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Relation of Pathways and Transit Times
of Recharge Water to Nitrate Concentrations
Using Stable Isotopes

by Matthew K. Landon 24, Geoffrey N. Delin?, Stephen C. Komor®, and Charles P. Regan®

Abstract

Oxygen and hydrogen stable isotope values of precipitation, irrigation water, soil water, and ground water were used with soil-
moisture contents and water levels to estimate transit times and pathways of recharge water in the unsaturated zone of a sand and
gravel aquifer. Nitrate-nitrogen (nitrate) concentrations in ground water were also measured to assess their relation to seasonal
recharge. Stable isotope values indicated that recharge water usually had a transit time through the unsaturated zone of several
weeks to months. However, wetting fronts usually moved through the unsaturated zone in hours to weeks. The much slower tran-
sit of isotopic signals than that of wetting fronts indicates that recharge was predominantly composed of older soil water that was
displaced downward by more recent infiltrating water. Comparison of observed and simulated isotopic values from pure-piston
flow and mixing-cell water and isotope mass balance models indicates that soil water isotopic values were usually highly mixed.
Thus, movement of recharge water did not occur following a pure piston-flow displacement model but rather follows a hydrid model
involving displacement of mixed older soil water with new infiltration water. An exception to this model occurred in a topographic
depression, where movement of water along preferential flowpaths to the water table occurred within hours to days following spring
thaw as result of depression-focused infiltration of snow melt. In an adjacent upland area, recharge of snow melt occurred one
to two months later. Increases in nitrate concentrations at the water table during April-May 1993 and 1994 in a topographic low-
land within a corn field were related to recharge of water that had infiltrated the previous sumnmer and was displaced from the
unsaturated zone by spring infiltration. Increases in nitrate concentrations also occurred during July—-August 1994 in response
to recharge of water that infiltrated during May-August 1994. These results indicate that the largest ground water nitrate con-
centrations were associated with recharge of water that infiltrated into the soil during May-August, when most nitrogen fertil-

izer was applied.

Introduction

Surficial sand and gravel aquifers are recharged primarily by
infiltration of precipitation and are vulnerable to contamination by
chemicals leached through soils. Contamination of shallow ground
water with nitrate nitrogen (nitrate) from agricultural fertilizers, ani-
. mal waste, or septic systems is a widely documented problem
¢ (Hallberg 1989; Fedkiw 1991; Puckett 1995). Because chemical
reactions that affect solutes are time dependent, the transit time of
water in the unsaturated zone of sand and gravel aquifers can be a
critical factor in determining solute concentrations in recharge
water (Bowman and Rice 1986; Gamble et al. 1990a, 1990b).

The relation of solute concentration to transit time of recharge
water 1s strongly affected by the pathways of water in the unsatu-
rated zone. Water that moves rapidly along preferential flowpaths
may be relatively unaffected by reactions with soil or mixing with
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other soil water, whereas water that moves more slowly through the
soil matrix may be greatly affected by such reactions. In addition,
ground water recharge rates vary considerably due to topography
(Meyboom 1966; Miller et al. 1983; Fortin et al. 1991), soil prop-
erties, and vegetation types (Sharma et al. 1983). Transit times and
pathways of recharge water will also be affected by these physical
factors. Knowledge of the transit times and pathways of recharge
water in different topographic and land-use areas is necessary to
understand the quantity and timing of solute movement to uncon-
fined sand and gravel aquifers.

This paper presents the results of data collection during
1993-94 at a research site in a sand-plain setting in east-central
Minnesota (Figure 1). The objectives of the study were (1) to
determine the transit times and pathways of recharge water within
the unsaturated zone in different land use and topographic set-
tings, and (2) to relate nitrate concentrations in ground water to
recharge. This study was carried out in conjunction with studies
assessing focused recharge of water and agricultural chemicals in
topographic depressions (Delin and Landon 1996, Delin et al.
1996, in press). For this study, the transit time of recharge water in
the unsaturated zone is defined as the time between when water
enters the soil at the land surface and when it reaches the water table.
Infiltration refers to the entry of precipitation or irrigation water into
soil at the land surface. Recharge refers to the movement of water
from the unsaturated zone into the saturated zone. “New” infiltra-
tion water refers to soil water that entered the soil during the most
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Figure 1. Location of sampling sites at the Princeton, Minnesota,
Management Systems Evaluation Area, 1993-94.

recent precipitation or irrigation event. “Old” soil water refers to
water that was in the soil prior to the most recent precipitation or
irrigation event.

An important component of the study was the use of stable iso-
topes of oxygen (8'%0) and hydrogen (3D) as conservative tracers
of water sources and movements (International Atomic Energy
Agency 1981; Payne 1988; Coplen 1993). Values of 830 and 8D
in precipitation, soil water, and ground water have been used to iden-
tify the sources and pathways of recharge to unconfined aquifers
(Gat and Tzur 1967; Zimmerman et al. 1967; Saxena 1984;
Bengtsson et al. 1987; Barnes and Allison 1988; Darling and Bath
1988; Stewart and McDonnell 1991; Wenner et al. 1991; Lindstrom
and Rodhe 1992; Mathieu and Bariac 1996; Burns et al. 1998). In
this study, 8'80 and 8D values in rain, snow, irrigation water, soil
water, and ground water were used with soil-moisture contents
and water levels to estimate transit times and pathways of recharge
water in the unsaturated zone. Tracking water movement through
the unsaturated zone with soil-moisture measurements alone does
not reveal transit time because recharge can be composed of (1)
stored water in the unsaturated zone that is displaced by new infil-
tration (piston flow), or (2) new infiltration that moves rapidly
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through the unsaturated zone along preferential flowpaths. However,
recharge waters moving by these different pathways may be dis-
tinguished on the basis of their stable isotope values (Gat and Tzur
1967). The approximate time (or season) that water infiltrated into
the unsaturated zone was estimated by comparing its isotopic com-
position with that of precipitation and irrigation water. The transit
time of recharge water in the unsaturated zone was estimated from
the difference in time between when water with a distinctive iso-
topic composition infiltrated at land surface and when it was
detected at the water table.

Site Description

The study was conducted at the Management Systems
Evaluation Area (MSEA) near Princeton, Minnesota (Figure 1). The
Princeton MSEA is within the Anoka Sand Plain, an area of glacial
outwash covering about 4400 km? (Figure 1; Delin et al. 1994). The
topography is gently undulating at the 65-hectare research area. The
topsoil is principally a mixed, frigid Argic Udipsamment (Jackson
1991). The soil is well drained and there is surface ponding only
when the soil is frozen or when more than about 50 mm of water
is applied in a 24-hour period. The unsaturated zone consists pre-
dominantly of fine to medium-grained sand, and the saturated
zone of medium to coarse-grained sand (Delin et al. 1994). The
porosity is generally 35% to 40%. Field capacity in the upper 0.5
m of the unsaturated zone is typically 10% to 12% by volume
(vol%) (Komor and Emerson 1994). The average depth to the
water table is 3.6 m below land surface across the research area.
Ground water moves from west to east at an average rate of 80 mm/d
(Delin et al. 1994). Ground water recharge generally ranges from
about 50 to 250 mm per year and occurs primarily during March
through July (Delin et al., in press). Most of the approximately 778
mm of mean annual precipitation (U.S. Department of Commerce
1961-92) is rainfall during May through September. Natural pre-
cipitation totals were 770 and 660 mm for 1993 and 1994, respec-
tively (Delin et al. 1997). Mean potential evapotranspiration cal-
culated by the Thornthwaite method is 610 mm per year (Baker et
al. 1979). Mean monthly temperatures vary from 21°C in July to
—14°C in January (Baker et al. 1985).

