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ABSTRACT
This investigation of a nitrate contaminated groundwater basin in Livermore,
California, demonstrates that nitrate isotope data are especially effective in determining
contaminant sources when paired with other chemical and isotopic analyses. Major ion
data distinguish three water types. Low-nitrate wastewater predominates in the northwest
region, while two flowpaths with distinct nitrate sources originate in the southeast.
Along the eastern flowpath,

5N values >lO%o indicate that animal waste is the primary

source. Diminishing concentrations over time suggest that contamination results from
historical land use practices. The other flowpath begins in an area where rapid recharge,
primarily of low-nitrate imported water, mobilizes a significant local nitrate source,
bringing groundwater concentrations to >50 mg/L. The low 615N value (3.l%) in this

location implicates synthetic fertilizer. In addition to these anthropogenic sources,
relatively high natural nitrate background levels (15- 20 mg/L) are found in deep wells
with residence times greater than 50 years.
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1. INTRODUCTION
Nitrate contamination of groundwater is a growing problem in many areas of the
United States. Because of human health risks, the U. S. Environmental Protection Agency

has set the maximum contaminant level for nitrate at 45 mg U1. In a study of
groundwater samples from ca. 1500 domestic drinking water and public supply wells
nationwide, the U. S. Geological Survey recently found that, of 140 parameters
measured, nitrate most frequently exceeded drinking water standards (Squillace et al.,

2002). Common nitrate sources are fertilizers, livestock waste, septic systems,
wastewater effluent, and natural soil organic matter (Kendall and Aravena, 2000).
This study investigates a region of contaminated groundwater in Livermore,
California where high levels of nitrate have been detected for several decades (RMC,

2002; Sorenson, et al., 1984). Managing this type of problem requires establishing the
origins of contaminants and understanding their fate within an aquifer in order to assess

the impact of land use practices. Past studies have used calculated mass balance and
nitrate loading estimations to implicate septic tanks and modem livestock waste as the
primary sources of nitrate in this area (RMC, 2002; Steinbergs and Wong, 1980).
Another demonstrated source of nitrate is reclaimed wastewater application around the
Livermore Wastewater Reclamation Plant (Sylvester, 1983). The present research uses
an integrated analytical approach to develop a comprehensive understanding of nitrate
behavior, bringing contemporary isotopic and dissolved gas data together with historical
ion concentration measurements and information about local hydrogeology and land use
practices.
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2. METHODS
The methods employed in this study are presented in Appendix A, a manuscript
that has been submitted for publication to the peer-reviewed journal Environmental
Science and Technology. The following is a more thorough explanation of the theoretical
basis of some of these techniques.

2.1 Isotopes as Environmental Tracers

Isotopic composition is expressed as a value with per mil (%o) units, defined as
= [(Rsarnpie / Rstandard) - 1 x 1000

where R = ''N/14N for N, 150/b60 for 0, and 2H/'H for H. The standard for N is
atmospheric N2 and the standard for 0 and H is Vienna Standard Mean Ocean Water
(VSMOW); the standards have defined ö values of 0%o.

2.1.1. Nitrogen and Oxygen Isotopes of Nitrate
Different nitrate sources often have distinctive isotopic signatures, making isotopes

of nitrogen and oxygen useful tools in identifying sources of nitrate contamination

(Figure A). Variable amounts of urea, ammonium, and nitrate in fertilizer result in &N
values that range from 4 to +4%o (Kendall and Aravena, 2000; Karr et al., 2001). As
fertilizer nitrogen moves through the soil, it can be affected by an array of processes such
as volatilization of ammonia, denitrification, and biological conversion to organic
nitrogen and subsequent rernineralization. By the time it reaches the groundwater,
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fertilizer nitrogen tends to be enriched several per mu over the original source (Karr et
al., 2001; Cravotta, 1997).

Soils naturally contain nitrogen from different sources. When plant material, which
generally has '5N values between -5 and +2%o (Fry, 1991), decomposes, it is

incorporated into the soil. Atmospheric nitrogen (5N = 0%) can also be microbially
fixed to ammonia in the soil and then reduced to nitrate. Soil nitrogen is subject to
enrichment by the same processes that affect fertilizers, often making it difficult to

distinguish between the two sources. The ö'5N of soil nitrate depends on a number of
factors such as soil type, climate, and vegetation (Brenner et al., 2001; Kendall and

Aravena, 2000; Williams et al., 1998). One study found that soil 'N tends to increase
with depth to 8 + 2%o (Nadelhoffer and Fry, 1994), while another study found soil Ô15N

values between 3%o and 8%o in California grasslands similar to the study area (Brenner et

al., 2001). These studies show that in climates like Livermore, California, soil organic
nitrogen is not always taken up by plants before it reaches the water table (Brenner et al.,
2001; Edmunds and Gaye, 1997) as has been assumed by past studies considering
Livermore's nitrate problem (RMC, 2002; Steinbergs and Wong, 1980).
Most nitrogen in animal waste is initially in the form of ammoniurn, with typical

&5N values of approximately 5%o. Ammonia is volatilized, leaving behind enriched
residue material that is then oxidized in aerobic soils, resulting in nitrate with typical

15N

values between +10 and +2O%o. The rate and extent of these reactions are influenced by

the environment and by the handling of the waste. All animals produce waste with
similar ö'3N values, so it is difficult to separate septic waste from livestock and poultry
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waste (Cravotta, 1997; Fogg et al., 1998; Kendall and Aravena, 2000). Due to increased

fractionation during processing, nitrate from treated wastewater tends to have higher &N
values, with an average of 16%o and. values as high as 40%o (Griggs et al., 2003; Jordan et
al., 1997).

Nitrate oxygen isotope values of nitrate can help clarify source identification,
especially to separate nitrate fertilizer input from other sources, which produce nitrate by
nitrification of ammoniurn or organic nitrogen. 6180 in nitrate fertilizers will have a
value close to the atmospheric value of ±23%o. Other sources of nitrate incorporate two

oxygen atoms from water and one from dissolved oxygen gas, leading to lighter 6180
values dependent on the oxygen isotopes in the water (Kendall and Aravena, 2000).
Nitrate from ammonium nitrate fertilizers will have 61

values that reflect both

processes (Aravena et al., 1993). Together, nitrogen and oxygen isotope values are also
useful in identifying denitrification. As seen in Figure A, denitrification tends to enrich
nitrogen and oxygen in an identifiable 2:1 ratio.

2.1.2

Stable Isotopes of Water

Stable isotopes of water are used to determine groundwater provenance.
Precipitation forms as an air mass cools and condenses from cloud vapor when 100%

humidity is reached. In these conditions, fractionation between vapor and liquid occurs
as an equilibrium process and the heavier isotope preferentially rains out, leaving
depleted vapor in the cloud for future rain events. Rain from a continuously cooling air
mass, then, can be expected to show a strong temperature

6180 correlation. Cont.inental
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and topographic effects, as vapor masses move inland from coastal regions, also cause
rainout and result in a continental isotopic gradient.

