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Abstract
Nitrate loading is a pervasive water quality problem in the Salinas Valley
due to its rich agricultural history. Row crops, including strawberries and lettuce,
are grown in the area immediately surrounding the drinking water supply well that
is the focus of this study. The application of fertilizers to these crops is
compounded because the crops are irrigated with nutrient-rich agricultural return
fed groundwater. A small-scale wastewater treatment plant is another potential
source of nitrogen in the immediate vicinity of the well.
The nitrate impacted drinking water supply well in this small agricultural
labor cooperative community had been identified as producing water unsafe for
human consumption because nitrate concentrations were well above the
regulatory limit for drinking water (Maximum Contaminant Level; MCL). The
nitrate impacted drinking water supply well, located in the Salinas Valley
Groundwater Basin - Eastside Subarea (SVGWB-ES), was completed at a depth
of 137 m under semi-confined conditions of the alluvial Paso Robles Formation.
One of the goals of the study was to unravel the complex dynamics
associated with local and regional source loading, recharge, and discharge, to
define the source of the nitrate contamination in order to recommend best
management practices into the future. The study applied an interdisciplinary
approach to investigate the source of nitrate. Stable isotopes of nitrate (δ15N,
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δ18O-NO3) and very high nitrate concentrations indicate that inorganic fertilizer is
the dominant source. The groundwater age suggests that nitrate has a ʻlegacyʼ
source that began infiltrating decades ago when intensive agriculture began.
Nitrate concentrations fluctuate with seasonal pumping and are strongly, inversely
correlated with precipitation levels. Stable isotope ratios of water (δ18O-H2O, δ2HH2O) show two different water masses; one with an evaporative signal likely
related to inflow of excess irrigation water or possibly originating from the
wastewater ponds, and a second that plots along the Global Meteoric Water Line
(GMWL). High dissolved oxygen concentrations and a lack of dissolved excess
nitrogen indicate that denitrification does not occur in the saturated zone. Data
were gathered from various existing sources to assess nitrogen mass balance:
agricultural statistics databases, climate models, climatological databases, grower
reports, research studies, water quality reports, well data and farm extension
publications. In the immediate area of the San Jerardo well, the nitrogen
contents of residential wastewater, synthetic fertilizer, and irrigation return water
are very high and could account for the high concentrations observed in the well.
The isotopic methods used here allow identification of the most likely source –
synthetic fertilizers.
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Preface
This thesis is structured in five chapters. Chapter One gives an overview
of the nitrate problem and objectives of this research. Chapter Two includes
background information and a review of relevant literature. Chapter Three
provides the methods utilized for data collection and analysis. Chapter Four
summarizes the results and discusses the authorʼs interpretation of the data.
Chapter Five offers conclusions and recommendations for future work.
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1.0 INTRODUCTION
1.1 Overview
1.1.1 Nitrogen is the Key to High Agricultural Productivity
The Salinas Valley in Monterey County is considered the “salad
bowl” of the nation (Figure 1-1). Fields of broccoli, lettuce, strawberries and
other shallow-rooted row crops require high levels of nitrogen (N). N is a
primary nutrient, essential for plant growth. Although N compounds (N2,
N2O, NO, NH4+, NH3, NO2-, and NO3-) are natural components of all living
systems, in excess, some forms, including nitrate, are a source of
environmental stress.

Figure 1-1. Monterey County, California relief map. Monterey County,
California relief map (from LandWatch Monterey County Website:
www.landwatch.org); magenta line delineates Monterey County boundary.
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The Salinas Valley region has been an agricultural mecca since at
least the 1840s (Fink, 1972). The effects of past and present agricultural
practices are reflected in groundwater quality. Elevated concentrations of
nitrate (above background levels) occur as the result of farming operations
where manure or nitrogen fertilizers are applied in excess of the agronomic
amount (Costa et al., 2002; Nightingale, 1972). Fertilizer use increased
dramatically from the 1930's through the 1980ʼs due to agricultural
economic growth. Nitrogen fertilizers have been applied continuously,
contributing to the occurrence of nitrate in groundwater (Rauschkolb and
Mikkelsen, 1978; Thomasberg, 2007; U.S. Department of Agriculture
(USDA), 2009; Viers et al., 2012). The sandy loam soil that supports
intensive agricultural production also allows nitrate to leach to the water
table. Potential nitrogen sources are diverse (manure, synthetic fertilizer,
agriculture return flow containing nitrate, wastewater, etc.) so diagnostic
tools are necessary to determine the origin of the nitrate and its impact on
the groundwater system.
1.1.2 Reliance upon Groundwater
Groundwater quality is of utmost importance because the Salinas
Valley relies on groundwater for ninety-five percent of its municipal and
agricultural water supply. Groundwater is the major source of water for both
irrigation of agricultural crops and public drinking water.
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Californiaʼs largest coastal alluvial intermontane valley is an
agricultural hub (Figure 1-2) that produces industrial-scale quantities of row
crops with the main water source being local groundwater. For the Salinas
Valley as a whole, total extracted groundwater for the 2010 water year
summed to 567,948,086 cubic meters [Monterey County Water Resources
Agency (MCWRA), 2011]. Groundwater extracted to supply the Salinas
Valley Groundwater Basin-East Side Subarea (SVGWB-ES) amounted to
roughly 112,616,892 cubic meters; the reported quantities allotted for
agricultural and municipal water usage were 82 and 18 per cent (%),
respectively (MCWRA, 2011).

Figure 1-2. Aerial photograph of study site location. The red arrow denotes
the location of the study site. Land cover for the majority of the watershed is
agricultural. The Salinas River flows northwest through the valley toward
Monterey Bay. The city of Salinas, CA is in the upper left, the Gabilán Range is
in the upper right, and the Sierra de Salinas is in the bottom left of this aerial
photograph (©Harris Corp Earthstar Geographics LLC;
http://maps.nationalgeographic.com/).
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1.1.3 Contaminated Water Supply
The chemicals released in the Salinas Valley during the long history
of agricultural activity have degraded groundwater quality. Communities
that are entirely reliant upon groundwater for household uses and drinking
water are frequently confronted with the issue that the water does not meet
federal standards because of impacts by both man-made and naturally
occurring chemicals (Kulongoski and Belitz, 2007). Nitrate is the most
common of these contaminants.
Nitrate contamination in groundwater is neither a new problem nor
one that can easily be solved. Because of its pervasive nature, nitrate will
likely continue to impact groundwater quality for decades or centuries to
come. Furthermore, the activities that release nitrate into the subsurface
are essential to the local economy.
1.1.4 Regulatory Oversight
Water quality studies on water-supply wells in Salinas Valley
Groundwater Basin show nitrate concentrations exceeding the U.S.
Environmental Protection Agencyʼs (EPA) established Maximum
Contaminant Level (MCL) of 10 milligrams per liter [mg/L (NO3-N; nitrate as
nitrogen)] or 45 mg/L (N-NO3; nitrogen as nitrate) for drinking water in 9.7%
of public supply wells tested [California Department of Water Resources
(DWR), 2003]. Public water supply wells with greater than 15 connections
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are subject to local regulatory agency oversight and are treated or mixed
with other water to meet regulatory standards for drinking water. Until 2012,
individual domestic wells and smaller systems (public water supply wells
with less than 15 connections) were not regulated and may not have been
tested for nitrate concentrations. Some formerly unregulated wells (mainly
irrigation wells) produced water with nitrate concentrations more than 10
times the MCL (Thomasberg, 2007).
1.1.5 Harm to Humans
Household water containing elevated nitrate concentrations (above
the MCL) poses a serious threat to human health. The consequences
include a blood oxygen-related illness called Methemoglobinemia (also
known as “Blue-Baby Syndrome”) in infants, miscarriages, and problems in
the development of an unborn fetus (Knobeloch et al., 2000). The World
Health Organizationʼs document, “Nitrate and nitrite in drinking-water”
discusses results of epidemiological studies of various thyroid problems and
cancers potentially toxicologically related to nitrate consumption (World
Health Organization (WHO), 2011).
1.1.6 Case Study: San Jerardo
The study site, San Jerardo, in the East Side subarea of the Salinas
Valley (Figure 1-3), has a history of elevated nitrate concentrations in the
local groundwater. The groundwater nitrate concentrations observed over
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the course of this study have been as high as three-times the USEPA
determined MCL of 45 mg/L (Nitrogen as nitrate, N-NO3) for drinking water.
Historically, San Jerardo residents have exhibited adverse health symptoms
that may be linked to poor water quality. Examples include skin rashes,
sores, and hair loss (Horacio Amezquita, pers. comm., 2011).

Figure 1-3. Subareas of the Salinas Valley Groundwater Basin. California
Department of Water Resources' designated subareas of the Salinas Valley
Groundwater Basin (after Yates, 1987).
1.2 Motivation and Objectives
This study is aimed at determining the source and timing of nitrate loading
in the groundwater beneath San Jerardo, an agricultural area near the city of
Salinas, California. A clear understanding of the source of nitrate can provide
insight for future best management practices. Isotopic tracers are used to
investigate the source of nitrate and gather information about recharge conditions
and subsurface processes. Repeated sampling of a contaminated well over the
course of the water year, allows examination of temporal trends in nitrate
concentrations and their relationship to pumping. The research aims to unravel
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the complex dynamics associated with local and regional source loading, and the
effects of groundwater pumping on flow and transport.
The specific objectives of this research are:
•

To determine whether the nitrate contamination is coming from within
the radius of influence of the well or from a different subarea of the
basin.

•

To determine whether the isotopic composition of nitrate reflects a
particular source of nitrate (such as human waste, animal manure or
synthetic fertilizer).

•

To determine whether the isotopes of nitrate and the relative
concentrations of dissolved gases indicate that denitrification is
occurring in the aquifer.

•

To determine the subsurface residence time of the groundwater from the
San Jerardo well in order to assess the likelihood that nitrate
contamination is ongoing or if nitrate concentrations are reflective of
historical inputs that have ceased.

•

To develop hypotheses on possible conditions which cause the nitrate
concentrations to fluctuate seasonally.