Methods

Sample Collection and Analysis

Rain water and irrigation water applied with a linear-move spray
irrigation system was collected at the upland corn site (Figure 1)
using a funnel mounted on a pole 1.5 m above land surface, con-
nected to a buried 20 L bottle. Samples were collected at least
monthly and two to four times per month during selected periods,
including some samples of individual rainstorms. Irrigation samples
were collected following selected applications. The water col-
lected was a composite sample of bulk precipitation or irrigation
since the last sample collection. Snow samples were collected by
filling a 1 L glass jar with a depth-integrated sample of the snow-
pack. Monthiy and annual average, volume-weighted isotopic val-
ues of precipitation were calculated from isotopic values of all
precipitation samples and measured precipitation amounts occur-
ring during each sampling period using a formula of Yurtsever
and Gat (1981).

Irrigation was applied as necessary to supplement rainfall on
cropped areas. The irrigation well was completed in a confined sand



and gravel aquifer that is hydraulically separated from the surficial
aquifer by a confining layer of clayey till about 15 m thick (Delin
et al. 1994).

Four water table wells were sampled in this study. Two of the
wells were located in the northernmost cropped area, which was
planted with field corn in consecutive years under conventional full-
width tillage and split nitrogen applications (multiple small appli-
cations of nitrogen during the growing season rather than one large
application) (Landon et al. 1998). One well was within a topo-
graphically high area (upland corn) and the other in a topographi-
cally low area (lowland corn) about 78 m apart that differed in ele-
vation by 1.4 m (slope of about 0.02) (Figure 1). Between 20 and
65 mm of irrigation water were applied to the corn at various
times in the growing season to supplement rainfall (Figure 2a)
(Landon et al. 1997). Controlled infiltration experiments during
which 120 to 240 mm of irrigation water were applied were also con-
ducted at the upland and lowland corn sites on September 15 and
October 19, 1993, and August 31, 1994 (Delin et al. 1997). The third
well was in an upland area planted in grass (upland grass) (Figure
1). This area was farmed prior to 1991 but was planted with a mix-
ture of timothy and smooth brome grass during this study. The fourth
well was located on the eastern, or downgradient, end of a wooded
area (lowland wooded) with mixed hardwoods (Figure 1).

Ground water samples were collected monthly, coincident
with precipitation samples, and following selected recharge events.
The wells were constructed of 51 mm I.D. galvanized steel or
polyvinyl chloride (PVC) casing with 0.6 or 1.5 m long stainless-
steel screens bisecting the water table (screen depths for specific
wells are listed in Figures 2f and 3f). Ground water was sampled
with a peristaltic pump at a rate of 0.5 to 1.0 L/min with the inlet
hose to the pump held 50 to 100 mm below the water table. Water
samples were collected after the specific conductance, pH, and
dissolved oxygen concentrations stabilized. A 60 mL glass bottle
with a gas-excluding polyseal cap was filled for analysis of 8'80 and
8D values. One 15 or 125 mL opaque polyethylene bottle was
filled with water passed through a 0.45 pm cellulose-nitrate filter
and chilled for anion analyses.

Soil water was collected from suction lysimeters and wick sam-
plers in the unsaturated zone at the upland and lowland corn sites
at the same time samples were collected from the water table
(depths for specific samplers are listed in Figures 2c, 2d, 2e, 3c, 3d,
and 3e). Laboratory tests indicated that no isotopic fractionation
occurred as a result of collection with either type of sampler
(Landon et al. 1999). The suction lysimeters were constructed of
Teflon® with a porous ceramic cup. Soil water was collected by
applying a vacuum of about 35 centibars to the lysimeters for at least
one hour. The suction lysimeters yielded 10 mL to 2 L of water with
an average of about 50 mL. Wick samplers were based on the
design of Brown et al. (1986). Samples collected with the wick sam-
plers represented a composite of predominantly gravity-drainage
water over the time since the sampler was last emptied (Landon et
al. 1999).

Values of 8'80 and 8D were determined by mass spectrome-
try at the U.S. Geological Survey (USGS) Stable Isotope
Fractionation Laboratory in Reston, Virginia. The analytical pre-
cisions of the 8'%0 and 8D results were 0.15 and 1.5 %o, respectively
(Mullin 1995). Isotopic results were reported in %o relative to
Vienna Standard Mean Ocean Water (VSMOW). Water samples
were analyzed for dissolved nitrate using ion chromatography at the
University of Minnesota, Department of Geology and Geophysics,

or at the USGS, Denver, Colorado. The data and descriptions of the
sample collection, analysis, and quality assurance protocols are in
Landon et al. (1997) and Delin et al. (1997).

Water Movement

Thermocouples for measuring soil temperatures and time-
domain reflectometry (TDR) probes for measuring volumetric
soil-moisture contents (Topp et al. 1980) were installed in two
vertical profiles at both the upland and lowland corn sites at depths
0f0.2,0.4,0.6,0.8,1.0, 1.5, 2.0, 2.5, and 3.0 m. The instrumenta-
tion was installed during October-November 1991 in trench walls
(Delin and Landon 1996; Delin et al. 1996). Soil temperature,
soil-moisture contents, ground water levels, and precipitation were
recorded at hourly to daily intervals at both sites.

Results

Isotopic Values of Precipitation and Irrigation

There was a large seasonal variation in the isotopic composi-
tion of precipitation (Figure 2b). Samples of irrigation water were
collected three times and had §'80 values of ~9.3 to -9.4 %e.
Because 8'80 values of irrigation water were uniform, Figure 2b
shows an isotopic data point for every irrigation water application,
although samples were not collected after every application.
Precipitation and irrigation were classified into three seasonal cat-
egories defined by isotopically distinct compositions (Table 1).
The result of the seasonal contrast in isotopic composition was that
water available for infiltration into the soil during March—April
(hereafter referred to as spring) and October—November (hereafter
referred to as fall) was generally <—12 %o, isotopically distinct
from infiltration during May—September (hereafter referred to as
summer), generally >—10 %o.