On a more local scale, rainout is driven by altitude effects. Vapor masses cool
adiabatically as they rise, leading to lighter precipitation at higher elevations, with a drop
of about 0.15%o to 0.5%o per 100 m rise in altitude (Clark and Fritz, 1997). Moran et al.

(2002) measured & 80 values in groundwater samples over an approximately 15 km range

in the study area and found a mean value of -6.9%0 to the west and a mean of-7.7%o in

the east. These groundwater values follow the gradient expected for precipitation with
increasing distance from the coast and with rising altitude, suggesting that the source of

water to this aquifer is recharge of local precipitation (Moran et al., 2002). Another
primary source of water to this region is imported water that originates in the Sierra

Nevada Mountains and can be distinguished by its isotopically lighter & 0 and 2H
values (Moran et al., 2002).

Through comparison to the Global Meteoric Water Line (GMWL), stable isotopes

can also help identif' whether water has experienced evaporation. Isotopically lighter
species are more volatile and so leave behind enriched residual moisture during
evaporation, resulting in a deviation from the GMWL.

2.1.3

Tritiurn

The introduction of large amounts of tritiurn to the hydrosphere as a consequence of
nuclear testing in the 1950s and 60s, along with tritiurn's half-life of 12.32 years (Lucas
and Unterwerger, 2000), made tritium a common tool in determining residence times of
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modern groundwater. Tritium is also produced naturally by cosmic rays in the upper
atmosphere. In combination with measurements of 3He, the daughter product of 3H
decay, initial 3H concentrations can be established and mean residence times can be
calculated without relying on a spatially and temporally variable 3H input function
(Solomon and Cook, 2000).

The proximity of Lawrence Livermore National Laboratory (LLNL), a major
nuclear science laboratory and a producer of tritium, is a factor when considering tritium

in the Livermore Valley. LLNL produces tritium in the form of atmospheric emissions of
tritiated water that raise tritium levels in rainfall. Sewage effluent from LLNL also
contains a significant amount of 3H (Peteron, 2003). Because LLNL contributes as much

as 6% of the total sewage of the city of Livermore (Harrach et al.,

1994),

this also affects

areas of recycled water application. With these additional sources, the local tritium input
function will, differ from regional input functions often used in establishing mean
residence times. However, including 3He, the decay product of 3H, in calculations allows

for the determination of residence time independently of the input function. Unspecified
LLNL input, therefore, will not create additional uncertainty in residence time
calculations.

Mean residence time is calculated as outlined in the LLNL Isotope Laboratories

Database Manual: Noble Gas. Stable Isotopes and Volatile Organic Compounds
(Ekwurzel,

2004).

This calculation requires first establishing how much of measured 3He

is tritiogenic and how much is from other origins, including equilibration with air,

dissolution of excess air, and radiogenic decay of crustal materials. Especially in young
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.3He is very low relative to the amount of 3He from
water, the amount of tritiogenic
.

.

atmospheric sources. In order to accurately assess tritiogenic 3He, then, it is important to
have accurate assessments of these other inputs. In determining atmospheric 3He, it must
be assumed that the recharge rate was high enough to limit He loss (Schlosser et al.,
1989). The amount of 3He present from equilibrium dissolution is dependent on two

factors: recharge temperature and He solubility at that temperature. Temperature
dependent solubility parameters are well established and do not add significant

uncertainty to residence time determinations (Solomon and Cook, 2000). Recharge
temperatures are ascertained by measurement of noble gases and calculations based on
the known solubility trends of these gases and generally have a precision on the order of
0.25 to 1°C (Stute and Schlosser, 2000). 3He solubility is minimally sensitive to
temperature changes, and with this precision, recharge temperature calculations also do
not contribute significant uncertainty to residence time values (Stute and Schlosser,

2000). The excess air component of dissolved He is also determined based on noble gas
concentrations and solubility trends. Calculations are based on the assumption that
incorporation of excess air involves complete dissolution of air bubbles, which is not
always the case (Solomon and Cook, 2000; Aesbach-Hertig et al., 1998). Nucleogenic
3He is determined from the measured 3He to 4He ratio (Solomon, 2000). After subtracting

out these amounts, the remaining tritiogenic 3He, along with the measured tritiurn, gives
the initial amount of tritium in the water when gas exchange with the atmosphere ended.

Knowing the initial and the current amounts of tritium, one can use the radioactive decay
equation and the known half-life to calculate the mean residence time:
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T = 1.7.8 x in (1 + 3Heri1iogcni/3H)

(Eaton, 2004). Taking into account all measurement uncertainty, residence times
determined with this method are accurate within I to 2 years (G. B. Hudson, pers.
comm.).

2.2

Denitrification

Nitrate dynamics are complicated by the potential for several biogeochemical

transformations. In particular, denitrification, a process that leads to significant
enrichment of nitrogen and oxygen in nitrate, must be accounted for when interpreting

nitrate isotope data. We check for denitrification using the method of excess nitrogen
(Vogel et al, 1981; Bohike and Denver, 1985). If denitrification is occurring, the end
product of the reaction, nitrogen gas, should be found in excess of the amount dissolved

from the atmosphere. Atmospheric nitrogen is determined by first measuring dissolved
argon, a trace atmospheric gas. If water only contains nitrogen dissolved in equilibrium
with the atmosphere, the ratio of nitrogen to argon in the water would be based on the

relative solubilities of the two gases. On a plot of nitrogen vs. argon, this water would
fall on a single water equilibration with atmosphere" (WEA) line; different recharge
temperatures with their respective solubilities create the different points on the line. Most
groundwater also includes excess air resulting fi-om dissolution of entrapped air bubbles

during recharge. It is assumed that these air bubbles dissolve completely, and so the
amount of nitrogen and argon increase away from the WEA line in a predictable pattern
based on the ratio of nitrogen to argon in air. If denitrification produces excess nitrogen,
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no complementary argon will be produced and the sample will deviate from this excess
air trend. Identification of excess nitrogen is a more reliable tecimique when noble gas
data is available with which to establish the recharge temperature of a sample and
therefore estimate more accurately the expected nitrogen contribution from air
equilibration and excess air dissolution. This technique does not detect denitrification
that occurs in the unsaturated zone.
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3. PRESENT STUDY
The results and conclusions of this study are presented in the paper submitted to
Environmental Science and Technology, appended to this thesis in Appendix A. This

chapter offers supplementary detail and figures to support some of that paper's
conclusions, particularly discussions of historical nitrate trends, stable isotopes of water,

and denitrification. All data is available in Table 1. Figures designated with a number
were originally included in the paper in Appendix A; figures designated with a letter are

introduced in this chapter. All can be found in Appendix B.
Current and historical measurements of nitrate concentrations delineate the scope
of the nitrate plume, which originates in the southeastern region of Livetijiore Valley and
extends along the length of the valley (Figure 1). Contour maps drawn with historical
data (Figure B) indicate that the nitrate loading problem began at least 25 years ago. Past
studies treated southeastern contamination as a separate problem from nitrate found in

sites downgradient from this area (Sorenson et al., 1984; Sylvester, 1983). These contour
maps, however, suggest that by 1980, nitrate from the southeastern region had already
reached the western end of the valley. Despite the approximate nature of these maps,
they do demonstrate that nitrate concentrations in the east are generally decreasing after
having reached peak levels some time in the late 1980s or early 1990s. Over the same
time period, nitrate levels have remained relatively steady throughout the center of the
valley.