•

To ascertain information about water sources and recharge conditions
from geochemical and isotopic data.
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Local water regulatory agencies, the State Water Resources Control Board
(SWRCB), local and regional landowners, as well as policymakers would like to
determine how to prevent nitrate contamination from spreading to pollute water
supply wells that currently meet the drinking water standards. As the population of
California continues to increase over the next 20 years, water resources will be in
critically short supply due in part to the prevalence of nitrate contamination in
California drinking water supplies and the growing number of wells that are
approaching or exceeding the regulatory drinking water limit. If nitrate loading can
be reduced to prevent the further degradation of drinking water supplies, and
impacted groundwater can be treated through remediation technology, the water
will have a greater potential for beneficial use and in turn will contribute to
California's continuing growth and prosperity.
2.0 BACKGROUND
2.1 Nitrogen Processes
Nitrogen gas (N2(g)) is abundant in the Earthʼs atmosphere, but cannot be
utilized by plants until it undergoes nitrogen fixation changing it into its biologically
useful form, organic N. The natural process by which organic nitrogen (N)
changes into ammonium is termed mineralization.
N2(g) à Norganic

(N-fixation)

Norganic à NH4+

(mineralization)
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With the help of natural bacteria, ammonium undergoes oxidation into nitrite
(NO2-), and finally into nitrate (NO3-). This process is called nitrification.
Alternatively, denitrification, also brought about by bacterial action (facultative
anaerobes), is the reduction of nitrate (NO3-) to atmospheric nitrogen (N2(g)), with
intermediate gaseous forms such as NO(g), NO2-(g), or N2O(g).
Norganic à NH4+ à NO2- à NO3-

(nitrification)

NO3- à NO2- à N2(g)

(denitrification)

Oxygenated (aerobic) conditions are a critical component necessary for the
nitrification process because this means oxygen is available for biological use or
chemical reactions. Denitrification can only occur in anaerobic environments.
2.2 Fate and Transport of Nitrate
Nitrate is highly soluble in water and is not reactive unless denitrified by
facultative anaerobic bacteria under suboxic or anoxic conditions, nor does the
nitrate anion sorb to charged clay particles. Thus, aqueous mobilization is the
primary transport mechanism for nitrate. Dissolved nitrate travels with percolating
water by leaching through soils such as sandy loams, which have enough
permeability to allow rapid infiltration and significant vertical transport. The height
of the water table, the amount of precipitation, the presence of organics and other
physical and chemical properties are important factors in determining the fate of
nitrate in soil (Dubrovsky and Hamilton, 2010). Runoff (overland flow including
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irrigation return flow) produced during irrigation and storm events can be an
important transport mechanism for NO3- anions to surface water bodies.
2.3 Previous Studies of Nitrate in Salinas Valley Groundwater
Groundwater quality has been studied in the primary aquifers of the Salinas
Valley since 1953 (California DWR, 1964). Assessments of historic and current
land use, geochemical conditions, fate and transport, travel times, lithology,
hydrogeology, and well construction have been pursued to investigate sources of
natural and anthropogenic contaminants. Additionally, isotopic studies have
provided significant insight into sources of contaminants and subsurface flow
dynamics.
Among other applications, isotopic studies have been carried out to identify
sources of nitrate and explain groundwater flow dynamics (Kendall and Doctor,
2003; Kendall, 1998). Nitrogen isotope ratios (δ15N-NO3) of groundwater nitrate
were measured below various nitrogen sources from different land uses in the
Salinas Valley. The δ15N-NO3 ratios of each source were consistent with the
ranges identified in previous publications for other regions of California and the
United States. Based upon δ15N-NO3 values, sources identified as having
contributed to groundwater nitrate were synthetic NH4+ and NO3– fertilizers, natural
soil organic nitrogen, organic wastes (biosolids, animal manure, and treated
wastewater), and septic tank effluent (Kendall and Aravena, 2000). Fogg et al.
(1998) found the δ15N-NO3 were consistent with depth indicating negligible, if any,
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denitrification occurring during transport and showed little spatial variation in the
horizontal plane beneath an agricultural field.
Researchers have carried out investigations focused specifically on nitrate
occurrence and trends in the Salinas Valley region. The studies attempt to
characterize the temporal variation in nitrate with biannual water level and water
quality measurements, in winter and summer. Short-term variations in nitrate
concentration are not visible with limited annual data. Despite the limited data,
researchers noted increasing groundwater nitrate concentrations. California
Department of Water Resources historical publications recorded a 78 mg/L (from
33 to 111 mg/L) increase in groundwater nitrate for a ʻ180-foot Aquiferʼ irrigation
well (16S/4E-24B1) between the 1955 and 1956 annual summer sampling events
(California DWR, 1956). Nitrate concentrations for the 1979 and 1984 summer
sampling events were 120.7 and 135.1 mg/L (California DWR Water Data Library,
http://www.water.ca.gov/waterdatalibrary/waterquality/station_county/gst_report
.cfm, respectively, measured from a monitoring well near the San Jerardo site
(15S/4E-23M1 (Station ID 32138), completed in the ʻ180-foot Aquiferʼ). Nitrate
concentrations can vary temporally for several reasons. These include: fluctuation
of water levels due to interference from nearby pumping wells, seasonal
differences in groundwater levels, and modifications to irrigation practices, fertilizer
application, and land use. When agricultural land use increased in intensity
following World War II, irrigation likely mobilized dissolved nitrate to leach below
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the vadose zone to groundwater (Dyer et al., 1965; Fogg et al., 1998).
Vadose zone modeling by Fogg et al. (1999) set out to identify areas of the
Salinas Valley that were most vulnerable to contamination. Previous studies
established a conceptual model in which vadose-zone properties of porous
lithology below the root zone (approx. depth of 1.5 meters) are predictable and less
complex than transport through shallow subsurface soils (Fogg et al., 1995).
Vadose zone travel times in the Salinas area for a vadose thickness of 24.4 to 36.6
meters (consistent with the vadose thicknesses of the USGS wells within a 1.6
kilometer radius of the San Jerardo well), were reported by Burow (1993) to be in
the range of 10 to 20 years. Modeling efforts of Fogg et al. (1999) suggest that the
nitrate observed in wells in 1988 were from surface sources deposited in the 1940
to 1950 time period. The subsurface water travel-time estimations from the model
indicated that nitrate concentrations in modern wells are likely derived from surface
sources applied decades ago.
2.4 Site Description
The Salinas Valley is a structural intermontane valley in the southern Coast
Ranges of California. Salinas Valley follows a northwest-southeast trend and is
bounded to the east by the Gabilán Range and to the west by the Sierra de Salinas
and Santa Lucia Range (Figure 2-1). The study site is in the northern portion of
the valley, northwest of the town of Gonzales, near the base of the Gabilán Range,
in the California Department of Water Resources (California DWR) designated
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Salinas Valley Groundwater Basin – East Side Subarea (SVGWB-ES).
Groundwater flows from one subarea to another (see historic water table illustrated
in Figure 2-1) so the subarea is not a sub-basin in a hydrogeologic sense
(California DWR, 2003; Ferriz, 2001; Kulongoski and Belitz, 2007; MontgomeryWatson Consulting Engineers, 1994). The SVGWB-ES was labeled a subarea
based upon differences in hydrostratigraphy and specific capacity values (i.e., the
yield of a well divided by the drawdown) of production wells (Ferriz, 2001). The
north-south physical boundaries of the SVGWB-ES are as depicted in Figure 2-1.
Normal movement along the King City Fault dropped the Salinas Valley relative to
the Santa Lucia Range, which created the setting for deposition of a westward
thickening alluvial wedge (Showalter et al., 1983).
The well at the study site is completed in the unconsolidated Pliocene- to
Pleistocene-age Paso Robles Formation (marine sediments), and Pleistocene to
Holocene alluvium (Galehouse, 1967) at a depth of 134 meters below ground
surface (BGS). Two primary regional aquifers are found at depths of
approximately 55 and 122 meters (180 and 400 feet, respectively) BGS (Figure 22). According to the 1988 well drillerʼs log for the San Jerardo Well #3 (SJ Well
#3), gravels and other high permeability sediments are encountered at those
depths. An additional aquifer (known as the ʻ900-foot or Deep Aquiferʼ) is found
regionally at depths of between 274 and 518 meters BGS, respectively (California
DWR, 2003).
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Figure 2-1. Map of the Salinas Valley. “(a) General map of the Salinas Valley
(modified from Planert and Williams, 1995, and from Durbin et al., 1978). (b)
Hydrogeologic subareas of the Salinas Valley Groundwater Basin, and general
configuration of the water table in the early 1980ʼs (modified from Planert and
Williams, 1995, and from Showalter et al., 1983)” (after Ferriz, 2001).
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(Modified from Montgomery Watson 1994)

Figure 2-2. Schematic cross section. Schematic cross section of the Salinas
Valley aquifers (modified from Montgomery-Watson Consulting Engineers,
1994).
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2.4.1 Hydrogeology
A key issue is the rate at which the alluvial aquifers are replenished,
and the concomitant rate at which water is transmitted through the system.
Due to differences in geology among the sub-basins, the hydrogeologic
properties that affect/control the rate at which water is transmitted through
the system differ greatly at the local scale. Therefore, localized studies that
take heterogeneity from one site to the next into account are important to
determine the best course of action for a given location.
California Department of Public Works, Division of Water
Resources (CDPW DWR) (1950) data from the historic domestic well (4-D9d), on the San Jerardo study site property, and the well drillerʼs log for the
SJ Well #3, indicate that the main aquifer is unconfined, although some
water-bearing layers of sand and gravel are confined by extensive clay
layers. Hydrologic studies performed during the drilling of the new Zabala
water supply well (3.2 km from the site) in 2010 by Geoconsultants, Inc.
include specific aquifer tests, calculated transmissivity values, and hydraulic
gradients and hydraulic conductivities. The aquiferʼs transmissivity values
were estimated based on the methods of Theis (1935), Cooper et al.
(1967), Papadopulos et al. (1973), and Bouwer and Rice (1976)
(Geoconsultants, Inc., 2010). Waltonʼs theory of leaky aquifers (1962) was
applied to the wells affected by a nearby irrigation well. The wells located
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within the most transmissive zones have transmissivity values ranging from
0.0011 to 0.0032 m2/s. For the wells in the less-transmissive zones, the
transmissivity ranges from 7.6 x 10-6 to 0.00052 m2/s.
The regional groundwater flow is predominantly horizontal with a
horizontal hydraulic gradient of about 0.002 toward the northwest. The
vertical hydraulic gradient varies among wells, from 0.0003 to 0.01
(downward), due to the presence of a pumping well and some local
confining clay layers. For most of the area, the hydraulic conductivity is
assumed to be that of coarse sand and gravel, because it is the most
abundant unit. The hydraulic conductivity values were calculated from the
transmissivity estimates of the aquifer tests, resulting in conductivity values
ranging from 4.5 x 10-5 m/s to 9.1 x 10-5 m/s.
2.4.2 Climate
The Salinas Valley has a Mediterranean-like climate. The mean
annual precipitation (110 year average) is 35 cm and the mean annual
temperature (80 year average) is 13.97°C, based upon records from the
siteʼs nearest weather station at Salinas Municipal Airport, CA (National
Climatic Data Center (NCDC), National Oceanic and Atmospheric
Administration (NOAA) Climate Data Online, http://www.ncdc.noaa.gov/
cdo-web/). Monterey County experiences a significant amount of
precipitation during the winter months and very little rain during the summer.
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During the summer months, the mornings are cool from incoming fog and
the afternoons are cool due to the ocean breeze. The average normal high
temperature for the northern valley is 18.9°C during the winter and 21.1°C
in the summer (NCDC, NOAA Climate Data Online: http://www.ncdc.noaa
.gov/cdo-web/). General climatic data during the year of groundwater
sample collection are presented in Table 2-1. The annual precipitation total
for the year 2010 that samples were collected was 469.4 mm. Total
potential evapotranspiration was 898.9 mm with an average monthly
maximum and minimum air temperature of 16.8°C and 6.9°C, respectively
(California DWR, California Irrigation Management Information System
(CIMIS) database, available at http://www.cimis.water.ca.gov).
2.4.3 Land Use and Crop Type
The land use is primarily agricultural with lesser amounts of industrial
activities and residential use. Figure 2-3 depicts land usage surrounding
the study site: agricultural land cultivated commercially, producing field and
row crops. Commercial row crop production necessitates irrigation and
fertilization schedules in agreement with seasonal demand. Irrigation and
fertilization are managed scientifically based on the present needs of the
crops. For example, irrigation schedules are coordinated based upon
measurements of applied water derived from in-field flow meter data in
conjunction with water requirements corresponding with
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evapotranspiration data from regional weather stations (CIMIS database,
operated by the CA Dept. of Water Resources, available at
http://www.cimis.water.ca.gov).

Months in the
year 2010

Total ETo
(mm)

Precipitation
Total (mm)

Avg Maximum
Air Temp. (°C)

Avg Minimum
Air Temp. (°C)

Average Air
Temp. (°C)

Avg Max. Rel.
Humidity (%)

Avg Min. Rel.
Humidity (%)

Avg Relative
Humidity (%)

Average Dew
Point (°C)

Average Wind
Speed (m/s)

Average Soil
Temp. (°C)

Table 2-1. 2010 climatic data, Northern Salinas. General climatic data in
northern Salinas during the year of 2010 sample collection. Station: Monterey
County – Salinas North – CIMIS # 116 - Latitude: 36 deg., 43 min., 0 sec. (36.7
deg. N). Elevation: 19 m.