Wetting-Front Movement

Soil-moisture data indicated that it took wetting fronts hours
to weeks to move through the unsaturated zone (Figures 2, 3, and
4; Delin et al., in press). Recharge occurred following most rain-
storms or irrigation applications of greater than about 15 mm. For
instance, following the application of 64 mm of irrigation water on
July 14, 1993, the wetting fronts moved rapidly through the unsat-
urated zone and a small water table rise was detected about 24 hours
later (Figure 4). Increased amounts of water application resulted in
increased rates of wetting front movement and recharge (Delin et
al., in press). The average rate of wetting front movement for

Table 1
Classification of Annual Precipitation and Irrigation into
Seasonal Categories Based on Isotopic Composition

Months Occurring

Seasonal Water or Available for

Category Source B180 %o Infiltration

Spring snow melt <17 March

Spring rainfall -12to-14 March-April

Summer rainfall and ~-5to—10 May-September
irrigation

Fall rainfall® -12to~14 October-November

Fall snow melt <17 November
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in Table 4 and discussed in the text.
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Figure 3. Upland corn site precipitation, irrigation, volumetric soil-moisture content, and water level data plus 330 values for precipitation,
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from the water table following application of irrigation water on July

14, 1993, at the upland corn site (a-c¢) and the lowland corn site (d-f).

recharge events was about 15 mm/hr, which resulted in an average
wetting front travel time through the unsaturated zone of eight
days at the lowland corn site and 12 days at the upland corn site.
Water applications smaller than about 15 mm had little effect on soil-
moisture contents below the 1.0 m depth. Soil-moisture contents
were not measured continuously during the study because of inter-
mittent instrument failure and because system components were
shared between the lowland and upland sites in 1993. Soil-moisture
contents recorded during winter at depths shallower than 1.0 m were
inaccurate owing to frozen soil conditions.

Wetting fronts typically moved through the unsaturated zone
and recharged the aquifer more rapidly at the lowland corn site than
at the upland corn site (Delin et al. in press). The largest differences
in wetting-front movement between the two sites occurred in
March-April 1994 during snow melt. The most rapid movement of
a wetting front observed during the study occurred in early March
1994 at the lowland corn site during snow melt (event 6, Figures 2c,
2d, and 2e). The wetting front moved from the 0.2 m TDR probe
to the 2.5 m TDR probe above the water table in four hours. Soil-
moisture contents increased from 0.08 prior to infiltration to 0.25
at a depth of 2.0 m below land surface, indicating the sandy soil
approached 60% to 70% saturation (event 6, Figure 2¢). In contrast
to this rapid wetting-front movement, the wetting front at the
upland corn site was not observed at the 2.0 m TDR probes until
April, approximately six weeks later, and the increase in moisture
content was much less than at the lowland corn site, with a peak
value of 0.12 reached at the 2.0 m probe (event 6, Figure 3e).

386 M.K. Landon et al. GROUND WATER 38, no. 3: 381-395

Isotopic Values of Soil Water

Values of 3'%0 and 8D for soil water plotted mainly on, or
slightly to the right of, the local meteoric water line (LMWL),
indicating that soil water was predominantly meteoric but had a
slight evaporative component (Figure 5). Soil water samples gen-
erally were less than 1 %o to the right of the LMWL, indicatin g that
the magnitude of evaporative modification of soil water §'30 was
small in comparison to seasonal variations in isotopic compositions
(Figure 5).

The isotopic composition of soil water changed seasonally
(Figures 2c, 2d, 2e, 3¢, 3d, and 3e). Soil water §'80 values decreased
following snow melt and April rainfall and increased following sum-
mer rainfall and irrigation. Seasonal changes in soil-water iso-
topic composition often lagged behind changes in precipitation. For
instance, at the upland corn site in 1993, the annual minimum iso-
topic values of soil water (=12 to ~17 %o) at all sample depths
occurred during the summer months (Figures 3c, 3d, and 3e).
These minimum isotopic values indicated the presence of 8O-
depleted water that infiltrated during March and April.

Although the seasonal variations in soil water 8180 values
were clearly large enough to be measured and tracked through the
unsaturated zone, the range of 8'%0 values in soil water was less than
the seasonal fluctuation in precipitation 8'%0 values. This dampening
of soil water 8'%0 variations compared to those of precipitation indi-
cates that mixing of waters with different isotopic compositions
occurred in the soil.

To evaluate the extent of the mixing of soil water, measured soil-
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water isotopic values were compared with simulated values from (1)
a pure-piston flow model simulating no mixing of new infiltration
water with older soil water (hereafter referred to as the pure-piston
flow model), and (2) a compartmental model simulating complete
mixing of new infiltration water with older soil water in 0.5 m
cells and piston flow between the cells (hereafter referred to as the
mixing-cell model). Water and isotopic mass balances were calcu-
lated with these simple models. Water balance calculations were per-
formed for all 27 infiltration events during 1993-94 that caused mea-
sureable increases in soil-moisture contents below 0.5 m. The
amount of infiltration for each event was calculated by subtracting
the total amount of soil water in the unsaturated zone prior to the
event from the maximum amount of soil water during the infiltra-
tion event. Losses of soil water to evapotranspiration were estimated
by means of a crop-growth model (Reicosky et al. 1995) and loss of
soil water to recharge was calculated as a residual. For the pure-pis-
ton flow model, the amount of water that infiltrated during each event
was used to calculate the thickness of the unsaturated zone occupied
by water from that event based on measured soil-moisture con-
tents. The thickness and vertical location of water from each event
was then calculated as that water moved downward through the unsat-
urated zone as a result of displacement by subsequent infiltration
events. Soil water isotopic values were equal to the original isotopic
values of the water when it infiltrated. For the mixing-cell model,
the unsaturated zone was divided into a one-dimensional intercon-

nected array of mixing cells (a compartmental model after Yurtsever
[1983]), each cell simulating a 0.5 m vertical interval. A water bal-
ance was calculated for each mixing cell based on changes in mea-
sured soil-moisture contents. The isotopic composition in each mix-
ing cell was computed using the isotopic mixing equation (Gat
1981). Since complete mixing occurred in each cell, the water mov-
ing out of the bottom of each mixing cell due to downward perco-
lation was assumed to have the same composition as the water in the
mixing cell. The isotopic value of the water leaving the mixing
cell defined that of the water entering the mixing cell below. The mix-
ing-cell model, involving piston flow between cells and mixing
within cells, is a hydrid model between pure piston and pure mix-
ing conditions. A pure-mixing model of only one cell representing
the entire unsaturated zone was considered unrealistic, since mea-
sured soil-water isotopic values were not vertically uniform. The mix-
ing-cell model was meant to simulate a condition of locally complete
or “pure” mixing and vertical transport of that mixed water.

Comparison of measured isotopic values with those from the
pure-piston flow and mixing-cell models indicates that soil water
was usually highly mixed (Figure 6). For most samplers and times,
soil water 8'80 values were similar to those predicted by the mix-
ing-cell model; measured values generally did not compare as
closely to values predicted by the pure-piston flow model. However,
some seasonal oscillations in soil water §'8Q values were slightly
larger than those predicted by the mixing-cell model, indicating that
soil waters were not completely mixed.

Ground Water Isotopic Values and Nitrate Concentrations

The isotopic composition of ground water just below the water
table varied among the four sites (Table 2). All ground water sam-
ples plotted on the LMWL, indicating that ground water was mete-
oric water unmodified by post- or syninfiltration fractionation due
to evaporation (Figure 5).

