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ABSTRACT 

 Bioretention basins are a stormwater control method implemented in urban areas 

to curtail runoff and pollution; however, recent studies show inconsistent nitrate (NO3
-) 

removal, and in many cases average nitrate concentrations in basin outflow are higher 

than inflow. Microbial denitrification to promote nitrate removal can be enhanced by 

using underdrains in basin design that provide anoxic conditions. This study examines the 

impact of basin design and storm characteristics (precipitation intensity and antecedent 

dry period length) on microbial denitrification efficacy. Three basins in the Philadelphia 

area were selected for storm sampling: a large (~0.6 ha) wet basin without internal water 

storage, a small (~0.02 ha) basin without internal water storage, and a medium-sized 

(~0.1 ha) basin with internal water storage and a raised underdrain. In addition, three 

laboratory bioretention columns with underdrain configurations at the bottom, middle, 

and top of an internal water storage zone were sampled under steady-state and transient 

flow conditions. Samples collected as time series and grab samples during storm events 

were analyzed for nitrate concentrations and nitrate isotopes. Because microbes 

preferentially consume lighter nitrate isotopes (14N and 16O), stable isotope analysis 

offers an indication of denitrification.  

Stormwater outlet nitrate concentrations were lower than the inlet in the large 

suburban basin, similar to the inlet in the small suburban basin, and higher than the inlet 

in the urban basin. Differences in storm intensity and dry periods did not appear to 

increase or decrease nitrate concentrations in any basin, suggesting that basin design is a 

more dominant factor. The values of δ15N and δ18O in basin samples showed stormwater 

mixing without denitrification in all three basins. Only in the basin with water internal 
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storage were periods of denitrification in samples observed, based on heavier δ15N and 

δ18O ratios. In laboratory studies, a lower underdrain configuration is preferred to 

promote denitrification based on heavier isotopic ratios and enrichment calculations. 

Bioretention columns had the largest enrichment factors (up to -5.3‰ ɛ 15N and -5.0‰ ɛ 

18O) during steady-state flow. Lower enrichment factors associated with the low-intensity 

storm (-2.6‰ ɛ 15N and -1.3‰ ɛ 18O) show that transient flow disrupted denitrification 

rates. Field enrichment factors were greater than those in the columns (up to -11.9‰ ɛ 

15N and -7.4‰ ɛ 18O). Even though nitrate decreased consistently over three storms, 

isotopic ratios did not exhibit these denitrification trends until at least eight hours after 

the onset of the storm events. Therefore, decreases in nitrate concentration alone are an 

unreliable assessment of denitrification efficacy. This study suggests that isotope analysis 

should be considered to better understand the conditions that promote denitrification. 
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CHAPTER 1 

INTRODUCTION 

 The purpose of this study was to assess the impact of bioretention basin design on 

nitrate (NO3
-) reduction by microbial denitrification through stable isotope analysis. Sites 

include three field basins in the city of Philadelphia and surrounding suburbs, as well as 

laboratory bioretention columns. This chapter introduces the water quality concerns 

propelling this research, descriptions of the study sites, and guiding hypotheses. Chapter 

2 discusses the methods used in this study. Field and laboratory results are presented in 

Chapters 3 and 4, respectively. The final Chapter concludes with a discussion about the 

implications of basin design and offers recommendations for future sites. 

1.1 Urban Runoff and Its Impact on Water Quality 

 Expanding impervious surfaces in urban areas decreases infiltration and increases 

stormwater runoff volume. Pollutants like sediments, heavy metals, and excess nutrients 

are carried by runoff and contribute to contamination in local waterways. As runoff rates 

are increasing, nitrogen (N) accumulation is a growing concern. Nitrogen is currently one 

of the foremost sources of surface and groundwater pollution in rural and urban regions 

in the United States (EPA SAB, 2011). Although nitrogen gas (N2) accounts for 78% of 

the Earth’s atmosphere, this amount has increased due to anthropogenic activity. 