Jan.

28.2

94.0

15.6

5.0

9.4

92

63

82

6.5

3.3

11.5

Feb.

27.4

71.4

14.8

5.4

9.4

94

68

86

7.1

2.9

12.6

Mar.

63.5

67.8

16.4

4.6

10.0

93

54

77

6

2.6

12.7

Apr.

94.7

70.4

15.8

5.2

10.4

92

60

78

6.7

3.1

14.4

May

111.3

11.2

16.2

6.3

11.1

92

65

80

7.7

3.1

15.7

Jun.

118.4

3.6

17.5

8.4

12.4

94

70

83

9.6

3.4

17.4

Jul.

96.0

0.0

16.7

9.6

12.6

93

74

85

10.3

3.1

19.2

Aug.

98.0

1.5

16.8

9.1

12.4

95

73

82

11.2

2.9

19.4

Sept.

100.3

0.5

20.2

9.2

14.2

95

61

81

10.8

2.7

19.1

Oct.

73.4

15.7

19.5

8.8

13.1

94

61

81

9.9

2.8

17.4

Nov.

54.4

56.1

17.4

5.4

10.4

93

53

77

6.4

2.7

13.9

Dec.

33.3

77.2

14.7

5.5

9.6

95

68

86

7.2

3.1

11.9

898.9
Total

469.4
Total

16.8
Avg

6.9
Avg

11.3
Avg

94
Avg

64
Avg

82
Avg

8.3
Avg

3.1
Avg

15.4
Avg

Source: California DWR CIMIS database (http://www.cimis.water.ca.gov).
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Major crop types grown on the properties surrounding the 19-acre
parcel (San Jerardo Cooperative, Inc.) during the current decade include:
several varieties of lettuce, strawberries, broccoli, spinach, cauliflower,
celery, asparagus, and beans.
Type of crop has bearing upon the amount of nitrate applied and the
portion of nitrogen that remains in excess. Crops most likely to allow
significant nitrate leaching are those that (1) need heavy nitrogen
fertilization and frequent irrigation, (2) have high economic value, so the
cost of fertilizer is relatively small compared to revenue produced (3) are not
harmed by excess nitrogen and (4) tend to take up a smaller fraction of the
nitrogen applied.
Broccoli, lettuce, and strawberries are crops that meet the
aforementioned characteristics. The San Jerardo Cooperative, Inc. study
site is bordered by fields, which have been cultivated for more than half a
century, predominantly with these three crop types. Table 2-2 notes
average nitrogen application rates reported by California growers
(Rosenstock et al., 2013; USDA, National Agricultural Statistics Service
(NASS), 2010a).
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Table 2-2. Nitrogen fertilizer application rate.
Crop Type

Average
(kg/ha)

Median
(kg/ha)

Broccoli
Lettuce
Strawberry

221.2
202.6
239.5

212.8
208.3
240.8

Figure 2-3. Photograph of fertilized field crops. Mobile fertilizer tank
connected to the irrigation well at a neighboring property (Photo credit: M.
Holtz).
2.4.4 Soils
The soils in the study site area are Elder sandy loam and Hanford
gravelly sandy loam (USDA SCS, 1972). These soils are formed in alluvium
material derived from the granitic and sedimentary rocks that eroded from
the Gabilán Range to form the underlying alluvial fan. The site is nearly
level topography consisting of sandy soils. Slopes are mostly < 2% and
runoff is therefore minimal. The soil survey indicates the erosion hazard is
slight and that roots can penetrate to a depth of more than 60 inches. The
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permeability of both sandy loam soil types is moderate to moderately rapid.
As noted below in the section on determining the source area for the well,
sandy loam is classified to have an effective porosity of 0.38, as reported
by the Soil Conservation Service (USDA SCS, 1972).
2.4.5 Wastewater Ponds
The San Jerardo wastewater ponds were installed after June 1956,
but prior to August 1967 according to a review of USGS library aerial
photographs. San Jerardo Cooperative, Inc. owns and operates the
wastewater system, and sends quarterly water quality reports to the Central
Coast Regional Water Quality Control Board (CCRWQCB). The
wastewater ponds are unlined but a natural liner of fine-grained material
has formed over the years (Horacio Amezquita, pers. comm., 2011). The
CCRWQCB has regulated the effluent discharged from the wastewater
ponds since June 10, 1977 (CCRWQCB, 2003). The four treatment and
disposal ponds and one emergency overflow pond are operated in series
(Figure 2-4). The first pond is primarily an aeration pond, while the
remaining ponds are primarily oxidation/disposal ponds. If the organic
loading were to require additional treatment, the second pond in series can
be operated as an aeration pond. At maximum capacity the ponds can
handle an average daily flow of 40,000 gallons per day (CCRWQCB, 2003).
The monthly average daily flow reported in the 2010 annual monitoring
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report was 26,380 gallons per day. Select quarterly monitoring data are
tabulated in Table 2-3 (Horacio Amezquita, pers. comm., 2011). A pond
effluent sample analyzed in October 2002 was non-detect for nitrate as N
and nitrite as N, but the concentration of total nitrogen as N was 25 mg/L
(CCRWQCB, 2003). Total nitrogen as N concentrations in 2005 were 29,
18, 32, and 48 mg/L in each quarter, respectively. Analytical data for all
four quarters were non-detect for nitrate as N and nitrite as N. Quarterly
monitoring of pond effluent sampled from the most downstream pond in
2010 (Pond #4) was non-detect for nitrate as N and nitrite as N, in the first,
second, and fourth quarter reports. Analytical data for the third quarter
measured 0.07 mg/L nitrate as N, and non-detect for nitrite as N. Total
nitrogen as N concentrations in 2010 were 35.3, 29.4, 38.1, and 41.9 mg/L
in each quarter, respectively.
Although the regional groundwater gradient is to the northwest,
making the wastewater ponds downgradient of SJ Well #3, local gradients
are affected by local recharge and pumping, so transport from the ponds
toward the well cannot be discounted.

23
Table 2-3. Effluent monitoring (Pond #4).
Constituents (mg/L)
Total
Total
Date
Nitrate Nitrite Kjeldahl
Nitrogen
(as N) (as N) Nitrogen
(as N)
(as N)
October 20021
n.d.
n.d.
25
25
March 2005
n.d.
n.d.
29
29
June
2005
n.d.
n.d.
18
18
September 2005
n.d.
n.d.
32
32
December 2005
n.d.
n.d.
48
48
March 2010
n.d.
n.d.
35.3
35.3
June
2010
n.d.
n.d.
29.4
29.4
September 2010
0.07
n.d.
38
38.1
December 2010
n.d.
n.d.
41.9
41.9
Average
33
1
Sources: CCRWQCB, 2003
Horacio Amezquita, pers. comm., 2011
n.d. = non-detect

Figure 2-4. Google Earth image of San Jerardo Co‐Op, Inc. The 2010
aerial view of the drinking water well, surrounding agricultural fields, and nearby
wastewater ponds.
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3.0 METHODS
3.1 Field Methods
Collection of Water Samples and Measurement of Water Quality Indicator
Parameters from the former San Jerardo Co-op Public Supply Well
Water samples were collected from the well on site either bimonthly or
monthly dependent upon the season and volume of water being extracted.
Groundwater samples were collected and handled according to the LLNL
Groundwater Ambient Monitoring and Assessment (GAMA) program protocol (CA
EPA, 2010; Beller et al., 2005).
Prior to sample collection the well was purged utilizing the dedicated pump.
After allowing the field parameters to stabilize in a YSI flow-through cell fitted with a
YSI 556 MPS multi-probe field meter, the following field parameters were
measured at the time of collection: temperature (°C), conductivity (μS/cm), pH,
dissolved oxygen (mg/L) and oxidation-reduction potential (mV).
The sampling containers for major dissolved gases (40 mL, amber glass
vials [EPA VOA with screw-top septa]), stable isotopes of water (30 mL clear,
French-square type glass bottle with a QorpakTM polyseal-lined cap), and tritium
(1-L Pyrex bottle with a polypropylene plug seal cap), were removed from the
original packaging immediately prior to use. Water samples for major anions and
stable isotopes of nitrate were collected in plastic centrifuge tubes and were
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filtered immediately upon collection with a 0.45 μm filter to remove any
suspended sediments.
Water samples for radon (222Rn) were collected in glass bottles with airtight
caps, containing oil. During collection of water samples for 222Rn analysis care
was taken not to introduce any air bubbles into the syringe, and water was
transferred into the glass bottle with the oil in it, putting the water underneath the
oil.
Water samples for noble gas analysis were collected in copper tubes with
pinch clamps (approximately 10 mL).
All samples with the exception of the tritium/helium and stable isotopes of
water were placed on ice for transport back to either the isotope laboratory at
California State University East Bay (CSUEB) or the appropriate laboratory at the
Lawrence Livermore National Laboratory (LLNL) facility. Upon arrival at the lab,
the nitrate samples were frozen and the other samples were stored in a
refrigerator.
3.2 Lab Methods
Reference standards used herein were international standards from the
International Atomic Energy Agency (IAEA) and the US National Institute of
Standards and Technology (NIST). All stable isotope data are reported in the
conventional δ notation, where δ = (R/RSTD – 1)*1000, R represents either the
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15

N/14N, 18O/16O, 2H/1H, or 13C/12C, ratio of the sample, and RSTD is the isotope

ratio of the NIST-traceable standard.
The stable isotope laboratory personnel confirmed that the analytical results
could be reproduced and meet the standards and control limits. The standard
analysis must remain within the working limits of 0.2‰ and the repeats must fall
within the control limits of 0.3‰. If there was a problem with the standards
variability outside of the control limits, the procedure is checked for errors and
samples were not analyzed. Standards were run for repeat analysis using new
standard samples and results were ensured to fall inside the control limit range
before the groundwater samples were analyzed.
3.2.1 Concentration of Anions
Anion concentrations of select major anions (F-, Cl-, NO2-, Br-, NO3-,
SO42-) were measured using the LLNL ion chromatography instrumentation
(model number DX-600) manufactured by Dionex. Analytical uncertainty
(1σ) is approximately 10%.
3.2.2 Stable Isotopes of Nitrate (δ15N, δ18O-NO3)
Stable isotope signatures for nitrogen and oxygen of nitrate were
analyzed using a version of the denitrifying bacteria procedure (Casciotti et
al., 2002) as described in Singleton et al. (2005) at Lawrence Livermore
National Laboratoryʼs Stable Isotope Laboratory. Denitrifying bacteria
reduce nitrate to N2O(g) and the resulting gas is analyzed for δ15N-NO3 and
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δ18O-NO3. Analytical uncertainty (1σ) is 0.5‰ for δ15N-NO3 and 1.0‰ for
δ18O-NO3.
3.2.3

Stable Isotopes of Water (δ2H, δ18O-H2O)
Isotopic values of hydrogen and oxygen in water (δ2H- H2O, δ18O-