Isotopic values at the water table changed cyclically each year
at each site (Figures 2f and 3f). The magnitude of the ground water
isotopic changes reflect an isotopic mass balance that depends on the
composition of the recharge, the amount of recharge, the depth of
water in the screen (height of water table), and the initial composi-
tion of the ground water in the screen prior to recharge. However,
the principle factor driving changes in the isotopic values of ground

Table 2
Average, Minimum, and Maximum &80 Values
for Ground Water from the Water Table and Precipitation
Collected During 1993-94
Average Minimum Maximum Number
3180 3180 5180 of
Site Value (%0)  Value (%0) Value (%c) Samples
Ground Water
Lowland corn -11.4 -17.9 -8.9 23
Upland corn -10.9 —-12.1 -9.8 23
Lowland wooded -10.4 -12.7 9.2 16
Upland grass 9.7 ~-11.1 -8.7 16
All sites above -10.7 -17.9 -8.7 78
Precipitation
1993 -11.2! -23.9 —4.4 23
1994 -10.6! -22.3 -5.1 10
I Annual volume-weighted average.

M.K. Landon et al. GROUND WATER 38, no. 3: 381-395 387



UPLAND-CORN SITE

0.8-m depth

5130 (%)

2.8-m depth

Y ST T U Ut T N Y SO0 WU S T N OO U U WA I N Y
J FMAMJJASONDJFMAMJUJ ASOND

LOWLAND-CORN SITE

0.8-m depth

_25 ] i | | | | ] | 1 1 1 1 1 | | 1 J. | | 1 L

1.6 - 1.8-m depth

T

2.4-m depth
25 F RS T WU S N SN S WU S N TN PR DU U SO RN N SN N |
JFMAMJJASONDJFMAMIJ AS OND

1993

1 .
o——=o 8120 suction sampler measured values
=——83 "0 wick sampler measured values

1994
EXPLANATION

1993

1994

1 . L
) 80 simulated values - mixing-ceill model
e 8180 simulated values - piston-flow model

Figure 6. Comparison of measured 5130 values of soil water to simulated values using pure-piston flow and mixing cell models for the upland

and lowland corn sites, 1993-94.

water was changes in the isotopic value of recharge. Therefore, the
direction and timing of changes in isotopic values in ground water
were an indicator of the composition and timing of recharge.

The isotopic contrast between ground water and seasonal pre-
cipitation (or irrigation) made it possible to identify the season dur-
ing which recharge water infiltrated. Because the 8'30 values of win-
ter precipitation (<-17 %o), spring rain (<—12 %o), and late fall
precipitation (<—12 %o) were less than ground water values prior to
recharge of these waters (Tables 1 and 2; Figure 7), those sources
of recharge caused the 8'%0 values of ground water at the water table
to decrease. Because the 8'30 values of summer precipitation and
irrigation water (> 10 %o) were larger than ground water values prior
to recharge of these waters (Tables 1 and 2; Figure 7), those sources
of recharge caused the 3!30 values of ground water at the water table
to increase. The shading in Figure 7 shows periods when recharge
water had an isotopic composition that indicated the water was
derived from spring (March—April), summer (May—September), or
fall (October—November) infiltration. The beginning of the spring
infiltration period was assumed to coincide with snow melt and
thawing of the soil. Soil-moisture data indicated that little or no infil-
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tration occurred during the winter when the soil was frozen (Fig-
ures 2 and 3).

The apparent transit time is indicated by the offset of the
shading between the infiltration (source) water and the ground
water at a particular site (Figure 7). Because infiltration of water with
a particular seasonal composition can occur over a period of weeks
to months, minimum and maximum estimates of the transit time
were calculated by comparing first occurrence of seasonal iso-
topic signals in precipitation to first and last occurrence of that sig-
nal at the water table (Table 3). Because recharge of water having
a particular composition could have occurred any time during the
month between successive sample collections, there was an uncer-
tainty of 0.5 month in transit time estimates unless otherwise
noted.

Isotopic Values and Nitrate Concentrations at the Lowland
Corn Site

Changes in the isotopic values of ground water at the water table
followed an annual sequence that resulted from seasonal changes
in the composition of recharge. Isotopic changes at the lowland corn
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Table 3
Minimum and Maximum Transit Times in the Unsaturated
Zone for Water Recharged During 1993-94, Based on Changes
in Ground Water 880 Values
Lowland Upland Lowland Upland
Corn Corn Woodland Grassland
Spring 1993
Minimum <1 week 2.5 months <3 weeks 3 months
Maximum 4-5 months! 6-7 months 3—4 months 6-11 months
Summer 1993
Minimum 3.5 months 6 months 3 months —
Maximum 7-12 months  6.5-11.5 months 7--12 months!  7-12 months?
Fall 1993
Minimum <1 month ND ND ND
Maximum — ND ND ND
Spring 1994
Minimum <5 days 1.5 months 2 months 2 months
Maximum 2.5-4.5 months 1.5-3.5 months  2-4 months 4-6 months?
Summer 1994
Minimum 2.5 months 1.5 months 2 months 4 months
Maximum 6-12 months >7 months 2-6 months —
Fall 1994
Minimum <! month ND <1 month ND
Maximum — ND — ND
— Insufficient data for transit time to be calculated; ND, no detection of recharge of
water with that seasonal composition.
ITransit times with units of months have an uncertainty 0.5 month unless otherwise
noted.
2Transit time uncertainty =1 month.

site indicated the most frequent changes in recharge composition
(Table 4; Figure 7a). Nitrate concentrations at the water table at the
lowland corn site were closely linked to seasonal recharge. Although
the magnitude and timing of the isotopic changes in 1993 and
1994 were slightly different, the seasonal trends were the same
(Figure 7a); events 1, 2, 3, 4, and 5 in 1993 correspond to the
same seasonal trends in recharge compositions as events 6, 7, 8, 9,
and 10, respectively, in 1994 (Table 4).

Following snow melt and soil thawing in March—April 1993
and 1994, ground water 580 values decreased (events 1 and 6; Table
4, Figure 7a). Other evidence for movement of snow melt water
included: (1) wetting front movement through the unsaturated
zone (event 1, Figures 2¢ and 2e; event 6, Figures 2¢, 2d, and 2e);
(2) arise in water levels (event 1, Figure 7a); and (3) decreased 8'80
values in soil water (event 1, Figure 2d; following event 6, Figures
2d and 2e). During 1993, these changes occurred between March
31 and April 7, indicating that recharge water from snow melt had
a transit time of less than one week in the unsaturated zone.
Recharge of snow melt water did not substantially affect nitrate con-
centrations during 1993 (event 1, Figure 7a). In 1994, a wetting front
moved through the unsaturated zone in about four hours following
soil thaw and snow melt on March 6. The 8'%0 value of ground
water collected on March 10 of --17.3 %o was in the range of snow
melt values (event 6, Figure 2f; Table 1). Nitrate concentrations
dropped sharply from 22 mg/L. on February 17 to 5.0 mg/L. on March
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Table 4
Annual Sequence of Isotopic Changes at the Water Table at the Lowland Corn Site Resulting
from Changes in Recharge Composition and Corresponding Changes in Nitrate Concentrations

Direction of Event # (Figure 7a) Interpreted Seasonal Nitrate

Isotopic Change 1993 1994 Timing of Shift Association of Recharge Concentrations

Decrease 1 6 March—April Snow melt moving by level or decrease

preferential flow

Increase 2 7 April Summer infiltration from increase
previous year

Decrease 3 8 May-August Snow melt and decrease
April rainfall

Increase 4 9 August-October Summer infiltraion increase

Decrease 5 10 November Fall infiltration decrease

10 (event 6, Figure 7a).

