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Abstract Dissolved oxygen (DO) and nitrate
concentrations of groundwater from a total of 191
new monitoring wells, with a maximum depth up to
300 m, in the Choshui fan delta of Taiwan were
measured to delineate the regional patterns of the
two components. Unconfined aquifers of the
proximal part of the fan delta contain 1~7 mg/l of
DO, and a 250-m deep well still has an unusual value
of 1.83 mg/l. DO concentrations decrease
downgradient along flow paths to below detection
limit (0.01 mg/l) in shallow confined aquifers during
the last 40 years, possibly due to oxidation of
organic matters in sediments. A plume of high
nitrate-N concentrations (0.5–17 mg/l) originating
from the proximal part of the fan delta has been
developing, possibly since 1956, due to agricultural
fertilizers. From 1997 to 2001, the concentration has
increased at a rate of ca. 0.28 mg/l per year.
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Introduction

Oxidation–reduction (or redox) reactions in aquifers can
lead to the formation of new mineral phases and changes
of water compositions. The materials most often involved
in redox reactions are organic matters, oxygen, nitrogen,
sulfur, and heavy metals, such as iron and manganese.
Meanwhile, many redox reactions are microbially

mediated with different energy yields. In general, anaero-
bic reactions follow the redox sequence with decreasing
oxidation potentials (Eh) and energy yields: so do
DO-reduction, nitrate-reduction, Mn(IV)-reduction,
Fe(III)-reduction, sulfate-reduction, and methanogenesis
(Stumm and Morgan 1995).
Marine sediment geochemists were the first to take this
approach to describe redox zones, which were called
diagenetic sequence (Froelich and others 1979). Similar
approaches had been applied to groundwater systems. In a
pristine aquifer, water percolating through the vadose
zone contains oxygen under near air-saturated conditions.
Below the water table, where gas exchange with the
atmosphere ceases, DO is gradually consumed by micro-
bial uptake, biodegradation of organic matters, and reac-
tions with reduced mineral phases (Champ and others
1979). Organic matter contents of the fan-delta are gen-
erally high (2–10 wt%) and considered as a major oxygen-
consuming material. However, little information con-
cerning redox zonation in fan-delta aquifers has been
published.
The Choshui fan-delta is one of the most important
groundwater resource areas in Taiwan and yields about
40% of the groundwater pumped from the whole island.
Recently, high concentrations of nitrate in drinking
groundwater from the proximal fan-delta have aroused
severe public concerns. The purpose of this study is to
delineate the oxygen- and nitrate-reduction zones in the
early stage of the reduction sequence for the aquifers of the
fan delta.

Hydrogeology

The Choshui fan delta, ca. 40 km long from the apex to
the coast and 60 km wide along the coast, is composed of
sediments mainly transported by the Choshui Stream
(Fig. 1a). The topographic surface extends smoothly from
an altitude of ca.100 m at the apex down to the sea level.
From east to west, a thick unconsolidated gravel layer
gradually change facies into finer sediments such as
sands and clays (Fig. 1b). The upper-most 60-m-thick
layer was deposited during Holocene, which, in turn, is
underlain disconformably by late Pleistocene strata (CGS
1995).
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The thick (>250 m) gravelly aquifer of the proximal part,
as well as the uppermost (<20 m depth) sandy aquifers in
the middle-distal fan delta, are unconfined in hydrologic
character. A thick and extensive mud layer, which is
encountered at a depth of ca. 20 m in the middle fan,
gradually increases seaward (Fig. 1b) and acts as the most
important aquitard (named as Huchi aquitard; Liu 1995)
of the middle and distal parts.
A total of 191 monitoring wells at 85 sites (Fig. 1a) were
drilled during the period from 1991 to 1997. The average
distance between two neighboring sites is 3.5 km. The
deepest well is about 300 m. Bentonite was used to seal
each aquifer and care was taken to avoid mixing with
water from the upper and lower aquifers.
Groundwater of the fan delta flows seaward in a pattern
similar to the surface water (Fig. 2). The proximal part
serves as the main recharge area for the confined aquifers
in the down-gradient parts. All groundwater samples from

this recharge area have tritium concentration >1 TU
(Liu 1995) and were considered to be recharged after
the commencement of frequent nuclear bomb tests in ca.
1953.

