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Spatial and Temporal Trends in Nitrate Concentration In the Eastern San
Joaquin Valley Regional Aquifer and Implications for Nitrogen Fertilizer
Management

Karen R. Burow, S. Geological Survey, Placer Hall, 6000 J Street, Sacramento, CA, 95819
Phone (916)278-3087; fax (916)278-3190; email krburow(@usgs.gov

Christopher T. Green, U.S. Geological Survey, Bldg. 15, McKelvey Building, 345 Middlefield
Road, Menlo Park, CA 94025; , Phone (650)329-4728; fax (650)329-4463; email
ctgreen(@usgs.gov

Introduction

Ground-water withdrawals in the San Joaquin Valley totaled 64 million m’/day (19
million ac-ft) in 2000, supplying about 45% of agricultural irrigation demand and about 80% of
municipal supply (Hutson et al., 2004). Most of the population and ground-water use are in the
eastern San Joaquin Valley, where reliance on ground water is expected to increase as a result of
rapid population growth and limited surface water supplies. Protection of ground-water quality
for future use requires monitoring and understanding the mechanisms controlling the long-term
quality of ground water in the regional aquifer system.

Nitrate has been widely detected above background concentrations in ground water in the
eastern San Joaquin Valley. Nitrate concentrations (reported as nitrogen in this paper) were
above the MCL of 10 mg/L in 24% of domestic wells screened in the shallow part of the aquifer
that were sampled during 1993-95 (Dubrovsky et al., 1998) and the Central Valley is one of the
top three regions in the state in terms of the number of public drinking-water wells exceeding the
MCL for nitrate (California State Water Resources Control Board, 2002).

To assess spatial and temporal trends in nitrate concentrations in the eastern San Joaquin
Valley and to evaluate the long-term effects of nitrogen fertilizer use on ground-water quality in
this region, data were evaluated at multiple spatial scales. Data from regional-scale monitoring
networks were used to map the regional occurrence of nitrate and to determine whether shallow
ground water containing elevated nitrate is migrating to deeper parts of the aquifer system. At the
local scale, mean ground-water ages from analysis of age-dating tracers were combined with
concentrations of nitrate to reconstruct nitrate inputs in recharge through time and to compare
with estimated nitrogen applications. Ground-water flow and transport simulations of a typical
public-supply well screened from about 100 to 400 ft below the water table were used to evaluate
long-term concentrations beneath agricultural areas under different nitrogen management
scenarios.

Occurrence of nitrate in the regional aquifer

Regional spatial and temporal trends in nitrate during the last two decades vary
according to the position of the sampled wells in the regional ground-water flow system. Nitrate
concentrations are highest and most variable near the water table, and variability and
concentration decrease with depth (Burow et al., 2007) (fig. 1). In areal networks of monitoring
wells screened near the water table in agricultural areas, nitrate concentrations in the 2000s
ranged from 0.04 to 34 mg/L, with a median of 16 mg/L (Burow et al., in press). Nitrate
concentrations were greater than the MCL in 67% of the wells. Nitrate concentrations in the
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2000s in the shallow part of the aquifer system at depths of domestic wells (fig. 1) ranged from
<0.05 to 75 mg/L, with a median of 6.4 mg/L. Nitrate concentrations were greater than the MCL
in 29% of sampled domestic wells, indicating that domestic drinking-water supplies have been
significantly affected by nitrate concentrations. In the 2000s, nitrate concentrations deeper in the
aquifer, where public-supply wells are typically screened, ranged from 0.5 to 9.9 mg/L, with a
median of 3.7 mg/L.

The largest increases in nitrate concentrations during the last decade were in the
shallowest wells; the median increase in nitrate concentration decreased with depth (Burow et
al., in press) (fig. 1). In the monitoring wells screened near the water table in agricultural areas,
median nitrate concentrations increased from 11 to 14 mg/L in oxic wells during the last decade,
although the increase was not statistically significant. In the shallow part of the aquifer system at
depths of the domestic wells, median nitrate concentrations increased significantly from 6.1 to
7.3 mg/L in oxic wells during the last decade. In the deep part of the aquifer where public-supply
wells are screened the median nitrate concentration increased significantly from 3.4 to 3.7 mg/L
during the last decade. A large database of historical nitrate concentration data from wells in the
shallow and deep parts of the aquifer was constructed to evaluate long-term changes in nitrate
concentrations (Burow et al., in press). These data also show that nitrate concentrations have
increased over the last several decades in both the shallow and deep parts of the aquifer, with
concentrations increasing more gradually at depth. In view of the widespread occurrence of
nitrate concentrations over the MCL in the shallow part of the aquifer and increasing
concentrations with depth, a quantitative evaluation of the decadal-scale fate and transport of
nitrate in the eastern San Joaquin Valley is needed to design mitigation strategies for the high
concentrations in the shallow part of the aquifer and to protect future water supplies tapping the
deep part of the aquifer.