Synthetically formed N2 is introduced to the environment almost five times faster than 

would naturally occur through the hydrologic cycle (EPA SAB, 2011). In urban areas, 

vehicle exhaust pumps nitrogen oxides into the air. Urban and coastal aquatic 

communities are particularly impacted by nitrogen pollution derived from sewage 
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effluent (Costanzo et al., 2001; PWD, 2011). Furthermore, industrial and agricultural 

practices across the county utilize the Haber-Bosch process, which converts gaseous N2 

into reactive nitrogen. Synthetic soils formed from this process are rich in ammonia 

(NH3). A natural alternative to this industrial process is biological nitrogen fixation; 

bacteria convert nitrogen gas into ammonia, which further oxides into nitrogen oxides, 

like nitrite (NO2
-) and nitrate (NO3

-). 

 In the United States, high levels of nitrogen oxides in the atmosphere produce 

harmful nitric acid that has been linked to increased soil and stream acidification 

(Kendall et al., 2007). Nutrient loading in streams can have negative impacts that 

accumulate in the watershed. For example, excess nitrogen contributes to eutrophication 

in lakes and coastal areas as nitrogen oxidizes into nitrate and reduces dissolved oxygen 

in the water. As nitrogen levels increase, the formation of nitrate poses serious concerns 

for drinking water reserves. The United States Environmental Protection Agency (U.S. 

EPA) cites a drinking water maximum contaminant level goal of 10 mg/L for nitrate as N 

or 45 mg/L as nitrate; high nitrate concentrations induce low levels of oxygen in the 

bloodstream. These significant risk factors associated with nitrate have prompted the use 

of stormwater controls in cities to reduce nutrient loading in local waterways. Therefore, 

the findings of this research can be applied to urban areas all over the world suffering 

from urban stream syndrome, or the ecological degradation of streams driven by 

stormwater runoff (Walsh et al., 2005).  
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1.2 Stormwater Controls and Bioretention Basins 

 Stormwater management practices (SMPs) in the Philadelphia area typically 

target stormwater from combined sewer overflow, which poses consequences for the 

Delaware River Valley as a whole; the Delaware River Basin provides drinking water to 

more than 13 million people in the United States, and Pennsylvania accounts for half of 

its area (DRBC, 2018). To reduce stormwater discharge into local waterways, the city has 

implemented a 25-year program called “Green City, Clean Waters” (PWD, 2011). As 

part of this initiative, green infrastructure within the city is increasing. Due to their low 

construction and maintenance costs, bioretention basins are the Philadelphia Water 

Department’s preferred stormwater control method (PWD, 2018), and they can also be 

found in surrounding suburbs. These structures are depressions in the ground filled with 

infiltrative soil and vegetation. Stormwater runoff is directed into the basins through 

engineered inlet controls. Water infiltrates the surface of the basin and is released through 

an outlet when the basin overflows. Depending on their design, basins can be dry or wet 

between storm events. 

 The basins are known to reduce runoff and thus slow stormwater discharge, as 

well as capture sediment and pollutants like heavy metals (Dietz, 2007).  However, 

studies have shown that additional goals of nutrient removal (forms of nitrogen and 

phosphorous, specifically) are variable (LeFevre et al., 2015). Total phosphorous (TP) in 

the outflow of bioretention basins have increased compared to inlet samples (Dietz, 2007; 

Cushman, 2019). Phosphorous and nitrogen within bioretention soils and nearby 

fertilizers has been thought to increase levels in the basin outflow, but performance is 
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inconsistent (Dietz, 2007). Nitrate removal efficiency is a common metric performance 

and is typically reported in the following terms (Koch et al., 2014): 

Removal efficiency (%) = 
(influent NO3

-  - effluent NO3
-
)

influent NO3
-  x 100 

In field and lab studies, outflow samples showed nitrate removal rates ranging -99% 

(almost an entire reduction) to >100% (an addition of nitrate higher than the input 

concentration) (Table 1-1). Organic nitrogen and ammonia retention tends to be greater in 

bioretention basins than that of nitrogen oxides (Fraley-McNeal et al., 2007). A study 

conducted at the Department of Earth and Environmental Science, Temple University, 

found increases in nitrate concentrations between the inlet and outlet of a small 

bioretention basin at Ethel Jordan Park in the Philadelphia suburbs, with a median 

removal efficiency of 63% (Cushman, 2019). Because of these inconsistencies in nutrient 

removal, the use of bioretention basins to facilitate nitrate removal in urban areas has 

been questioned by several studies (Birch et al., 2004; Li and Davis, 2014; Yang and 

Toor, 2016). 

