.9 - - 124 10.2 10.0£0.2
Ngn  Southern 7.5 7.8 - - 8.3 9.0 8.4+08
Gs Western 18.2 5.9 - - — - 5.9

Ss Western 14.6 6.3 - - - - 6.3

Bj Western 16.5 5.8 - - 17.7 6.4 6.1+04
Ks Western 11.8 3.6 13.6 4.0 14.3 44 40+04

Ji Western 2.6 4.6 49 44 29 4.7 46+0.2
Hw Western 15.0 5.2 18.5 4.9 16.3 5.8 53104
Pp Western 4.1 5.8 4.6 42 4.6 55 52+09
Sy Western 19.8 53 114 49 7.8 4.8 50+£03

portion to the increase in applied waste N. Nitrate
leachates derived from the application of animal waste
to crops may be responsible for the approximately 2%o
difference in average 6'°N values between the northern
and southern and western zones of Cheju Island.

Pore water

Nitrate concentrations ranged from <0.1 to 21.3 mg
NO;-N 1! and averaged 5.1 mg NO,-N 17! in pore wa-
ter from ~1 m below cropped soybean fields and ranged
from 4.0 to 64.3 mg NO,-N I™! and averaged 30.7 1 m
below the drip line of citrus trees. Generally, granular
21-17-17 (NPK) fertilizer with N as urea is preferred for
the citrus trees. Normally, it is applied during spring
(March) and late fall (October or early November). An-
nual fertilization rates range from 275 to 387 kg N ha™%.
In June, supplemental N and K are applied as urea and
KCl, respectively. Soybeans have the ability to fix atmo-
spheric N, and do not normally require supplemental
N. On Cheju, however, starter N is applied to soybeans
and also to the barley crop that proceeds it. Granular
10-16-10 (NPK) fertilizer is applied to barley in October
at a rate of 126 kg N ha™!, and in May granular 8-14-12
(NPK) fertilizer to the soybean crop at a rate of 147 kg N

ha™’. In the southern regions of the USA soybeans fix an
average of 145 kg N ha™! (Schepers & Mosier, 1991).

Interestingly, the average 6'°N value of +1.9  2.1%o
below the bean fields was significantly lower than the
average value of +4.3 £ 2.3%o (f)9; 1545 = ~4-41) below
the drip line of the tangerine trees. Since the 6N values
in the pore water of the bean fields were more depleted
when NO,-N concentrations were lowest, it is unlikely
that fertilizer is the major nitrogen source. There ap-
pears to be a low-level N release from the plant roots or
legume nodules. Because there is little, if any, N isotope
fractionation involved in N, fixation (Kreitler, 1975), ni-
trification of amines and organic compounds formed
from atmospheric N would be expected to produce ni-
trate close to or lighter than 0.0%.. Thus, NO,™ derived
from atmospheric N, fixed within the root zone of beans
can be a source of NO,™ to the soil pore water and pos-
sibly a minor source of groundwater NO,™ contamina-
tion. The interpretation of the seasonal lysimeter data
for pore-water nitrate and §'°N values in the next sec-
tion further clarifies this concept.

For one soybean site and two citrus sites the pre-
sented data in Figures 5-7, respectively, were selected
because they provide representative and complete data
sets. At site SY (Figure 5), NO,-N levels in the pore wa-
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Figure 5. NO,-N and 6"°N-NO, below soybean field SY. Each
individual lysimeter is identified by the third letter in the site
code, i.e. SYY.

ter ranged from <0.1 to 12.8 mg 17!. Although pore-wa-
ter NO,-N concentrations were consistently much lower
than those below the citrus groves (Figures 6 and 7),
they appeared cyclic, being lowest in April and October
immediately before preplant fertilization and higher in
January, May, and June. Nitrate leachates from starter
fertilizers were observed in May and June during the
rainy season and in the dry season (Figure 1) during
January. In months when pore-water NO3-N concentra-
tions were lowest, the 6'°N values were most depleted,
ranging from —1.8 to + 1.6%o. NH,-N concentrations be-
low soybeans fields were too low (generally <0.5 mg 1)
for isotope analysis. Low concentrations and highly de-
pleted N-isotopic values suggest that a large proportion
of NO,™ is derived from mineralization of plant roots
and fixation nodules. It has been well established that
soybeans planted in rotation with corn provide residual
soil N that is mineralized during the next planting and
utilized by the crop (Varvel & Peterson, 1990). Immedi-
ately after fertilization NO,-N was more concentrated
and the §"®N values were more enriched, ranging from
+0.45 to +5.1%o. The slight enrichment is presumed a re-
sult of volatilization and denitrification.
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Figure 6. NO,-N and 6"°N-NO, below citrus grove TH. Each
individual lysimeter is identified by the third letter in the site
code, i.e.,, THG.

Below citrus, cyclic pore-water NO,-N variability
(Figures 6 and 7) was less pronounced and appeared re-
lated to the increased frequency of pulsed flushes from
recent N-fertilizer applications during the wet sea-
son. The two citrus sites TH and HH (Figures 6 and 7),
with the most complete NO,-N and §'°N data, are lo-
cated in the Seogwipo area (Figure 2). Although the
NO,-N trends and §'°N values from the drier western
region are similar to those from the south-central ly-
simeter sites, during several months one or more lysim-
eters from sites in the western region contained insuf-
ficient pore water for analysis. NH,-N concentrations
were generally below 2.0 mg 17! except during May and
June, when concentrations were as high as 8.6 mg 17%.
High concentrations of ammonium in some lysimeters
suggest that preferential flow occurs at some sites or the
sites for ammonium exchange are occupied, and ammo-
nia from the recent fertilizer application is flushed 1 m
below ground surface. Sites with high ammonium con-
centrations were restricted almost entirely to the south-
central region where precipitation is higher. The 6"°N
values for NH,-N ranged from +0.8 to +2.5%0 which is
indicative of fertilizer origin. The occurrence of NH,-N
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Figure 7. NO,-N and §'"N-NO, below citrus grove HH. Each
individual lysimeter is identified by the third letter in the site
code, i.e. HHR.

coincided with the post-application flush of fertilizer N.
In successive months after fertilization, NH,-N concen-
trations decreased and heterotrophic denitrification re-
sulted in isotopic enrichment of the residual NO,-N.
The depleted 6'°N of the NH,-N and the low NH,-N
concentrations suggest that it is flushed from the fertil-
izer and is not a product of DNRA.