In April 1993 and 1994, ground water 8!80 values increased
to —10.9 and -10.1 %o, respectively (events 2 and 7, Figure 7a).
Rising water levels (events 2 and 7, Figure 7a) and declining soil-
moisture contents (event 2, Figure 2e; event 7, Figures 2c, 2d, and
2e) indicated that recharge continued to occur during these isotopic
changes. The increase in the ground water 8'%0 values requires
recharge of water with a 8'80 value greater than about —10 %e.
Ground water nitrate concentrations increased in April 1993 and
1994 (events 2 and 7, Figure 7a).

During May through July or August of both years, 8!30 val-
ues at the water table generally decreased (events 3 and 8, Figure
7a). The change to lower 8'80 values is consistent with recharge of
water that infiltrated into the soil in late March and April (Table 1).
Ground water nitrate concentrations predominantly decreased dur-
ing recharge of spring infiltration (events 3 and 8, Figure 7a).
Nitrogen fertilizers were applied at rates of 78 kg/ha on June 4 and
67 kg/ha on July 15, 1993 but had little or no immediate effect on
ground water nitrate concentrations because recharge was composed
of spring infiltration water.

During July or August to October, 8'%0 values at the water table
increased to the annual maximum of 9.4 to —-8.9 %o (events 4 and
9, Figure 7a), consistent with recharge of summer rainfall and irri-
gation water (Table 1). The peak nitrate concentrations in October
and November 1993 were related to infiltration and tracer tests con-
ducted August 31 through October 20, 1993. Nitrogen was applied
around the upland and lowland corn sites for a tracer test at a rate
of 418 kg/ha on August 31. The peak nitrate concentrations occurred
following a large application of irrigation water of approximately
235 mm on October 19, 1993 (Figure 2a). Thus, the increase in
nitrate concentrations in the fall of 1993 did not reflect typical land
use or water movement conditions and were disregarded with
respect to interpreting the relation of seasonal recharge to nitrate con-
centrations. During 1994, nitrate concentrations increased from
16 to 32 mg/L between July 2 and August 31 in association with
recharge of summer infiltration (event 9, Figure 7a). Nitrogen fer-
tilizers were applied only during the summer infiltration period with
applications of 78 kg/ha on June 9 and 62 kg/ha on June 28, in addi-
tion to the application on May 3. Because nitrate concentrations were
below the detection limit of 0.05 mg/L in the irrigation water, it was
not the source of the increased nitrate concentrations associated with
recharge of summer infiltration.

Beginning in October or November of both years, the 830 val-
ues at the water table decreased (events 5 and 10, Figure 7a), con-
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sistent with recharge of fall infiltration water with lower 3'80 val-
ues (Table 1). In 1993, nitrate concentrations declined as the effects
of the October 19 tracer test faded. In 1994, nitrate concentrations
declined from 16 to 6 mg/L between October 12 and December 6.

Ground Water Isotopic Values and Nitrate Concentrations at
the Upland Corn Site

The sequence of annual isotopic changes was simpler at the
upland corn site than at the lowland corn site (Figures 7a and 7b).
Rapid recharge of spring snow melt during events 1 and 6 (Fig-
ure 7a) were not detected at the upland corn (Figure 7b), lowland
woodland, or upland grassland sites.

Nitrate concentrations at the upland corn site did not change
as much in relation to recharge as at the lowland corn site. Nitrate
concentrations at the upland corn site were 13 to 19 mg/L through-
out most of 1993 and 1994. The increased concentrations of 24 to
35 mg/L in October—-November 1993 were related to the infiltra-
tion experiments (Figure 7b). Increased nitrate concentrations of
22 to 25 mg/L also occurred at times during July—October 1994 in
association with recharge of summer infiltration water.

Irrigation Infiltration Test

Wetting front movement and soil and ground water isotopic val-
ues were monitored following a 64 mm irrigation application at the
upland and lowland corn sites on July 14, 1993. Irrigation water had
an 6'20 value of -9.3 %o, larger than preirrigation ground water 8'30
values of —10.8 and —12.1 %o at the upland and lowland corn
sites, respectively (Figures 4c and 4f). At the lowland corn site, the
6'80 value of a water table sample collected on July 16 was 0.6 %o
less than before irrigation (Figure 4f). The water table sample was
collected after wetting fronts had passed the deepest TDR-probe in
the unsaturated zone and after an approximately 20 mm rise in the
water table, indicating recharge had occurred (Figures 4d, 4e, and
4f). Similarly, the 8'30 value at the water table at the upland corn
site decreased by 0.5 %o during a 20 mm water table rise in the four
days following irrigation (Figure 4¢). The decreases in 8'30 values
at the water table indicate that recharge was not composed of irri-
gation water, because recharge of irrigation water would cause
3!80 values to increase. Isotopic mass balance calculations indicate
that the 830 values of recharge were —24.1 and —21.2 %o at the
upland corn and lowland corn sites, respectively. These values
and the trend to a lower 8'80 value of ground water were consis-
tent with recharge of spring infiltration that had resided in the
unsaturated zone since March or April. Although rapid movement



of irrigation water through the upper 1.6 m of the unsaturated
zone occurred following application (Figures 4b and 4e), the
unmixed irrigation water detected in wick samplers at 1.5 and 1.6
m, respectively, at the upland and lowland corn sites, must have
either stopped above the water table or have comprised a minority
of recharge so that it was not detected isotopically.

Discussion

Recharge Water Pathways in the Unsaturated Zone

Wetting-front movement and water level data generally indi-
cated that recharge occurred hours to weeks after an infiltration
event. However, with the exception of snow-melt water at the
lowland corn and lowland woodland sites, isotopic data indicated
that recharge water had a transit time in the unsaturated zone of 1.5
to 12 months (Table 3), longer than the travel time of wetting
fronts through the unsaturated zone. Thus, the recharge was not
composed of water from the most recent precipitation event or
irrigation application. Because isotopic evidence indicated that
the water that recharged the aquifer was older, most of the recharge
detected in this study must have been older soil water displaced from
the unsaturated zone by newer water that infiltrated into the soil.
Results of more frequent sampling during infiltration tests with irri-
gation water on July 14-16, 1993, at the upland corn and lowland
corn sites, also indicated that recharge was composed of older s0il
water rather than new infiltration water from the irrigation appli-
cation. However, comparison of observed and modeled isotopic val-
ues indicates that soil water was usually highly mixed. Thus, dis-
placement of older soil water did not occur following a pure
piston-flow displacement model but rather a hydrid model involv-
ing displacement of mixed older soil water with new infiltration
water.

