
 

 

 

 

 

Identification of anthropogenic impact on nitrogen cycling using stable isotopes and 

distributed hydrologic modeling 

 

 

Matthew Thomas O’Connell 

Kensington, Maryland 

 

B.A., University of Virginia, 2006 

 

 

A Thesis presented to the Graduate Faculty of the University of Virginia 

in Candidacy for the Degree of Master of Science 

 

Department of Environmental Science 

University of Virginia 

  August 2016 

  



ii 

 

 

 

Acknowledgements 

I would like to thank my adviser, Stephen Macko for his guidance in this research effort 

and throughout my educational career.  His support and encouragement have been 

invaluable in conceiving and executing numerous projects.  Professors Hank Shugart and 

Bruce Nelson exemplify dedication and brilliance. Their expert advice improved the 

outcome of this work significantly.  Youtong Fu provided data, materials, and 

connections without which this work would not have been possible. 

The advice and support of my colleagues in the Macko Lab has helped to shape my 

exploration and understanding of environmental sciences.  I am indebted to Michael 

Tuite, David Morris, Sunnie Long, Heather Sullivan, and Keir Soderberg for their 

encouragement and insight at numerous Friday afternoon meetings.  The support and 

friendship offered by Noah Egge has been crucial to my survival in graduate school. 

I cannot overstate my gratitude and respect for my friends and colleagues Amy Grady 

and Rosemary Malfi.  Their unfailing friendship has been indescribably important these 

past years, and their strength and courage continue to inspire me. 

Nothing would have been possible without the love and support of my parents, Carol and 

Bob O’Connell.  Their unwavering belief in me is what brought me through to the 

completion of this work.   

I owe my sister Kate Scavello an infinite debt for her competence, generosity, and 

strength.  At critical moments and throughout my educational career she has helped me 

immeasurably, and I am more grateful than I can express.   

My partner Jill Schreifer has been a rock on which I have relied countless times.  Her 

patience and love have kept me going when I otherwise could not, and I am continually 

awed by her energy and indomitable spirit.  

 

  



iii 

 

 

 

Abstract 

Nitrogen contamination of water resources is a significant problem worldwide.  Drastic 

shifts in agroeconomic policy over the past few decades have changed the manner and 

intensity of anthropogenic nitrogen inputs in the United States and China.  It is crucial to 

gain an understanding of nitrogen cycling within varying environmental contexts and 

land uses and the interactions among them.   Analysis of the spatial distribution of 

sources and processes affecting the concentration of NO3
- and NH4

+ is a useful exercise; 

however, unexpected characteristics of the system can be revealed through reactive 

modeling.  It has been shown that management practices intended to attenuate nitrate in 

surface and subsurface waters, in particular the establishment of riparian buffer zones, are 

variably effective due to spatial heterogeneity of soils and preferential flow through 

buffers.  Accounting for this heterogeneity in a fully distributed biogeochemical model 

allows for more efficient planning of management practices and enforcement of rules 

regarding releases.  Highly sensitive areas within a watershed can be identified based on 

a number of spatially variable parameters, and by varying those parameters 

systematically to determine conditions under which those areas are under more or less 

critical stress.  Responses can be predicted at various scales to stimuli ranging from local 

changes in cropping regimes to global shifts in climate. 

A distributed hydrologic model, TREX, is presented that provides opportunities to study 

multiscale effects of nitrogen inputs, outputs, and changes.  The model is adapted to run 

on parallel computing architecture and includes the geochemical reaction module 

PhreeqcRM, which enables calculation of δ15N and δ18O from biologically mediated 

transformation reactions in addition to mixing and equilibration.     
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This work presents simulations of conditions showing low antecedent nitrogen retention 

versus significant contribution of old nitrate.  Nitrogen sources are partitioned using dual 

isotope ratios and temporally varying concentrations. In these two scenarios, we are able 

to evaluate the efficiency of source identification based on spatially explicit information.   
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Introduction 

In response to increasing population growth and demand for the resources to sustain it, 

anthropogenic inputs of reactive nitrogen have significantly altered nitrogen cycling on 

local, regional, and global scales (Galloway et al., 2004, Vitousek et al., 1997).  

Intensification of agricultural operations in industrialized nations has required the 

application of biologically available nitrogen in order to increase crop yields to support 

population growth (Vitousek et al., 1997), and burning of fossil fuels to meet increased 

global and per capita energy demands results in the atmospheric formation and 

subsequent deposition of nitrate (Galloway et al., 2004).  Increasing pressures on and 

demand for water resources stemming from population growth have also led to a growing 

awareness of ecological problems related to anthropogenic inputs of nitrogen and the 

need for greater understanding of the implications of human-driven nitrogen cycling (Liu 

et al. 2006). 

Understanding the sources and modifications of reactive nitrogen at multiple spatial 

scales is crucial to addressing the rapid changes in the nitrogen cycle resulting from 

anthropogenic influences.  Stable isotopes provide an effective method for tracking 

sources of nitrogen at high spatiotemporal resolution, or as an integrator of processes 

over the course of longer time periods.  Modeling the physical and biochemical processes 

that alter N in the environment can provide insight into the effects of the sources and 

activities that release nitrogen. 
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To identify these effects, a hydrological model was adapted to calculate the stable isotope 

compositions of N compounds in surface water.  Several features were added to the 

model in order to allow for more flexibility in parameterization and include a full-

featured geochemical code in the transport calculations.  These adaptations facilitated 

exploration of the capabilities of the model in simulating anthropogenic effects on the 

nitrogen cycle at multiple scales, including scenarios with varying contributions of 

nitrogen from current and historical land use. 

Economic Drivers 

Patterns of consumption of nitrogen fertilizers in the United States and China, two 

nations with an increasingly important economic agricultural relationship, drive changes 

in the fertilizer industry, land use, and policy that promotes intensified production.   

Consumption of nitrogen fertilizers in the United States has increased steadily from a 

level of 2.7 Tg in 1960 to 12.8 Tg in 2011, as shown in Figure 1a below (USDA 

Economic Research Service, 2016).  Increases in population and exports of agricultural 

products combined with structural changes in the agricultural industry have driven 

growth in fertilizer applications, while innovation has led to shifts in the type of fertilizer 

applied.  Urea overtook anhydrous ammonia as the leading single component fertilizer in 

1998 while applications of sodium nitrate have declined to 10% of 1960 levels.  

Ammonium nitrate applications have declined to less than a quarter of the peak level in 

1973 (USDA Economic Research Service, 2016). 
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Economic development and agricultural reforms in China have led to close trade relations 

with the United States.  China is the largest consumer of U.S. agricultural exports in the 

world, and the United States is the third largest market for Chinese agricultural goods 

(Gale et al., 2014).  China’s surging GDP and resulting prosperity have resulted in 

changes in consumption preferences and land use.  Decentralization of agricultural 

planning in the late 1970s has been connected to increased agricultural output and 

planting intensity, shifts in land use from commodity to more valuable cash crops, and 

increased production of animal food products as economic opportunities allow (Lohmar 

et al., 2009). The resulting increase in applied nitrogenous fertilizer significantly 

outpaced the contemporaneous increases in U.S. fertilizer applications, as shown in 

Figure 1 below (Lohmar et al., 2009). 

 

 

Figure 1: Annual nitrogen fertilizer consumption in the United States (a) and China (b) 
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Nitrate 

Nitrate levels in surface water have increased or stayed the same in many American 

watersheds, in spite of the development of stronger urban wastewater controls and 

agricultural conservation practices (Sprague et al., 2008).  Major riverine exports of 

nitrate increased between 1980 and 2010 (Murphy et al., 2013). Nitrate concentrations 

normalized for discharge at the mouth of the Mississippi River were higher during low-

flow conditions than those during normal discharge periods during those years, which 

suggests that the dominant input of NO3
- into the Mississippi is currently from old 

groundwater with high rates of nitrate loss, and may take several decades to peak and 

slowly decline (Chang et al., 2002, Murphy et al., 2013). 

Nutrient export from major rivers is a leading cause of coastal eutrophication, 

culminating in events of hypoxia, defined by dissolved oxygen concentration less than 2 

mg/L.  Bottom waters isolated from the oxygenated surface by steep gradients in 

temperature and salinity are depleted of dissolved oxygen through the respiration of 

excess organic carbon inputs, which result from thick algal blooms in the photic zone.  