When compared to the Global Meteoric Water Line (GMWL; Rozanski, 1993),
61 O and 62H data provide evidence that this groundwater experienced little evaporation
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prior to recharge. Plotted in Figure C, all of the wells fall below the GMWL with a trend

generally parallel to it, suggestive of a local meteoric water line trend. The nearest
station for which long term precipitation data has been collected is in Santa Maria, CA

(GNIP, 2004). The Livermore data fall within the general range defined by Santa Maria
precipitation isotopes, although the Livermore groundwater's ' O and 2H values are

somewhat lighter (Figure C). This can be explained by Livermore's position at a higher
elevation and further inland than Santa Maria. These isotopic data are also useful in
distinguishing between the most probable sources of water to the aquifer (Figure C,

Figure 4). Local precipitation appears to be a dominant source, while more shallow and
proximal wells to Arroyo Mocho (i.e. wells 22B1, 16E4) contain a higher fraction of
imported South Bay Aqueduct (SBA) water and deeper wells (i.e. wells 10Q2, 7P3) have

higher fractions of older groundwater. Some samples from the region of reclaimed
wastewater application appear to have isotope values in the groundwater range; this is

most likely due to fractionation during wastewater treatment and application rather than a
high groundwater component in these shallow wells. Tritium-heliurn residence time
dating (Table 1) indicates significant recharge and relatively rapid groundwater flow
along the arroyo and in the eastern-most portion of the basin with residence times
increasing to the west.

Before considering the nitrate isotope data, the possibility of denitrification must
be ruled out. Denitrification is not an important process according to dissolved nitrogen

and argon trends (Figure D). For samples with available noble gas data, the range of
calculated recharge temperatures is 13.8°C to 21.6°C. All the samples for which noble
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gas recharge temperatures have been calculated fall, within error, either on or above lines

projected for varying amounts of excess air at those temperatures. Points above the
excess air line have more argon than would be expected from complete dissolution of air
bubbles, indicating that some partial bubble dissolution has occurred (Aeschbach-Hertig

et al., 2000; Stute and Schlosser, 2000). Projecting lines of increasing excess air from
these potential recharge temperatures on the WEA outlines a region of nitrogen and argon
values that represent typical equilibrium solubility and excess air processes. Data from
the majority of samples lie within this region of the nitrogen versus argon chart,
demonstrating no probable denitrification sites. This data does not exclude the possibility
of denitrification before reaching the water table.

As described in detail in Appendix A, major ion trends, supported by nitrogen
isotope data, identify three distinct water types. High nitrogen isotopes indicate that
applied wastewater is the source of nitrate in the northwest. Along the Buena Vista
flowpath, originating in the southeast, historical livestock seems to be the most likely
nitrate source. Along another southeastern fiowpath, high nitrate concentrations are the

result of multiple sources, including synthetic fertilizer. Deeper wells with older water
and wells in confined regions are unlikely to be impacted by anthropogenic

contamination. We conclude that the relatively high level of nitrate in this water
represents a natural background concentration, potentially from legume growth.
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This investigation of a nitrate contaminated groundwater basin in Livermore, California,
demonstrates that nitrate isotope data are especially effective in determining contaminant
sources when paired with other chemical and isotopic analyses. Sulfate and chloride data

distinguish three water types. Low nitrate reclaimed wastewater predominates in the

northwest, while two flowpaths with distinct nitrate sources originate in the southeast.
Along the eastern flowpath, &DN values greater than 1O%o indicate that animal waste is

the primary source. Diminishing concentrations over time suggest that contamination
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results from historical land use practices. The other flowpath begins in an area where
rapid recharge, primarily of low-nitrate imported water (identified by stable isotopes of

water and a tritiurn-helium residence time of less than 1 year), mobilizes a significant
local nitrate source, bringing groundwater concentrations to more than 50 mgIL. The low
&5N (3.1%o) value in this location implicates synthetic fertilizer. Geochemical modeling

supports the hypothesis of separate sources, one that requires organic carbon, as from

animal waste, and one that does not.

In addition to these anthropogenic sources,

relatively high natural nitrate background levels between 15 and 20 mg/L are found in
deep wells with residence times greater than 50 years.

INTRODUCTION

Nitrate contamination of groundwater is a growing concern for drinking water

supplies in many areas in the United States.

Between 1993 and 2000, the U.S.

Geological Survey's National Water-Quality Assessment program found that 9% of

domestic supply wells and 2% of public supply wells exceeded the Environmental
Protection Agency's maximum contaminant level (MCL) for drinking water of 45 mg
NO3 U' (10mg U1 as N) (1). The California Department of Health Services reports that

nitrate is the most common contaminant found in state groundwater and presents a
serious threat to the groundwater supply (2). This study focuses on the aquifer beneath
Livermore. CA where high nitrate levels have existed for decades (3, 4). This is a serious

water supply problem because the region relies on the aquifer for a significant portion of

its drinking water, and 13 public supply wells are in the contaminated portion of this
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basin, 6 of which have had MCL exceedences. The methods used here could be widely
applied in the many groundwater basins where urbanization has created a greater demand

for drinking water, and where decades of agricultural activity have left a potential source
of nitrate to groundwater.

Prior studies have used bN and 180 in nitrate as tracers for the source and fate of
nitrate contamination (5). Because of the overlap of source isotope values and the variety

of potential fractionation processes that affect nitrate, isotopes alone are not always

sufficient to provide conclusive evidence of the contamination source (5, 6).

A

successful investigation of nitrate behavior and distribution must take into account the
many environmental and historical factors that affect nitrate fate and transport. These

include local hydrogeology, changing land use practices, and variable conditions that
support an array of natural nitrogen cycling reactions (7). Techniques are available to
examine each of these elements individually. Combining the results of these techniques

allows one to understand nitrate contamination in a larger context and facilitates
development of effective management strategies (7).

The purpose of this study is to demonstrate the application of an integrated
analytical approach in a nitrate-impacted groundwater basin. We use current well water

major ion analyses to delineate the scope of the high nitrate region and to distinguish
separate water masses, and historical data to track concentration changes through time.
Stable isotopes of water provide information about groundwater sources, and residence

time methods using tritium and noble gas measurements further constrain the source
history.

Possible reactions of nitrate are accounted for by geochemical modeling of
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nitrate interactions along fiowpaths and by analysis of dissolved gases, which can
indicate whether saturated-zone denitrification has taken place.

Site Description and Land Use History

The Livermore Valley lies 60 km east of San Francisco in the Diablo Range
(Figure 1). The average annual precipitation ranges from 40 cm at the valley floor to 50
cm along the margins of the basin (8), with 80% faIling between November 1 and March
31 (9). Surface flow is primarily in two streams, Arroyo Mocho and its tributary, Arroyo

Las Positas (Figure 1).

