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Abstract

The Aberjona watershed has been subject to contamination by dense urbanization and
industrial effluent. A large amount of nitrogen loading to watersheds nation-widely comes
from agricultural areas, but the Aberjona watershed has a considerable nitrogen inflow
from an industrial area. The nitrogen compounds in the Aberjona watershed might be

delivered to the estuary near Boston, and could cause damage to the ocean environment.

With these concerns in mind, the Aberjona watershed research team measured three kinds
of nitrogen compounds and evaluated nitrogen characteristics in different regions.
Enormous amount of ammonium has leached to the Aberjona River, one of the tributaries,
as the river passes by an industrial area and two superfund sites. Horn Pond Creek,
another-tributary, has a low level of ammonium and nitrate flux, and dilutes the high
concentration of ammonium from the Aberjona River before the creek arrives at the
USGS site. In the Aberjona River, nitrification, which is an oxidization reaction from
NH," to NO; ™, would be expected due to a high concentration of ammonium. In the Horn
Pond Creek, denitrification, which is reduction reaction from NO3™ to N, seems to take
place between Horn Pond and Wedge Pond. As for organic nitrogen, it comprises around
15 %~30% of total nitrogen through the watershed.

Thesis Supervisor: Harold F. Hemond
Title: Professor of Civil and Environmental Engineering
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1 INTRODUCTION

1.1 Nitrogen in aquatic ecosystem

1.1.1 Nutrient enrichment

The major sources of natural water pollution are nutrients, organic or inorganic chemical
substances and pathogens. Eutrophication caused by excessive input of nutrients such as
nitrogen and phosphates is a common and growing problem in lakes, rivers, estuaries, and
coastal oceans (Smith 1998). Unlike phosphates, nitrogen, especially as nitrate, is quite
mobile in soil and can easily reach groundwater. As nitrogen-loaded groundwater is
added to surface water, it can lead to overgrowth of plant life and oxygen deficit in the
water. In the USA, rivers that include a high concentration of nitrogen usually pass
through agricultural and urban areas (Carpenter et al. 1998). This land typically has high
rainfall, a large amount of organic matter in soils, and high productivity of agriculture.
Eutrophication has many negative effects on aquatic ecosystems. The most significant
issue of eutrophication is the increased growth of algae and aquatic weeds that interfere
with use of the water for fisheries, recreation, industry, agriculture, and drinking. Oxygen
depletion caused by decomposition of nuisance plants kills fish. Also, eutrophication
causes the loss of habitats, including aquatic plant beds in fresh and marine waters, and
coral reefs of coasts (Jeppesen et al. 1998). In fresh water, blooms of cyanobacteria are a
prominent consequence of eutrophication. These blooms contribute to a wide range of
water-related problems such as fish kills, foul odors, and unpalatablility of drinking water.

Some eutrophic freshwater systems that are not enough buffered by surrounding soil can



be acidified. This water acidification decreases pH level and helps surface water have the
tropic structure.

Nitrogen infiltrates streams and rivers, where it is delivered to estuaries and the coastal
ocean, and consequently has an ecological impact on the ocean. The environmental
impact of nitrogen contamination in the Aberjona Watershed directly affects the coastal
environment, because the end of the watershed is located only 12 miles from Boston
harbor. Nitrogen compounds from the Aberjona River watershed limit the productivity of
salt marsh vegetation and phytoplankton and algae in the ocean near Boston. Excess
nitrogen in the seawater increases plant biomass and oxygen demand. Also, nitrogen
loads in coastal waters cause hypoxia or anoxia, and changes plankton community
structure. As a result of excessive phytoplankton production in the ocean, turbidity
increases and penetration of light decreases through water column, and consequently
submerged aquatic vegetation may perish.

As T discussed above, excess nitrogen in waters is certainly unwelcome, and sources of

nitrogen should be watched carefully.

1.1.2 Health Concerns

Health concerns of nitrate in drinking water were raised in the middle 1940s. Because
excessive exposure to nitrate can cause methemoglobinemia, or “blue baby” disease,
drinking water standards to prevent high levels of nitrate were established by federal and
state governments. The federal standard for nitrate in drinking water is 10 milligrams per
liter nitrate as N, or 45 milligrams per liter nitrate as NOs.