 Basin design has been cited as a potential factor in nitrate removal discrepancies. 

Conventional basin design includes some form of inlet and outlet structure and 

bioretention media, typically containing clays to absorb pollutants and sands to allow 

promote infiltration (Fig. 1-1). Short residence time – or the amount of time water stays 

in the basin – may contribute to low rates of nitrate removal. Additionally, oxygenated 

filter media can transform organic nitrogen and ammonium in nitrate within the basin 

(Brown and Hunt, 2011). Whereas lab studies have shown that outflow nitrate 

concentrations can be low during the dry periods between storms, ammonia molecules 



5 
 

sorbed to bioretention media can undergo nitrification during dry periods if nitrifying 

bacteria are present (Subramaniam et al., 2014; Chen et al., 2013). Nutrient leaching in 

the basin from vegetative cover, compost, or leaf litter may account for increases in 

nitrate concentrations in outflow compared to incoming runoff (Collins et al., 2010; 

Hurley et al., 2013; Bratt et al., 2017). Perpetually wet or slow-draining basins have been 

found to remove nitrate from stormwater more effectively than dry or fast-draining 

equivalents (McPhillips and Walter, 2015). To lengthen saturated conditions deep in a 

basin, developers have begun to rely on a combination of underdrains and internal water 

storage zones, which are expected to better facilitate nitrate removal (Fig. 1-2). In this 

system, outflow is reduced as infiltrated water sits in the basin for a longer period of time. 

An underdrain fixed near or at the bottom of the basin fills with water during a storm 

event, and outflow leaves through an upturned drainage pipe. Whereas the underdrain 

height may vary, these basins typically rely on raised underdrains to lengthen residence 

time (PWD, 2018; Igielski et al., 2019). 

 

Figure 1-1: Representation of a conventional bioretention basin and nitrate transformation 

pathways without an internal water storage zone. Underdrains may be present. 
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Figure 1-2: Simplified representation of a bioretention basin equipped with an underdrain 

and internal water storage zone. 

 

1.3 Nitrogen Cycling and Isotopes 

 Denitrification is the only method of removing dissolved inorganic nitrogen 

(DIN) forms, such as nitrite and nitrate, so facilitating this process is imperative to 

reducing nitrogen pollution (Morse et al., 2017). Biological denitrification is an energy-

intensive process whereby bacteria break down nitrate molecules into nitrogen gas and 

lower nitrate concentrations overall (Fig. 1-3). Wet, anoxic conditions are required to 

instigate microbial denitrification. In a low-oxygen saturated environment, heterotrophic 

bacteria will preferentially consume oxygen molecules before utilizing nitrate molecules 

as an electron acceptor. An organic carbon source is needed as an electron donor in this 

anoxic environment. As the bacteria break down nitrate, N2 is released into the 

environment. Whereas studies have not determined an optimal temperature range for 

denitrification, low soil temperatures (<10°C) and low organic carbon can impair 

denitrification (Stanford, 1975; Korom, 1992). An influx of dissolved oxygen may induce 

nitrification, a process that oxidizes ammonium (NH4
+) molecules into nitrate. 
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Figure 1-3: Nitrogen cycling web modified from Kendall (1998).  

 

 Denitrification is marked by a decrease in the concentration of nitrate independent 

of lowering levels of other nutrients (Sigman et al., 2003). Microbial denitrification is the 

predominant method for nitrogen reduction in the ocean, occurring in the water column 

and sediments (Sigman et al., 2003). Nitrogen in runoff is typified into particulate organic 

nitrogen (PON), which includes dead and living organic matter, dissolved organic 

nitrogen (DON), ammonium (NH4
+), and nitrogen oxides (NO2

- and NO3
-); of these 

forms, nitrate and DON typically dominate in bioretention basin outflow (Peterson et al., 

2015). Laboratory studies have shown that ideal denitrification conditions can be created 

by saturating bioretention media and adding significant amounts of organic carbon, 

usually in the form of hardwood mulch (Davis et al., 2001; Hsieh et al., 2008). A column 

experiment simulating anoxic, saturated conditions in bioretention soil removed 62% of 

total nitrogen (TN) when woodchips were incorporated into the media (Peterson et al., 
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2015). Thus, some studies assume that the incorporation of a carbon source and water 

storage zone will produce high rates of denitrification (Berger et al., 2019). 