Analytical methods

The field sampling methods follow the standard method of
NIEA code W103.50B set out by the Taiwan Environment
Protection Agency. Water that stagnant within the casing
was pumped out three times and discarded before taking
samples. Temperature, pH, electrical conductivity (EC),
hydraulic head, and turbidity were recorded every 5 min
during purging. Samples were taken only after pH and EC
became stable, i.e., the fluctuations of pH and relative EC
were less than 0.1 and 5%, respectively.
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Fig. 1
a Locations of the monitoring wells and topography of the Choshui
fan delta, Taiwan. b A hydrogeological profile (C–P in the above
figure) along the down stream of the Choshui river. N–P and S–P are
profile lines for Fig. 3

Fig. 2
Distribution of hydraulic head measured during the dry season
(February of 1999) and tritium concentrations in different aquifers of
the Choshui fan-delta. Shaded areas represent groundwater of >1 TU.
Tritium data from Liu 1995
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Each water sample was then divided into several portions
according to the need for chemical analyses. Those for
cation measurements were filtered with 0.45-lm glass fiber
papers and acidified with nitric acid until the pH equaled 2.
Samples were then kept in ice boxes and delivered to the
laboratory within 24 h. Concentrations of nitrate-N were
determined by a cadmium-reduction colorimetric method
(APHA 1998).
An oxygen-sensitive membrane electrode method (Carritt
and Kanwisher 1959; APHA 1998) was widely used in DO
measurements. Electrodes were preliminarily calibrated
against air-saturated dissolved oxygen and then corrected
for barometric pressure, temperature, and salinity. DO is
continuously depleted at the electrode surface while
infiltrating the membrane; thus, a downhole stirring de-
vice is required to circulate water outside the membrane.
The instrument used was a MiniSonde, which was made
by HydroLab in USA. (Use of brand names in this report
is for identification purposes only and does not consti-
tute endorsement by the authors.) The instrument is
5 cm in diameter and 70 cm in length, including a data
logger, a circulator, and five sensors for temperature, EC,
pH, oxidation–reduction potential (ORP), and DO mea-
surements, respectively. After purging, the MiniSonde
was lowered down to the screen position of the well
casing and remained there for at least 10 min before the
data logger was set to record water quality parameters
every 5 min.
According to certification from the manufacturer, the
detection limit of DO is 0.2 mg/l for the Minisonde. On the
other hand, Radtke and others (1998) recommended a
spectrophotometric method for determining DO of less
than 1.0 mg/l. This method is based on a Rhodazine-D
colorimetric technique and has a sensitivity of 0.01 mg/l
(ASTM 1984; White and others 1991). By comparing the
results measured by the membrane method and the
spectrophotometric method, concentrations measured by
the membrane method became unreliable when they were
less than 0.5 mg/l.
For the sake of data quality control, the Winkler method
(code 4500-OB, APHA 1998) was used to check those
samples whose DO concentrations measured by Minisonde
are larger than 0.5 mg/l. As a result, 25 samples were
analyzed by both methods and each pair of data are con-
sistent within ±0.5 mg/l error.