While the isotopic data indicated that recharge was mostly
composed of mixed older soil water that was displaced by new infil-
tration, water movement by preferential flow may also have
occurred but gone undetected. Changes in isotopic composition at
the water table between successive sample collections indicated the
net isotopic composition of the recharge water during that period.
The net isotopic composition, however, is a function of both the
amount of recharge and the isotopic composition of that recharge.
Relatively small amounts of recharge in comparison with total
recharge during that month, or with an isotopic composition close
to that of ambient ground water, would have had little effect on the
net isotopic composition and would have been undetected. Thus,
the isotopic data do not preclude some recharge by prefetential flow.
The exact percentage of recharge water that moved through the
unsaturated zone by different mechanisms cannot be estimated
using the data collected.

Preferential flow of recharge water through the unsaturated zone
occurred during topographically focused recharge of snow melt at
the lowland corn site in March—April 1993 and March 1994,
Decreases in water table 8!80 values (events 1 and 6, Figure 7a)—
particularly to a 3'80 value of —17 %o, similar to snow melt, in
March 1994—decreases in soil-water isotopic values (event 1,
Figure 2d; following event 6, Figures 2d and 2e), and soil-moisture
contents (event 1, Figures 2c and 2e; event 6, Figures 2c, 2d, and
2e) were consistent in indicating movement of snow melt water
through the unsaturated zone in less than one week in 1993 and in
about four hours in 1994.

Preferential flow of recharge water probably occurred during
snow melt at the lowland corn site because the amount of infiltra-
tion was much greater than at other times of year. Soil water bal-
ance results indicate that the amount of infiltration during snow melt
was 70% in 1993 and 250% in 1994 of the amount of water in the
soil prior to snow melt. The large amount of infiltration caused soil-
moisture contents to exceed the field capacity of 10 to 12 vol%
throughout the unsaturated zone during 1994 (event 6, Figures 2c,
2d, and 2e). Field capacities must have been exceeded at least
along some preferential flowpaths in 1993 (event 1, Figures 3¢ and
3e). The isotopic changes following snow melt in 1993 were
smaller than in 1994 because of a smaller snowpack and more
gradual melting. With soil-moisture contents in excess of field
capacity, rapid gravity drainage of snow melt water through the soil
could occur with snow-melt water potentially having little interaction
with older soil water bound more tightly to the soil matrix (Barnes
and Allison 1988). For smaller infiltration events, where the volume
of newer water did not cause soil-moisture contents to exceed the
field capacity at all depths, water was retained by capillary forces
in the soil pores and rapid preferential flow through the unsaturated
zone did not occur. For typical events from rainstorms or irrigation,
the amount of infiltration water was 5% to 30% of the amount of
water stored in the soil. This water had a transit time of several weeks
to months in the unsaturated zone, mixed extensively with older soil
water, and moved gradually downward after being displaced by
newer infiltration during subsequent infiltration events.

During 1993 and 1994, the 8'80 values of ground water
increased during April after snow-melt recharge (events 2 and 7,
Figure 7a). This increase must have been due to recharge of water
with 8!80 values greater than about —10 %e. There are three possi-
ble sources for water with these values: individual April rainstorms
undetected in the composite precipitation samples because of inter-
storm variation in isotopic values, soil water stored in the unsatu-
rated zone prior to snow melt that infiltrated the previous summer,
and snow melt water with 880 values > —10 %o generated by iso-
topic fractionation or sublimation during snow melt.

It is unlikely that the source of recharge water with $'30 val-
ues > —10 %o was April rainfall. The 8'%0 values of rainfall sam-
ples collected in April were —11.9 to —14.5 %o, except for a sample
collected on April 29, 1993, which had an 3180 value of —9.5 %o
(Figure 2b). However, the sample collected on April 29, 1993,
represented only 6 mm of rain during April 27-29, and no wetting
front was associated with this rainfall. Large amounts of inter-
storm variability in isotopic values of precipitation have been doc-
umented in some studies (Ingraham 1998). Therefore, individual
April rainstorm(s) with 8'30 values > —10 %o could have occurred
that would not be apparent from the composite precipitation sam-
ples collected, which generally reflected multiple storms. However,
in April 1993, there were no substantial precipitation events caus-
ing wetting front movement through the unsaturated zone, indicating
April rainfall could not have accounted for the increased 8'80 val-
ues of recharge. During April 1994, rainstorms of 447 mm on
April 14-15 and 453 mm on April 24-27 resulted in movement of
wetting fronts through the unsaturated zone (Figures 2c, 2d, and 2e).
However, these rainstorms accounted for 75% of the precipitation
collected in the composite sample on May 5, which had an 8§80
value of —12.5 %., implying that these rainstorms probably had val-
ues similar to that of the composite sample. Moreover, these rain-
storms, while large enough to cause wetting front movement, were
not large enough to cause large amounts of preferential flow, which
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would be required in order to have recharge of April rainfall dur-
ing the same month.

The most plausible source of recharge water with 8'80 values
> —10 %o was older soil water that infiltrated during the previous
summer (Table 1). Although isotopic data were not collected in 1992,
it is assumed that summer infiltration in 1992 would have had
8'80 values greater than —10 %o, similar to summer infiltration in
1993 and 1994 (Tables 1 and 4). Soil water in the unsaturated
zone prior to snow melt had 8'80 values > —10 %, consistent with
summer infiltration. Five of the six samples collected from suction
lysimeters and wick samplers on March 31, 1993, prior to snow melt,
had 8'80 values between —8 and -9 %o (Figures 2d, 3c, and 3d). In
addition, a core through the unsaturated zone collected at the
upland corn site on March 24, 1994, after the beginning of soil thaw-
ing and snow melt but before the wetting front from snow melt had
moved all the way through the unsaturated zone, indicated that soil
water below about 1.8 m had 8'#0 values of ~7.7 to —10 %o, con-
sistent with summer infiltration water (Landon et al. 1999). In
addition, the amount of water stored in the unsaturated zone prior
to snow melt was more than enough to account for the amount of
recharge of water with 8'80 values greater than —10 %o that occurred
in April. During both 1993 and 1994, the amount of soil water stored
in the unsaturated zone prior to snow melt was about 190 mm. This
stored water exceeded the amounts of recharge of 80 mm in 1993
and 140 mm in 1994, calculated from changes in soil-moisture con-
tent profiles, that occurred during the period (mostly in April)
when recharge had 8'30 values > —10 %o. Thus, infiltration from the
previous summer was present in the unsaturated zone prior to
snow melt in quantities sufficient to account for the recharge of water
with 880 values > —~10 %o during April 1993 and 1994. This
recharge water from summer infiltration had a transit time in the
unsaturated zone of at least six months (September 1992 to March
1993) and was displaced from the unsaturated zone by new infil-
tration of spring snow melt and April rainfall. Because recharge of
this previous summer infiltration water occurred after rapid recharge
of snow melt, some water from snow melt must have bypassed older
soil water and moved through the unsaturated zone along preferential
flowpaths. Thereafter, during April, the older soil water that infil-
trated the previous summer was displaced from the unsaturated zone
by newer infiltration. After the older water was displaced from the
unsaturated zone, water from spring snow melt and April rainfall
that did not move rapidly through the unsaturated zone by prefer-
ential flow immediately after snow melt constituted recharge dur-
ing May to July or August (events 3 and 8, Figure 7a). Thus, in addi-
tion to the rapid movement of snow melt through the unsaturated
zone, preferential flow of snow melt was also indicated by the
fact that recharge during April, following snow melt, was composed
of water that infiltrated during the previous summer.