Methemolglobinemia is the most crucial health problem associated with nitrate in



drinking water. Blood contains hemoglobin that carries oxygen in our body. When nitrate
is present, hemoglobin can be changed to methemoglobin that cannot carry oxygen. In
the adult body, enzymes convert methemoglobin to hemoglobin, and methemoglobin
levels usually do not exceed 1 percent. However, newborn infants have lower level of
these enzymes, so their ability to reduce methemoglobin is low and babies can easily
suffer from oxygen deficit. Consuming drinking water with nitrate levels near the
drinking water standard does not normally increase the methemoglobin level of humans

beyond infancy.

Another health concern of nitrate-contaminated water is the possible formation of N-
nitroso compound. The toxicity of nitrate greatly increases when bacteria commonly
found in the upper gastrointestinal track reduce it to nitrite. Nitrite can undergo
nitrosation reactions in the gastrointestinal track and bladder with amines and amides to
give rise to N-nitroso compounds. N-nitro compounds are some of the most potent known
carcinogens and can induce cancers in a variety of organs such as stomach, bladder,

lymphatics, colon, and hematopoietic system in many different animal models.

1.2 Fate Change and Reactions of Nitrogen
Nitrogen transformation in aquatic ecosystems is an intricate process that varies in rate
and direction. The possible reactions of nitrogen transformation in a watershed are

through mineralization, nitrification, and denitrification.
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Figure 1.1 Nitrogen transformation and removal (Senzia, 2002)

Nitrogen cycling dynamics and pathways differ within terrestrial, freshwater, and ocean.
However, some similarities persist and often dominate N dynamics in the environment.
Natural and cultural characteristics of watershed affect temporal and spatial variations not
only in the rate of mineralization, nitrification, denitrification, but also in the nitrogen

storage and transport.

1.2.1 Ammonification

Ammonification, a part of the mineralization process, is the decomposition of organic
nitrogen to inorganic ammonium ion. On a global basis, ammonification is the major
source of assimilable nitrogen owing to numerous bacteria, yeasts, and other microbes
that utilize organic carbon as their energy source and carry on under aerobic as well as

anaerobic conditions in virtually all environments (Vaclav 1985). Mineralization of Org-
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N was modeled using first order kinetics with respect to Org-N concentration (Di Toro et
al., 1971)

rm= 0.002 T x (Organic Nitrogen) (D)

in which 1y, = mineralization rate (mg/l d), T = water temperature (°C), Org-N = organic
nitrogen concentration (mg/l).
This process depends on temperature and concentration of organic nitrogen in an aquatic

system.

1.2.2 Nitrification

Nitrification is the microbial oxidation of ammonium (NH,4") to nitrite (NO;") and nitrate
(NOj3"). From the nitrification reaction, a less mobile ammonium species changes to a
highly mobile nitrate species. The first step of nitrification is processed by aerobic
ammonia oxidizers (Muller 1995). Nitrosomonas is the most frequently identified genus

associated with this step, and Nitrosospira and Nitrosospira take a small part.

NH3+02+2H++26- — NH,OH + H,O (2)

NH,OH + HO — NO, +5H +4¢ 3)

Two electrons produced in the second reaction are utilized in the first step, and the
terminal cytochrome c oxidise uses the other pair of electrons. This enzyme reduces

oxygen according to:
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0.50,+2H"+2¢ — H,0 “4)

In addition, electrons are used for the generation of reductant power via reversed electron

flow, and might flow to a nitrite reductase (DiSpirito et al.).

Overall reaction is:

NH; + 1.50, — NO, + H + H,0 5)

Then, the second step of nitrification is transformation from nitrite to nitrate.