H2O) were determined at California State University East Bay (CSUEB)
using a Los Gatos Research (LGR) instrument, and at LLNL using an
IsoPrime Mass Spectrometer, and were reported in per mil values relative to
the Vienna Standard Mean Ocean Water (VSMOW). Analytical uncertainty
is 0.3‰ for δ18O-H2O and 1‰ for δ2H-H2O.
3.2.4 Dissolved Gases (N2, O2, Ar, CO2 and CH4)
Samples for dissolved gases [carbon dioxide (CO2 (g)), argon
(Ar(g)), nitrogen (N2(g)), methane (CH4(g)), oxygen (O2(g))] concentrations were
determined using membrane inlet mass spectrometry (MIMS) with an SRS
RGA200 quadrupole mass spectrometer at LLNL. A version of the
dissolved gases method (Kana et al., 1994) as described in Esser et al.
(2009) allows precise, accurate, and fast determination of the
concentrations of nitrogen, oxygen, argon, carbon dioxide, and methane
dissolved in groundwater samples. The relative standard deviation (1-σ) is
typically 1-2% of the measured value for N2, Ar, and O2. The measured
values for CO2 and CH4 typically vary by 5-8% (Singleton and Hudson,
2005).
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3.2.5 DIC, TOC, and δ13C of DIC
Dissolved Inorganic Carbon (DIC) and Total Organic Carbon (TOC)
concentrations were measured on the OI Corporation Model 1010 wet
chemical oxidation TIC/TOC analyzer at LLNL and are reported in units of
milligrams/liter (mg/L). The analytical uncertainty is less than or equal to
0.3 mg/L (Moore et al., 2006). Additionally, the IsoPrime mass
spectrometer was used to ascertain the stable isotopic ratio of 13C/12C
(δ13C) of DIC in units of ‰ (per mil or parts per thousand). Vienna Pee
Dee Belemnite (VPDB) was the reference standard. Analytical uncertainty
is 0.3‰ for δ13C.
3.2.6 Radon
Samples for radon (222Rn) concentrations were measured at LLNL
using the liquid scintillation method. The liquid scintillation method
(Prichard and Gesell, 1977; Prichard et al., 1992) uses direct liquid
scintillation counting to measure the radioactivity. Activity concentrations of
222

Rn are reported in units of picoCuries per liter (pCi/L) with a typical

analytical uncertainty of 10%.
3.2.7 Noble Gases
Copper tubes for dissolved noble gas analysis held air-free water
samples sealed with a pinch clamp. The copper tubes were vacuum fitted
to an evacuated container before the pinch clamp and copper seal were
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uncrimped, releasing the water samples to a vessel on a gas-handling
manifold. Dissolved noble gases were extracted after removal of reactive
gases on a vacuum manifold and cryogenically separated using the LLNL
Noble Gas Lab Instrumentation. The ratio of 3He to 4He was measured on
a VG-5400 mass spectrometer, Ar was measured using a high-sensitivity
capacitive manometer, and Ne, Kr, and Xe were measured on a SRS
RGA200 quadrupole mass spectrometer. Calculations of excess air and
recharge temperature from Ne and Xe measurements are described in
detail in Ekwurzel (2004), using an approach similar to that of AeschbachHertig et al. (2000) (Esser et al., 2009).
3.2.8 Tritium/Helium (3H/3He)
The 3H was analyzed by the helium accumulation method. The
500ml tritium water samples were vacuum degassed and then sealed and
stored for 15-60 days to allow 3He to accumulate from the 3H decay. The
3

He and 3H were measured on a VG-5400 noble gas mass spectrometer

using the LLNL Noble Gas Lab Instrumentation. Subsequently, in order to
determine excess air, recharge temperature, and groundwater age,
corrections were made for sources of 3He not related to 3H decay
(Aeschbach-Hertig et al., 1999; Ekwurzel et al., 1994; Heaton and Vogel,
1981). The initial tritium present at the time of recharge, and apparent ages
were calculated using the following relationship based on the production of
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tritiogenic helium (3Hetrit): Groundwater Apparent Age (years) = -17.8 x ln
(1+ 3Hetrit/3H) (Esser et al., 2009; Schlosser et al., 1988). Samples with 3H
that is too low for accurate age determination (<1 pCi/L) are reported as >
50 years (Esser et al., 2009). Average analytical error for groundwater age
approximation is ±1 year.
3.3 Data Analysis Methods
3.3.1 Stable Isotopes of Nitrate
The groundwater nitrate isotopic compositions were plotted for
source identification on the Kendall (1998) dual nitrate isotope plot (Figure
3-1, for example). The isotopic ratios of nitrate (δ15N-NO3 and δ18O-NO3)
were plotted against empirically derived source fields as found in the
literature (Kendall, 1998) and the measured δ18O-H2O values in local water.
During nitrification of ammonium, local water oxygen and
atmospheric oxygen are typically incorporated in a 2:1 ratio:
δ18O-NO3 = 2/3(δ18O-H2O) + 1/3(δ18O-O2)
(Andersson and Hooper, 1983; Hollocher et al., 1981; Hollocher, 1984).
Therefore, the oxygen isotope composition of nitrate (δ18O-NO3) is
correlated with the oxygen isotope composition of ambient water (δ18OH2O). The isotopic signature of (δ18O-NO3) can be predicted using isotopic
values of local meteoric water (Singleton et al., 2010). For this reason, the
expected ranges of δ18O-NO3 values for sources of nitrate that are derived
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from nitrification are corrected based on measurements of local water
δ18O-H2O. The range of likely δ18O-NO3 values are calculated from local
water δ18O-H2O values within ± 2 standard deviations from the mean δ18OH2O value. Sources of nitrate derived from nitrification correspond with the
source fields of “NH4 Fertilizer and Rain”, “Soil”, and “Manure and Septic
Waste”. Manufactured nitrate fertilizer, source field “NO3 fertilizer”, is readily
distinguished from the nitrified sources because it contains oxygen derived
solely from the atmosphere.
Similarly, the dual nitrate isotope plot can signal whether
denitrification is occurring in the subsurface because the nitrogen and
oxygen isotope compositions of nitrate undergo fractionation during
denitrification so a progression toward higher δ15N and δ18O values would
be expected in the remaining nitrate (Böttcher et al., 1990). If there were
any noticeable trend in nitrate concentrations this might suggest possible
groundwater mixing or dilution by a mass of fresh groundwater as the
contaminated irrigation water travels downwards and along the flow path.
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Figure 3-1. Kendall nitrate isotopes plot. Plot of δ15N-NO3 and δ18O-NO3
(modified from Kendall, 1998) used to fingerprint nitrate sources.
3.3.2 Stable Isotopes of Water
The isotopic ratios of water (δ2H-H2O and δ18O-H2O) were plotted on
a δ2H - δ18O diagram. The isotopic ratios of δ2H-H2O and δ18O-H2O aid in
the interpretation of the sources of groundwater recharge because they
retain signatures of the processes the water molecules have undergone
prior to infiltration. Climatic parameters that influence precipitation
(including altitude, latitude, and temperature) and also the degree to which
the water is evaporated, are reflected (Kendall et al., 1995).
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Isotopic ratios of precipitation that has not been evaporated are
related by the following linear equation referred to as the Global Meteoric
Water Line (GMWL): δ2H = 8 δ18O + 10; r2 = 0.95 (Craig, 1961). Rozanski
et al. (1993) updated the GMWL equation using worldwide δ18O and δ2H
measurements made monthly since 1961 by the IAEA, in cooperation with
the World Meteorological Organization (WMO).
GMWL: δ2H = (8.17 ± 0.06) δ18O + (10.35 ± 0.65); r2 = 0.99, n = 206;
reported in ‰ (per mil or parts per thousand) relative to Vienna Standard
Mean Ocean Water (VSMOW) (Rozanski et al., 1993).
The δ2H - δ18O diagram with the GMWL (Craig, 1961; Rozanski et
al., 1993) is used to plot the SJ Well #3 groundwater δ2H-H2O and δ18OH2O for source identification (Figure 4-13). The properties that contribute to
δ2H and δ18O deviation from the GMWL allow us to make interpretations
and fingerprint probable water sources. A plot of water isotope data can
show whether water has any exchange with atmospheric vapor, for
example, prior to recharge because the hydrogen and oxygen isotope
compositions of water undergo fractionation, so progressively enriched δ2H
and δ18O values would be expected in the remaining recharge water (Gat
and Tzur, 1967). Water that has evaporated or has mixed with evaporated
water typically plots below the line, along a slope of less than 8. Isotopic
compositions of precipitation vary seasonally because of seasonal changes
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in temperature and moisture sources and storm tracks (Kendall et al.,
1995). If there were any noticeable temporal trend in isotopic signals this
might suggest masses of groundwater from different sources at different
stages of the hydrologic cycle.
3.4 Field Scale Nitrogen Mass Balance Method
Current groundwater nitrate concentrations are the result of a long history of
nitrate loading. Therefore a calculation of the N mass balance is useful to make a
quantitative estimate of local sources and sinks of nitrogen. This study uses the
approach employed by Viers et al. (2012) to provide an approximation of the flux of
nitrate below the root zone. Each of the components on the right-hand side of the
equation is estimated (see Appendix A) and used to derive a value for N leached to
groundwater. The nitrogen mass balance is conceptualized as follows:
Nleached = Natmospheric + Nirrigation + Nfertilizer + Neffluent - Nharvest - Nloss - Nrunoff
N inputs are:
•
•
•
•

N from atmospheric deposition, Natmospheric
N from irrigation water, Nirrigation
(SJ Well #3 is used for baseline N concentration of irrigation water)
N from inorganic fertilizer, Nfertilizer
N from residential wastewater effluent, Neffluent

N outputs are:
•
•
•
•

N harvested with the crop, Nharvest
N volatized or denitrified to the atmosphere, Nloss
N in surface runoff, Nrunoff
N leached to groundwater, Nleached
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The method allows for an indirect measure of nitrate flux that would
otherwise have been difficult to measure (i.e., leaching to groundwater). Sitespecific information was gathered from a wide variety of existing sources to be
incorporated into the mass balance calculation. These included: agricultural
statistics databases, climate models, climatological databases, grower reports,
research studies, water quality reports, well data and farm extension publications.
4.0 RESULTS AND DISCUSSION
4.1 Water Table Elevation
Regional groundwater conditions are evaluated using groundwater elevation
monitoring data from three SVGWB Eastside Subarea monitoring wells to identify
seasonal and long-term trends. Existing general patterns of groundwater pumping
and groundwater recharge are useful to identify whether the subarea is subject to
conditions of groundwater overdraft. The water table distribution in the acreage
surrounding SJ Well #3 at the San Jerardo Cooperative, Inc. study site is driven by
the topography of the sandy loam soils and underlying alluvial fan (generally
sloping at low grade - less than 2 percent - from east to west (USDA SCS, 1972)),
and by the seasonal variation and aerial distribution of recharge and pumping.
The hydrographs of the monitoring wells located near the study site show
an overall decreasing long-term trend in groundwater table elevation within the
Eastside Subarea (see Figure 4-1 and accompanying well map, Figure 4-2).
Natural seasonal variations in groundwater levels (the annual rise and fall cycles)
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are augmented due to high pumping rates and subsequent recharge via
infiltration of precipitation and irrigation return flow. These fluctuations in
groundwater surface elevations are related to seasonal patterns in pumping
schedules. Groundwater pumped during the summer months lowers groundwater
levels because the region receives the majority of its annual precipitation in late
winter and early spring. Groundwater levels can be low for longer lengths of time,
even during the rainy season, due to periods of low rainfall and heavy pumping.
On the other hand, a rising water table could intercept and dissolve nitrate that has
accumulated in vadose zone sediments.
The San Jerardo site and its bordering properties have not changed land
use type during the period of recorded groundwater level data. Therefore the
residential and agricultural water needs have been met by the areaʼs sole water
source, groundwater. Reliance upon groundwater for intensive crop production
requires high groundwater pumping rates. Surface recharge rates are dependent
upon precipitation and return flow of excess irrigation water and it is not uncommon
for the region to experience drought conditions. Unless recharge rates are greater
than or equal to extraction (pumping) rates, any quantity of pumping contributes to
lowering the water table at least temporarily. For this reason, lower recharge rates
relative to pumping rates over time results in an overall long-term trend of
decrease in water table elevations.
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Water levels from two wells drilled on the San Jerardo site show a wider
variation in water table elevation in 2001 compared to water years 1948 and
1949 (Table 4-1). From this observation it can be inferred that nitrate
concentrations (which vary with groundwater elevation) will tend to vary more
widely in recent years when the water table drops to lower levels (as is the case
in the last decade) than historically recorded.