These hypoxic areas are termed “dead zones” due to the inability of the waters to sustain 

animal life, and their occurrence and spatial extent is correlated with annual discharge 

from rivers (Rabalais et al., 2002).  Shallow waters covering an area the size of the state 

of Maryland along the continental shelf in the Northern Gulf of Mexico undergo an 

annual onset of hypoxia owing to a stratified water column and high organic carbon and 

nutrient loads from the Mississippi River, as can be seen in Figure 2, below.   
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Figure 2: Summer 2015 Bottom water hypoxia resulting from N loads in Mississippi and Atchafalaya rivers 

(Turner & Rabalais, 2015) 

 

Coastal hypoxic areas have been documented in the East China Sea as well, beginning 

with the Yangtze (Changjiang) estuary in 1981 (Li et al., 2002).  The nutrient load from 

the Yangtze has historically supported a large, and economically important, population of 

fish, but excess nitrogen exported to shallow coasts is a threat to coastal fishing resources 

(C.-C. Chen et al., 2007).  Nutrient loads in the Yangtze (Changjiang) river have 

increased by a factor of 10 since the 1980s, promoting eutrophication and harmful algal 

blooms in the estuary and the associated river plume in the East China Sea.  Summer 

hypoxic events have been recorded frequently, in parallel with the development of the 

dead zone in the Gulf of Mexico, as seen in Figure 3 below. 
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Figure 3: Bottom water hypoxia resulting from N loads in Yangtze River 

 

Water quality in China is alarmingly deficient (Strokal et al., 2016).  A 2015 report from 

the Chinese Ministry of Environmental Protection stated that 42.5% of groundwater 

monitoring stations throughout the nation reported fairly poor water quality, and 18.8% 

reported very poor water quality (Chinese Ministry of Environmental Protection, 2016).  

In all, over 60 percent of monitoring stations reported water unfit for human contact.  

Surface waters are similarly impaired.  In 2007, algal blooms due to eutrophication of 

Lake Tai, a large lake in the Yangtze Delta, prevented the use of the lake as a water 

source.  Water quality has become an increasingly severe problem in the densely 

populated region surrounding Lake Tai since the early 1990s.  Overexploitation of the 

lake for aquaculture, agricultural nitrogen loss, municipal waste, and atmospheric 

deposition were cited as the main contributors to the nutrient load leading to the 

eutrophicity (Townsend-Small et al., 2007).  A significant portion (45%) of monitored 
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streams in China currently do not meet “Grade 3 standards,” defined as suitable for 

centralized drinking water, swimming, and aquaculture (1.0 mg / L, for NH4-N as set by 

the Chinese government (Chinese Ministry of Environmental Protection, 2016).  

Ammonia 

Ammonia (NH3) is an important component to the biosynthesis of amino acids and 

proteins in plants and eukaryotes.  It is also a primary product of biodegradation of 

organic matter in soils, and a major component of human and animal wastes.  The 

immediate bioavailability of NH3 or its protonated ion NH4
+

 promotes its use as a direct-

application fertilizer (anhydrous ammonia), or as a component of a fertilizer salt 

(ammonium nitrate, ammonium bicarbonate).  In aqueous solution, pH values typically 

encountered in soil environments heavily favor NH4
+, however the low boiling point 

(-33.5 C) and high equilibrium vapor pressure (2.9 atm) of ammonia mean its ready 

release to the atmosphere.  High temperatures and high soil pH promote ammonia 

volatilization as they shift the equilibrium towards NH3(g).  

Global estimates of agricultural NH3 emissions to the atmosphere are 9.4 Tg/yr from 

manure and 24 Tg/yr from mineral fertilizers (Paulot et al., 2014).  The estimated 

proportion of ammonia emitted by China is 32% of the global total attributed to mineral 

fertilizers and 20% of the global total attributed to manure, whereas the United States and 

European Union combined contribute 11% of ammonia emitted from mineral fertilizer 

and 15% from manure (Paulot et al., 2014).  In some areas of the world, depending on the 

particular agricultural practices of the regions, biomass burning can also be an important 
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source of emissions of NH3 and NO.  In the year 2000, global biomass burning produced 

an estimated 11.77 Tg of NOx, and 10.51 Tg of NH3 worldwide (Lamarque et al., 2010).   

Ammonia is readily scavenged from the atmosphere by rain, and so has a short residence 

time and tends to be deposited near the location where it was emitted.  Regional wet 

deposition tends to closely follow emissions and is concentrated in areas with intensive 

agricultural activity.  U.S. deposition of ammonium in rainfall has increased in parallel 

with increased application of fertilizer, particularly in the Midwest, as shown in Figure 4.  

The highest rates of deposition in the U.S. and Europe tend to be in early spring when 

fertilizer is applied as corn is planted (Paulot et al., 2014).  In China, cropping practices 

are such that corn is typically planted, and fertilizer applied, later in the year after 

harvesting of winter wheat crops is complete, and thus wet deposition of ammonia is 

highest in the summer (Paulot et al., 2014). 

Wet deposition represents a significant source of reactive nitrogen in areas that are not 

otherwise affected by agriculture. Areas with sensitive nitrogen cycles can be 

disproportionately affected by nitrogen inputs from the atmosphere.   Some of the 

impacts include acidification of soils and cascading ecological effects (Gruber & 

Galloway, 2008).   
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Figure 4: Concentration and total wet deposition of ammonium in the United States, 1978 to 2013 .(after Elliott, 

data from national trends network) 

Ammonium is transformed to nitrate by both autotrophic and heterotrophic organisms 

through nitrification:  

Nitrification:    NH4
+ + 3/2 O2 → NO2

- + H2O + 2H+ 

    NO2
- + ½ O2 → NO3

- 

Nitrification is the oxidation of ammonium mediated by autotrophic Nitrobacter sp.  A 

significant portion of NO3
- transported by streams results from microbial nitrification of 

decomposed urea, ammonia and ammonium fertilizers (Burns et al., 2004).   

In addition to nitrified ammonium, atmospheric sources of nitrate are significant. 

Oxidation of NOx, mostly derived from the burning of fossil fuels, is the dominant source 
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of nitrate deposited by wet deposition.  In the continental United States, NOx emissions 

from the transportation sector make up 60% of total emissions as compared to power 

generation by fossil-fuel-burning power plants, which make up 13% (U S Environmental 

Protection Agency, 2015).  Nitric acid, HNO3 is the dominant species of NOy in 

rainwater.  Like ammonium, HNO3 also has a short residence time in the atmosphere and 

tends to be deposited near to the area where it was emitted.  High concentrations thus 

tend to be found in urban areas or near coal-burning electrical power generation.  

Improved NOx emissions management practices in the U.S. have led to substantial 

declines in atmospheric wet NO3
- deposition since the late 1970s, most apparently in the 

Northeast and Midwest where wet deposition has decreased from a maximum of >20 

kg/ha in the mid-1980s to levels between 10 and 12 kg/ha in 2012, as can be seen in 

Figure 5 (National Atmospheric Deposition Program, 2016). 
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Figure 5: Concentration and total wet deposition of nitrate in the United States, 1978 to 2013.  

(after Elliott, data from National Trends Network) 
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Agriculture and Fertilizers: Regulatory Concerns 

Major sources of reactive N in surface waters include agricultural amendments in the 

form of commercial fertilizer and manure applications, animal waste leaching from 

lagoons and feedlots, municipal wastewater treatment plant discharge, atmospheric 

deposition in the form of acid rain and dry deposition (direct diffusion of gaseous NH3 or 

NO2), and the metabolism of nitrogenous organic compounds in soil.  Prior to the 

invention of the Haber-Bosch process, nitrate fertilizers were primarily obtained by 

mining guano or salt deposits in arid environments (Galloway et al., 2004).  After Haber 

developed the process of converting diatomic N to NH3, fertilizers were increasingly 

derived from atmospheric nitrogen.  The atmospheric source of Haber-Bosch nitrogen is 

reflected in the ratio of stable isotopes at 0‰ (Macko & Ostrom, 1994). 

Nitrate released in past decades might have greater influence on present surface water 

loads than new nitrogen applications.  Elevated flow-weighted concentrations of NO3
- in 

the Mississippi during low flow suggest that even during high-flow conditions, the 

dominant source of nitrate to large river systems is groundwater discharge of reactive N 

that was infiltrated in the past (Murphy et al., 2013).  Nitrate and ammonium that are 

resident in groundwater or soil organic matter can continue to influence surface waters 

for several decades.  Böhlke and Denver (Böhlke & Denver, 1995) used a suite of 

geochemical indicators to link NO3
- dissolved in groundwater to land use during the time 

the NO3
- leached into the soil.  During base flow, waters discharging into small coastal 

streams were found to be between 20 and 50 years old, as shown below in Figure 6.  In 

another study, Böhlke and others (Böhlke et al., 2002) linked cropping and fertilization 
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practices over the course of several decades to groundwater nitrate concentrations and 

isotope compositions, shown below in Figure 7, as well as subsurface and riparian 

denitrification.  Along direct groundwater flow paths where dissolved O2 concentrations 

remain high, nitrate concentrations and isotopic signatures were unaltered by transport, 

implying that higher NO3
- concentrations from more recent agriculture will influence 

surface water concentrations over the next 20 to 50 years.   