Sources of nitrate

The observed decrease in nitrate concentrations with depth is consistent with an increase
in nitrogen fertilizer applications over time. Initial nitrate concentrations in recharge and
corresponding nitrogen fertilizer applications increased over time in three separate local-scale
studies near 1) Fresno (fig. 2a) (Burow et al., 2007), 2) Modesto (fig. 2b) (Burow et al., in press),
and the Merced River (fig. 2¢) (Green et al., in press(a)). Manure applications were included in
the nitrogen input curve for the site near the Merced River because of nearby confined animal
operations. Analysis using county-level nitrogen applications and a wide range of chemical data
from sampling vertical monitoring well transects showed that reconstructed nitrate
concentrations are consistent with 50% of the applied nitrogen reaching the water table. Similar
temporal trends and leaching fractions (typically 30 to 50%) have been reported for agricultural
recharge in other areas in the United States (Bohlke and Denver, 1995; Bohlke, 2002; McMahon
et al., 2006). Nitrogen application data (Ruddy et al., 2006) and isotopic data from the local-scale
studies (Green et al., in press(b); McMahon et al., in press) indicate that nitrogen fertilizer is the
dominant source of nitrate in modern ground water, although locally in areas with confined
animal operations, manure inputs (Ruddy et al., 2006) could increase expected nitrate
concentrations in recharge by as much as 38 to 66%. Septic inputs of nitrogen to ground water
can be locally significant; however, septic density is sparse in comparison to the area of fertilized
crops in the study area. Atmospheric deposition of nitrogen is low.
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Persistence of nitrate and mixing processes in the regional aquifer

Physical processes such as dispersion and mixing affect nitrate concentrations as nitrate
moves deeper in the ground-water system. In deep, long-screened wells, low nitrate
concentrations may be caused by the increased mixtures of ages of ground water with depth
(Weissmann et al., 2002). In these wells, young, high-nitrate ground water is mixed with older,
low-nitrate ground water, resulting in low observed nitrate concentrations. As the proportion of
young, high-nitrate ground water increases in the deep part of the aquifer, concentrations of
nitrate are expected to increase.

Microbial reduction can remove nitrate in geochemically reduced environments with
sufficient organic content. Concentrations of nitrate in the regional aquifer are expected to
generally persist over time because the aquifer sediments have low organic content and ground
water is typically oxic (Burow et al., 1998; Burow et al., 2007; Jurgens et al., unpublished data,
2007). In the aquifer beneath Modesto, excess N, concentrations systematically increased with
depth at multiple well nests, implying that small amounts of denitrification occurred in the
aquifer even though it was generally oxic (McMahon et al., in press). Denitrification has also
been reported in ground water in the vicinity of the Merced River (Domagalski et al., in press;
Green et al., in press(b)). At that site, denitrification accounted for removal of as much as 50% of
the nitrate in 31 years of reaction time.

Implications for management of nitrogen inputs

Based on estimates of ground-water age in the deep part of the aquifer, current
concentrations of nitrate in public-supply wells likely reflect the fertilizer application rate and
management practices of 40 to 50 years ago mixed with older waters prior to significant fertilizer
use (Burow et al., in press). Therefore, concentrations of nitrate will likely increase as the
proportion of young water contributed to these wells increases with time. Simulations using a
detailed flow and transport model of a typical public-supply well indicate that for current nitrate
input concentrations at the water table in agricultural areas of 15 mg/L, nitrate concentrations
across the range of about 100 to 400 ft below the water table in the aquifer would approach the
MCL of 10 mg/L within the next several decades (fig. 3).

Because geochemical reactions do not significantly affect nitrate concentrations between
the root zone and the water table, controlling high nitrate concentrations in shallow ground water
is dependent on physical factors, such as nitrogen fertilizer applications and recharge rates
(Green et al., in press(a)). For example, increased fertilizer efficiency, resulting in the reduction
of nitrogen inputs at the water table from current levels by 33% over 20 years could reduce
nitrate concentrations sufficiently to maintain concentrations below the MCL (fig. 3). However,
nitrate concentrations will continue to increase for 20 years after the reduction in input because
of the lag time between the change in management and response in the deep aquifer. Whether or
not measures are adopted to decrease nitrogen inputs at the water table, continued monitoring of
nitrate concentrations in the regional aquifer at multiple scales provides the data necessary to
assess management alternatives and to address the efficacy of measures adopted in the future.
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Figure 1. Nitrate concentrations and well depths in areal well networks sampled by the U.S.

Geological Survey in the eastern San Joaquin Valley, California (Burow et al., 2007; Burow et
al., in press).
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a. Local-scale network near Fresno
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b. Local-scale network near Modesto
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c. Local-scale network near the Merced River
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Figure 2. Estimated concentrations of nitrate in recharge and observed concentrations of nitrate
in monitoring wells in (a) Fresno, California, (b) Modesto, California, and (c) near the Merced
River, California. Nitrogen applications in (c) include manure. Observed concentrations of
nitrate are plotted against corresponding dates of groundwater recharge. Estimated
concentrations of nitrate from applications represent 50% of the nitrogen fertilizer applications
(plus manure at Merced River site) divided by the area of fertilized land, dissolved in 0.6 m/yr of
recharge in Fresno and 0.4 m/yr in Modesto and near the Merced River.
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EXPLANATION
Nitrogen input at the water table
— Scenario 1: projected into the future at 15 mg/L

—— Scenario 2: decrease over 20 years to 10 mg/L

Simulated concentration in public-supply well
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mmmm  Concentration using input scenario 2

Figure 3. Simulated long-term concentrations of nitrate in a typical public-supply well in the
eastern San Joaquin Valley, California. Concentration in public-supply well assumes 100%
agricultural land in contributing recharge area; well screen depth about 100 to 400 ft below the
water table; first-order denitrification rate constant = 0.005/yr.
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