 Many studies have measured denitrification rates based on nitrate concentration 

measurements within a basin or column (Table 1-1). Because incoming runoff during 

storm events may dilute outflow samples, nitrate concentrations alone are not a 

dependable method of assessing denitrification patterns. A kinetic isotope effect is 

created during microbial denitrification, as organisms preferentially consume lighter 

nitrogen and oxygen isotopes (14N and 16O); this depletion creates stormwater enriched in 

heavier isotopes (15N and 18O), although 18O enrichment sometimes occurs at lower rates 

than 14N (Mariotti et al, 1981; Zhang et al., 2019). The isotope ratios are represented in 

delta notation as δ15N, where δ15N = 15N/14N. Therefore, denitrification is marked by a 

predominantly linear, positive trend in both the δ15N and δ18O (Fig. 1-4). If dilution, or 

stormwater mixing, occurs in a basin outlet, isotopic analysis is unlikely to show this 

trend. Nitrate formed from atmospheric deposition falls within a δ15N range of -17‰ to 

+25‰ and δ18O range of +25‰ to >+95‰ (Fig. 1-4; Kendall, 2007). In stormwater 

samples, δ18O isotopic ratios tend to vary more than δ15N. Higher variability and slow 

changes in δ18O isotopic ratios may have an effect of rapid oxygen isotope exchange 

between water molecules and nitrite (Böttcher et al., 1990). Temporal differences in δ18O 

are likely due to seasonal variability in nitrogen oxidation in the atmosphere and 

differences in multiple runoff sources (Kendall et al., 2007). In contrast to denitrification, 

nitrification can be assumed if δ15N and δ18O ratios become lighter over time. Yang and 

Toor (2016) found in-situ nitrification in bioretention soil media contributed to isotopic 

ratios in basin outflow. 
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Table 1-1: Results of Prior Bioretention Nitrate Removal Studies 

Study 
Type 

Average NO3
- 

Removal Efficiency 
(%) 

Basin Location Notes 
Number of 

Storms 
Source 

Field 13 Chapel Hill, NC 
Underdrain with IWS, low 

organic matter 
10 

Hunt et al., 
2006 

Field 75 Greensboro, NC 
Underdrain, no IWS, high 

organic matter 
11 

Field 43 Graham, NC Underdrain with IWS 12 
Smith & 

Hunt, 2007 

Field 11 
Hillsborough 
County, FL 

Residential catchment outlet 
compared to rainfall 

25 
Yang & Toor, 

2016 

Field 98 Ithaca, NY 
Fast-draining (dry) 

stormwater detention basins 
with underdrain 

20 

Morse et al., 
2017 

Field 12 Ithaca, NY 
Slow-draining (wet) 

stormwater detention basins 
with underdrain 

17 

Field -825 Ithaca, NY 
Dry, grassed detention basin 

with underdrain 
7 

McPhillips et 
al., 2018 

Field -232 Ithaca, NY 
Bioretention basin with 

underdrain and additional 
organic matter 

7 

Field 63 
Ethel Jordan 
Park, Elkins 

Park, PA 

Small bioretention basin with 
no internal water storage 

--- 
Cushman, 

2019 

Field 19 
Fairfax County, 

VA 

Basin with underdrain; 
removal rates higher in 

summer 

24 
Burgis et al., 

2020 

Lab -91 Maryland, USA 
Top ports of large vegetated 

bioretention box 
3 

Davis et al., 
2001 

Lab -205 Maryland, USA 
Middle ports of large 

vegetated bioretention box 
3 

Lab 24 Maryland, USA 
Bottom ports of large 

vegetated bioretention box 
3 

Lab 12 Maryland, USA 
Bioretention column with 

underdrain; no mulch 
1 

Hsieh & 
Davis, 2005 

Lab <0 to >50 
Melbourne, 

Australia 

Vegetated bioretention 
column with an underdrain 

and saturation zone 

3 
Zinger et al., 

2013 

 
Nitrate (NO3

-) reduction rates within field and lab studies of bioretention basins or similar small-
scale systems (columns and bioretention boxes). All studies determined nitrate removal efficiencies 
using nitrate concentration measurements. 
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Figure 1-4: Nitrate isotopic ratios by source (modified from Kendall, 2007). Denitrification 

generally occurs within a 1:1 and 2:1 ratio of δ15NNO3 (‰) to δ18ONO3 (‰). 