Nitrobacter is a well-known nitrite oxidizer for this reaction, although other genera such

as Nitrospira, Nitrococcus, and Nitrospira also autotrophically oxidize nitrite

NO; +H,0 — NO; +2H'+2¢ 6)

If electrons only flow to the terminal oxidise, as in equation (6), the net reaction is:

NO; +0.50; — NO5s )

These nitrification reactions, which are needed for energy generation, are considered to

be confined to oxic conditions as oxygen is consumed. (Muller 1995)

If there is not enough oxygen in the aquatic system, the nitrification reaction could be

processed by anaerobic ammonium oxidizers according to:

12



NH; + 1.32 0, + H" — 1.02N; +0.26 NO5” + 2 H,O (8)

NH; +0.850, — 0.11 NOs" +0.44 N, +0.14 H" +1.43 H,O0  (9)

Since anammox-bacteria are reversibly inhibited by low concentrations of oxygen, the
process described by equation (9) must occur under oxygen limiting conditions.
At the optimum temperature, pH, and humidity, the nitrification reaction can process so

rapidly that it takes only two weeks to convert all NH," to NO3'.

1.2.3 Denitrification

Through the denitrification reaction, nitrate species is transformed to nitrogen gas to the
atmosphere. The denitrifiers involved in this reaction are lots of heterotrophic bacteria
that use an oxidized nitrogen source as an electron acceptor. The dinitrification reaction

include four steps of processes by releasing electrons (Stouthamer, 1988).

NO; + 2H" +2¢” — NO; + H;0 (10)

NO; +2H" +e¢ — NO + H,O (11)
2NO +2H" +2¢” — N,O +H,0 (12)
N,O + 2H' +2¢” — Ny + H,O (13)

As oxygen level in the aquatic system or soil decreases, the potential for denitrification is
increased. Through the reaction, the oxidation state of nitrogen is changed from +V for

nitrate to O for nitrogen gas. The proportion of N,O and N; depends on the various

13



environmental conditions (Table 1.1)

Factor Will increase N>O/N;
[NO5] or [NO7] increasing oxidation

[02] Increasing O3

Carbon Decreasing pH

[H,S] Increasing sulfide
Temperature Decreasing temperature
Enzyme status Low N,O reductase activity

Table 1.1 Factors affecting the proportion of N>O and N; produced during denitrification

(Follett and Hatfield, 2001)
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2 DESCRIPTION OF STUDY AREA

2.1 Location

The Aberjona watershed is located northwest of Boston in eastern Massachusetts. The
watershed is a 25 square-mile area and contains 44 small ponds and lakes. Within the
boundary of the watershed, parts of 5 towns and 7 municipalities are located: the City of
Woburn and the Towns of Winchester, Stoneham, Reading, Wilmington, Burlington, and
Lexington. The average altitude of the watershed is 120 feet above mean sea level and the

river water flows from northwest to southeast.

2.2 Land use and nitrogen loading

Historically, the Aberjona Watershed has been contaminated by industrial effluent and
land disposal of toxic chemicals. The tanning industry around the watershed has harshly
degraded the quality of water since the 1700’s. Even though the tanning industry doesn’t
operate any more, the watershed still has a large amount of heavy metals, such as arsenic
and chromium (Durant 1991). In the northern part of the Aberjona Watershed, the city of
Woburn is located in the industrial area that includes two EPA Superfund sites:
Industriplex and Wells G & H around Rt. 128 (figure 2.1). The Aberjona River, one of the
tributaries, originates from that area, and is highly contaminated by industrial waste
disposal. Horn Pond Creek, another tributary, flows through the west portion of the
Aberjona Watershed where forest, residential areas, and playgrounds are mostly located.
These two pivotal streams confluence in Winchester and flow into the Upper Mystic Lake.

In general, nitrogen loading to the aquatic environment is highest from crop and pasture

15



area, lower for forest area, and urban areas (Puckett 1995b). As for the Aberjona

Watershed, the industrial area in the northern position contributes a large part of nitrogen

loading. Figure 2.2 shows land use in the Aberjona watershed. The whole watershed was

divided into six sub-basins, the outlets of which correspond to the six sampling sites.

Base on the land use graph, the ratio of land use was calculated (Table 2.1). Different

land use patterns in each basin are assumed to affect different nitrogen influxes.