 

 

 

 

Figure 6: Groundwater flow paths showing nitrate concentration and isotope composition correlated with age 

and land use.  From Böhlke & Denver, 1995 
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Figure 7: Groundwater nitrate concentrations and isotope compositions grouped by age and cropping practice 

associated with recharge water.  From (Böhlke et al., 2002). 

The primary concern from a regulatory standpoint about high levels of nitrate in drinking 

water is the effect that it has on human health.   Elevated nitrate levels can cause a blood 

disorder in infants called methemoglobinemia (Cao et al., 2006, Vitousek et al., 1997).   

Also known as “blue baby syndrome,” methemoglobinemia is caused by nitrate bonding 

with hemoglobin and decreasing the its ability to transport oxygen through the 

bloodstream (Vitousek et al., 1997).   This condition, as well as cancer and other health 

risks, have prompted the World Health Organization and regulatory agencies in many 
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countries to establish a limit of 10mg per liter on nitrate (measured as mass of N) in 

drinking water (Galloway et al., 2004, Nestler et al., 2011). 

In addition to the health concerns, there are also ecological effects to be considered.   

Eutrophication often results from excess inputs of nutrients and is a concern in aquatic 

and coastal systems (Galloway et al., 2004, Rabalais et al., 2002).  Bottom waters may 

become anoxic, reducing the capacity of the system to sustain animal life.  Excess 

atmospheric deposition of nitrate results in soil acidification and loss of biodiversity in 

terrestrial systems (Vitousek et al., 1997). Excess nitrogen in surface waters can be 

harmful by disrupting the ecological balance of lakes, rivers, and shallow coastal 

environments.  The Gulf of Mexico “dead zone” and Lake Tai in the Yangtze Delta 

provide some of the most direct examples of the adverse effects of excess nitrogen.  

Land use, both historic and current, informs the biological processing of nitrogen in a 

particular area.  Young forests tend to act as a nitrate sink, owing to assimilatory 

processing of nitrate by plants.  Older forests begin to export nitrogen as organic matter 

becomes available to nitrifiers (Goodale et al., 2002, Zhu & Mazumder, 2008).  Soil 

conditions, including moisture, texture, and organic content, control the capacity of a 

parcel for processing reactive nitrogen.  Denitrification depends on the availability of 

moist organic-rich anoxic soils.  Agricultural fields often have amendments in the form of 

manure, and thus may have high organic nitrogen content.   Other agricultural fields may 

use commercial fertilizers, typically containing ammonium bicarbonate or urea (Chen et 

al. 2009).   
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In some areas where agriculture is not the dominant land use type, wet deposition of NO3
- 

and NH4
+ can be the main source of reactive N during precipitation events (Kaushal et 

al., 2011). 

Anthropogenic influence on nitrogen cycling has strong implications for the availability 

of water resources in intensively cultivated watersheds, as well as fertility and ecological 

structure in less exploited areas.  The present study seeks to understand the sources and 

processes affecting the transformation of bioavailable nitrogen through the use of stable 

isotopes and a distributed hydrologic model.   

Foundation 

Stable Isotopes 

Isotopes are a powerful tool for partitioning sources and identifying stocks and fluxes of 

nitrogen compounds within a system based on the biological and geochemical processes 

associated with different land use types.   Isotope compositions, or modifications thereof, 

indicate processes including transport or metabolism that selectively prefer one isotope 

over another.   These signatures are reported in the delta notation described below:  

 

                                                 𝛿 =  (
𝑅𝑠𝑎𝑚𝑝𝑙𝑒

𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
− 1) × 1000 

where R represents the ratios of heavy to light isotopes of the sample and standard, 

respectively.  The value is a ratio of ratios and is dimensionless, reported in “units” of per 

mil, or ‰.   
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Modifications of the isotope content of a material, or isotope fractionations, result from 

slight differences in the bond energies of compounds that include heavy vs. light 

isotopes.  Bonds between two light isotopes tend to require less energy to break than 

bonds between heavy and light isotopes (Peterson & Fry, 1987). This slight difference in 

bond energy leads to a difference in the rates of reaction for isotopically lighter molecules 

versus a heavier counterpart.  In the case of effectively unidirectional reactions, the ratio 

of the rate constants for the two reactions defines the fractionation factor β, and the 

derived kinetic isotope effect, ε, of the overall reaction.  The kinetic isotope effect is 

usually expressed in units of per mil (‰) to describe the instantaneous fractionation in 

terms of the isotope composition of the product: 

𝛽 =  
𝑘′

𝑘
 

휀 = 1000(𝛽 − 1) 

where k is the rate constant for the lighter isotope and k’ is the rate constant for the 

heavier isotope.  

For a chemically closed system, i.e. the supply of reactants is finite, the instantaneous 

ratio of light to heavy isotopes changes as the substrate is consumed.  This change can be 

described by 

𝑅

𝑅0
= 𝑓(

𝜀
1000

)
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where R is the stable isotope ratio of the remaining substrate, R0 is the initial stable 

isotope ratio and f is the fraction of the substrate remaining (Macko et al., 1986).   

Rewritten in the more commonly used δ notation: 

𝛿𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 =  (𝛿0 + 1000) 𝑓(
𝜀

1000
) − 1000 

The implication of this relationship is that the substrate becomes progressively more 

enriched in the heavy isotope as the substrate is consumed in the reaction.   

The inverse of this relationship is true for the product of the reaction: 

𝛿𝑝𝑟𝑜𝑑𝑢𝑐𝑡 =  (𝛿0 + 1000)
1 −  𝑓(

𝜀
1000

 + 1)

1 − 𝑓
− 1000 

This shows that the initial product is depleted in the heavy isotope and progressively 

approaches the original isotope ratio of the substrate.  If all of the substrate is consumed, 

the product will have the same original isotope ratio as the substrate. 
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Figure 8: Isotope ratios of substrate and product during Rayleigh fractionation. 

 

The kinetic rate constants, and the ratio between them, form the basis of this fractionation 

and are influenced by temperature, among other environmental factors.  The kinetic 

isotope effect, ε, is subject to environmental controls.  At higher temperatures or faster 

rates of reaction, the fractionation tends to be less, whereas at lower temperatures, higher 

concentration of substrate or slower rates of reaction, isotope fractionation tends to be 

enhanced (Mariotti et al., 1981). 

Oxygen isotopes included in nitrate ions show promise as indicators of oxidation 

processes that led to the production of the nitrate.  Distinctive pathways for the daytime 
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vs. nighttime oxidation of atmospheric NO and NO2 to HNO3 are reflected in the δ18O-

HNO3 of wet and dry deposition.  The photolytic, or daytime pathway: 

NO + O3  → NO2 + O2  

NO2 + h𝜈 → NO + O 

NO2 + OH → HNO3 

does not incorporate as much 18O as a non-photolytic, or dark pathway, which 

incorporates O from NO2 formed as part of the photolytic process, and includes O-NO2 

from O3 (Elliott et al., 2007): 

NO2 + O3  → NO3 + O2  

NO3 + NO2  → N2O5 

N2O5 + H2O → 2HNO3 

however, both depend heavily on the incorporation of O from O3, which shows typical 

signatures of δ18O-O3 at 90‰ to 120‰, compared with typical δ18O-O2 of atmospheric 

oxygen at 23‰ (Elliott et al., 2009).  As a result, nitrate produced by the atmospheric 

oxidation of NOx by ozone and deposited in precipitation is heavily enriched in 18O 

relative to other sources, as seen in Figure 9 below. 

Previous research has shown that reactive nitrogen compounds derived from natural and 

anthropogenic sources exhibit characteristic ratios of stable isotopes of nitrogen and 
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oxygen (Chang et al., 2003).  Typical sources of nitrate in aquatic environments and 

ranges of isotope ratios are depicted in Figure 9 below (Chang et al., 2002).   

 

Figure 9: Isotope signatures of nitrate sources and transformations in the environment (after Chang et al., 2003) 

 

Processes that transform these compounds within the environment also alter isotopic 

signatures in predictable ways (Barnes et al. 2008; Chen et al. 2009; Pardo et al. 2004).  
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For example, microbial denitrification preferentially converts nitrate containing 14N and 

16O to diatomic nitrogen, leaving a substrate of nitrate that is enriched in both 15N and 

18O.  A dual isotope approach further reveals a characteristic ratio of 2:1 δ15N : δ 18O 

when comparing nitrate sources with residual nitrate following denitrification (Chang et 

al., 2002, F. Chen et al., 2009). 

Biological Nitrogen Transformation: Nitrification and Denitrification 

Dissimilatory transformation of reactive nitrogen includes several biologically mediated 

processes, each with characteristic effects on loading and isotopic ratios of reactive 

nitrogen compounds.   