 

 Studies have not determined a specific increase in δ15N and δ18O that indicates 

microbial denitrification, nor is there a definite speed associated with this process. If 

conditions are suitable, microbial denitrification can cause isotopic fractionation within 

tens of minutes to several hours (Hunho et al., 2003; Currie, 2007; Sebilo et al., 2019). 

For example, Sebilo et al. showed a change of >+20‰ in 90 minutes for both 15N and 18O 

in freshwater sediments with initial nitrate concentrations between 100 and 500 μM. This 

series of batch experiments is representative of denitrification in a controlled laboratory 

setting. Data available on denitrification rates in the field are limited. Burgis et al. (2020) 

conducted a similar field study but collected outlet composite samples rather than 

individual time series samples to characterize denitrification. Yang and Toor (2016) used 
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an autosampler to collect up to 13 runoff samples during storm events but did not observe 

denitrification. 

 Denitrification within a system can be quantified using an overall fractionation 

factor that compares the isotopic ratios of two phases. In terms of denitrification, this is 

calculated using the following equation (applicable to N or O): 

α = 

(
δ N 

15

δ N 
14 )  outflow

(
δ N 

15

δ N 
14 )  source

 

Fractionation factors (α) are unit-less values, which result in a value >1 if denitrification 

has occurred (Sulzman, 2007). Enrichment factors (ɛ), also called separation factors, 

enhance the trend seen in the fractionation factor. Fractionation factors can be directly 

used to calculate enrichment factors, as shown in the following equation: 

ε (‰) = 1000 * (α −  1)  or  ε (‰) = δ Noutflow −  
 

15 δ Nsource 

15  

Therefore, enrichment factors are presented as negative values if denitrification has 

occurred. In denitrification studies, isotopic ratios within a source sample (inlet or base 

flow, for example) are compared to isotopic ratios found in the outflow. Enrichment 

factors associated with denitrification in literature range from -40‰ to -5‰, where these 

values indicate the difference between denitrified water and initially nitrate-rich water 

(Kendall et al., 2007). A recent study examining enrichment factors in timed laboratory 

experiments showed similar δ15N and δ18O factors, ranging from -24.4‰ to -19.6‰ 

(Sebilo et al., 2019). Field data often result in more variable enrichment factors; an 

examination of denitrification in a sandy aquifer in Northwest Germany had an overall 
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δ15N enrichment factor of -15.9‰, whereas the δ18O enrichment factor was -8.0‰ 

(Böttcher et al., 1990). This is consistent with the finding that δ15N enrichment factors are 

typically less sensitive to denitrification rates than δ18O (Osaka et al., 2018). Aravena et 

al. (1993) examined denitrification in a delineated septic plume and saw δ15N enrichment 

factors ranging from -8.1‰ to -13.9‰, whereas δ18O values did not suggest 

denitrification. 

1.4 Field Site and Laboratory Experiments Description  

To explore the conditions which lead to denitrification and the utility of isotopes 

to evaluate denitrification, field and laboratory studies were conducted. Three field sites 

were selected to compare basins with and without an underdrain. Laboratory column 

experiments were designed to compare different underdrain locations. 

1.4.1 Ethel Jordan Basin, Elkins Park 

 Ethel Jordan is a small, suburban bioretention basin located just outside of the city 

of Philadelphia in Elkins Park, Pennsylvania. It is approximately 200 m2 (>2,100 ft2 or 

~0.02 ha) in area and sits in a public park within a residential neighborhood (Fig. 1-1). 