Water Area Stream Land Use (%)
Confluence Point | (mile’) | passedby | Industrial | Residential | Others
Horn Pond
1 Horn Pond In 73 5 51 44
Creek
Horn Pond
2 Horn Pond Out 2.7 2 29 69
Creek
Horn Pond
3 | Wedge Pond Out 0.8 0 20 80
Creek
4 UGGS Gage 5.8 Confluence 7 47 46
Aberjona
5 Montvale 3.5 , 19 27 54
River
Aberjona
6 Road 128 4 i 24 16 60
River

Table 2.1 Land use in each basin of the Aberjona watershed

(Adapted from Tufts University GIS Center)
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2.3 Hydrologic description

The major source of the water in the Aberjona Watershed is rainfall. Usually precipitation
is filtered through soil, recharged to ground water, and ends up in the surface river (Cist,
1999). The basins have a rapid recharge and discharge response that affect the surface
water flow pattern (Brainard, 1990). Groundwater and precipitation recharge the surface
river, and flow downstream. The seasonal effect of the watershed is crucial because the
temperature and the amount of rainfall in New England vary with the different seasons.
During our research time when season changed from winter to spring, the discharge of all
streams increased gradually due to thawing ground, snowmelt, and spring rains (figure
2.3). The lines in the figure 2.3 do not imply any interpolation, but are used to aid visual

identification of data points.

1.4
-~ 1.2 1
1.0
0.8 1
0.6 -
0.4 -
0.2 1

0.0 T T T T T
Hom Pond Hom Pond Wedge Pond USGS site Montvail site Road 128

Inlet Qutlet Qutlet
Site

Discharge (m3/sec

—e— 15-Jan —=— 23-Jan 6-Feb —<«— 20-Feb —x— 7-Mar

Figure 2.3 Discharge vs. Measurement Site
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3 AMMONIUM ANALYSIS

3.1 Sample collection and filtering method

Samples were collected at six locations (Fig 3.1) on January 16, January 24, February 07,
February 21, March 07, and March 22, 2003. On the last sampling day, March 22, 2003,
our project team added extra three sampling sites from the upper Mishawum Pond.

Two 1-liter bottles were used per a site. The sampler dropped the bottles into the river for
rinsing bottles three times, and drew a sample on the fourth time. The spot of sampling
was 20 cm below the surface water and at the middle of the stream width. After sample
collection, the sampler measured the temperature, pH, and dissolved oxygen
concentration at the same spot as sampling point. Then, the samples were kept in the ice

cooler, and then moved for nitrogen analysis.

Filtering

Collected waters were filtered prior to ammonia, nitrate and organic nitrogen
measurement, using 0.45 um filters and 50cc cylinders. Filtered samples for ammonia
were analyzed within 24 hours. Samples that could not be analyzed immediately were

kept freezing in the refrigerator.
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Site Town Coordinates
Horn Pond Inlet Winchester 710945 w
4228 11 n
Horn Pond Outlet Winchester 710917 w
4227 56n
Wedge Pond Outlet Winchester 7108 19w
422720n
USGS gaging station | Winchester 710822 w
4226.50n
Montvale Woburn 7107.07 w
422846 n
Road 128 Woburn 71 08.09 w
423006n
Extra Sampling (March 22, 2003)
Site Town Coordination
Mishawum pond Woburn 7108 w
4230n

Table 3-1 Sampling Site Description and Geographical Positioning System Coordinaes
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3. 2 Solorzano method analysis

3. 2. 1 Major Procedure

The solorzano method, or so-called indolphenol blue method, was used for determination
of ammonium ion in the natural water. The resulting blue color is similar to that of
indophenol dyes and its intensity of darkness is proportional to the ammonium

concentration.

Preparation

e Regent 1 - Phenol Solution
Dissolve 10 g phenol in 100 ml 95% v/v ethyl alcohol (95 ml H,O + 5ml ethyl
alcohol)

e Regent 2 - Sodium Nitroprusside solution
Dissolve 0.5 g of sodium nitroprusside in 100 ml water (use an amber bottle
or dark bottle)

e Regent 3 - Alkaline Regent
Desolve 5g sodium sitrate and 0.5 g sodium hydroxide in 50 ml water

Add 12.5 ml Chlorox

Procedure

Add all regents in the hood.
1. Add 0.2 ml Regent 1. Mix
2. Add 0.2 ml Regent 2. Mix

3. Add 0.5 ml Regent 3. Mix

23



The color is allowed to develop at room temperature (22~27°C) for one hour .