It is possible that recharge with 8'%0 values > —10 % could
result from isotopic fractionation during melting and sublimation
of snow, although it is considered improbable. Snow melt and
sublimation can cause the residual snowpack to become more
enriched in heavy isotopes, resulting in the greater isotopic values
of melt water as melting continues (Cooper 1998; Rodhe 1998).
However, significant isotopic evolution of snow melt is not always
observed in the field as a result of the many factors that influence
these processes (Cooper 1998; Rodhe 1998). Apart from the uncer-
tainty regarding whether snow melt fractionations occurred at this
site, the following recharge sequence would be required to be con-
sistent with observed isotopic data: (1) preferential flow and
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recharge of mostly unfractionated snow melt (8'80 value < —17 %o
in 1994) in March—early April (events 1 and 6, Table [); (2)
recharge of fractionated snow melt having 8'80 values > 10 %o in
April (events 2 and 7, Table 1); and (3) recharge of snow melt and
April rainfall (no rainfall causing infiltration in April 1993) with val-
ues <—12 %o during May—August (events 3 and 8, Table 1). This
sequence is not impossible but requires a fairly complicated series
of events and seems implausible given than the last snow melt should
have the greatest 330 values. Moreover, this explanation fails to
account for what would happen to the approximately 190 mm of soil
water with summer compositions in the unsaturated zone prior to
snow melt. This summer water represents a much more plausible
and available source of water with 8'80 values > —10 %o. While there
is not evidence to either prove or disprove snow fractionations as
an explanation for the isotopic data, recharge of summer infiltration
in the unsaturated zone prior to snow melt is a much simpler expla-
nation that is consistent with all of the isotopic and nitrate data.

The interpretations of recharge water transit times and pathways
based on seasonal isotopic variations in precipitation need to be tem-
pered by awareness that some studies (Ingraham 1998) have found
considerable interstorm variability in precipitation isotopic val-
ues. Interstorm variability would cause nonuniformity in the sea-
sonal precipitation isotopic signal and uncertainty in the interpre-
tation of soil water and ground water isotopic signals. The
precipitation samples collected for this study indicated the average
isotopic composition of precipitation since the last sample collec-
tion (usually monthly), and thus incorporated water from all of the
storms during that month. Storms with isotopic compositions sub-
stantially different from the monthly averages were likely relatively
small in magnitude and, therefore, minor or insignificant sources
of ground water recharge. Ground water recharge is more likely to
reflect isotopic values of water that infiltrates over a longer period
of time and integrates water from multiple storms. The results of
more frequent precipitation sampling during April-June 1993 indi-
cated that isotopic values of individual rainstorms were generally
similar to monthly volume-weighted averages. Therefore, the effect
of interstorm variations in precipitation isotopic values on the
interpretations is considered to be insignificant, but is nevertheless
unknown because samples were not collected for all individual pre-
cipitation events.

Recharge Water Transit Times in the Unsaturated Zone

The transit times of seasonal isotopic signals in the unsaturated
zone varied from less than one week to one year (Table 3). Transit
times of less than one week were detected during recharge of
snow-melt water at the lowland corn site during March or April.
Minimum transit times of less than one month were also detected
during fall recharge at the lowland corn site and during spring
1993 and fall 1994 recharge at the lowland wooded site (Table 3;
Figure 7a). Minimum transit times for the upland corn and upland
grass sites and for summer recharge at all sites were 1.5 to 3.5
months. Maximum transit times ranged from 1.5 to 12 months. The
transit time values are based on the interpretation that the spring,
summer, or fall seasonal isotopic signals observed at the water
table represent those of the most recent spring, summer, or fall,
respectively, rather than seasonal signals from previous years,
which would indicate much longer transit times. This interpretation
is supported by vertical soil-water isotopic profiles in cores through
the unsaturated zone collected in March and August 1994 (Landon
et al. 1999) that indicate the unsaturated zone contained water



from only one seasonal cycle rather than seasonal signals from mul-
tiple years.

Transit times through the unsaturated zone of up to12 months
were longer than expected given the fine to medium-grained sand
texture, relatively high hydraulic conductivity, and shallow depth
to water of 2.5 to 4.5 m. The longer transit times reflect the fact that
the volume of water entering the soil during most infiltration events
was generally small, 5% to 30% of the volume of water stored in
the unsaturated zone. As a result, several infiltration events over a
period of several months were required to replace the volume of
water in the unsaturated zone. Recharge from spring infiltration gen-
erally had shorter transit times than summer infiltration (Table 3).
At the lowland corn site, for instance, 1993 spring recharge had tran-
sit times in the unsaturated zone from less than one week to five
months compared to 1993 summer recharge that had transit times
of 3.5 to 12 months. These seasonal differences in transit time
probably reflect the fact that there was a larger volume of infiltra-
tion in proportion to the volume of water in storage in the unsatu-
rated zone during snow melt and lower evapotranspiration during
the spring than summer.

Transit times differed considerably between sites. Transit
times were shorter at the lowland corn site than at the upland corn
site (Figure 7; Table 3). The isotopic data were consistent with the
wetting-front movement and water level data, which indicated
more rapid movement of wetting fronts and larger amounts of
recharge at the lowland corn site than at the upland corn site (Delin
et al., in press). Delin et al. (in press) attributed the greater recharge
and more rapid wetting front movement to three factors: (1) surface
runon of water into the local depression around the lowland corn
site, especially during spring snow melt and other periods of intense
or prolonged rainfall; (2) fine-grained laminations found between
1 and 2 m below the upland corn site but absent at the lowland corn
site; and (3) coarser-grained sediments at the lowland site at depths
greater than about 1 m. A smaller average depth to the water table
of 2.8 m at the lowland corn compared to 4.3 m at the upland
corn site (Figure 7) also probably contributed to the more rapid tran-
sit time of recharge water through the unsaturated zone at the low-
land corn site.

Because the sampling frequency was sometimes different at the
lowland wooded and upland grass sites compared to the upland corn
and lowland corn sites it was not always possible to compare tran-
sit times between these two groups. However, the lowland wooded
and upland grass sites had the same sampling frequency, so these
sites were directly comparable to each other. Transit times were gen-
erally shorter at the lowland wooded site, which had an average
depth to water of 2.9 m, than at the upland grass site, which had an
average depth to water of 4.5 m (Table 3). Soil properties at the
upland grass site are similar to those at the upland corn site (Tomer
and Anderson 1995). Because similar data on soil properties at the
lowland wooded site were not collected, the relation of soil prop-
erties and transit time cannot be determined at this site.