Denitrification :  5CH2O + 4NO3
- → 2N2 + 4HCO3

- + CO2 + H2O  

Nitrification:    NH4
+ + 3/2 O2 → NO2

- + H2O + 2H+ 

    NO2
- + ½ O2 → NO3

- 

Nitrification in soils is mediated in two distinct stages by several different 

chemoautotrophic organisms.  The oxidation of ammonia to nitrite is carried out by 

Nitrosomonas sp., Nitrosococcus sp., and archaea including genera of the phylum 

Thaumarcheota.  Further oxidation from nitrite to nitrate is principally carried out by 

Nitrobacter sp.  Enzymes employed by these organisms catalyze oxidation of ammonium 

and nitrite with measurable effects on reaction kinetics and isotopic fractionation effects.  

Studies have established that 5/6 of oxygen making up product NO3
- comes from H2O 

whereas the remainder may be derived from soil O2 (Casciotti et al., 2002, Lehmann et 
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al., 2004).  Nitrate produced by nitrification is depleted in 15N compared to the substrate, 

and O resembles meteoric water, close to 0‰.   

In order to account for isotopic kinetic effects, the rates of reactions of individual 

isotopologues, or elementally identical compounds containing different isotopes, must be 

taken into consideration.  The general case for transformation of reactive nitrogen species 

can be represented as: 

N𝑠
14 = N𝑠,0

14 𝑒−𝑘𝑡 

N𝑠
15 = N𝑠,0

15 𝑒−𝑘′𝑡 

where k and k’ are the rate constants for reactions of lighter and heavier isotopes, 

respectively, Ns signifies the concentration of the substrate, and Ns,0 signifies the 

concentration of the substrate at t=0.  Substituting βN for 
𝑘′

𝑘
 : 

ln
N𝑠

15

N𝑠
14 =  ln

N𝑠,0
15

N𝑠,0
14 +

1 − 𝛽𝑁

𝛽𝑁
ln

N𝑠
14

N𝑠,0
14  

and applying delta notation described earlier in this document: 

𝛿𝑡 N
15

𝑠
= 𝛿0 N

15
𝑠

+
103(1 − 𝛽𝑁)

𝛽𝑁
ln

N𝑠,𝑡

N𝑠,0
 

where δt
15N represents the relative isotope ratio of the remaining substrate at time t. 

Biologically mediated nitrate reduction is a multistep process carried out by communities 

of heterotrophic bacteria and archea.  Enzymatic catalysis of each reaction step promotes 
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differing reaction rates depending on the isotopic composition of each chemical species.  

Reactants containing lighter isotopes are therefore preferentially removed, leading to an 

increasingly enriched pool of reactants (in a closed system) and an initially highly 

depleted pool of products, that becomes increasingly enriched as the reactants have 

progressively less of the lighter isotope.  If the reaction proceeds to completion, the 

isotopic composition of the products will match the composition of the reactants, 

resulting in 0 net fractionation.  However, at states of partial completion, products will 

show significant isotopic depletion relative to reactants.   

The bulk of denitrification in streams occurs in the hyporheic zone, where surface water 

interfaces with groundwater underlying the streambed.   Small, shallow upland stream 

segments that incorporate a greater proportion of flow through the hyporheic zone 

provide biological processing of reactive nitrogen whereas larger rivers tend to act as 

conduits for seaward transport of dissolved N (Chang et al., 2002). 

Treatment of oxygen isotope enrichment during denitrification is similar to the equations 

describing nitrification, where 18O and 16O take the place of 15N and 14N, respectively.  

Analysis of rate constants derived from laboratory experiments show that expected 

enrichment of 18O proceeds at about half the rate of that of 15N (D. J. Z. Chen & 

MacQuarrie, 2005). 

The combined isotopic signatures of δ18O and δ15N in nitrate provide significant 

information as to its source.  Additional information about transformation, specifically 

the processes affecting changes in isotopic signatures, can be gained from correlating 
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δ18O and δ15N of associated samples.  Positive correlations along a 2:1 slope can signify 

denitrification, as discussed above, whereas negative or zero correlation can indicate 

progressive mixing processes.  Negative correlations would especially tend to indicate 

progressive mixing of atmospheric nitrate (high δ18O, low δ15N) with enriched sources 

such as manure or soil organic N (low δ18O high δ15N).  

Site Background 

In order to examine the impacts of the changes in the nitrogen cycle, a site was selected 

that is topographically diverse (mountains in the west, providing shallow headwater 

streams) with a number of different land use types, although mostly agricultural, and a 

number of different potential sources of reactive nitrogen into the environment.   

The Najinhe watershed covers 1256 km2 in Northeast China, and straddles the boundary 

between Jilin province and Inner Mongolia.  Elevation ranges from 229 m in the eastern 

point to 1002 m in the west.  The upland regions in the west and south are forested, 

whereas agricultural fields and grasslands dominate the lower elevations.  Approximately 

two-thirds of the watershed is identified as cropland, of which 8 % is labeled wet 

cropland.  Irrigation infrastructure is evident from satellite images of the area.  The 

southernmost subwatershed is the most densely populated, and contains the most 

livestock.  Fertilizer applications are heaviest in the central and south-central portions of 

the watershed.   
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Figure 10: Najinhe Watershed in geographical context of northeast China 

In order to partition the sources of ammonium and nitrate based on stable isotope 

signatures within the Najinhe watershed in northeast China, this study implements a 

spatial approach using GIS and distributed hydrologic modeling with a reactive isotope-

geochemistry transport modeling component using nitrogen and oxygen stable isotopes.  

The present work seeks distinctive signatures of land use types in nitrogen inputs to the 

watershed, and attempts to prove that stable isotopes provide an effective method for 

tracking sources of reactive nitrogen in a spatially explicit manner. 

Because land use is such an important determinant of N concentrations and isotope 

signatures, it must be addressed in a spatially explicit manner in order to account for how 

the different types of land relate to one another in processing or releasing reactive N.  
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Each of these processes and sources has a distinctive signature in the isotope ratios of the 

N compounds that can be used to try to ascertain its role in the system.  

Methodology 

Isotope Ratio Mass Spectrometry (IRMS) 

Whole soil isotope ratios were determined by use of a Costech Elemental Analyzer (EA) 

coupled to a Micromass Isotope Ratio Mass Spectrometer (IRMS).  Samples are weighed 

into a tin capsule and combusted at 1050 °C, and passed through a reduction furnace at 

650 °C.  Produced H2O is removed by reaction with perchlorate; the reaction gases, N2 

and CO2, are separated in a gas chromatographic column using high purity He as a 

carrier.  Abundances of CO2 and N2 are determined by thermal conductivity before the 

gases are ionized and isotope abundances are quantified by Faraday collectors in the mass 

spectrometer.  Nitrogen isotope content is reported as the abundance ratio of mass 29 N2 

to mass 28 N2 and compared to the ratio of the same masses in a standard derived from 

atmospheric N2 using the delta notation described earlier in this document. 

Hydrologic Modeling 

As N enters the surface water, the ratio of wet-deposition to N derived from terrestrial 

sources (manure, commercial fertilizer, soil organic N) changes throughout the runoff 

event (Kaushal et al., 2011).  The δ15N and δ18O of N species dissolved in the water 

column evolves along with the ratio of the sources, so information about the timing of 

sampling in the context of rainfall events can help to distinguish sources of N using the 

instantaneous stable isotope ratio rather than the average stable isotope ratio of dissolved 
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N.   Not all models, however, are designed to calculate these values.   To address 

questions regarding land use and point and non-point sources, a model must provide 

spatially and temporally explicit responses to hydrologic and biochemical forcing.   

Watershed modeling can be an effective method of partitioning sources and identifying 

transformations of reactive nitrogen species.   Models attempt in various ways to predict 

flows and concentrations of chemicals in a watershed at any given time based on physical 

processes.  Different models are designed each in a certain way to take one of the 

following approaches.  The Soil and Water Assessment Tool (SWAT) and Coupled 

Ground and Surface Water Flow (GSFLOW) models use a hydrologic response unit 

approach, where components of the landscape inform hydrology and transport of 

sediment and chemicals in the watershed to determine peak time and height of water at 

different locations. The lumped parameter approach of Hydrologic Simulation Program-

Fortran (HSPF), a benchmark of hydrologic flow models, is similarly limited in 

accounting for spatial heterogeneity, which makes it difficult to describe gradients or 

discontinuities in hydraulic and environmental parameters.   A fully distributed finite 

differences approach, such as with the Two-dimensional Runoff, Erosion, and Export 

(TREX) model, means every parameter is distributed in time and space, and allows for 

fine control of processes at the grid scale.   

Hydrologic response unit approaches to surface water modeling, as used in GSFLOW, 

can help to efficiently model parameters over long time periods.  The timestep used in the 

precipitation runoff component of GSFLOW, however, calculates flows based on a daily 

time step, which is not suitable for modeling.  However, the flexibility of a fully 
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distributed approach with variable, finer time steps allows for complex integration of land 

use, soil parameters, time-varying precipitation, and a model that responds to conditions 

as they develop.   