Reading on the Spectrophotometer

Turn on the spectrophotometer lamp, set wavelength to 640 nm.

Fill cuvette with deionized water, insert it into the instrument, and zero the reading.

Fill cuvette with standard, and measure the absorbance. (Low standards are read first)

Before re-zeroing, sip again to make sure all residual material is removed and reading is

stable (Solorzano, 1969).

3. 2. 2 Standard Preparations

Stock Solution- 200 uM NH,4" as N

1. Prepare a 200 uM NH," standard (2 ml primary standard + 98 ml deionized

water)

2. Prepare additional standards by diluting the 200 pM standard.

Concentration (uM) | Volume of 200 uM Standard (ml) | Volume of Water (ml)
100 10 10
75 7.5 12.5
50 5 15
25 2.5 17.5
10 1 19
5 0.5 19.5

Table 3.2 Ammonium Concentration vs. Standard Dilutions

Spectrophotomatric Measurement

The concept of spectropohotometeric measurement is based on the quantification of light

transmitted by the sample materials related to the intensity of light transmitted by the

24



blank. The relationship of absorbance and ammonium concentration is calculated by
plotting a standard curve. From the graph (Fig 3.2), ammonium concentration can be
considered linearly proportional to the absorbance up to 200 uM. For samples that had
ammonium concentration over 200 puM, I diluted samples with deionized water to 50:50

ratio.

0.0 ! T T
0 100 200 300 400 500 600
Ammonium Concentration(pM)

Figure 3.2 Ammonium Concentration vs. Spectrophotomatric Absorbance



4. RESULTS AND DISCUSSION

4.1 The Aberjona River Branch

Ammonium ion concentrations along the Aberjona River were generally higher than
concentrations along Horn Pond Creek. The highest concentration of 3.97 mg/I-N was
observed March 07, 2003 at Rt. 128, and the lowest concentration of 2.17 mg/I-N was
measured March 07, 2003 at Montvale site (Fig 4.1). Ammonium concentration along the
Aberjona River was reduced in the downstream direction. The concentration decreased
from Rt. 128 to Montvale, and to USGS. However, when discharge effects at the three
sampling sites were considered, the ammonium flux slightly increased as the river
approached the end of the watershed (Fig 4.2). One explanation of this trend is that a
source of ammonium-contaminated water was located in the sub-watershed near Rt. 128,
and relatively clean inflows from several branches of the river diluted the ammonium
contamination as the Aberjona River continued to run to downstream.

Nitrate concentrations did not vary much compared to the ammonium ion throughout the
Aberjona River. The highest nitrate concentration of 2.3mg/I-N was measured at
Montvale on January 24, 2003 (Fig 4.3). Except for that sampling, the nitrate
concentration remained less than 2 mg/l-N for every sampling. As with nitrate, especially
in the surface water, there is no state standard, but nitrate concentrations at all sampling
sites were less than the drinking water regulations of USEPA. As opposed to the
ammonium result, upstream of Rt. 128 did not have a large nitrate source and average
nitrate concentration increased going downstream with no observed dilution effect (Fig

4.5)
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As for the organic nitrogen, the data included broad error boundaries. Because three
results from ammonia analysis, nitrate analysis, and total nitrogen analysis were used to
calculate the organic nitrogen concentration, three different types of errors overlapped.
Even though the organic nitrogen concentration has a large error boundary, one thing
observed is that generally 15% of total nitrogen was organic nitrogen at almost all sites

including Horn Pond creek (Appendix E).