Pore-water NO,-N concentrations usually were high-
est in the warm, wet season and averaged from 30 to
60 mg 1"1. Highest average concentrations usually were
in June after early summer N-fertilization; however, in
some lysimeters, at sites where NO,~ was depleted by
leaching or crop uptake, abrupt increases in concen-
tration were also noted in April after spring fertiliza-
tion. Immediately after N-fertilizer applications in the
months of March and May/June, the §'°N values of the
pore-water NO, ™ at all monitored sites were low rela-
tive to the other months. Occurrence of a NO,~ flush
immediately after fertilization together with high pore-
water NO,-N concentrations and low §'°N values indi-
cate that N-fertilizer is the main component in leach-

ate below Cheju citrus groves. In a mixed source area
of southern Indiana, nitrate concentrations and their
respective §'°N values showed that as larger amounts
of fertilizer-N leachate were extracted by the lysime-
ters the 6°N values became more depleted (Igbal et al.,
1997). Their data suggested that the timing and intensity
of storms after N-fertilization strongly influenced the N-
isotope composition of the nitrate in soil pore water and
groundwater.

The enrichment in §°N values after the initial N fer-
tilizer flush indicates that isotopic fractionation occurs
relatively fast. Because the N-fertilizer is in the form of
urea, ammonia is produced via hydrolysis and then ni-
trified in the topsoil. Volatilization-dominated fraction-
ation is expected to occur during the first week after
fertilization, as the conversion is by a rapid enzymatic
reaction which in warm climates usually goes to com-
pletion within a week after urea application. High pH
levels, from 7.6 to 8.0 in the island’s groundwater (Kim
et al.,, 1996), suggest that recharge is slightly basic and
ammonia volatilization would occur after irrigating re-
cently fertilized soils. In general, the longer the resi-
dence of the fertilizer-N in the soils, the more enriched
the 6'°N values become. Although the authors presume
that the enrichment resulted from volatilization of NH,,
denitrification cannot be totally eliminated. In the Seog-
wipo region, the warm climate, abundant rainfall, and
9.5% organic content of these dark-colored soils (Hyun,
1996) constitute a favorable environment for denitri-
fication. Yet, the relationship between §'°N values and
NO;-N concentrations in pore water below citrus groves
at Seogwipo lysimeter sites TH (r = +0.19, n = 23) and
HH (r = +0.10, n = 23) does not support denitrification.
At the HH site, a decreasing trend in NO,-N occurred
during the season; but, the majority of the enrichment
in 6'°N was restricted to the sampling month immedi-
ately following the first depleted 6'°N fertilizer pulse
and enrichment did not continue in the succeeding
months (Figure 7). Several groundwater studies have
shown that when denitrification occurs, enrichments in
6N values are significantly correlated to decreases in
nitrate concentrations (Green et al., 1998; Mariotti et al.,
1988; Spalding et al., 1993). Reported low HCO,™ con-
centrations in the groundwater of the Seogwipo region
(Kim et al., 1996) are also contradictory to known and
suspected denitrification areas (Bates & Spalding, 1998;
Green et al., 1998). The combination of three annual N-
fertilizer applications and isotopic fractionation of N
primarily by ammonia volatilization appear to keep
most pore water 6°N values between +1 and +6%o.
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Conclusions

The NO,™ leachate data below soybean fields indi-
cate only low levels of potential nitrogen contamination.
A small amount of NO,™ is flushed immediately after
N-fertilization; however, the NO,;™ becomes more isoto-
pically depleted (lighter) in the succeeding months. The
low NO,-N concentrations and quite depleted isotopic
values suggest a source that has experienced minimal
fractionation. Since leached N-fertilizer below the soy-
beans was slightly enriched, this lighter source of pore-
water NO,™ is apparently nitrified fixed ammonia-N
and/or mineralized-N from soybean roots and N-fixa-
tion nodules.

Large amounts of N-fertilizer are transported ver-
tically below citrus orchards on Cheju Island. Monthly
changes in the §"°N-NO, are related to the timing of pe-
riodic flushes of fertilizer-derived nitrate. Nitrate is
flushed to the 1-m level within less than 1 month af-
ter fertilization and is characterized by §'°N values that
closely resemble those in commonly used commercial
fertilizers. Leachates collected up to 3 months after fer-
tilization are enriched several per mil. Although the ma-
jority of the fractionation is caused by volatilization, in
these tropical soils of high organic-C content, denitri-
fication is suggested to be partially responsible for the
enrichment.

Commercial fertilizer leachates appear responsible
for most of the groundwater contamination below the
citrus growing areas; however, the slightly more en-
riched 6N values in the northern zone suggest that
the groundwater may be impacted by proportionately
greater amounts of animal-waste N than in the southern
or western zones. On the other hand, N leachates from
fertilized soybeans appear to have little if any impact on
groundwater quality. Two municipal wells near Seog-
wipo City had enriched 6N values that approached or
exceeded +10%o0 and are believed impacted by human
wastes.
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