The basin was installed in Ethel Jordan Park between late 2017 and early 2018. During 

storms, runoff from the adjacent road travels through stormwater grates and 15-inch (38-

cm) HDPE pipes into the basin. From the inlet to the outlet, stormwater travels 7.3 m (24 

ft) across the vegetated, infiltrative basin. This basin lacks an internal water storage zone. 

Rather, a standpipe approximately 0.46 m (1.5 ft) high stores water in the basin until it 

overflows into a 30-cm (12-in) HDPE pipe which directs water to the outlet, a rocky 

spillway on the eastern side of the basin. Stormwater draining into the Ethel Jordan 
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covers a capture area of 1 acre, which encompasses the northwestern residential area, the 

adjacent Cadwalader Avenue, and some of the nearby Jenkintown Road, a heavily 

trafficked area (PennDOT, 2018). Runoff also enters Jenkintown Creek, which lies 

downslope of the eastern side of the basin, separated by a riparian zone filled with shrubs 

and trees. Jenkintown Creek and the stormwater basin are part of the Tookany/Tacony-

Frankford (TTF) watershed. 

1.4.2 Betz Basin, Hatboro 

 Betz basin, located in Hatboro, Pennsylvania, is the largest site in this study. This 

basin lies in the Pennypack Creek, approximately 12 km north of Ethel Jordan Park. It is 

a suburban basin adjacent to Upper Moreland Primary School and a residential area. Betz 

is an elongated basin approximately 6,000 m2 (>64,000 ft2 or ~0.6 ha) in area. Its 

vegetated sides slope inward toward a small ephemeral wetland and pond that flows from 

the inlet pipe to the outlet area during storm events. Incoming stormwater from the inlet 

pipe travels across the basin and exits through an outlet pipe on the other side. The mid-

basin and outlet areas are frequently ponded between storm events. The basin has 

multiple inlet points; however, the concrete inlet pipe (1.1 m in diameter) is the largest 

pipe and the only point compared to outflow in this study. Similar to Ethel Jordan, the 

Betz basin is not equipped with an internal water storage zone (Fig. 1-1). 

1.4.3 SMP-P01 Basin, Philadelphia 

 SMP-P01 is a dry, intermediate-sized basin located in Northeast Philadelphia, PA. 

This is the only basin in this study engineered to maintain an internal water storage zone. 

The basin is 1,000 m2 (>10,700 ft2 or ~0.1 ha) in area and contains a buried 15.2-cm (6-
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in) HDPE perforated pipe that acts as an elevated underdrain and carries infiltrated water 

to the outlet box. Outlet samples collected from SMP-P01 are taken from a gravel well 

adjacent to the outlet box structure that intersects the internal water storage zone. 

Materials within the basin contain coarse aggregate stone and hardwood mulch, a 

conventional IWS-fitted bioretention basin fill (Fig 1-2). Native plants cover a three-inch 

layer of hardwood mulch. Stormwater runoff from the I-95 highway and a nearby parking 

lot is directed into the basin from five separate inlet pipes, directing water.  

1.4.4 Columns for Lab Experiments 

 Three acrylic columns fitted with underdrain pipes and filled with bioretention 

media similar to the SMP-P01 basin were sampled during laboratory experiments. Each 

column is 0.3 m (12-in) in diameter with uniform layered fill, but varying underdrain 

heights: a bottom drain located 0 cm from the base of the column, a middle drain 15 cm 

above the base of the column, and a top drain 30 cm above the base of the column. (Fig. 

1-5). Bioretention media layers included a top woodchip layer (3.8 cm or 1.5 in); a 

middle sandy loam layer with sand, silt, and clay (0.38 m or 1.25 ft); and a lower pea 

gravel and hardwood mulch woodchip layer comprising the internal water storage zone 

(0.30 m or 1 ft). The columns were constructed to collect nitrate samples within the water 

storage zone. The columns designed for this study are similar in scale and sampling 

locations to those used in other bioretention laboratory studies (Liu and Beck, 2017; 

Davis et al., 2015; Peterson et al., 2015). Similar to Davis et al. (2015), there are multiple 

ports in the upper and lower portions of the internal water storage zone. The columns 

were equipped with two sets of sample ports: distal ports reaching two inches into the 

column and proximal ports extending four inches. Along each side, there are four 
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sampling ports. Ports are located at 5, 10, 20, and 25 cm above the base of each column. 