Dissolved oxygen concentrations

DO concentrations were measured during the periods
from November to December of 1999 and July to August
of 2000, respectively. Of the total 166 samples, only 26
(16% samples) were greater than 0.5 mg/l. Among the
other 140 samples of DO less than 0.5 mg/l, 30 samples
were also measured by the Rhodazine-D method. It has
been found that DO concentrations of all the 30 samples
were below the detection limit (0.010 mg/l) of the latter
method. For the purpose of simplification, the term

‘‘oxic’’ is used to describe =0.5 mg/l of DO and ‘‘anoxic’’
<0.5 mg/l.
Except for very shallow unconfined wells in the middle and
distal parts of the Choshui fan delta, almost all wells of
high DO concentrations are screened at thick (>200 m)
unconfined aquifers in the proximal part (Figs. 3 and 4).
Downgradient from the apex of the fan, DOs decrease from
the maximum of 6.22 to 1–2 mg/l at ca. 5 km and <0.5 mg/l
at ca. 10 km, respectively. Except one, each oxic well has
slightly higher DO concentration during the wet season
(July 2000) than the prior dry season (November 1999;
Fig. 5).
Eh values of oxic and anoxic groundwaters from the
Choshui fan delta were 200–0 and 0 to )400 mV, respec-
tively (Fig. 6). These Eh values of oxic groundwaters are
considerably lower as compared with 200–400 mV for the
Triassic Sherwood sandstone aquifer in the UK (Smedley
and Edmunds 2002) and Tucson Basin aquifer in the USA
(Rose and Long 1988). It is worth comparing the dissolved
organic carbon (DOC) of the Choshui fan delta (0.4–2
mg/l) with that of the Sherwood sandstone aquifer
(ca. <0.12 mg/l). This may imply that higher DOC results
in lower Eh value.
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Fig. 3
Profiles of DO measured by the membrane electrode method for
groundwater in the Choshui fan delta. Shaded area represents
groundwater having >0.5 mg/l of DO. It is obvious that DO decreases
downgradient. Profile lines are indicated in Fig. 1
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In terms of DO, nitrate, and sulfide contents in ground-
waters, aquifers in the Choshui fan delta can be divided
into three redox zones. All the 16 samples from the first (or

proximal) zone are oxic and nitrate-N greater than 0.5 mg/
l. The 46 samples of the second zone are anaerobic and
total dissolved sulfide greater than 0.03 mg/l. Finally, the
129 samples from the third zone are anaerobic without
detectable sulfide. The median of Eh values for the three
zones decreases downgradient from +55, to 138, to
172 mV, respectively (Fig. 6b).
Many studies have shown that rates of DO removal depend
on local hydrogeology (e.g., Heaton and Vogel 1980;
Edmunds and others 1982; Winograd and Roberson 1982).
The Choshui fan-delta provides a good opportunity to
compare the DO consumption rates for aquifers of dif-
ferent lithologies; with gravel in the proximal fan and
sand/mud in the middle and lower parts. Recent ground-
water as indicated by >1 TU of tritium content in the
proximal fan is still oxic, whereas the 21 wells screened at
shallow aquifers in the middle fan have been reduced to
less than 0.5 mg/l (Fig. 7).
Many researches have shown that DOC is an important
material to consume DO (Molz and others 1986; Ronen
and others 1987). However, an apparent negative correla-
tion between DOC and DO has not been found in the
Choshui fan delta, probably because its DOC is too low
(i.e., less than 2 mg/l) to consume DO. On the contrary,

734 Environmental Geology (2003) 44:731–737

Fig. 4
DO (in mg/l) measured by the membrane electrode method for the
Choshui fan delta; shaded areas represent >0.5 mg/l

Fig. 6
a DO vs. Eh for groundwater in the Choshui fan delta. Data of R1 from
Rose and Long (1988), R2 from Smedley and Edmunds (2002), R3
from this paper. Eh of oxic samples from this paper were lowest
among the three cases. b Cumulative curves of Eh for different
reduction zones. Zone 1: both DO and nitrate-N >0.5 mg/l, sample
number (n)=16. Zone 2: DO and nitrate-N <0.5; sulfide>0.03 mg/l,
n=46. Zone 3: both DO and nitrate-N <0.5; sulfide <0.03 mg/l; n=129.
The median Eh value for each curve decreases from +55 (zone 1) to
172 mV (zone 3)