Natural flow in these channels is principally runoff from

precipitation in the hills, and so is highest in the winter and spring. In 1962, in order to

enhance recharge to the overdrafted aquifer, the Alameda County Flood Control and
Water Conservation District, Zone 7 (Zone 7) began supplementing natural flow with

imported water brought from the Sacramento River Delta through the South Bay
Aqueduct (SBA). In 2003, artificial recharge in Arroyo Moeho was calculated to he
12.09 million m3, compared with a calculated natural recharge of 3.68 million m3 (10).

Alluvial deposits of varying thickness, ranging from less than 30 ni thick at the
eastern edge to up to 210 m thick in the west, dominate the Livermore Valley geology
(Figure 1). These sediments are water bearing, with the water table 3 to 15 rn below the
land surface. Underneath the alluvial deposits lie unconsolidated to semi-consolidated

beds of gravel, sand, silt, and clay known as the Livermore Fonnation. The Livermore

Formation is also water bearing, although it does not transmit water as easily as the
alluvium (4, 8). The aquifer is unconfined in the east; to the west, a series of clay
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aquicludes confines layered aquifers (8).

Surface and subsurface flow within the

Livermore Valley tends to be toward the longitudinal axis of the valley from the north
and south, and then westward along the longitudinal axis. Surface water then flows into

Alameda Creek and out of the watershed, while subsurface flow is drawn towards the
major municipal well fields in the western basins (8). Groundwater flowpaths, estimated

from water level measurements, are shown in Figure 2. The main flowpath follows an
alluvial channel up to 90 rn deep (8).

Multiple potential nitrate sources exist in the Livermore Valley from both past
and present land uses. A 1980 study used a gross mass balance computation to estimate

that, throughout the valley, the main sources of nitrate were livestock (50%), fertilizer
(24%), septic tanks (13%), and natural sources (6%) (11). Other studies identified two

locations of particular concern. as origins of contamination. In one location, around the
Livermore Wastewater Reclamation Plant (LWRP), treated effluent is used in irrigation
(Figure 1). In the 1980s, this contributed significant nitrate to local groundwater (12).

Since that time, wastewater treatment methods were upgraded to include a tertiary
treatment step

that reduces nutrient concentrations

considerably

and

induces

denitrification. In 2003, the average monthly nitrate concentration in the applied water

was only 4.9 mg U1 (range: 0 to 15.9 mg U') (13).

The other source area of concern is the unincorporated southeast region of the
valley (Figure 1). Several reports in the past have implicated septic leachate as a primary

nitrate source in this unsewered area of approximately 100 residences (4, 12); a more
recent study, based literature ranges of nitrate input from various sources, estimated the
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septic contribution to nitrate-loading at approximately 40% of the overall contamination

in this region (3). The number of homes with private septic systems has not changed
significantly in the past 30 years (3).

This recent study attributed another 50% of the nitrate contamination in the
southeast region to modem livestock waste from approximately 50 animals, mostly
horses (3). In the past, poultry farming was a significant operation. One chicken farm

with approximately 7,000 hens on the eastern edge of the study area went out of business
in the early 1 970s. Prior to the 1 950s, chicken farming was more extensive, although

specific numbers are not available (3). These farms could be important historical nitrate

sources, especially given that poultry waste has been shown to have average levels of
available nitrogen around 10 kg per iO3 kg, at least twice that of swine or cattle (14).
Most of the land to the south and east of this area is grassland that has supported various
grazing operations over the last century.

This southeast region also includes approximately 8 km2 of vineyards (3).
According to one study, vineyards receive an estimated 65.6 kg of nitrogen fertilizer per
hectare per year (6,560 kg km2 y- l), relative to 89.4 to 171.2 kg (8,940 to 17,120 kg km2

y-1) for most vegetables (15). The same study found groundwater nitrate concentrations

of up to 61.6 mg U' beneath grape fields, with a median of 20.2 mg U' (15). A study
using & 7N tracers determined that, even with closely controlled irrigation, 67% to 79% of

fertilizer nitrogen applied to vineyards in the spring remained in the soil at harvest time
(16). In the past, almonds, a high nitrate crop, have also been grown in the area (3).

29

Another possible nitrate source in the valley is that formed from the oxidation of
organic nitrogen, naturally found in soil as a result of plant decomposition and microbial

activity (6).

Natural nitrate concentrations in groundwater below temperate region

grasslands, unimpacted by anthropogenic activities, are generally below 9 lug L (17). In
arid and semi-arid regions where denitrification is unlikely, however, greater amounts of

natural nitrate can accumulate in soils and be available for leaching to groundwater (17,
18, 19). The potential natural source most relevant to Livermore's climate and habitat is
leguminous vegetation that supports nitrogen-fixing bacteria. Burr clover and vetch, both

legumes, thrive in Livermore during warm, wet winters (11). These species produce
between 90 and 200 kg ha' y1 (9,000 to 20,000 kg km2 y1) of nitrate (20). A study in
North Afca attributed groundwater nitrate levels as high as 250 mg U' to nitrogen fixed

by legumes (17).

Natural soil nitrate levels can be augmented by cultivation and

irrigation. One southern California study found up to 160 mg NO3 kg' soil in an open,
unirrigated field, compared to 25 mg kg' in natural soil (21).

METHOD S

Sample Collection

The thirty-three well sampling locations from 2003 are shown in Figure 2 and

described in Table 1.

At monitoring wells, samples were taken using a portable

submersible pump. At other wells, dedicated well pumps were used. Most ion and
isotope samples were filtered in the field with a O.45im in-line filter. Nitrate isotope
samples were loaded onto anion exchange columns within 24 hours of sampling, and ion
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analyses were performed within 48 hours of sampling. For excess nitrogen analyses,

dissolved gases (nitrogen, oxygen, and argon) were collected in 40-mL vials (VWR
Tracec.lean lM amber borosilicate; 0.125-inch septum liner) with no headspace. Samples

were stored in coolers on ice and analyzed on the same day as sampled. A l-L Pyrex
bottle with a polypropylene plug seal cap was filled for tritium analysis and a 30-mL
clear, French-square type glass bottle with a Qorpak1M polyseal-lined cap was filled for

analysis of stable isotopes of water. Approximately 10 mL were collected in copper
tubes pinched by metal clamps for noble gas samples.

Laboratory Methods

Nitrate isotope samples were analyzed at the Environmental Isotopes Lab at the

University of Waterloo. After extraction as silver nitrate (22), nitrogen gas for the
measurement of15N was produced by the sealed tube Cu/copper oxide method (23) and
CO2 for measurement of

80 was produced by combustion with graphite. The isotope

ratios of these gases were measured on a PRISM isotope ratio mass spectrometer (24).

5N results are reported as per mu relative to AIR and &O results are referenced to
VSMOW (24, 25, 26). Anions and cations were measured by ion chromatography at

Lawrence Livermore National Laboratory (LLNL) on a Dionex IC DX-600 with a
precision of ±2.7% relative standard deviation for nitrate. Oxygen isotopes of water were

measured at LLNL using the CO2 equilibration method (25), with isotope ratio
measurements made on a VG PRISM isotope ratio mass spectrometer.