Relation of Nitrate Concentrations to Recharge

Increases in nitrate concentrations at the water table beneath the
lowland corn site during April-May 1993 and 1994 corresponded
with increased 8'30 values, which indicated that the source of the
recharge was water that infiltrated during the previous summer. This
summer infiltration water was likely displaced from the unsaturated
zone by water infiltrating into the soil following snow melt. It is con-
sidered unlikely that the increases in nitrate concentrations were

related to nitrogen fertilizer applications occurring in April or early
May. In 1993, the first application of nitrogen fertilizer was on April
28 at a rate of 22 kilograms per hectare (kg/ha) (Landon et al. 1997).
Between fertilizer application and ground water sample collec-
tion on April 30 there was 1.5 mm of rainfall but no wetting front
movement. Similarly, in 1994, the first application of nitrogen fer-
tilizer was on May 3 at a rate of 22 kg/ha. Because there was no pre-
cipitation on May 3 this application could not have affected the
ground water nitrate concentrations measured on May 3. Thus,
the increases in nitrate concentrations occurred before the effects
of nitrogen fertilizer applications in late April and early May of the
same year could have been detected at the water table. Rather, the
nitrate that reached ground water during April 1993 and 1994 was
probably residual nitrate in the soil from previous years,

Increases in nitrate concentrations at the lowland corn site
also occurred in July-August 1994 owing to recharge of water
that infiltrated during the summer of 1994. Because of the effects
of the infiltration and tracer experiments in August-October 1993,
it was not possible to identify the effects of recharge of summer 1993
infiltration on nitrate concentrations. Concentrations of nitrate at the
lowland corn site generally decreased when recharge was composed
of water that infiltrated during the spring or fall.

Increases in ground water nitrate concentrations associated with
recharge of summer infiltration probably result from summer infil-
tration having greater nitrate concentrations than spring or fall
infiltration. Nitrogen fertilizers applied on the cropped areas (Fig-
ure 1) are the primary source of the nitrate in the upper 1 to 2 m of
the saturated zone beneath these areas (Landon et al. 1998). Nitrogen
isotope data for shallow ground water at the upland and lowland corn
sites are considered to be consistent with a fertilizer source of the
nitrate (Bohlke et al., submitted). Average concentrations of nitrate
were 0.45 mg/L in snow and 1.7 mg/L in rain during 1992-95
(Delin et al. 1997), indicating nitrate in precipitation is not a sub-
stantial source of nitrate in ground water. Nitrogen mineralization
in the soil also should be a minor source of nitrogen at the site
because of the low organic content of the soils of 1% or less
(Landon et al. 1998). Because nitrogen fertilizers are primarily
applied during late April to August, summer (May—September)
infiltration probably has the greatest opportunity to interact with rel-
atively high soil nitrogen concentrations and leach nitrate in com-
parison with spring and fall infiltration. The largest nitrate con-
centrations then remained with the water that flushed the nitrate out
of the root zone after fertilizer application in the summer. By the fol-
lowing March or early April, soil nitrogen concentrations probably
would be diminished by plant uptake and leaching during the sub-
sequent 7 to 11 months and snow melt and rain water infiltrating into
the soil would be in contact with relatively low soil nitrogen con-
centrations relative to summer infiltration, resulting in lower nitrate
concentrations in spring infiltration. As a result, recharge of spring
infiltration diluted ground water nitrate concentrations. Alternatively,
seasonal changes in ground water nitrate concentrations could be
interpreted as resulting from seasonally uniform nitrate leaching rates
from the root zone with variable amounts of dilution by seasonally
varying amounts of recharge. If this mechanism accounted for
seasonal fluctuations in ground water nitrate concentrations, then
concentrations should always have decreased when large amounts
of recharge occurred and should always have increased when small
amounts of recharge occurred. However, during events 2 and 7,
ground water levels, soil-moisture contents, and isotopic values indi-
cated substantial amounts of recharge of summer infiltration, but
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ground water nitrate concentrations increased rather than decreased.
Therefore, it is interpreted that the seasonal variations in ground
water nitrate concentrations are primarily related to seasonal vari-
ations in nitrate concentrations in infiltration, although variable
amounts of dilution probably also sometimes influenced ground
water nitrate concentrations.

Nitrate concentrations were strongly influenced by the timing
of infiltration with respect to nitrogen fertilizer application but
were also sometimes influenced by recharge water pathways and
transit times. For instance, during rapid recharge of snow melt
water at the lowland corn site in March 1994, recharge water had
a transit time in the unsaturated zone of hours to days and had much
smaller nitrate concentrations than spring infiltration water that
recharged the aquifer a few months later. The smaller nitrate con-
centrations were likely related to the minimal contact that snow melt
water moving by preferential flow had with the soil and older soil
water.

The linkage of seasonal recharge and nitrate concentrations was
most clearly evident at the lowland corn site, owing to the locally
rapid movement of recharge water. Temporal variations in nitrate
concentrations at the upland corn site were subdued and delayed
compared with those at the lowland corn site owing to slower
movement of recharge water. However, nitrate concentrations
increased slightly at the upland corn site during recharge of 1994
summer infiltration.

Conclusions

Stable-isotope data indicated that ground water recharge had
transit times that varied from less than one week to about 12 months
through a sandy unsaturated zone with average depths to the water
table of 2.8 to 4.5 m. Transit times of less than one week were
detected in a topographic depression in a corn field where isotopic
and soil-moisture content data indicated that rapid movement of snow
melt water to the water table occurred by preferential flow. At all other
sites and times, the ground water recharge was composed of water
that had transit times in the unsaturated zone of several weeks to
months and was displaced by new water infiltrating into the unsat-
urated zone. However, comparison of the isotopic values of soil water
to simulated values from pure-piston flow and mixing-cell water and
isotopic mass balance models indicate that the soil water was usu-
ally highly mixed. Thus, a hybrid piston-type model where mixed
older soil water was displaced by new infiltration water seems to be
the predominant mechanism for the movement of the recharge
water through the unsaturated zone.

Increases in ground water nitrate concentrations at the lowland
corn and upland corn sites were associated with recharge of water
that infiltrated into the soil during the summer. Thus, the greatest
nitrate concentrations remained with the water that flushed the
nitrate out of the root zone after fertilizer application. Recharge of
summer infiltration water with relatively large nitrate concentrations
occurred primarily during two periods annually at the lowland
corn site: (1) during the late summer and early fall, two to six
months after infiltration, and (2) during the following spring and
early summer, seven to 12 months after infiltration, as this water was
displaced from the unsaturated zone by spring infiltration.

The relatively long transit times of recharge water in the unsat-
urated zone were in direct contrast to the comparatively rapid
movement of wetting fronts through the unsaturated zone, gener-
atly in hours to weeks. Although monitoring of wetting-front move-
ment indicated when recharge occurred it did not indicate the tran-
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sit time of the recharged water. Stable-isotopic data are useful in
studying contaminant transport through the unsaturated zone in
sandy soils because they provide a direct measure of recharge
water transit time and link nitrate concentrations to infiltration
timing.
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