HSPF similarly includes functional components, often as subwatersheds, that can connect 

to each other to define the system as a whole.  The lumped parameter approach is a useful 

way to model watersheds with static or well-constrained component subwatersheds.  

However, defining a separate subwatershed for each field in a dense, multi-use watershed 

is inefficient. 

The diffusive wave approximation of surface water flow is a well-established method for 

modeling flow in shallow water.  Computationally the equations are considerably 

simpler, and thus faster, to solve than the full dynamic St. Venant equations.  The 

primary assumptions of the diffusive wave approximation are that inertial acceleration 

terms are negligible compared with body forces such as friction and gravity.  As a result, 

the diffusive wave approximation operates under the assumption that flow is subcritical.   

In order to adequately simulate the biogeochemical processes that control nitrogen 

cycling, a distributed watershed model is required to model transport, and a spatially 

explicit chemical reaction facility is needed that can predict δ15N and δ18O of N species.   

None of the models explored contained this combination of capabilities as a default.  

However, TREX, in addition to the fully distributed approach, offered easy access to the 

source code, allowing modifications to improve performance and adaptability of the 

model. 



29 

 

 

TREX Model 

The TREX model (Velleux et al., 2008) is a spatially distributed watershed model that 

accounts for continuous spatial and temporal variation in soil and land-use characteristics, 

precipitation and soil moisture, and chemical concentrations in soil and water, among 

other parameters.   

 

Figure 11: Conceptual diagram of TREX distributed hydrological model (Velleux et al., 2008) 

Hydrologic flow is modeled in two dimensions using the diffusive wave approximation to 

the St. Venant shallow water equations, and chemical reactive transport and partitioning 

are modeled based on user-defined chemical kinetics following a framework coded into 
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the model.  The equations below describe overland surface water flow as calculated by 

TREX: 

𝜕ℎ

𝑑𝑡
+

𝜕𝑞𝑥

𝑑𝑥
+

𝜕𝑞𝑦

𝑑𝑦
= 𝑖𝑛 − 𝑓 + 𝑊 = 𝑖𝑒 

𝑆𝑓𝑥 = 𝑆0𝑥 −
𝜕ℎ

𝑑𝑥
                𝑆𝑓𝑦 = 𝑆0𝑦 −

𝜕ℎ

𝑑𝑦
 

𝑞𝑥 =
𝑆𝑓𝑥

1 2⁄ ℎ5 3⁄

𝑛
               𝑞𝑦 =

𝑆𝑓𝑦
1 2⁄ ℎ5 3⁄

𝑛
 

where  

h = depth of water 

qx = the unit discharge in the x direction 

qy = the unit discharge in the y direction 

in = net precipitation rate 

ie = excess precipitation rate, i.e. the rate of precipitation exceeding the 

infiltration capacity of the soil 

f = infiltration rate calculated from the Green-Ampt equation 

W = unit discharge from a point source or to a sink 

Sfx = the friction slope in the x direction, determined by subtracting the change in 

water depth with x from the change in ground elevation with x 

Sfy = the friction slope in the x direction, determined by subtracting the change in 

water depth with y from the change in ground elevation with y 

S0x = ground slope in the x direction 

S0y = ground slope in the y direction 
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Infiltration is formulated as a Green-Ampt model where hydraulic conductivity is defined 

as a characteristic of underlying soil / sediment (fully distributed in space) 

𝑓 = 𝐾ℎ (1 +
(𝐻𝑤 + 𝐻𝑐)(1 − 𝑆𝑒)𝜃𝑒

𝐹
) 

where f is the infiltration loss rate, Hw is the depth of water above the ground surface, Hc 

is the capillary pressure head at the wetting front, θe is the effective porosity, found by 

subtracting residual moisture from total porosity, Se is the effective saturation of the soil, 

and F is the total infiltration depth. 

Hydraulic parameters associated with land use and underlying soils affect overland and 

channel flow in terms of friction, available interception and storage depth, and 

susceptibility to infiltration and erosion.  The Manning formula is used to determine the 

energy loss due to friction: 

𝑉 =
𝑘

𝑛
 𝑅ℎ

2
3 𝑆

1
2 

where V is the average velocity, k is a unit conversion factor, n is the Manning roughness 

coefficient, which describes the velocity response to the roughness of the channel or bed 

material, Rh is the hydraulic radius, and S is the friction slope, which accounts for 

hydraulic head loss due to friction. 

 The Manning equation determines discharge from one cell to the next for a given ground 

slope and water depth.  The Manning roughness coefficient n is defined for each land use 

class, and porosity and hydraulic conductivity are defined for each soil group. 
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Precipitation can be defined in the TREX model in several different ways.  There are 

options to define a single, uniform time series of precipitation intensities, or to define a 

series of distributed grids that vary local intensities throughout the run time of the model.  

This allows the model to more flexibly determine the water budget of the watershed, 

accounting for the spatial variability of precipitation events.  Precipitation state responds 

to environmental parameters defined in the model, so precipitation that falls when the 

temperature is below 0 °C falls as snow and melts in response to solar insolation or 

temperature changes.   

As is evident from the water transport equations, TREX accounts for water losses to 

infiltration, interception, and predefined sinks.  Evapotranspiration is not modeled.  The 

environmental parameters needed to calculate losses to evapotranspiration are available 

as time-varying inputs to the model; however, the model is oriented towards event 

timescales over the course of hours, where losses to evapotranspiration are not expected 

to be significant.  Should evapotranspiration be included in future versions of the model, 

a module to determine the detailed soil moisture profile with the Richards equation, an 

alternative infiltration mechanism that can describe saturation in the soil profile in greater 

detail and account for capillary motion due to drying at the surface, could prove to be 

useful.   

TREX solves for derivatives of hydrologic and transport variables, then integrates the 

state using the Euler method, in which instantaneous rates of change are applied forward 

in time to solve for the state of a variable one time step in the future.  For example: 
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ℎ𝑡+1 = ℎ𝑡 + 𝑞𝑖𝑛𝑑𝑡 − 𝑞𝑜𝑢𝑡𝑑𝑡 

where h is the height of the water in a grid cell, qin is the specific discharge entering the 

cell, qout is the specific discharge leaving the cell, and dt is the length of the time step. 

Time steps (dt) can be calculated dynamically based on the Courant condition, calculated 

as velocity *dt / cell size.  The Courant condition is a necessary condition of numerical 

stability in the explicit solution of partial differential equations (Courant et al., 1928).  

Intuitively, if the flow between two grid cells exceeds the spatial dimensions of the cells, 

the calculated depth at the next time step may be invalid.  Specifically, the possibility of 

negative water depths arises as more water may be simulated to exit a cell than the cell 

could possibly contain.   

To determine if the current time step is appropriate to solve the water routing equation, 

the model calculates the Courant condition at each cell for each iteration of the model, 

and if the condition is violated in any cell, routing is recalculated using a smaller time 

step.  This process iterates until an appropriate time step is determined. 

 

Sediment Transport 

Sediment transport capacity is calculated by a modified Kilinc and Richardson model that 

makes use of Revised Universal Soil Loss Equation (RUSLE) (Renard & Foster, 1991) 

parameters in the overland domain: 



34 

 

 

𝑞𝑠 = 1.542 × 108(𝑞 − 𝑞𝑐)2.035𝑆𝑓
1.66𝐾𝐶𝑃 

𝐽𝑐 =  
𝑞𝑠

𝐵𝑒
 

where qs = sediment transport capacity (kg/m s) 

q = flow of water 

qc = critical water flow needed for erosion 

Sf = friction slope  

K = USLE soil erodibility factor 

C = USLE soil cover factor 

P = USLE soil management practice factor 

Be = width of eroding surface in flow direction 

Transport is solved in 1d and 2d with advection and dispersion 

𝑞𝑠𝑡𝑥 =  𝑣𝑥𝐶𝑠 − 𝑅𝑥

𝜕𝐶𝑠

𝜕𝑥
 

𝑞𝑠𝑡𝑦 =  𝑣𝑦𝐶𝑠 − 𝑅𝑦

𝜕𝐶𝑠

𝜕𝑦
 

where vx and vy represent water flow velocity in the x and y directions, Cs represents the 

sediment mass concentration, and Rx and Ry are dispersion coefficients to approximate 

diffusion and mixing processes along the direction of flow. 
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Particle classes are subject to transformation processes, including abrasion and 

dissolution to yield particles of a different size class, or in the case of dissolution, yield 

chemicals dissolved in the water column. 

Chemical Transport 

Chemical transport processes are formulated in a similar manner to their sediment 

transport counterparts.  Advection and dispersion are the simulated processes that control 

concentrations of chemical species in the water column in response to hydrologic forcing.  