An overflow valve, or outlet pipe, sticks out uniformly from each column. The water 

flowing into this outlet varies with the column underdrain configuration. A drain situated 

at the bottom of a column collects stormwater that has passed through the entire internal 

water storage zone. The middle drain collects a mix of stormwater, from above and below 

the underdrain. Similarly, the top drain collects a mixture of stormwater; incoming runoff 

from above the internal water storage zone and stormwater from the saturated storage 

zone are meant to drain out of this column. These bioretention devices will be identified 

in this study as the Bottom, Middle, and Top columns. 

 

Figure 1-5: Basic design of bioretention columns used in this study with underdrain heights 

of 0 cm (Bottom), 15 cm (Middle), and 30 cm (Top).  
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1.5 Hypotheses 

 The objectives of this study are to test the following hypotheses (Fig. 1-6) through 

field and column sampling methods and laboratory analyses. 

1. Studies show that denitrification increases with residence time in anaerobic, 

saturated bioretention media. A bioretention basin with an underdrain and internal 

water storage zone will experience more denitrification than basins without those 

fixtures due to its ability to stay saturated between storm events. Therefore, 

samples collected from such a basin will have heavier isotopic ratios and 

measurable fractionation. 

2. The longer the residence time, the more denitrification can occur within an 

internal water storage zone. Due to the lengthened residence time, the bioretention 

column with the bottom underdrain configuration will show more denitrification 

compared to columns with elevated drains. 

3. As water quickly flushes through a bioretention column or basin, residence time 

decreases and denitrification is impaired. It is expected that, in the field and lab, 

higher intensity storms will lead to less denitrification due to the lower residence 

time. Lower infiltration rates from lower intensity storms are expected to yield 

samples with heavier δ15N-NO3
- and heavier δ18O-NO3

- values than storm events 

with higher intensity infiltration. 

4. Denitrification will increase as the antecedent dry period – or length of time 

between storms – increases. Shorter dry periods will continually flush out basins 

without allowing more time for denitrification. 
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Figure 1-6: The outline of expectations guiding this research. 
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CHAPTER 2 

METHODS 

2.1 Field Sampling and Storm Characteristics 

2.1.1 Ethel Jordan Basin 

 Ethel Jordan basin samples were gathered from storms on July 10, 2020; August 

28, 2020; and October 12, 2020. A Teledyne ISCO autosampler collected 900-milliliter 

(mL) samples from the inlet of the basin, whereas grab samples were collected during the 

storm at the outlet because there was not a reliable ponding location for autosampler 

uptake (Fig. 2-1, Fig. 2-2). To initiate sampling, the autosampler actuator was situated 

inside a Stratus rain gauge near the basin. The rain gauge contained salted water to ensure 

that the ionic strength when rainwater was added would be sufficient to trigger the water 

detection sensor. Grab samples at the outlet were collected in 500 mL plastic bottles only 

during daylight hours. On July 10, 2020, a total of 24 samples were collected from the 

inlet at a 15-minute interval for the first two hours, and 30 minutes apart for the 

remaining eight hours (Table 2-1). Three outlet grab samples were obtained three hours 

apart from the afternoon to evening; after this, one additional sample was collected the 

next morning, approximately twelve hours later (Table 2-1). On August 28, 2020, 20 inlet 

samples were collected at a 15-minute interval for the first hour and then one hour apart 

for the following fifteen hours. Two grab samples were collected at the outlet in the 

evening, 1 hour and 25 minutes apart, and one sample was collected the next morning. 

Hourly samples were taken from the inlet at 17 intervals on October 12, 2020. Two grab 

samples were collected from the outlet. 
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Figure 2-1: Ethel Jordan sampling locations. Stormwater travels into the inlet and expels 

from the outlet via an underground pipe to the gravel skirt (Google EarthTM 2020a). 