Transformation

Nitrification was assumed to take place in the Aberjona River even though water dilution
was a major means of decreasing ammonium concentration (Fig 4.5). Observations of
the dissolved nitrogen species flux (Fig 4.6) support the notion that some amount of
ammonium ion was transformed to nitrate while the ammonum flux was slightly rising
with continuous ammonium additions from small branches of the river or some
mineralization effect. The rate of nitrate flux increase is apparently bigger than the rate of
ammonium flux increase. In other words, the nitrate flux increased more sharply
possibly due to ammomium oxidation (Fig 4.6).

Also another possible reaction is mineralization in Mishawum Pond. It is difficult to
diagnose the environmental situation in the pond with only ammomium concentration
data. Mineralization of the vegetation in the swamp or contaminated ground water
discharge is one of the possible explanations for the significant increase of ammonium

concentration between the inlet and outlet of the pond (Appendix A),
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4.2 The Horn Pond Creek Branch

The analysis data of Horn Pond Creek shows that both concentrations of ammonium and
nitrate were relatively stable throughout the tributary (Fig 4.1, 4.3). Ammonium
concentration remained lower than 0.2 mg/I-N except for the fourth sampling at Wedge
Pond. The branch of Hom Pond Creek passed by the area of forest, residences, and
playgrounds. Even though commercial fertilizer and agricultural non-point sources were
expected to increase the ammonium concentration in that tributary, the effect of these
sources were small enough to be ignored compared to the result of the Aberjona River.
Nitrate concentration varied from 0.64 mg/I-N to 1.84 mg/I-N. Horn Pond Inlet had
results above 1.0 mg/I-N for all sampling events. The remaining sites had levels generally
at or below 1.0mg/I-N (Fig 4.3). The nitrate concentration decreased from Horm Pond
Inlet to Horn Pond Outlet, and to Wedge Pond. Organic nitrogen is composed of

15%~30% of total nitrogen and did not have any typical trend.

Transformation

Nitrogen measurement in the Horn Pond Creek tributary shows that nitrogen loading in
the surface water was low compared with the Aberjona River tributary (Appendix E).
Therefore, we anticipated only small chemical and biological reactions of nitrogen
compounds. However, it is likely that denitrification occurred between the Horn Pond
outlet and the Wedge Pond site. There was an average 36% decrease of nitrate flux in this
section, and transformation from nitrate to other reduced nitrogen compounds is a

possible explanation.
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5. CONCLUSION

The Aberjona watershed had different characteristics depending on which regions the
streams passed by. Among ammonium, nitrate, and organic nitrogen, ammonium ion
concentration shows the most significant difference between the Aberjona River tributary
and Horn Pond creek tributary. Highly ammonium-contaminated water, which originates
from industrial areas at the northern Aberjona River watershed, flows downstream
increasing the risk of nitrogen loading problems. From our measurement data, some clues
of possible nitrification reactions were discovered, but the ammonium flux is not much
reduced due to the short residence time in the river, and low temperatures especially in
winter. The major part of the ammonium flux was delivered to the Mystic Lake, from
which it could pass down to the estuary near Boston. This situation is of great concern
because nitrogen loading in the Aberjona Watershed causes potential problems such as
oxygen deficits, algae blooms, and eutrophication in fresh water as well as the Boston

coast.

This study measured ammonium, nitrate, and organic nitrogen to assess the nitrogen
behavior in the aquatic environment and define the nitrogen characteristics in the
Aberjona watershed. For an accurate and specific evaluation, measurement of more

biological, chemical, and geological conditions is required.

It is highly recommended to determine the relationship between land use and nitrogen
loading in the watershed. Also, defining factors that make ammonium increase in the

Mishawum Pond is suggested.
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Appendix A: Spectrophotometric Measurement Standard
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Appendix C: Nitrate Concentration & Flux

Nitrate measurements of the Aberjona Watershed samples performed at Parsons
Laboratory by Yi-Ju Chou (2003).
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Appendix D: Organic N Concentration

Organic N measurements of the Aberjona Watershed samples performed at Parsons
Laboratory by Matthew S. Orosz (2003).
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Appendix E: Total N Concentration

Nitrate and Organic N measurements of the Aberjona Watershed samples performed at
Parsons Laboratory by Yi-Ju Chou and Matthew S. Orosz (2003).
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