Chemical components are subject to some additional processes, however, and may be 

partitioned between the dissolved and sorbed phase based on an equilibrium constant 

defined by the user: 

𝑓𝑑 =
1

1 + 𝐾𝑑𝑚 
 

where fd = the fraction of the chemical in the dissolved phase, Kd is the distribution 

coefficient, and m is the mass of sorbent particles in the water column. 

Chemical components are also subject to some transformation processes in the water 

column, including biodegradation, photolysis, radioactive decay, and hydrolysis, that 

change concentrations in situ and may yield other chemical types.  The treatment of these 

processes is fairly rudimentary, however, and complex solution equilibrium calculations 

are not practical.   
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Adaptations to the Model 

Several additional features were added to the model in order to increase computational 

efficiency, allow for more flexibility in parameterization, and include a full-featured 

geochemical code in the transport calculations.  These adaptations provided opportunities 

to explore the capabilities of TREX in simulating anthropogenic effects on the nitrogen 

cycle at the catchment scale. 

Performance 

Finite difference models in particular are of a class of computation that is, in the language 

of computer modeling, “embarrassingly parallel” in that grid cells are treated identically 

and can therefore be calculated simultaneously for each timestep.  Profiling the execution 

times of the model revealed processes that were especially computationally intensive, so 

those tasks were parallelized to take less time.  

Computationally intensive tasks were parallelized using OpenMP, a shared memory, 

thread-directed library rather than the distributed memory oriented Message Passing 

Interface (MPI).  While using MPI could potentially lead to scalability and further 

performance increases in certain configurations of the model, the adaptive timestep 

functionality would require synchronization at each time step, massively increasing the 

communication overhead for parallel processing.   

Shared memory parallelization incurs a thread creation penalty and a process limit 

beyond which cache collision problems tend to negate gains from parallel computation.  

Careful consideration of cache geometry and memory architecture can mediate some of 
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these problems, but there tends to be a finite number of processes beyond which 

performance degrades rather than improves (Agarwal, 1992).    

While a significant number of model processes were parallelized, the bulk of the code 

remains serial.  According to Amdahl’s law (Amdahl, 1967), which determines the 

maximum speedup possible for the program after parallelizing sections of code, the 

performance improvement expected from parallelization of computer code is limited by 

the proportion of computational time spent in serial processing (Gustafson, 1988).  Based 

on profiling tests of the code, the maximum speedup of the program that could be 

expected from processing parallel sections with four computer processor cores is 1.6x.  

The actual measured speedup using the demonstration model is 1.2x which allows for 

more rapid and responsive modeling. 

The dynamic time step implementation presents a challenge in implementing code 

parallelization in the model.  The most obvious domain over which to divide the 

computation is the spatial grid.  However, the spatial heterogeneity of computed 

velocities means that, after the grid is divided among processors, the Courant condition, 

which specifies that velocity *dt / cell size must be less than one, might be (and often is) 

violated for only one processor.  In order to account for that scenario, the entire spatial 

domain must be synchronized after each time step.  Synchronization operations are often 

time-intensive on distributed memory, multi-node architectures, and severely reduce the 

efficiency of code parallelization.  It is for this reason that parallelization efforts in the 

model code are focused on shared memory strategies such as those implemented in the 

aforementioned OpenMP. 
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Adaptability 

Input and initialization data were originally formatted in an inflexible format that had the 

appearance of keyword descriptions, but actually was more dependent on line breaks and 

the order of the arguments presented.  The input format has been changed to an 

Extensible Markup Language (XML) document in order to allow for more flexibility in 

ordering input parameters and grouping them in a hierarchical structure.  Input files are 

more self-descriptive, and input dependencies more obvious, by using tags, comments, 

and hierarchy to define the model rather than a strictly ordered list with no self-

documentation available.  

A particular advantage to the XML document structure is the ability to script parameter 

sweeps for sensitivity analysis and calibration.  Template documents can enforce 

interdependencies among commands and model parameters, markedly easing the process 

of generating valid input code.  Software libraries designed to generate and parse XML 

documents are available for a wide array of languages and environments. 

A severe limitation of the TREX model is the inability to save and restore the state of the 

model in case of interruption of execution.  This functionality was added in order to 

complete intensive model runs on a managed computing cluster in spite of limited run 

times.  In order to guarantee that the state of the variables in the model is consistent when 

stored (i.e. either all variables have been updated or none of them have), data are stored 

in a database file that can manage database transactions through the use of a journal file.  

In this study, a freely available open-source software library called SQLite was used for 

the database journal file.  To improve computational scalability, the SQLite interface 
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could be adapted to a full-featured database management system.  An added advantage of 

the use of a database format is a much more simplified coupling of input parameters and 

output grids.  All inputs and outputs are now stored within a single file, easing 

organization of data and reproducibility of results. 

Chemistry 

The complexity of accounting for all of the environmental parameters that control biotic 

and abiotic transformations of nitrate suggests the use of a dedicated chemical reaction 

module.  One such module, PHREEQC (Parkhurst & Appelo, 2013) is a general purpose 

aqueous geochemical model that allows the calculation of equilibration, redox, and 

kinetic reactions in aquatic systems, including the calculation of selected isotope 

fractionations.     

The authors have developed a reaction module version of the PHREEQC code, called 

PhreeqcRM (Parkhurst & Wissmeier, 2015), that allows access to the geochemical 

facility while reserving transport calculations such as advection and dispersion to the 

hydrologic model that interfaces with it.  One significant advantage of the use of a 

spatially distributed reaction module is that chemical reactions can be defined not only by 

chemical inputs, but by location as well.  The reaction module accepts input defining the 

initial conditions, reactions, and chemical parameters to be included in the model, and 

allows for a more generally applicable chemical reaction model than that included in 

TREX.  Reactions may be further defined by the user in order to incorporate 

transformations or species that are not included in the default database. 
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PHREEQC includes a set of databases that defines thermodynamic constants of various 

elements, compounds, and reactions, in addition to parameters of reactions involving 

isotopologues, or compounds with the same chemical structure but different isotopes, 

such as CO2 and C18O16O.  The isotopic fractionation of nitrogen by denitrification is 

described by default; however, the simultaneous fractionation of oxygen is not described.  

To address this limitation, additions to the database can be included in the input file, 

offering yet more flexibility in defining the transformations that describe the system 

being modeled. 

The software library PhreeqcRM is a reaction module designed to be incorporated in 

hydrochemical transport software as a chemical reaction facility.  Interfaces have been 

added to directly access reaction parameters such as temperature, concentrations of 

reactants, volume of water, etc.  The use of a separate reaction module is particularly 

suited to a sequential noniterative, or operator splitting approach to the numerical 

solution of reactive transport: 

C𝑡+1 =  C𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡 ,𝑡+1 + C𝑐ℎ𝑒𝑚𝑖𝑐𝑎𝑙,𝑡+1 

where differential equations governing mass transport, including advection and diffusion 

of dissolved species, are solved separately from chemical reaction equations (D. J. Z. 

Chen & MacQuarrie, 2006).  The assumption inherent in this approach is that transport 

between t and t + dt occurs instantaneously so that the chemical components have no time 

to react during the time of transport.  An alternative formulation that attempts to account 

for this assumption would be the Strang-splitting approach, where half of a transport 
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timestep is calculated, the chemical reaction for a whole time step is calculated based on 

the resulting concentrations, and then the remainder of the transport calculation is 

completed.  Although the current model formulation does not include the Strang-splitting 

scheme, it is a goal for future development. 

PhreeqcRM is written to take advantage of parallel computing architectures on multiple 

scales.  A shared-memory implementation, which solves reaction cells on multiple 

threads within the same computing process, can be nested within a distributed memory 

implementation that solves reaction equations across multiple computing nodes in a large 

cluster.  The scheme used in the coupling with TREX is the OpenMP shared-memory 

platform due to the previously mentioned challenges of synchronizing model calculations 

when using dynamic time steps to satisfy the Courant condition. 

Experimental Parameters 

Initial non-reactive modeling will predict stable isotope ratios based on the contribution 

of individual sources.  Concentrations of each component of the NO3
- or NH4

+ mixture 

are summed and weighted with a characteristic isotope signature to find the predicted 

isotope ratio based solely on mixing: 

Ctotal = Crainfall + Cfertilizer + Cmanure + Csoil 

 

𝛿 N =15 ∑ 𝑓𝑖 𝛿 N𝑖
15  

𝛿 O =18 ∑ 𝑓𝑖 𝛿 O𝑖
18

 



42 

 

 

where C is the concentration of NO3
- or NH4

+ for each source, and fi is the fraction of the 

total nitrate or ammonium concentration from a given source.  The temporal and spatial 

patterns of the isotopic signatures of dissolved N species are analyzed to determine 

relationships with input variables including concentration and distribution of source N, 

rainfall intensity throughout precipitation events, and distributed hydraulic and 

environmental parameters.  Important considerations include the influences of point and 

non-point sources and potential management interventions.   