Fig. 5
Comparison of DO concentrations in 11 well water samples from
unconfined aquifers measured in wet and dry season. Except one well,
DO in the wet season, is ca. 1–2 mg/l higher than in the dry season for
the same well
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some samples are high in DO and DOC (2–2.5 mg/l),
probably because DOC is not yet thermodynamically
equilibrated with DO, or a large portion of DOC has been
inert for microbial oxidation.
Fine sand and clay formations generally contain more
organic matter than gravel formations (Tyson 1995). The
average organic matter content (1.5 wt%) of sediments in
middle fan aquifers (e.g. borehole #W2) of finer grained
sand and clay is greater than that in proximal fan aquifers
of gravel (e.g., 0.5 wt% of borehole #W1; Fig. 7d). The
authors suggest that the lower DO consumption rate in
proximal fan aquifers may depend on the lower organic
matter contents in the sediments.

Nitrate concentrations

Generally, nitrogen as ammonia and in organic matter is
converted to nitrate in oxic groundwater. Nitrate-N con-
centrations have been found to be greater than 0.5 mg/l for
the unconfined aquifer in the proximal area, where DO was
also high (Fig. 8). The area was over 100 km2 during the

1999–2000 investigation period. However, only two of the
60 deep (>100 m) wells had greater than 0.5 mg/l of ni-
trate-N in 1956 (Fig. 9; AMOMO 1957). In addition, well
#TJ has showed a sharp increasing trend since 1992
(Fig. 10).
The nitrate concentrations of groundwater in the Choshui
fan delta decrease along flow paths. For example, Fig. 8a
shows that nitrate-N decreases from 8.47 mg/l in the
proximal fan to 4.8 and 0.26 mg/l at 5 and 10 km down-
gradient, respectively. Downgradient denitrification
cannot account for this trend because DO contents of the
low-nitrate groundwater are still high. Smith-Carrington
and others (1983) reported a similar case from a chalk
aquifer in Britain and suggested that the downgradient
decrease of nitrate in oxic groundwaters may be related to
downgradient dispersion and dilution.
From 1997 to 2001, nitrate concentrations in 34 monitor-
ing wells in the upper fan-delta were monitored annually.
Nitrate-N concentrations ranged from 0.47 to 17.8 mg/l.
The median of each accumulative curve (Fig. 11) for
nitrate concentration increases steadily from 0.47 (1997),
1.26 (1999), 1.56 (2000), to 1.82 mg/l (2001), respectively.
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Fig. 7
a, b DO and tritium concentrations of aquifers 1 and 2. Recently
recharged groundwaters (tritium >1.0 TU) were further classified as
oxic (DO >0.5 mg/l), or anoxic (DO <0.5 mg/l). c Cumulative curves
for DOC of recently recharged groundwater. The difference of DOC
between oxic and anoxic samples are not large. d Sediment organic
matters (SOM) contents are higher in the middle and the lower parts
as exemplified by well #W2 than that in the proximal parts as
represented by well #W1

Fig. 8
Nitrate-N concentrations (in mg/l) of groundwater in various aquifers
of the Choshui fan delta as measured in November 1999. Groundwater
with nitrate-N than 0.5 mg/l was recharged from the proximal part
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Conclusions

Systematic investigations showed that groundwater in the
unconfined proximal aquifer of the Choshui fan-delta
contains 1–7 mg/l of dissolved oxygen and a value of
1.83 mg/l was obtained for the 250-m depth. In contrast,
dissolved oxygen in the shallow confined aquifers of the
middle and distal parts was reduced, possibly by plant
detritus to below 0.01 mg/l of the detection limit within the
last 40 years.
A plume of high nitrate-N concentrations (0.5–17 mg/l)
has been developing in the proximal part probably since
1956. Spatial distributions of detectable nitrate and dis-
solved oxygen almost coincide with each other. From 1997
to 2001, the groundwater nitrate-N concentrations showed
a steady increasing trend of 0.28 mg/l per year from 0.47 to
1.82 mg /l. The plume is attributed to agricultural fertil-
izers and is expected to grow if the present situation of
land use continues.
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