Results are

reported as per mu with reference to VSMOW and have a precision of ±O.l%o.
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Deuterium was measured at the University of Arizona using a Finnigan Delta S isotope
ratio mass spectrometer. Samples were first reacted with Cr at 7500 C in a Finnigan

H/Device coupled to the mass spectrometer.

Results are reported as per mu with

reference to VSMOW and have a precision of ±O.9%o. Dissolved gases for examination

of excess nitrogen were measured at LLNL by membrane inlet mass spectrometry
(MIMS) with an SRS RGA200 quadropole mass spectrometer (27). The noble gases 3He,

4He, Ne, Ar, Kr, and Xe were measured at LLNL. 3He and 4He were measured on a

VG5400 mass spectrometer, Ar was measured using a high-sensitivity capacitive
manometer, and Ne, Kr, and Xe were measured on a quadropole mass spectrometer (28,
29). Tritium was determined by measuring the rate of 3He accumulation (30). Residence

time calculations were made by combining measurements of tritiurn with measurements

of its decay product, 3H.e.

In this calculation, noble gas data was used to separate

tritiogenic helium from that from other sources (31, 32).

Isotope and Dissolved Gas Techniques

A variety of nitrate fractionation processes lead to unique isotopic signatures for
different nitrate sources. As a result, isotope values of nitrogen and oxygen can be useful

in identifying the origin of groundwater nitrate. Synthetic fertilizers generally have 'N

values between 2%o and +4%o (5). By the time it reaches the groundwater, however,
fertilizer nitrogen tends to be enriched by several per mil over the original source, often

making it indistinguishable from soil organic nitrogen, which tends to have 1N values
of +3?/o to +8%o (6, 20, 33). N itrate from animal waste has higher '5N values, usually
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greater than +1O%o, and so can often be distinguished from other sources. All animals
produce waste with similar c'3N values, though, so isotopes alone are usually not useful
in differentiating between septic waste and other animal wastes (5).

Oxygen isotope values of nitrate can help clarify source identification, especially
to separate nitrate

fertilizer input from other sources, which produce nitrate by

nitrification of ammonium or organic nitrogen.

l8O in nitrate fertilizers will have a

value close to the atmospheric value of +23%o. Other sources of nitrate incorporate two

oxygen atoms from water and one from dissolved oxygen gas, leading to lighter

180

values dependent on the oxygen isotopes in the water (5). Nitrate from ammonium
nitrate fertilizers will have

8O values that reflect both processes (34).

Nitrate isotope data are also valuable as indicators of the occurrence of
denitrification; as denitrification occurs, nitrogen and oxygen in nitrate are enriched in a

characteristic 2:1 pattern (5). Saturated zone denitrification can also be identified by the

presence of its end product, excess nitrogen, dissolved in groundwater. Atmospheric
nitrogen is distinguished from excess nitrogen by comparison with dissolved argon, the
dominant source of which is atmospheric (7, 35). We employ both methods to check for

possible denitrification. Groundwater denitrification in the Livermore Valley is thought

to be unlikely due to lack Of dissolved organic matter in the groundwater and minimal
likelihood for reducing conditions in an unconfined aquifer, where dissolved oxygen is
present (3, 12).
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Geochemical Modeling

Geochemical modeling was carried out using the inverse modeling capabilities of

the U.S. Geological Survey's PHREEQC geochemical model (36) to identify' interphase

mass transfer reactions that reconcile elemental mass balances and charge balances in
representative nitrate-impacted and background groundwater compositions (major

cations, anions, and pH) along both the Buena Vista and alluvial channel flowpaths. The
representative water compositions were derived from historical datasets by extrapolating

best-fit linear relationships between the individual geochemical parameter values and

corresponding nitrate concentrations in order to establish idealized nitrate-free and
maximally nitrate-impacted end members.

While these water compositions do not

represent true collinear end members along groundwater flowpaths, they do represent

contrasting water compositions for each of the respective flowpaths that presumably
integrate the effects of geochemical processes that are associated with nitrate loading.

Putative phases involved in the mass transfer reactions include a nitrogen source
(NH3); organic carbon associated with animal fertilizer or septic tank leachate (idealized

as CH2O); carbonate minerals CaCO3 and dolomite (CaMg(CO3)2); possible soil
amendments dolomite, gypsum (CaSO4.2H20), and KC1; ion exchangers (NaX, KX,
MgX2, CaX2); and 02, required to oxidize both NH3 and CH2O.

These phases were

selected for the PHREEQC inverse model with the added constraints that NH3, CH2O,

gypsum, KC1, and 02 could only be utilized as reactants, not products.

The same

constraint was placed on dolomite, CaMg(CO3)2, as its precipitation kinetics are regarded
as extremely slow (37).
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RESULTS AND DISCUSSION
Major Ions

Nitrate contamination is greatest in the southeast region, where many of the wells

have concentrations above the MCL. The contamination extends the length of the valley

as shown in the contour map in Figure 1. In conjunction with the estimated fiowpaths,
this supports the conclusion of past studies that the most significant nitrate contamination

originates in the southeast area. Current and historical data consistently record higher
nitrate concentrations in shallow monitoring wells than in deep wells, suggesting a plume
with a shallow core.

A plot of chloride vs. sulfate (Figure 3) presents a well-defined division of spatial

groups within the nitrate plume. Data from 71% of the wells lie along a constant ratio
trend (depicted as a solid line in Figure 3), indicating the similarity of water type and ion
source in these wells. This main trend includes all of the wells along the alluvial channel
fiowpath and all of the wells south of this flowpath except for southeast well 22B1, which

stands out due to its particularly high sulfate levels. Historical data provided by Zone 7

demonstrates that since monitoring began in 1977, well 22B 1 has maintained relatively

steady sulfate levels with an average of 50mg U' and a maximum of 69mg U'. In 1999,
however, the concentration rose significantly to 128 mg U' and has continued to increase

to 190 mg U' in 2003. Calcium concentrations increased at about the same time in well
22B 1. It appears that a major land use change, perhaps a change in vineyard fertilization

or soil amendment application (e.g. increased application of gypsum or another calcium

sulfate amendment), occurred in the late 1990s and is causing increased sulfate and
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calcium concentrations. In the southeast, a relatively high chloride to sulfate ratio

separates Buena Vista Avenue wells lOQi and 15J2 from the rest of the wells in that

region, which follow the main trend.

Ion data from around the LWRP wastewater

application area form a separate trend of lower chloride vs. sulfate slope (depicted as a
dashed line in Figure 3), confirming that these wells are dominated by a different water

source than the rest of the valley. The low ion end member of the LWRP data trend is
defined by the three wells in this area that are screened below the confining layer. The

chloride to sulfate ratio in these deep wells matches the main trend, suggesting that
LWRJ' applied water does not reach the lower aquifers, while shallower water is made up
of various mixtures of applied water and local groundwater and precipitation.