Figure 4-1. Hydrographs of three USGS wells. Long term hydrographs of the
USGS-owned monitoring wells within 1.6 km radius of San Jerardo Cooperative,
Inc. (MCWRA, 2010).
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Figure 4-2. Location map. Approximate locations of SJ Well #3 and the USGSowned monitoring wells (see water elevation data, Figure 4-1) (MCWRA, 2010).
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Table 4-1. Historic water levels from San Jerardo site wells. Historic
water levels from two domestic wells drilled at the San Jerardo site. Both wells
have 42.7 meters (140 feet) surface elevation (USGS) with 12-inch casing
diameters and are completed in a zone of unconfined groundwater. Another
name for DWR Well 4-D-9d is Leeds 664b (California Department of Public
Works, Division of Water Resources, 1950). San Jerardo (SJ) Well #3 is the
drinking water well of this study (CCRWQCB, 2003).
Water Level
Water Level
Well ID
Date
(Feet BGS)
(Meters BGS)
4-D-9d
12/1/1948
133.7
40.8
4-D-9d
3/25/1949
120.3
36.7
4-D-9d
11/29/1949
136.0
41.5
4-D-9d
3/9/1950
130.7
39.8
SJ Well #3
3/2001
105.0
32.0
SJ Well #3
8/2001
155.0
47.2
4.2 Groundwater Nitrate Concentration Oscillation
Nitrate concentrations can vary by 50% or more during a single water year
(as shown by data in this study, Table 4-2) when pumping and recharge cause
large fluctuations in the groundwater elevation. The high frequency time-series
data illustrate that nitrate concentrations fluctuate with seasonal pumping (Figures
4-3, 4-4 and 4-5) and that pumping volume is inversely correlated with precipitation
(Figure 4-6). A plausible explanation for this effect is dilution: when the water
table is lowered due to high volumes of groundwater pumping, the nitrate
concentration increases. Vice versa, when the water table is higher (pumping
rates are lowered), the nitrate concentrations decrease temporarily (Figure 4-5).
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Higher volumes of groundwater storage in the aquifer dilute the subsurface
nitrate. As the aquifer is drawn down, the concentration returns to the elevated
level.
Table 4-2. Raw nitrate during the SJ Well #3 sampling period. SJ Well #3
Field Raw Nitrate Concentrations (mg/L) measured by MCSI Water Systems
Management using a Hach DR/820 portable colorimeter (Ross Hatch, pers.
comm., 2011) for the sampling time-period (this study).

	
  

Date

Raw Nitrate

Date

Raw Nitrate

Date

Raw Nitrate

6/2/10

87.71

7/26/10

96.57

9/17/10

116.07

6/4/10

108.54

7/28/10

131.57

9/20/10

85.94

6/7/10

109.86

7/30/10

97.46

9/22/10

108.98

6/9/10

109.42

8/2/10

97.46

9/24/10

82.84

6/11/10

127.14

8/4/10

90.37

9/27/10

76.64

6/14/10

120.5

8/6/10

89.49

9/29/10

95.69

6/16/10

118.72

8/9/10

106.32

10/1/10

106.32

6/18/10

128.91

8/11/10

127.58

10/4/10

85.94

6/21/10

85.5

8/13/10

117.4

10/6/10

95.69

6/23/10

92.58

8/16/10

117.84

10/8/10

68.22

6/25/10

105.43

8/18/10

116.95

10/11/10

58.92

6/28/10

94.36

8/20/10

83.28

10/13/10

101.04

6/30/10

88.6

8/23/10

97.46

10/15/10

103.66

7/2/10

95.69

8/25/10

62.02

10/18/10

108.98

7/5/10

106.76

8/27/10

88.6

10/20/10

106.04

7/7/10

116.51

8/30/10

87.71

10/22/10

77.52

7/9/10

112.97

9/1/10

98.78

10/25/10

68.22

7/12/10

97.02

9/3/10

104.55

10/27/10

64.68

7/14/10

133.34

9/6/10

106.32

11/1/10

66.01

7/16/10

132.9

9/8/10

79.74

11/3/10

55.82

7/19/10

97.9

9/10/10

122.71

11/5/10

64.68

7/20/10

120.5

9/13/10

68.22

11/8/10

66

7/21/10

114.74

9/15/10

56.7

11/11/10

65.12
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Figure 4-3. Raw nitrate high frequency time-series data. SJ Well #3 raw
nitrate concentration recorded by MCSI Water Systems Management during
2006-2010 (Ross Hatch, pers. comm., 2011). Gridlines at 45 mg/L intervals help
to illustrate that raw nitrate concentrations as high as three-times the MCL are
recorded.
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Figure 4-4. Liters pumped high frequency time-series data. SJ Well #3
volume pumped (in liters) recorded by MCSI Water Systems Management during
2006-2010 (Ross Hatch, pers. comm., 2011).
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Figure 4-5. Monthly averages of time-series data. The SJ Well #3 raw nitrate
and liters pumped time-series data (from Figures 4-3 and 4-4) plotted as monthly
averages. The outlier values are averaged so the plot does not show the very
high and very low values recorded.
Groundwater level and nitrate concentrations fluctuate seasonally, though
the long-term trend is not clear. An annual average of the time-series data
controls the seasonal signal in order to clarify whether a long-term trend exists
(Figure 4-7 and Table 4-3).
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Figure 4-6. Monthly average raw nitrate and rainfall. The SJ Well #3 liters
pumped time-series data (from Figure 4-4) plotted as monthly averages, versus
monthly California DWR CIMIS rainfall data. The number of pumping
measurements per month varied from as few as five to as many as 17 data
points. Since we suspect a seasonal effect it is therefore necessary to suppress
seasonality to visualize a trend.
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Figure 4-7. Annual averages of time-series data. Annual averages are plotted
because a seasonal effect is suspected therefore natural seasonal variation
needs to be controlled in order to test for the existence of a statistically significant
trend over the four-year period. The annual average results indicate that the
increase observed in the nitrate values of the time-series data is not significant
when the season signal is controlled (see Table 4-3).
Table 4-3. Average annual time-series data. SJ Well #3 time-series data
averaged annually.
Annual
Annual
Year
average raw
n=
average
n=
Start date End date
nitrate (mg/L)
liters/1,000
11/1/06
10/31/07
68.40
138
187.95
122
11/1/07
10/31/08
61.92
142
219.23
116
11/1/08
10/31/09
82.99
154
218.25
137
11/1/09
10/31/10
83.38
153
218.75
144
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Nitrate is persistent and non-reactive in groundwater saturated with
dissolved oxygen. Field groundwater sampling parameters reflect oxygenated
conditions: high oxidation-reduction potentials (ORPs) and high dissolved oxygen
(DO) concentrations (Table 4-4). The oxic groundwater at the study site
precludes denitrification, so nitrate quantities persist below the surface and are
simply diluted in groundwater when pumping is low and the aquifer is allowed to
recharge.

Sample
Date

Sample
ID

Temperature
(°C)

Conductivity
(μS/cm)

pH

Dissolved
Oxygen
(mg/L)

OxidationReduction
Potential
(mV)

Table 4-4. Field parameters. Field parameters of groundwater samples from SJ
Well #3 in Salinas, California.

June 9

108014

19.5

313

6.1

7.9

105

July 7

108191

19.3

682

6.3

NM

158

July 28

108197

19.1

583

6.3

NM

36

Aug. 20

108362

19.3

585

6.5

NM

40

Sept. 21

108365

19.3

807

6.6

9.6

28

Oct. 13

108366

19.5

814

6.3

9.0

47

Nov. 5

108531

19.8

810

6.4

8.5

40
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4.3 Nitrate and Sulfate Concentrations Correlate
The ion chromatograph nitrate concentration measurements of SJ Well #3
groundwater samples collected for this study correlate with the overall decreasing
temporal trend in raw nitrate field measurements recorded by MCSI Water
Systems Management using a Hach DR/820 portable colorimeter during the June
through November 2010 sampling time-period (Figure 4-8; Tables 4-5 and 4-6).
140&
NO3-N (mg/L)$

120&
100&
80&
60&
40&
20&
0&
6/1/10&

Field Raw
Value&
LLNL IC Value&

7/1/10&

8/1/10& 9/1/10&
Sample Date$

10/1/10& 11/1/10&

Figure 4-8. Raw nitrate field measurements vs [NO3-]. Raw nitrate
concentrations (blue diamonds) measured in the field by MCSI Water Systems
Management using a Hach DR/820 portable colorimeter (Ross Hatch, pers.
comm., 2011) plotted with concentrations of nitrate measured on the ion
chromatograph at LLNL (red squares) for samples from the same date. See
corresponding table above (Table 4-4).
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Table 4-5. Raw nitrate vs NO3- concentration. San Jerardo Well raw nitrate
concentrations measured by MCSI Water Systems Management using a Hach
DR/820 portable colorimeter (Ross Hatch, pers. comm., 2011) with corresponding
groundwater sample nitrate concentrations measured on the ion chromatograph
for samples from the same date (----, not measured).
Date
6/9/10
7/7/10
7/28/10
8/20/10
9/20/10
9/21/10
9/22/10
10/13/10
11/5/10

Raw Nitrate
(mg/L)
109.42
116.51
131.57
83.28
85.94
---108.98
101.04
64.68

NO3(mg/L)
119.18
108.08
101.16
106.14
---99.29
---86.77
69.06

A similar decrease in sulfate concentrations accompanied the nitrate trend.
Chloride concentrations did not show a decreasing trend, as nitrate and sulfate did
over the sampling period (Figure 4-9 and Table 4-6). Therefore, sulfate and nitrate
may have the same source, while chloride may be from a different source.
Nitrate, sulfate, and chloride are components of fertilizers. Nonanthropogenic chloride is common in most soils and in some groundwater.
Strawberries and lettuce have low salt tolerance, while broccoli is moderately
sensitive to high salinity. Fertilizers without salts are desirable for crops that are
particularly sensitive to salinity. Potassium chloride fertilizer, for example, is less
desirable than potassium sulfate fertilizer for crops with relatively low soil salinity
thresholds, above which the crop quality and yield are affected.
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Figure 4-9. Major anion concentrations. Major anion concentrations (not
including dissolved inorganic carbon) of groundwater samples collected from SJ
Well #3 in 2010.

Sample
Date

Sample
ID

Fluoride
(mg/L)

Chloride
(mg/L)

Nitrite
as NO2
(mg/L)

Bromide
(mg/L)

Nitrate
as NO3
(mg/L)

Sulfate
(mg/L)

Table 4-6. Concentrations of major anions. Concentrations of major anions
from LLNL Ion Chromatograph. Groundwater samples from SJ Well #3 in
Salinas, California [mg/L].