The calculated isotope ratio will reflect the dominant source of dissolved N at each 

location in the model domain, and will be compared to measured bulk isotope ratios of 

soils in the watershed. 

Figure 12 - Figure 14 below illustrate physical characteristics of the Najinhe watershed 

that are parameters in the TREX watershed model: 

 

Figure 12: Elevation model of Najinhe watershed 
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Figure 13: Land use distribution within Najinhe watershed 

 

Figure 14: Soil type distribution within Najinhe watershed 

 

The following represent spatially distributed parameters of the model simulating 

Goodwin Creek, Mississippi, a USDA experimental watershed that was used in 

development and testing of novel modeling features.  Concentrations of nitrate in 

rainwater and runoff generated from fertilizer and manure applications depend on the 
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spatially distributed parameters shown in Figure 15 whereas hydrologic controls such as 

roughness and infiltration capacity are derived from the parameters in Figure 16.    

 

 

Figure 15: Spatial distribution of nitrate sources for Goodwin Creek watershed 
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Figure 16: Land use classification for Goodwin Creek watershed. 

 

Table 1 below shows source concentrations and isotope ratios for edge-of-field and 

rainfall contributions common to both modeling scenarios carried out in Goodwin Creek.  

The scenarios differ only in the initial concentration and isotope ratios of the water 

supplied to the stream network as base flow.   

 Manure Fertilizer Atmosphere 

[NO3
-] (mg/l) 50 60 1.5 

δ15N 25 0 5 

δ18O 0 0 45 
 

Table 1: Parameters describing chemical inputs in Goodwin Creek simulations 

Because there was not sufficient data to calibrate the model to measured values, the 

scenarios presented serve to illustrate the capabilities of the model to simulate processes 
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that might be expected to occur rather than to recreate a particular circumstance, or 

predict an outcome of real-world conditions. 

Results 

Bulk Stable Isotopes 

Bulk stable isotope analysis of nitrogen in soils of the Najinhe watershed reveals spatial 

trends within the region.  Samples from the central and south-central portions of the 

watershed appear to be slightly enriched in 15N when compared to samples from farther 

east.  This trend may correspond with the increased fertilizer load in these portions of the 

watershed, and could indicate a land-use effect on the isotopic composition of nitrogen. 

 

Figure 17: Spatially interpolated δ15N of organic soil nitrogen from four sites within the Najinhe watershed.  

Sample locations are labeled TY 1-5. 
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Sample ID   δ15N ( ‰) %N 

TY1-A  4.15 0.31 

TY1-B  3.83 0.22 

TY1-C  5.70 0.38 

TY1-D  -- -- 

TY2-A  1.27 0.19 

TY2-C  5.80 0.34 

TY2-D  6.38 -- 

TY2-E  3.92 -- 

TY4-A  3.09 -- 

TY4-B  6.17 -- 

TY4-C  8.62 -- 

TY4-D  6.81 -- 

TY4-E  5.84 -- 

TY5-A  6.08 -- 

TY5-B  5.61 -- 

TY5-C  6.65 -- 

TY5-D  1.23 -- 

TY5-E  7.29 -- 

TY2-B  6.05 -- 

TY1-E  3.52 -- 
 

Table 2: Measured nitrogen isotope ratios from Najinhe watershed soils 

 

Figure 18: Isotope ratio distribution based on location (left) and land use type (right) in Najinhe watershed soil 

samples.  Land use class A corresponds to farmland, B to forest, C to urban, D to riverbank, and E to “barren” 

land. 
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Figure 18 depicts measured isotope ratios grouped by sampling location and by land use.  

Although bulk isotope ratios may exhibit an explicit response to land use, sample sizes 

are not sufficient to establish a statistical separation among land use classes. 

Preliminary results of the flow model based on spatially uniform precipitation events are 

shown below.  Figure 19 illustrates runoff generation in the Najinhe watershed. 

 

The flexibility of the distributed approach allows for statistical methods that simulate 

parameter sweeps on a grid cell-by-grid cell basis.   

Based on results from flow and reactive transport simulations, cells can be identified that  

 

During the early stages of a precipitation event, the initial accumulation of surface water 

in smaller upland streams is apparent in the image at the left in Figure 19.  As smaller 

streams converge and form larger streams, a pulse of rainwater propagates downstream as 

a diffusive wave (center image) and finally exits through a reservoir at the mouth of the 

watershed, as seen in the rightmost image.  The reservoir is of particular interest in this 

watershed due to its multiple functions as a resource in the region.  The influence of 

spatially distinct source areas in determining nitrogen concentrations in the stream 

network can be inferred from the varying contributions of runoff during the event.   

Identification of the most important sources of reactive nitrogen within a watershed 

allows for the design of effective interventions with minimal cost.  Spatially identifiable 

Figure 19: Water depth at selected timesteps during a severe precipitation event for the Najinhe watershed, 

China 
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sources may be mitigated with flow-through reactors or adaptation of downstream land-

use.  Attenuation of distributed sources, such as atmospheric deposition of nitric acid may 

be effected through improved monitoring and planning of atmospheric releases by power 

plants, and by selective land-use interventions.  The ultimate goal of the modeling effort 

is a greater understanding of nitrogen cycling within the anthropogenically altered 

watershed, and to suggest efficient solutions to the problems presented by excess reactive 

nitrogen. 

 

Model outputs 

The results of the model calculations using TREX and the previously described 

parameters for Goodwin Creek are presented in the section below.  The data represent 

results from two distinct scenarios determined by the presence or absence of nitrate in 

groundwater supplied to the steam network as base flow.  Antecedent nitrate 

concentration in the stream network is intended to highlight the contribution of old, 

previously infiltrated ammonia fertilizer that has been nitrified to ammonia without 

significant removal and isotopic fractionation due to denitrification.   
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Figure 20: Distributed nitrate concentration in Goodwin Creek watershed 
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The concentration of nitrate released as runoff from multiple land use classes varies in 

response to hydrological and chemical parameters (Figure 20).  As runoff accumulates in 

the channel network, an initial flush of soil-released nitrate quickly reaches a maximum 

concentration in the middle of the channel network, then declines as clean water is mixed 

in further downstream.  The maximum concentration of the pulse of nitrate is well 

attenuated by the time it reaches the mouth of the watershed.  Although some of the 

nitrate is lost to infiltration, the decline in concentration mostly illustrates the importance 

of mixing in determining the export of reactive N in the watershed.  The timescale of the 

illustrated process is 2 hr 45 min.  At this timescale, transformations such as nitrification 

and denitrification would not be expected to have an appreciable effect on concentrations 

or isotope ratios of the component chemicals.  Events that occur over longer periods, 

however, might show significant isotopic effects as a result of processing within soil or 

surface storage reservoirs followed by return flow into the channel network. 

At t = 1.50 h in Figure 20 above, in the center of the watershed, the contribution of 

impermeable surface in determining the flux of dissolved species from the overland 

domain to the channel network is evident.  Preferential flow paths are critical in the 

transfer of water to the stream network, as illustrated by the elevated concentration in the 

east-central region of the watershed where atmospheric nitrate directly influences the 

isotope ratio of the nitrate in the channel.  
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Figure 21: Spatially distributed isotope ratios for Goodwin Creek watershed, scenario 1 
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The gridded outputs of the model calculation from scenario 1, depicted in Figure 21, 

illustrate the isotope composition of surface water as it accumulates and flows 

downstream.  At the onset of precipitation, isotope ratios in the overland plane reflect the 

source of the dissolved nitrate explicitly.  Grid cells that contribute nitrate from manure 

exhibit high δ15N and low δ18O, whereas grid cells that do not contribute nitrate from soil 

reflect the isotope signature typical of atmospherically derived nitrate, with low δ15N and 

high δ18O.  Nitrate derived from nitrification of commercial fertilizer shows low δ15N as 

well as low δ18O.  As the precipitation event progresses, nitrate from different sources 

quickly mixes and accumulates in the channel network, which is initially filled with clean 

water in order to remove the influence of antecedent nitrogen in the watershed.   

After the initial washoff, overland dissolved nitrate is dominated by atmospheric wet 

deposition whereas the upper reaches of the channel network show a predominance of 

fertilizer and manure nitrate.  As precipitation temporarily subsides, at approximately 

t=1.50 hours, infiltration removes much of the water and dissolved nitrate from the 

overland plane, illustrating a mechanism for nitrate loss by leaching into the soil in 

addition to export through the stream network.  Locations of impermeable surface 

continue to provide water and atmospheric nitrate to the stream network, as long as a 

connection is available.  Thus it is important to consider the spatial relationships of 

surfaces with differing hydraulic parameters in addition to their overall contribution to 

the surface of the watershed.  Finally, as the peak pulse of dissolved nitrate approaches 

the mouth of the watershed at t = 2.75 h, Figure 21 shows both its attenuation in 

concentration due to mixing with relatively low concentrations of nitrate in precipitation, 
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and the dominance of atmospheric nitrate as a source during this phase of the 

precipitation event.  The influence of manure and fertilizer input is most apparent at 

upper reaches of the watershed, particularly at early stages in the process of runoff 

formation.   