Time series reconstructions of past nitrate concentrations at individual wells using

Zone 7's monitoring data reinforces the interpretation that the nitrate plume consists of
separate nitrate sources for contaminant flowpaths originating in the southeastern region.
Time series histories for Buena Vista Avenue wells 1OQ1 and I 5J2 show that both have
had a trend of generally decreasing nitrate concentrations for at least twenty years (Figure

2). Current nitrate levels at both wells are less than a third of peak levels and are nearly

below the MCL. Although some modern nitrate sources may remain, it seems that a
major source has been discontinued or significantly diminished. Any septic input is
expected to have remained steady or even increased, implicating other historical sources

as the major cause of contamination along this flowpath. Further evidence that supports

this hypothesis is presented below.

In contrast to the Buena Vista trends, nitrate

concentrations throughout the last few decades have been steady or rising in wells along
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the alluvial channel flowpath. Well 9Q4 is representative of the alluvial channel wells in
the shallow zone of the aquifer. It had nitrate levels averaging around 65 mg U' until the

last five years when a moderate decline is observed (Figure 2). In the deeper alluvial
channel wells, nitrate levels have been increasing slowly, so that even the deepest well
(9Q1) has recently surpassed the MCL (Figure 2).

Isotopes of Water

Stable isotopes of water help to establish groundwater provenance, while tritiumhelium is used to determine residence time; both stable and radioactive isotopes of water,

therefore, can add to understanding of nitrate sources and movement. The & O vs. 2H
positions of all of the 2003 data, fall below the Global Meteoric Water Line (26) and have

a trend generally parallel to it, providing little evidence of significant evaporation. The
three most probable sources of water to the aquifer are precipitation, imported South Bay

Aqueduct (SBA) water, which is transported from the Sacramento-San Joaquin Delta,
and older, ambient groundwater. Since November 1996, the volume-weighted mean of
18O in precipitation at LLNL, just east of the study site, has been -7.9 1 2.8%o (38).

Originating mostly at higher elevations in the Sierra Nevada Mountains, SBA water is
isotopically lighter than local precipitation (-10.6 to 9.9 %o

8O;

n = 2 and 79 to 70

%o 2H; n = 4) (9). SBA water recharges the aquifer along Arroyo Mocho from April to

November and also makes up 95% of irrigation water and approximately 80% of
domestic water in the area (10). Older (tritium free) ambient groundwater has a öO

range of-7.4 to 6.9 %o and a 62H range of-49 to 53 (n = 3).

3

Wells 16E4 and 22B1 are shallow wells adjacent to Arroyo Mocho (Figure 4).
Their light ö'80 values (-9.i%o and 8.6%o respectively) indicate that they draw much of

their water from recharge along the arroyo. These measurements are somewhat heavier
than the SBA average, in part because arroyo recharge comprises a variable mixture of
SBA water with local runofL and in part due to mixing with local groundwater. The very

young tritium-helium ages, less than 1 year at both wells, also indicate that arroyo
recharges the proximal groundwater. Despite this evidence that these two wells have the
same source of water, their observed nitrate concentrations are very different. Well 1 6E4
generally has less than 10 mg U' NO3 while well 22B 1 historically fluctuates between 30

mg U' and 80 mg U' NO3.

SBA water contributes little nitrate, with an average

concentration over the last 10 years of 2.5 mg U1 (39). To reach the high nitrate levels
seen at 22B 1, then, the arroyo water must mobilize a local source of nitrate in its short
travel time through the vadose zone to the well. This represems a substantial amount of

nitrogen moving through the system, and must either be supplied by a large reserve
stored in the soil or vadose zone or by a source that is continually being replenished.
This implicates either a soil or fertilizer source of nitrate in this location.

Ambient groundwater is represented by wells with isotopic signatures on the other

end of the observed trend. Two of the three wells with the heaviest ö'80 and 62H values
(7P3 and 10Q2) also have no detectable tritium, indicating residence times of more than
50 years. These are among the deepest wells sampled, with upper perforation levels

deeper than 90 m below the ground surface. Heavier stable isotopes of water, then, can

be taken to be representative of water from an older groundwater source that has no
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influence from SBA recharge, which began in the year 1962. The northwest wells in the
region around LWRP also have heavier

values in this range (Figure 4). As indicated

by the anion data, however, this water is impacted by applied wastewater that has
experienced some fractionation due to industrial processing.

A quarter (26%) of the 2003 samples, all from wells located in the central portion
of the valley, have &80 values within O.2%o of the mean local precipitation 18O value of

7.9%o, suggesting that precipitation is a primary component of this groundwater. The
various mixing fractions of the three possible sources of water are evident in the isotope

data, but the large range observed in local precipitation (-14.8 to O.3%o ö'80) prevents

quantitative determination of the three fractions.

In general, local precipitation is a

dominant source, and the shallow and proximal wells to Arroyo Mocho contain higher

fractions of SBA water, while the deeper wells have higher fractions of older
groundwater.

Tritium-helium age data (Table 1) suggest diffuse recharge throughout the eastern

side of the groundwater basin, with significant recharge and relatively rapid groundwater
flow along the arroyo and in the coarse, unconfined sediments of the eastern-most portion

of the basin (40). In this eastern area where the greatest nitrate contamination is found,

the wells nearest the arroyo have residence times of less than one year and the other
shallow wells have residence times of less than 10 years. Moving west, residence time
increases, ranging from 10 to 21 years, with deeper wells generally having older ages. As

mentioned above, some of the deepest wells have no tritium, indicating ages of greater
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than 50 years. These wells provide an archive of groundwater that is not influenced by
modem human activity.

Nitrate Behavior

Dissolved nitrogen and argon trends do not show the presence of detectable
excess nitrogen, demonstrating that saturated zone denitrification is not an important
process (Table 1). This result is consistent with low dissolved organic carbon and high

dissolved oxygen measurements that indicate an aerobic system with low reduction
potential. Groundwater nitrate isotope data, therefore. may be interpreted directly as

indicative of nitrate source, without accounting for enrichment due to denitrification
along the flowpath.

The depiction of spatially distinct regions of nitrate contamination, previously
delineated by anion concentrations (see Figure 3), is bolstered by nitrogen isotope data.
Nitrate-&5N results, plotted against nitrate concentration in Figure 5, demonstrate several

important trends. Shallow wells around the LWRP have high nitrate-'N and low nitrate
concentrations, confirming the conclusion from their lower chloride to sulfate trend that

nitrate in these shallow wells has a different source than in the rest of the valley. The

&N values, between

13.0%o

and 29.296o, are within the range expected for treated

wastewater effluent (41, 42). Nitrate concentrations in this area remain well below the

MCL, suggesting that the new wastewater treatment methods have been successful at
reducing nitrogen loading to the aquifer from reclaimed water irrigation. The deeper
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wells in this region have much lower &N values, suggesting that they have not been
significantly impacted by LWRP water.

Another discrete spatial region identified by anion data is the north Buena Vista
fiowpath (see Figure 3). Nitrogen isotope data point to animal waste or septic discharge

as the primary source of the high nitrate concentrations in this water. Other flowpaths
originating south of well 1 5J2 and continuing along the main valley have lighter
values than those measured in wells 15J2 and 1OQ1, indicating distinct nitrate sources.
The northern and southern portions of Buena Vista Avenue have no substantial difference

in modern septic tank usage or livestock population to account for this difference.
Considering the declining nitrate concentrations seen in the historical time series of the
Buena Vista flowpath (Figure 2) as evidence for a discontinued source, this implies that

the nitrate contamination along the north Buena Vista Avenue flowpath results from
historical animal inputs rather than modern septic tanks.