June 9

108014

<0.07

85.44

----

<0.12

119.18

57.07

July 7

108191

<0.07

81.35

----

<0.12

108.08

30.10

July 28

108197

<0.07

78.75

----

0.27

101.16

26.49

Aug. 20

108362

0.33

89.96

<1

<0.8

106.14

29.48

Sept. 21

108365

0.31

89.69

<1

<0.8

99.29

28.79

Oct. 13

108366

<0.2

87.02

<1

<0.8

86.77

21.22

Nov. 5

108531

<0.2

89.44

<1

<0.8

69.06

18.40
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A survey of California strawberry producers conducted by Burt et al. (1998)
found that growers apply nitrate-nitrogen fertilizer programs, primarily, in order to
increase crop quality and yield. Additionally, ammonium sulfate fertilizer and
nitrapyrin, a nitrification inhibitor, are commonly used together for various row
crops (including strawberries, lettuce, and broccoli). Ammonium fertilizers are
generally applied to young plants, which have not yet developed the nitrate
reductase enzyme, so the plants prefer uptake of ammonium-nitrogen (Burt et al.,
1995).
4.4 Lack of Evidence for Saturated Zone Denitrification
High nitrate concentrations coupled with high oxidation-reduction
potentials (ORPs) and high dissolved oxygen (DO) concentrations are indicative
of an aerobic system with low reduction potential. Total organic carbon (TOC)
concentrations (< 2.12 mg/L) are not low enough to point toward the lack of an
electron donor; rather the DO content is the likely reason why denitrification does
not occur.
Infiltrating agricultural irrigation water is generally saturated with dissolved
oxygen and has relatively high dissolved CO2, which is consistent with
groundwater sampled from SJ Well #3 (Table 4-7). In the presence of oxygen,
facultative bacteria do not utilize nitrate for respiration. Isotopic signatures of
stable isotopes of nitrate provide further evidence that groundwater nitrate in the
San Jerardo drinking water well capture zone is not being actively denitrified.

51

Sample
ID

CH4
(% at 1 atm)

CO2
(% at 1 atm)

N2
(cm3 STP/g H2O)

O2
(cm STP/g H2O)

Ar
(cm3 STP/g H2O)

Calc Excess N2
equiv NO3 (mg/L)

June 9

108014

0.00040

0.00479

0.01757

0.00740

0.00037

<7

July 7

108191

0.00070

----

0.01840

----

----

<7

July 28

108197

----

----

----

----

----

----

Aug. 20

108362

----

----

----

----

----

----

Sept. 21

108365

0.00064

0.00013

0.01732

0.00704

0.00039

<7

Oct. 13

108366

----

----

----

----

----

----

Nov. 5

108531

0.00033

0.00011

0.01621

0.00608

0.00037

<7

3

Sample
Date

Table 4-7. Membrane inlet mass spectrometry dissolved gases. MIMS
dissolved gas in groundwater samples from SJ Well #3 in Salinas, California
(ND, non-detect; ----, not measured).

4.5 Source of Contaminant Nitrate
Stable isotopes composition data for nitrogen and oxygen in nitrate (δ15NNO3, δ18O-NO3) are analyzed as source indicators. The lack of evidence for
denitrification precludes addressing nitrogen transformation processes, therefore
the isotopes of nitrate are interpreted directly with respect to source.
The nitrogen sources contributing contaminant nitrate to groundwater at the
study site are hypothesized to be: nitrate from nitrification of ammonium-nitrogen
fertilizers, nitrate-nitrogen fertilizers, nitrate produced in the soil zone, and nitrate
from ammonium wastes such as manure and wastewater.
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Nitrate isotopic composition data from the SJ Well #3 are within the range
expected for nitrate derived from inorganic synthetic ammonium fertilizers (Figures
4-10 and 4-11). Stable isotopes of oxygen in nitrate range from 1.39 ± 1.0 to 3.18
± 1.0 per mil and isotopes of nitrogen in nitrate range from 1.96 ± 0.5 to 4.51 ±
0.5 per mil (Table 4-8). The observed range in δ18O-NO3 points to ammoniumnitrogen fertilizer rather than nitrate-nitrogen fertilizer, since nitrate-nitrogen
fertilizers are characterized by more enriched δ18O-NO3 values.
Two of the seven samples had slightly higher δ15N-NO3 values causing
overlap with the range of values likely for natural nitrate source field “Soil”,
however, the nitrate concentrations are elevated well beyond natural background
levels (Nolan et al., 2002; Moran et al., 2011). Natural nitrate alone cannot
account for the high nitrate loading in groundwater. Although these data have
slightly higher δ15N-NO3 values, the isotopic signature is still within the expected
range for inorganic synthetic ammonium fertilizers. The overlap in source fields
does not preclude mixing with additional, natural sources of nitrate.
A temporal comparison of nitrate concentrations and isotopes of nitrate
(δ15N-NO3, δ18O-NO3) shows only a small variation in isotopic signatures,
although nitrate concentrations decreased as the sampling period progressed
(Figure 4-12). The nitrate concentrations do not appear to be related to the
nitrate isotope data and the source of nitrate does not likely change over time.
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Figure 4-10. Complete Kendall plot (δ15N-NO3 and δ18O-NO3). Isotopic
compositions of δ15N-NO3 and δ18O-NO3 plotted on the Kendall plot. The
oxygen isotope ranges for nitrate sources derived from nitrification (“NH4 Fertilizer
and Rain”, “Soil”, and “Manure and Septic Waste”) are modified after Kendall
(1998) to reflect the range (+/‐ 2 standard deviations) of oxygen isotope
compositions in water from this study	
  (see text).

8
6
4
2
0

nitrification

!18O - NO3 (‰, SMOW)

10

NH4 fertilizer
and rain

Manure and
Septic Waste

Soil

-2
-4
-6
-8
-10
-10

-5

0

Modified from Kendall (1998)

5

10

15

20

25

!15N - NO3 (‰, air)

Figure 4-11. Enlarged view of δ15N-NO3 and δ18O-NO3 data. Enlarged view of
δ15N-NO3 and δ18O-NO3 data on the Kendall plot shows the source areas
overlap. Analytical uncertainty is 0.5‰ for δ15N-NO3 and 1.0‰ for δ18O-NO3.
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Table 4-8. Isotopic composition of δ15N-NO3 and δ18O-NO3. Isotopic
composition of δ15N-NO3 and δ18O-NO3 from SJ Well #3 [‰, per mil, parts per
thousand]. Analytical uncertainty is 0.5‰ for δ15N-NO3 and 1.0‰ for δ18O-NO3.
Sample
Date

Sample
ID

δ15Nnitrate
[‰]AIR

δ18Onitrate
[‰]AIR

June 9

108014

4.51 ± 0.5

2.09 ±1.0

July 7

108191

2.73 ± 0.5

2.33 ±1.0

July 28

108197

5.90 ± 0.5

-3.72 ±1.0

August 20

108362

2.43 ± 0.5

1.39 ±1.0

September 21

108365

3.26 ± 0.5

3.07 ±1.0

October 13

108366

3.99 ± 0.5

2.76 ±1.0

November 5

108531

1.96 ± 0.5

3.18 ±1.0

Figure 4-12. Temporal pattern of δ15N-NO3, δ18O-NO3, and [NO3-]. Plot of
the temporal pattern in nitrate concentration and isotopes of nitrate.
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4.6 Groundwater Source - Stable Isotopes of Water
The stable isotopes of water results provide additional information about the
nitrate-laden source water. The evaporative signal is observed in the samples
from June and July when higher summer pumping rates carry agriculture return
water (or potentially evaporated wastewater from the ponds) through the vadose
zone to the well capture zone. The isotopic compositions of δ18O-H2O and δ2HH2O show two different water masses because the August to November samples
plot along the GMWL (Figure 4-13) rather than showing the evaporative signal of
irrigation return or pond water that was more recently at the surface. In addition, a
positive correlation between high nitrate groundwater and its δ18O-H2O (Figure 414) suggests that the nitrate accumulation in the aquifer is associated with an
oxygen isotopic signature of an evaporative water source. This observation is
consistent with agricultural irrigation water recharge elsewhere in California
(Vengosh et al., 2002). Stable isotope ratios of hydrogen in water (δ2H-H2O)
ranged from -45 ± 1 to -34 ± 1 per mil, and oxygen in water (δ18O-H2O) ranged
from -7.25 ± 0.3 to -3.10 ± 0.3 per mil (Table 4-9). Further study is required to
examine these phenomena in a larger number of groundwater samples.
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δ18O of H2O (‰, SMOW)!

Figure 4-13. Isotopic composition of δ2H-H2O and δ18O-H2O. Plot of stable
isotopes of the water molecule with the Global Meteoric Water Line (GMWL), used
to determine possible water sources and whether water experienced evaporation
prior to recharge. Analytical uncertainty is 0.3‰ for δ18O-H2O and 1‰ for
δ2H-H2O. Note the displacement of the June and July water samples to the right
of the GMWL due to a relatively lower δ2H-δ18O slope of earlier groundwater that
reflects evaporation processes.

-3.5!

6/9/10!
7/7/10!
7/28/10!
8/20/10!
9/21/10!
10/13/10!
11/5/10!

-4.5!
-5.5!
-6.5!
-7.5!
0!

20!

40!

60!

80!

100!

Nitrate as NO3- (mg/L)!

Figure 4-14. Plot of δ18O-H2O plotted against [NO3-].

120!

140!

57
Table 4-9. Isotopic composition of δ18O-H2O and δ2H-H2O. Isotopic
compositions of δ18O-H2O and δ2H-H2O from SJ Well #3 [‰, per mil, parts per
thousand]. Analytical uncertainty is 0.3‰ for δ18O-H2O and 1‰ for δ2H-H2O.
Sample Date

Sample ID

δ18O-H2O
[‰]SMOW

δ2H-H2O
[‰]SMOW

June 9

108014

-3.10 ± 0.3

-34 ± 1

July 7

108191

-4.10 ± 0.3

-37 ± 1

July 28

108197

-3.15 ± 0.3

-35 ± 1

August 20

108362

-7.25 ± 0.3

-44 ± 1

September 21

108365

-6.76 ± 0.3

-45 ± 1

October 13

108366

-6.69 ± 0.3

-45 ± 1

November 5

108531

-6.72 ± 0.3

-44 ± 1

4.7 Groundwater Age: Noble Gases and Tritium/Helium
Groundwater noble gases concentrations analyses yield an estimated
recharge temperature range of 19.1 to 21.3 °C (Table 4-10). The recharge
temperature estimates are higher than the mean annual air temperature of 14°C.
This pattern suggests that warm, summer irrigation water (or pond wastewater) is
not in the vadose zone long enough to equilibrate at the mean annual air
temperature and that infiltration and percolation of irrigation water is relatively
rapid. The lack of groundwater confinement in the alluvial aquifers of the East
Side subarea could explain transport of nitrate-rich irrigation water (or possibly,
wastewater) to deep portions of the aquifer system.
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Groundwater age-related measurements suggest that young agricultural
return irrigation water is diluted with older, low tritium to tritium-dead groundwater
as it percolates to the deep aquifer. Tritium concentrations are low, and range
from 1.0 ± 0.30 to 2.30 ± 0.22 pCi/L. The low 3H concentrations could result from
crop irrigation using tritium-dead water pumped from the deep aquifer, with
incomplete equilibration of the irrigation return water with ambient 3H levels as it
makes its way back down to the well capture zone (Cook and Herczeg, 2000).
Tritiogenic helium (3He) was non-detectable so tritium-helium ages could
not be calculated. Radiogenic helium (4He) concentrations, however, reveal a
very old component of groundwater with a subsurface residence time of between
1,000 to 3,700 years [calculated using	
  an average crustal production rate of
5x10‐11 cm3/g·yr	
  (Torgersen and Clarke, 1985)].