Concentrations and isotope ratios of nitrate are tracked throughout the model runs at 

several monitoring stations arranged throughout the modeling domain within the channel 

network (Figure 22).  It is particularly useful to compare conditions at the mouth of the 

watershed with conditions at monitoring stations in upstream reaches of the network.  

Monitoring stations 1, 3 and 4 are used here for timeseries comparisons in the figures 

below.  

 

Figure 22: Locations of monitoring stations in Goodwin Creek watershed 
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Monitoring station 1 (Figure 23) is located at the mouth of the watershed and 

consequently exhibits the greatest peak discharge.  Although the first measurement of 

nitrate recorded in the timeseries is dominated by the isotopic signature for manure, the 

highest concentrations of nitrate that occur during the rising limb of the discharge 

hydrograph are heavily dominated by atmospheric sources.  A decline in nitrate 

concentration at about t = 15.0 h is the result of flushing of base flow, which contains no 

nitrate in this scenario.  The short time during which manure and fertilizer nitrogen are 

evident at this station highlights the disproportionate influence that spatially proximate 

sources have in determining the isotope signature of the system, particularly at low 

overall concentrations and during low flow. 

Monitoring station 3, represented in Figure 24, collects water from a small subcatchment 

and is therefore considerably more responsive to inputs from the land surface throughout 

the simulation.  Like station 1, the first measured nitrate concentrations are consistent 

with a predominance of manure.  However, unlike at station 1, the manure dominated 

signature also corresponds to the peak concentration of nitrate measured at this location.  

As stream discharge increases to its peak at this station, the dominant nitrate source 

quickly transitions to atmospheric nitrate.  Between t = 12 h and t = 15 h, clean base flow 

rapidly flushes all remaining nitrate from the channel.  The smaller contributing area 

allows for more detailed examination of nitrate sources at shorter timescales and 

highlights input of runoff containing manure and fertilizer as a significant contributor to 

the nitrogen budget. 
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Monitoring station 4 begins the simulation with predominantly atmospheric nitrate, then 

briefly transitions to include a mixture of atmospheric and manure derived nitrate before 

returning to a source made up mostly of atmospheric nitrate.  Like monitoring station 3, 

concentrations and isotope signatures are responsive to overland sources.  However, like 

monitoring station 1, the peak contribution of manure nitrate does not correspond to the 

peak concentration of nitrate or the peak stream discharge.  The reestablishment of base 

flow concentrations takes place over considerably longer time than at station 3. 

All of the monitoring stations exhibit a constant mixing line between completely 

atmospheric sources and an invariant mixture of fertilizer and manure sources within the 

stream network.  The constant fertilizer-manure mixing ratio reflects the rapid mixing 

that takes place during overland transport and subsequent flow into the stream network.  

There is no fertilizer or manure source independent of the other within the stream 

network that might change this ratio once it has been established. 
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Figure 23: Evolution of isotope ratios and nitrate concentration for monitoring station 1, scenario 1 

 

Figure 24: Evolution of isotope ratios and nitrate concentration for monitoring station 3, scenario 1 
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Figure 25: Evolution of isotope ratios and nitrate concentration for monitoring station 4, scenario 1 

A second simulation is defined to simulate scenarios akin to that described by Böhlke and 

Chang, where old, groundwater-borne nitrate is the dominant source rather than nitrate 

washed from the surface and contributed by runoff.  The second simulation differs from 

scenario 1 in that stream nitrate is initialized and supplied by base flow at 10 mg/l in the 

form of nitrified ammonium fertilizer.  The contrast between the two scenarios is most 

apparent when examining the nitrogen and oxygen isotope ratios in Figure 26 at 

t = 1.75 h.  In scenario 2, nitrate contained in the stream is distinct from that dissolved in 

water flowing overland whereas nitrate in the stream network in scenario 1 reflects the 

signature of the dominant atmospheric source for the same time period.  During heavy 

rainfall, atmospheric nitrate predictably begins to dominate within the stream network, 

however, the proportion of nitrified fertilizer nitrate quickly rebounds as base flow 

proceeds to flush atmospheric nitrate through the network.   
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Figure 26: Distributed isotope ratios in Goodwin Creek watershed reflecting scenario 2 
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Time series of nitrate concentrations and isotope ratios at in-stream monitoring networks 

reflect a more complicated interplay among sources in the watershed.  The dominance of 

fertilizer nitrate at the onset of precipitation is clear from all three monitoring stations.  

The response to manure-derived nitrate in runoff, however, differs considerably based on 

the contributing area upstream of the watershed, and the hydrologic connection between 

overland source areas and the stream network.  Plots of δ18O vs δ15N show marked 

excursions from what were strictly linear relationships in scenario 1.   

 

Figure 27: Evolution of isotope ratios and nitrate concentration for monitoring station 1 scenario 2 
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Figure 28: Evolution of isotope ratios and nitrate concentration for station 3 scenario 2 

 

Figure 29: Evolution of isotope ratios and nitrate concentration for station 4 scenario 2 
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Conclusions and Next Steps 

The use of a distributed hydrologic model is likely to provide most insight in areas with 

greatest population density or in areas where water quality is threatened. China, with the 

highest population in the world, faces critical regional water shortages year after year, as 

well as severe problems with water quality.  The Najinhe watershed, located in a remote 

region of the country, is used for intensive agriculture, and as a result, water quality is a 

matter of concern.   Future applications of the TREX model in areas beyond the Najinhe 

may have impact on a larger scale.  The use of the model to inform the partitioning of 

nitrate among different flow paths may show potential for increasing scope to a basin 

scale model in order to evaluate nitrogen cycling within the Yangtze watershed.  The 

Yangtze watershed is the third largest in the world, and many areas within it are densely 

populated, creating intense demand on the water resources.   

An effective method and scalable model could have greater application to different sites 

and populations beyond China as well.  Chang et al (2003) attempted to use an areal 

distribution of land uses in the Mississippi River basin to predict isotope ratios of nitrate 

without accounting for the order in which land use types were encountered downstream.    

A distributed hydrologic model should allow more precise treatment of the interaction of 

adjacent land uses.  

The modeling scenarios in the present study represent initial explorations of the capacity 

of modeling to describe the dynamics of reactive N in surface water.  There are, however, 

a number of capabilities of the distributed modeling approach, and the model developed 

as part of this work, that will prove useful to future investigations.   
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In one application of the additional capabilities of the TREX model, point sources of N 

compounds may be included to simulate discrete outflows or release events in order to 

determine the effect of inputs to the system that are more isolated in time and space.  In 

addition to temporally continuous point sources, such as wastewater treatment facilities, 

combined sewer outfalls, and animal feeding operations, future applications of the model 

may determine the role of illicit dumping of manure or other nitrogenous waste into the 

stream network.  Recent work suggests that direct input of manure may contribute the 

majority of dissolved nitrogen in many Chinese subbasins, and the contribution will 

likely increase over the coming decades (Strokal et al., 2016).  The use of a distributed 

model that includes spatiotemporally distinct sources of N in combination with non-point 

sources can help to resolve the importance of these inputs in the N budget of the system.   

TREX combined with PHREEQC can also be applied in more general cases to determine 

the effects of changing environmental parameters, cropping practices, or trends in 

groundwater chemistry.  For example, the Najinhe watershed is subject to the East Asian 

Monsoon, and therefore highly seasonal rainfall.  The strength of the monsoon has been 

shown to be variable over the course of several decades (Ha et al., 2012), and we can 

select model parameters to reflect this variability and its effect on the nitrogen cycle.  

Gaining a better understanding of how agricultural practices and land management affect 

water resources within a watershed has implications for potential improvements to both 

crops and natural resource planning and management.  Knowing the source of a 

contaminant such as nitrate can enable efforts to remediate the effects and reduce or 

prevent further pollution.   The establishment of riparian buffer zones, installation of 
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bioreactors, and protection of wetlands can all help to remove nitrate from runoff and 

improve water quality (Nestler et al., 2011).  A more complete view and comprehension 

of the transformation of nitrate within a particular watershed will provide the knowledge 

necessary to best implement these tools.  The use of validated water and sediment 

processes to define transport of chemical species combined with general-purpose 

geochemical modeling to simulate reactions offers opportunities to explore scenarios and 

discover relationships between land use, conservation policy, and water quality. 
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