The remaining data sets include all of the wells that fall along the main constant-

ratio chloride vs. sulfate trend line, along with wells 22B 1 and 14i4 (Figures 3 and 5).

These data can be considered in two separate groups:

High nitrate water with

concentrations greater than 33 mg U' and low nitrate water with concentrations below 25

mg U'. The low nitrate wells are either screened to draw most of their water from below

80 rn or else pump water from aquifers that are confined beneath several aquicludes.
Three of the wells draw on water that, according to tritium measurements, is at least 50
years old. In these conditions, groundwater should not be impacted significantly by the

shallow zone contamination, and yet nitrate concentrations in these wells are between 10
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mg U' and 25 mg U1, suggesting that the nitrate detected in these wells represents a
natural background. This result is higher than generally expected for nitrate from nonanthropogenic sources (1), but as discussed above, it can be explained by nitrogen-fixing

vegetation in a climate with a long dry season. Nitrate-15N values between 5.8%o and
8.5%o support the hypothesis of soil organic nitrogen as a natural nitrate source.

The remaining high nitrate group includes all of the shallow wells in the southeast

and center of the valley, as well as the deep wells along the alluvial channel, all of which

have nitrate concentrations greater than 33 rng U' and ö' 5N values less than 8%o. The

data present a general trend of decreasing nitrate concentrations with increasing 6'5N

values as groundwater flows from southeast to northwest.

Because the highest

concentration nitrate input has a lower &N, this negative correlation between

concentration and nitrogen isotope value is suggestive of a synthetic fertilizer
contaminant source (6). Although synthetic fertilizer and soil nitrate have similar ö' 5N
ranges, the high concentrations observed point to fertilizer as the major source.

This trend originates at southeastern well 22B1, which has the lightest nitrogen
isotope value and nearly the highest nitrate concentration of any sample (Figure 5). Well
22B 1

has already been singled out by its unusual characteristics, reflecting recently

recharged water from the arroyo also impacted by changes in land use practices. The
2003 &N value measured there, 3.1%o, is in the range generally expected for synthetic
fertilizer. This overlaps the low end of the range for nitrate from reduced soil nitrogen,

another potential source given the well's location downgradient of vineyards and
grassland. While nitrogen isotopes alone cannot distinguish between these two sources, it
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would be unlikely that concentrations as high as 80 mg U1, historically measured at well
22B 1, result from soil nitrogen alone.

Nitrate-& 80 data provide further evidence for a fertilizer source of nitrate at well

22B1, as well as at downgradient wells 15G4 and 15G5 (Table 1). These wells have
nitrate

O values between 8.l%o and lO.9%o, relatively high compared to the values

found at the other shallow wells with low 13N, which range from 2.8%o to 4.8%o nitrate-

'O The high nitrate-&80 is consistent with the presence of synthetic nitrate fertilizer,

which generally has a nitrate-&80 value around 23%o (5).

An ammoniurn nitrate

fertilizer, with approximately 50% of its oxygen from fertilizer nitrate and 50% from
nitrified fertilizer ammonium, incorporating soil and water oxygen, would be expected to
have a nitrate-6180 value of approximately l3%o in this environment (34). Shallow wells

with higher nitrate-&5N

also have higher nitrate-180 values of between S.S%o and

6.6%o, a trend attributable to soil- and vadose-zone denitrification of nitrate derived from
animal waste.

Data from one subset of the high nitrate wells fall on a two end member mixing
curve when plotted as

vs. nitrate concentration (Figure 5). The five wells on this

curve are all located along the alluvial channel flowpath, starting in the southeast at well

15G4 and traveling northwest to wells 8G1 and 8K2 (Figure 2). The upgradient well,
15G4, has a nitrate concentration of 53.8 mg L1 and a 15N value of 4.8%. The data at

this well indicate that it has a mixed nitrate source with significant fertilizer input. The
lower concentration, higher 15N theoretical endmember is not constrained. The pattern
displayed by these data suggests that as the high concentration nitrate water travels along
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this flowpath, it mixes with more dilute water that contains nitrate with a higher nitrogen
isotope value. One possibility is that as the contaminated groundwater moves away from

areas of higher fertilizer input, it mixes with local water containing the natural
background nitrate from soil organic nitrogen, and possibly from other, less significant
sources such as fertilized lawns. Another possibility is that the fringe of the animal waste

contamination seen along the Buena Vista flowpath impacts the alluvial channel
flowpath.

Geochemical Modeling

Inverse geochemical modeling, which attempts to explain differences in chemical

composition between water samples by postulating mixing ratios and sets of mass
transfer reactions, provides supporting evidence of separate nitrate sources for the two

southeast fiowpaths (Figure 2).

In many cases, the trend was not ideal and the

endmember was chosen based on a linear regression of a single upgradient,
downgradient, or similar, non-plume well, or else estimated from historical timelines, as

outlined in Figure 6a. Selected inverse modeling results for both flowpaths (i.e., mass
transfer reactions that plausibly explain differences in major ion water chemistry between

nitrate-impacted and background water compositions) are compared on Figure 6b. These

modeling results suggest that the loading of an organic carbon component (and its

subsequent oxidation) can be assodiated with the Buena Vista flowpath but is not
required for the alluvial channel flowpath.

The inverse modeling also suggests a

significant role for dilution along the Buena Vista flowpath, presumably from local
rainfall recharge.

As stated previously, however, variability in the oxygen isotopic
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composition of the local precipitation precludes direct validation of this model result.

Inverse geochemical models are typically non-unique, and the set of results shown in
Figure 6b is only one example of the multiple variations that are possible to account for
observed behavior. Other postulated reactions along both flowpaths include replacement
of Mg-rich carbonate phases with generally more Ca-rich equivalents as well as addition

of salts and/or ion exchange reactions. Nevertheless, a valid inverse model that is
consistent with the water composition evolution hypothesis formulated upon separate

lines of evidence, described above, is of significant utility in validating the internal
consistency of this hypothesis.

In this study, the separation of nitrate sources introduced decades ago is made

possible by a multiple-analysis approach using current and historical data.

Stable

isotopes provide information about water sources, while tritium-helium age dating
defines groundwater residence times and transport behavior. In addition, dissolved gas
and nitrate isotope evidence indicate that nitrate moves conservatively in the

groundwater, which simplifies and strengthens source attribution. A more complete
understanding of the contaminated environment allows nitrate isotope measurements to

be combined with information about land use history to identi

contaminant sources.

This integrated approach revealed a much larger role for fertilizer and natural soil
nitrogen than prior assessments, which used source mass and plume delineation methods

to attribute most of the contamination to septic tanks and livestock.