Sample
ID

108014

108191

108197

108362

108365

108366

108531

Sample
Date

June 9

July 7

July 28

Aug 20

Sept 21

Oct 13

Nov 5

H

1.3 ±
0.32

2.3 ±
0.22

1.5 ±
0.36

1.5 ±
0.26

1.3 ±
0.28

1.5 ±
0.28

1.0 ±
0.30

pCi/L

3
3

3.94
E-07

5.94
E-07

7.85
E-07

5.94
E-07

8.20
E-07

7.73
E-07

8.00
E-07

atom
ratio

4

He/ He

He

Ne

Ar

Kr

Xe
3

Excess
Air

3

3

3

3

2.54E‐07 2.76E‐07 3.57E‐04 7.61E‐08 9.75E‐09
± 5.08E‐ ± 5.52E‐ ± 7.15E‐ ± 2.28E‐ ± 2.98E‐
09
09
06
09
10

1.61E‐07 2.76E‐07 3.53E‐04 7.27E‐08 9.46E‐09
± 3.22E‐ ± 5.52E‐ ± 7.07E‐ ± 2.18E‐ ± 2.89E‐
09
09
06
09
10

1.16E‐07 2.68E‐07 3.58E‐04 7.56E‐08 1.02E‐08
± 2.33E‐ ± 9.01E‐ ± 7.17E‐ ± 2.27E‐ ± 3.28E‐
09
09
06
09
10

1.43E‐07 2.70E‐07 3.58E‐04 7.53E‐08 9.61E‐09
± 2.87E‐ ± 9.09E‐ ± 7.16E‐ ± 2.26E‐ ± 3.08E‐
09
09
06
09
10

1.39E‐07 3.12E‐07 3.76E‐04 7.53E‐08 9.82E‐09
± 2.78E‐ ± 6.24E‐ ± 7.52E‐ ± 2.26E‐ ± 2.95E‐
09
09
06
09
10

1.35E‐07 2.93E‐07 3.65E‐04 7.38E‐08 9.92E‐09
± 2.69E‐ ± 6.73E‐ ± 7.29E‐ ± 2.21E‐ ± 3.93E‐
09
09
06
09
10

1.88E‐07 9.79E‐07 4.87E‐04 5.56E‐08 9.51E‐09
± 3.76E‐ ± 4.89E‐ ± 9.73E‐ ± 2.17E‐ ± 2.85E‐
09
08
06
09
10

3

0.0049 ±
0.0003

0.0055 ±
0.0003

0.0045 ±
0.0003

0.0046 ±
0.0003

0.0092 ±
0.0004

0.0059 ±
0.0003

0.0436 ±
0.0011

cm STP/ cm STP/ cm STP/ cm STP/ cm STP/ cm STP/
g H 2O
g H2O
g H2O
g H2O
g H2O
g H 2O

4

Table 4-10. Groundwater age-related analytical results.

19.8
± 1.4

19.5
± 1.5

19.3
± 1.3

19.3
± 1.4

19.1
± 1.9

21.3
± 1.7

°C

Recharge
Temperature

1.84E‐07

8.52E‐08

4.83E‐08

7.47E‐08

6.38E‐08

5.89E‐08

<1E‐09

3

He
cm STP/
g H 2O

4

Radiogenic

4

3700

1700

1000

1500

1300

1200

He age
years

Radiogenic
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4.8 Radon
Radon activities range from 1,630 to 2,050 pCi/L and are lowest during the
summer irrigation season and highest during the winter (Table 4-11). Therefore
a negative correlation exists between radon activities and nitrate concentrations.
Radiogenic 4He concentrations are positively correlated with radon. Together,
these age indicators suggest that low nitrate concentrations are associated with
the oldest groundwater component in the SJ Well #3 (Figure 4-15). The very old
component entered the aquifer system well before agricultural or other human
activity. Water produced from the well would likely have nitrate concentrations
even higher than those observed if not for dilution of young, nitrate-laden water
by this pre-agriculture component.

2,200!
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!(pCi/L)!

2,100!

y = 28x + 1520!
R² = 0.84!

2,000!
1,900!
1,800!
1,700!
1,600!
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15!
4He
3
-8
rad, cm STP/g H2O (x 10 )!

Figure 4-15. Plot of Radon-222 and radiogenic Helium-4.

20!
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Table 4-11. Concentrations of Radon-222. Concentrations of radon-222 in
groundwater samples from SJ Well #3 in Salinas, California [222Rn; picoCuries
per liter (pCi/L)].
222

Sample Date

Sample ID

Rn (pCi/L)

June 9

108014

1,904 ± 95

July 7

108191

1,754 ± 88

July 28

108197

1,632 ± 82

August 20

108362

1,650 ± 82

September 21

108365

1,687 ± 84

October 13

108366

1,813 ± 91

November 5

108531

2,047 ± 102

4.9 DIC, TOC and δ13C of DIC
DIC, TOC, and δ13C of DIC data are reported for completeness, but are not
extensively interpreted because of the low sampling frequency. Table 4-12 reports
δ13C values range from -16.44 to -13.59‰, which is in agreement with the
empirical range of δ13C for groundwater in equilibrium with the carbonates in the
aquifer sediments (Mook et al., 1974). For reference, fresh groundwater typically
has a δ13C value of approximately -13‰ (Faure and Mensing, 2005). The summer
groundwater samples analyzed for DIC concentration had pH values of 6.1 and
6.3, thus the DIC chemical speciation is predominantly carbonic acid (hydrated
carbon dioxide, H2CO3). DIC concentrations are also in the range expected for
groundwater in chemical equilibrium with the CO2(aq) in the aquifer matrix (Clark
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and Fritz, 1997). Groundwater usually has TOC concentrations less than 1 mg/L,
whereas the SJ Well #3 samples were higher (1.40 to 2.11 mg/L), which may be
the result of agricultural contributions of organic material that enhance the organic
content in the leachate (Table 4-13).
Table 4-12. Isotopic composition of δ13C of DIC. Isotopic composition of
groundwater samples from SJ Well #3 in Salinas, California [δ13C of Dissolved
Inorganic Carbon (DIC) is stable isotopic ratio of 13C/12C of DIC; ‰, per mil, parts
per thousand; Vienna Pee Dee Belemnite (VPDB)]. [For reference, fresh
groundwater has a δ13C value of approximately -13‰ (Faure and Mensing,
2005)]. NA (Not Analyzed).
Sample
Date

Sample
ID

δ13C of DIC

June 9

108014

-16.44

July 7

108191

-13.59

July 28

108197

-14.64

August 20

108362

NA

September 21

108365

NA

October 13

108366

NA

November 5

108531

NA

[‰]VPDB
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Table 4-13. Dissolved inorganic carbon and total organic carbon. Inorganic
and organic carbon of groundwater samples from SJ Well #3 in Salinas, California
[Dissolved Inorganic Carbon (DIC); Total Organic Carbon (TOC); milligrams/liter
as carbon (mg/L as C)]. ----, not measured.
Sample Date

Sample ID

DIC
(mg/L as C)

TOC
(mg/L as C)

June 9

108014

22.4

1.40

July 7

108191

24.2

2.09

July 28

108197

25.9

2.11

August 20

108362

----

----

September 21

108365

----

----

October 13

108366

----

----

November 5

108531

----

----

4.10

Field Scale Nitrogen Mass Balance
4.10.1 Radius of Influence Calculation
In order to quantify potential sources of nitrate to a long-screened
well like the San Jerardo well, one must determine the likely contributing
area to the well. In this section, the area that might contribute nitrate to the
well is calculated from the Radius of Influence (ROI). The radius of
influence of a production well is a measure of the spatial range in which well
pumping has a physical effect on the porous medium. A range of ROI
estimates were calculated. Bear (1979) shows that the following hydraulic
equation can be used to calculate a radius of influence: R(t) = 1.5(Tt/S)1/2,
where R(t) is radius of influence [meters], T is aquifer transmissivity
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[m2/day], t is time (period of time while pumping) [day(s)], and S is the
storage coefficient [dimensionless].
The transmissivity values in the table below were obtained by
converting the Geoconsultantsʼ minimum and maximum values from units
of m2/s to m2/day in order to calculate the radius of influence in units of
meters.
The storage coefficient can be approximated by the effective
porosity and knowledge of the soil type and lithology at the study site can
be used for this estimate. USDA SCS (1972) effective porosity of sandy
loam soil is 0.38. The components of sandy loam soil are sand, silt, and
clay and the SJ Well #3 drilling log notes that the aquifer lithology includes
gravel. Thus, a potential value for the storage coefficient may be the
average of the effective porosity values of these four sediment types.
McWorter and Sunada (1977) states the arithmetic mean effective
porosities of gravel, sand, silt, and clay are 0.20, 0.32, 0.06, and 0.20,
respectively. The average is 0.195 and can be rounded to 0.20. If the
composition of sandy loam soil is 70% sand, 15% clay, and 15% silt, the
weighted average effective porosity of sandy loam soil is 0.26 (USDA
SCS, 1972). Gravel is not included in this effective porosity estimate.
Therefore, the ROI equation is computed using 0.38 and 0.20 as plausible
maximum and minimum storage coefficient values.
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A calculation of the land surface area to include in the mass balance
calculation of the nitrate flux was obtained using the formula for the area of
a circle. If the radius of influence were inputted as 40.5 meters, the
calculated area would be π * r2 = π (40.5)2 = 1,640 square meters (m2). For
an even more conservative estimate, the radius of influence is calculated by
using the maximum value of the range of more transmissive soils
(transmissivity of 276.48 m2/day) and 0.2 for the storage coefficient, 56
meters, yields an area of π * r2 = π * (56)2 = 3,136 m2 which is 0.31- hectare
(Table 4-14).
Table 4-14. Radius of Influence Calculation.
Storage
Radius of
Transmissivity1
Time
2,3
Coefficient
Influence
(m2/day)
(days)
(dimensionless)
(m)
0.65664
0.38
1
1.97
276.48
0.38
1
40.46
0.65664
0.20
1
2.72
276.48
0.20
1
55.77
Data Source:
Geoconsultants, Inc., 2010.
2
USDA Soil Conservation Service (SCS), 1972.
3
McWorter and Sunada, 1977.
1

It is not unusual for groundwater investigations to have a wide range
of transmissivity values. As seen in Table 4-14 above, the transmissivity
values bear a large affect on the radius of influence calculation.
Furthermore, the radius of influence calculated herein for the SJ Well #3 is a
relatively small area due to the unconfined nature of the hydrostratigraphy.
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If the region were a confined system the pumping well would have an effect
on a larger three-dimensional area. The calculated radius of influence does
not account for long-range subsurface flow (underflow) in deeper aquifers
that may carry nitrate from greater distances.
Land use surface area distribution within the radius of influence area
is approximately 65% row crop fields, 5% wastewater ponds, and 30%
residential community. The San Jerardo Cooperative, Inc. area includes
impervious surfaces such as the community office and town hall, the
childcare center, and 30 residential units, while the eucalyptus tree covered
area near the well is unpaved. Within the residential community there are
landscaped areas (small lawns, trees, and shrubs) adjacent to each home
that may contribute some N, however the N contribution cannot be
quantified.
4.10.2 Potential N Sources and Sinks
Wastewater
Average N content of the wastewater is approximately 46 mg/L
based upon influent monitoring data from 2004 through 2009 measured
where the residential wastewater flows into the first pond of the wastewater
system (Horacio Amezquita, pers. comm., 2011). The wastewater system
effluent is monitored for nitrogen concentration where it flows into the
leachfield from the final pond in the series. The average effluent
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concentration is an appropriate value to use for the estimated N contribution
because the pond leachate would likely have lost N in the treatment
process. The average effluent concentration is found to be 33 mg/L as N
(Table 2-3). This concentration is multiplied by the national average volume
of wastewater produced daily per person (50 gallons/day) assuming 250
people in the residential community, so 12,500 gallons/day (47,318) L/day,
which results in an annual volume of 17,270,924 L/year. Multiplying this
volume by 33 mg/L leads to possible N loading from the wastewater ponds
of 570 kg N/year. However, only 5% of the land coverage in the ROI area is
wastewater ponds so the majority of that mass continues through the pond
system and the N content of the effluent is applied external to the ROI area.
The organic N in the wastewater ponds is not likely to be transformed
entirely to nitrate, nor is it likely for the N to leach to groundwater because of
the layers of fines that have created a natural pond liner. If the conditions
were met which allowed for nitrate derived from the wastewater ponds to
leach, the N contribution from the wastewater system would likely be less
than the potential total N loading rate calculated herein.
N-fertilizer
Average nitrogen application rate data were determined using data
spanning the time-scale of 37 years, beginning with the year 1973 and
ending with 2010 data (Table 4-15). The cumulative annual average
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N-fertilizer application rate is 214 kg N/ha. The potential contribution of N
from fertilizer calculation used the N-fertilizer rate for the strawberry croptype (240 kg N/ha) because the fields within the ROI were planted with
strawberries during 2010.
Table 4-15. Average N-fertilizer application rates (kg per hectare) by year.
Nitrogen application rates by crop reported by year. Lowest and highest values in
bold.
Nitrogen Rate in California, AVG KG / HA by year
(Average kilograms of nitrogen (N) per hectare by year)
Crop Type
Broccoli
Lettuce
(excld head)
Lettuce
(head)
Lettuce
(all)
Strawberries

1

2

2

2

2

2

1

2

2

1973

1990

1992

1994

1998

2002

2005

2006

2010

AVG

204

231

263

227

213

168

213

242

130

221.2

NA

206

190

183

223

211

NA

246

131

NA

194

215

235

218

174

NA

224

197

178

NA

NA

NA

NA

NA

216

NA

NA

202.6

178 264 314 223 214 253 216 241 252 239.5
Cumulative Average: 214.3 kilograms of N per hectare/year

Data Sources were reported in pounds per acre:
1
2

Rosenstock et al., 2013.
U.S. Department of Agriculture, National Agricultural Statistics Service, 2010a.

	
  

Irrigation Return
The mean concentration of nitrate as NO3- measured in the SJ Well
#3 groundwater samples collected in 2010 was 98.5 mg/L as NO3-. For an
estimated value of the nitrate concentration of the irrigation water the 98.5
mg/L as NO3- is converted to 21.9 mg/L as N. It is important to note that
the neighboring fields do not use SJ Well #3 as their source of irrigation
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water. The irrigation wells on the neighboring properties may be screened
over different intervals and have differing groundwater nitrate
concentrations.
The amount of irrigation water typically applied to broccoli, leaf
lettuce, iceberg lettuce, and strawberries ranges from 3,048 to 7,260 m3/ha,
depending upon the irrigation method (UCANR, 2011a and 2011b).
Choosing the average of this range for the estimate, the irrigation rate is
5,154 m3/ha, or 5,154,000 L/ha. This rate multiplied by the N concentration,
21.9 mg/L as N, giving an estimated yearly N contribution from irrigation
return water of 113 kg N/ha.
Literature Data for Mass Balance Components
The N contribution from atmospheric deposition, and N loss through
volatilization, runoff, and erosion are quantified using estimates from the
literature (Table 4-16).
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Table 4-16. Literature Data.
Mass Balance
Literature Reference
Component
Value
Atmospheric
Deposition (Total Wet
and Dry)

(+)8 kg N/ha/yr

Atmospheric Losses

(-)1.25 ± 1%
of total N applied or
(-)2 kg N/ha

Runoff and Erosion
Losses

(-)5.4 kg N/ha/yr

Source
Fenn et al., 2010;
National Atmospheric
Deposition Program
(NADP), 2011;
Tonnesen et al., 2007;
Viers et al., 2012
Mosier et al., 1998
King et al., 2009

Harvest N Removal Calculation
	
  

Nutrients removed during harvest of yearly production values of each
commodity were calculated using the USDA Natural Resources
Conservation Service (NRCS) Crop Nutrient Tool
(http://plants.usda.gov/npk/main). The N harvested by crop calculation
required user specified annual production yield levels, moisture percentages
of each crop, and the hectare area.
Annual production yield values were acquired from USDA NASS
(2010b). The Crop Nutrient Tool (http://plants.usda.gov/npk/main)
predetermined the moisture percentages used and the hectare area value
was determined in the radius of influence (ROI) calculation.
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•

Broccoli
N removed in harvest of 7,258 kg (72.6 tonnes [t]) of annual broccoli

yield with 54.9% moisture over 0.31-hectare area is 85.6 kg (273 kg/ha).
• Lettuce
N removed in harvest of 11,340 kg (11.3 t) of annual lettuce yield
with 94.8% moisture over an area of 0.31-hectare is 17.6 kg of N (56 kg/ha).
•

Strawberries
N removed in harvest of 27,442 kg (27.4 t) of annual strawberries

yield with 91.3% moisture over 0.31-hectare area is 23.5 kg of N (75 kg/ha).
The amount of nitrogen removed in harvest varies widely dependent
upon many variables including crop type, annual yield, moisture content,
however, for the purposes of this study the calculation uses a single value
for average rate of N harvested annually. Therefore, since the fields within
the ROI were strawberries during 2010, the strawberry crop type is chosen
for the harvest estimate: 76.5 kg N/ha (Table 4-17).

Crop Type

Annual Yield
(tonnes/ha)

Moisture %

N harvested
(kg/ha)

Table 4-17. Harvest removal rates.

Broccoli
Lettuce
Strawberries

72.6
11.3
27.4

54.9
94.8
91.3

273
56
76.5
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Atmospheric Losses
The modeled estimate of N mass that is volatilized and denitrified out
of the soil is roughly equal to 1.25 ± 1% or ~2 kg N/ha of the total N applied
as synthetic and organic fertilizers, crop residues, etc. (Del Grosso et al.,
2005; Intergovernmental Panel on Climate Change (IPCC), 2006; IPCC,
1997; Mosier et al., 1998). Examples of environmental conditions that
have an impact on the amount of N lost to the atmosphere include N
mineralization and biological fixation rates (based on temperature,
moisture, and soil characteristics), and seasonal weather patterns.
Anthropogenic variables affecting N atmospheric loss include crop type
and management practices such as methods and timing of irrigation and N
applications.
Runoff and Erosion Losses
The mass of N removed by runoff and erosion is approximated
using an estimated rate of 5.4 kg/ha according to a study conducted on a
furrow-irrigated field in the Sacramento Valley (King et al., 2009). The rate
was arrived at by taking measurements of sediment N and dissolved
constituents [nitrate-nitrogen, dissolved organic nitrogen (DON), and total
dissolved nitrogen (TDN)] after precipitation, irrigation, and runoff events.
The annual N loading and removal rates for the potential N sources
and sinks are tabulated along with the probability of leaching for each
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component (Table 4-18). Finally two pie charts illustrate the respective
loading rates of each source and the contributions of the sources weighted
by area encompassed within the radius of influence (Figures 4-16 and
4-17).
Table 4-18. Potential N loading and removal.
Annual N
N
Calculation or
Loading(+) and
Source/Sink
Reference
Removal(-) Rates
(33 mg/L as N)*
Wastewater
+570 kg N
(17,270,924 L/yr)
Inorganic
Crop average rate
synthetic
+240 kg N/ha
(strawberries)
fertilizer
(21.9 mg/L as N)*
Irrigation return
+113 kg N/ha
(5,154,000 L/yr)
Atmospheric
Viers et al., etc.
+8 kg N/ha
Volatilization
Mosier et al., 1998
-2 kg N/ha
Runoff/erosion
King et al., 2009
-5.4 kg N/ha
USDA NRCS crop
Crop harvest
nutrient tool
-75 kg N/ha
removal
(strawberries)

Probability
of Leaching
Low to
Medium
High
High
Medium
NA
NA
NA
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Figure 4-16. Potential relative N contributions. Potential relative N
contributions of sources at the study site.
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Figure 4-17. Potential N contributions weighted by area within the ROI.
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While the volatilization and runoff/erosion removal rates apply to all
of the N sources, the N removal rate of the harvested crop applies to the
crop-related sources only. The potential N contributions of the crop-related
sources (inorganic synthetic fertilizer and irrigation return) would be
decreased by approximately 21% if the crop harvest removal rate is
included. Thus, the relative N contributions of the crop-related sources
would be 31.8% rather than 38%, and the weighted contribution of the croprelated source would be 85.6%.
4.11

Project Limitations
Traditional investigations of groundwater resources usually utilize

geological, hydrological (e.g., water levels), and water quality data in order to
establish a conceptual model for the investigated aquifer. However, these data are
not always available to the public. Especially in areas of local dispute (such as this
study), the hydrological data may not be released for a variety of reasons.
Growers prefer to maintain privacy of their standard practices and proprietary
methods of agricultural management.
The following information would improve the conceptual model:
•

Site-specific hydraulic properties

•

Soil nitrate concentrations

•

Lithology and hydrogeology at location of SJ Well #3
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•

Standard farming practices from local growers including irrigation
volumes and fertilizer application rates

•

Monitoring of wastewater effluent to determine the fate of N near the
wastewater ponds

•

Monitoring of pumping volumes and time series nitrate concentrations at
neighboring private, irrigation, and monitoring wells
5.0 CONCLUSIONS

5.1

Concluding Remarks
Each of the geochemical and isotopic tracers applied illustrated different

aspects of the hydrological story. The multi-faceted investigative approach
provides an integrated interpretation with added reliability of the results.
Conclusions based on the results of this study are:
1. The most likely source of elevated nitrate in San Jerardo Well #3 is
synthetic fertilizer. However, a significant contribution from wastewater
cannot be ruled out entirely, and the evaporative signature of the summer
samples and the fact that the recharge temperature is warmer than the
ambient temperature may indicate contributions from the wastewater pond
system.
2. The nitrate contamination is sourced from within the radius of influence of
the well and likely additionally from the bordering subareas.
3. The hydrograph and pumping correlate with NO3-N concentrations. The
cause of rapid changes in nitrate concentration levels in San Jerardo Well
#3 is dilution with low nitrate groundwater that enters the well during
seasonal periods of low pumping.
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4. The relative concentrations of dissolved gases indicate that denitrification is
not occurring in the aquifer.
5. Isotopes of nitrate do not reflect wastewater as the main source, but rather
point to synthetic ammonium fertilizer as the dominant source.
6. The groundwater age reflects a component of groundwater that has
recharged in the last few decades, likely has very high nitrate
concentrations while another component of groundwater is very low nitrate,
very old groundwater.
7. Isotopes of water indicate an evaporative signal in a component of water
that appears in the well during summer and is likely either agricultural return
flow or wastewater.
8. Groundwater noble gas concentrations give an estimated recharge
temperature of 19.1 to 21.3 degrees Celsius, suggesting that either warm,
summer irrigation water or wastewater that has warmed in holding ponds is
a significant component of recharge to the well.
Wastewater has the greatest N contribution but is not the predominant
source of nitrate as evidenced by a δ15N-NO3 isotopic signature that is too low to
be sourced from an organic nitrogen waste. The wastewater pond series and its
leachfield are upgradient and exterior of the ROI, and have a clogging layer of
fine sediments that prevent infiltration but do not preclude potential leaching from
the area of wastewater application. Denitrification is not taking place due to the
high levels of dissolved oxygen in the groundwater, therefore the δ15N-NO3 can
be interpreted directly, without consideration for N species transformations. The
high nitrate concentrations coupled with the δ15N-NO3 signature dictate that
inorganic synthetic fertilizer is the main source of nitrate detected in the SJ Well
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#3 groundwater samples. In this case study, examining potential contributions
from different N sources according to the inputs in kg/yr does not clarify sources
of nitrate in the groundwater as distinctly as do the isotope results.
5.2

Recommendations
At this time a long-term trend with statistical significance cannot be

determined from the 4 years of historical data recorded by MCSI Water Systems
Management. Future work to investigate a long-term trend in nitrate
concentrations in the region will require acquisition of a longer time-series dataset
and isotope analysis of water samples from a water supply or irrigation well that
will be in production for the foreseeable future. Also there are more rigorous
methods of statistical analysis that can be applied to the longer time-series data
once it has been acquired.
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