In addition to

identif'ing contaminant sources, these methods offer a deeper understanding of how the

severity and extent of contamination is affected by hydrogeology and groundwater
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management practices. In this case, for example, the nitrate problem is amplified by
artificial recharge in the source area, a region where the aquifer is vulnerable because it is

unconfined and experiences high vertical recharge. This type of geochemical approach
can be widely applied to other diverse regions and will provide valuable information to
water managers making decisions about future mitigation strategies.
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LIST OF FIGURES

FIGURE A Typical ranges of ö180 and 1N from various sources
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FIGURE B Contour maps of nitrate concentrations in shallow wells in
Livermore Valley in 1980 1990 and 2000.
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FIGURE C

2H vs. l8O of Livermore groundwater compared to Global
Meteoric Water Line and suggesting relative contributions of
potential water sources.
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FIGURE D Dissolved nitrogen vs. dissolved argon plot demonstrating lack
of denitrification in the saturated zone.
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FIGURE 1 Map displaying nitrate concentration contours and land use
designations in the Livermore Valley.
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FIGURE 2 Nitrate concentration time series data along two flowpaths
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FIGURE 3 Chloride vs. sulfide concentrations in the Livermore Valley
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FIGURE 4 Map of groundwater ö180 data
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FIGURE 5 Nitrate concentration vs ö15N of Livermore groundwater compared
to expected ranges for various sources.
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FIGURE 6 Inverse modeling results indicating mass transfer reactions that can
potentially account for differences in nitrate-impacted and
background water compositions along two Livermore groundwater
flowpaths.
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(N. B. Figures A-D are introduced in Chapter 3, Present Sti.idv. Figures 1-6 are
introduced in Appendir A, the manuscipt submitted to Environmental Science &
Technology.)
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Figure B. Contour Maps of Nitrate Concentrations (mg U1) in the Livermore Valley.
Maps were kriged with RockWorksTM software. Only data from wells with a majority of the
screened interval <37 m, the approximate location of a non-continuous aquiclude, were included.
To limit potential biasing of the trends due to temporal fluctuations in nitrate concentrations, at
least 85% of the data used in any individual map are from a single year. Exceptions were made
only when necessary to constrain the reasonable limits of the plume. Solid line in 2000 map
indicates area where wastewater application began prior to the 1 980s, dashed line represents
recent applications beginning in the late 1 990s.
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Figure C. Stable Isotopes of Water. Three potential water sources include South Bay
Aqueduct (SBA), precipitation, and local groundwater. Trendline represents linear
regression of all data from this study. (LWRP = Livermore Wastewater Reclamation
Plant). The inset demonstrates how Livermore sample data compares to the Global
Meteoric Water Line (GMWL) and to data collected at Santa Maria, CA, the nearest long
term monitoring station (GNIP, 2004).
SBA: 18O = -l0.6%o to -9.9%o: 2H = -79%o to -70%
(Rees, 1994)
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Figure D. Dissolved nitrogen versus dissolved argon. The WEA ("water equilibrated
with air") line represents the nitrogen and argon composition of water expected based on
the relative solubilities of the gases. The excess air lines are projected by assuming that
excess air is the result of complete dissolution of entrapped air bubbles. All samples fall,
within error, on or above projected region of ratios for dissolved excess air. Any samples
above this region likely experienced partial air bubble dissolution during recharge. The
one outlier below this region, well 7R3, does not fit a possible denitrification trend and
this result can probably be explained as gas loss during sampling.
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Figure 1. Nitrate concentrations and land use designations in Livermore Valley. Approximate nitrate contours, in mg/L, were
kriged using RockWare'M s oftware incorporating 2000 data from wells with depths less than 35 m, the approximate depth of a
non-continuous aquiclude and thus the defined cutoff for the aquifer's shallow zone. Two data points from 2001 were also
included to more accurately delineate the contaminated region boundaries.
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Figure 6. (a)

Wells used in endmernber selection for inverse modeling.

Unless

otherwise noted, endmembers were chosen by performing a linear regression on at least

20 years of data.

(b) One set of inverse modeling results indicating mass transfer

reactions that can potentially account for differences in nitrate-impacted and background

water compositions along the Buena Vista and alluvial channel groundwater flowpaths.
In addition to the mass transfer reactions plotted, the model for the Buena Vista flowpath

includes a 43% dilution of the nitrate-impacted water with rainwater. This scenario

requires input of organic carbon along the Buena Vista flowpath, but not along the
alluvial channel flowpath.
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-57

-54

-52
21

9

-8.6
-7.4
-7.5

14

-8.1

-58
-61

10

-7.9

-56

_661

59.6

28.1

91.3

73.5

-

45.7

51.3

44.4

21

-7.8

-55

52.5

>50
>50

-6.9

-7.3

-7.3

-7.1

8

age
vi

3H

-7.4

-53

30.9

S3

-52

-51

-49

62.7

(H20)

I80d

per nii/ ----53
-7.0
-52
-6.9

(H20)

15.8

70.1

110.3

79.9
171.4

96.1

SO4d

ö2Hd

Table 1. Well data and chemical and isotopic analyses of samples.

d

h

87.8

10.7

57.9

13.7

PS

PV

PS

MW

PS

MW

16B1

16B3

16C1

16L4

18B1

22B1

118.9

73.2C

15.2

141.8

12.2

159.5

24.4

53.1

23.9

5.2

18.4

33.8

21.8

10.3

51.8

NO3d

78e

49.7

67.8

73.2

90.8

-

48.7

83.5

ing/L

Cid

190e

28.6

41.1

39.9

69.3

-

49.4

68.8

SO4d

(H30)

I80d

-64

-52

-66

-55

-57

-58

-55

-57

-8.6

-7.4

-9.1

-7.6

-7.9

-8.2

-7.8

-7.8

per mu ----

(H30)

21d

<I

II

<I

18

16

yr

age

311d

3.1

6.3

9.4

7.4

6.5

5.8

6.8

5.2

I80d

8.1

6.0

6.3

6.1

3.0

15.5

12.1

2.9

(NO3)

per rn/I

(NO3)

5Nd

Ard

116

168

123

183

152

189

128
115

120

140

ItO

151

128

163

-

% saturated

N2d

Average Errors: NO3 (±2.7%), Cl (±4.6%), SO4 (±1.7%),
N3 (+2% standard deviation [s.d.]), Ar (±2% s.d.)
Data provided by Zone 7.
Measured at LLNL.

36.9 rn.

2H H2O (±0.1%o),

I8Q

1l,O(±09%o) 3H (+2 yr), 15N NO3 (+0.3%o),

I8O NO3 (±0.9%o).

Collected in 1/03. All other samples collected between 6/03 and 8/03. Multiple samplings at 1P2, in 6/03 and 8/03. and at
16B1, in 1/03 and 7/03.
MW = monitoring well; ps = public supply well; PV private well.
Longest of multiple screens. Also screened at: 7P3 -91.5 to 97.6 iii; 9Q1 ---3 8 iii screens from 103.0 tol4O.5; l5J2 -23.2 to 24.7 m; l6A3 -27.7 to

0.0

same as above

42.7

PS

l6Bl

44.2

Vell Screen
Top
Bottom
!fl below surface

MW

Well
Fype'

16A3

Well
ID

Table 1 (continued). Well data and chemical and isotopic analyses of samples.