 

Figure 2-2: Images of Ethel Jordan inlet and outlet during storm sampling setup on August 

28, 2020. 
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Table 2-1: Total Field Samples Collected During Storm Events 

Basin Date 
Autosampler Grab 

Location # Samples Location # Samples 

Ethel Jordan 

July 10, 2020 Inlet 24 Outlet 4 

August 28, 2020 Inlet 20 Outlet 3 

October 12, 2020 Inlet 17 Outlet 2 

Betz 

October 20, 2019 
Inlet 22 

Inlet 2 
Outlet 21 

July 6-7, 2020 
Inlet 21 

Outlet 2 
Outlet 24 

SMP-P01 

August 12-13, 2020 Gravel Well 24 Inlet 2 

September 10, 2020 Gravel Well 24   

October 12-13, 2020 Gravel Well 24 Inlet 3 

November 12, 2020 Gravel Well 24 

Inlet 2 

Lysimeter 
(11/13) 

1 

 

Time series and grab samples were collected from Ethel Jordan basin (three storms), Betz basin 
(three storms), and SMP-P01 basin (four storms). 

  

 Precipitation data were gathered from a Weather Underground station 

KPAJENKI4, located 1.3 km northwest from the basin (Table 2-2). These data also 

provided the approximate length of dry periods between storms. An Onset® HOBO 

U20L-04 Water Level Logger was positioned at the inlet within the basin. Near 

Jenkintown Creek, a water level logger hanging from a tree collected barometric pressure 

data. The compiled storm characteristics show that Ethel Jordan was subjected to the 

most intense rainfall – 7.6 millimeters per hour (mm/hr) – after a four-day antecedent dry 

period (ADP) on August 28, 2020. According to weather station data, this storm lasted 

13.8 hours and accumulated 104.9 mm of precipitation. The lowest rainfall intensity (1.1 

mm/hr) occurred during the October 12, 2020 storm, which followed a dry period of 

almost 10 days (Table 2-2). This storm was shorter, approximately four hours, and 

precipitation accumulation was 29.2 mm. Basin water level increases generally 

correspond to the precipitation data. The highest rise in water level at the inlet and outlet 
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happened on July 6, 2020, which lasted 35.0 hours and had a rainfall intensity of 7.3 

mm/hr and precipitation accumulation of 37.1 mm. This storm occurred after a dry period 

of four to five days. 

Table 2-2: Ethel Jordan Storm Characteristics 

Characteristic July 10, 2020 August 28, 2020 October 12, 2020 

Storm Duration (hrs) 13.8 4.0 35.0 

ADP (days) 3.6 4.7 9.5 

Total Precipitation (mm) 104.90 29.21 37.09 

Average Precipitation Rate 
(mm/hr) 

7.63 7.30 1.06 

Peak Precipitation Rate (mm/hr) 29.97 28.70 5.59 

Base flow (m) 0.02 0.02 0.03 

Maximum Water Level (m) 0.44 0.27 0.16 

Increase in Water Level (m) 0.42 0.25 0.13 
    

Ethel Jordan storm characteristics compiled using Weather Underground station data from 
KPAJENKI4 and water level logger data. 

 

2.1.2 Betz Basin 

 Storms were sampled at Betz basin on October 20, 2019 and July 6, 2020. For 

each storm, a 24-bottle Teledyne ISCO autosampler was placed at the inlet and outlet; the 

respective sampler actuators and suction tubes were secured inside the inlet pipe and on a 

stake in the outlet ponding area (Fig. 2-3, Fig. 2-4). At the inlet, one-liter plastic ISCO 

bottles during the October 2019 storm whereas ProPak plastic sample bags were used 

during the July 6, 2020 storm. Additionally, a Teledyne ISCO 674 Rain Gauge was 

connected to the inlet autosampler to facilitate sampling. One-liter plastic ISCO bottles 

were set to collect approximately 900 mL of stormwater at the outlet during every storm 

event. A set of 24 samples were collected hourly from the inlet and outlet on October 20, 

2019. On July 6, 2020, the autosampler collected 21 hourly samples at the inlet and 22 

hourly samples from the outlet. To compare NO3
- concentrations in storm samples with 
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pre-storm levels, an outlet grab sample was collected on June 10, 2020. Base flow grab 

samples were also collected from the inlet, mid-basin pool, and outlet on October 8, 

2020, but lacked NO3
- concentrations sufficient for isotope analysis. 

 

Figure 2-3: Betz basin sampling locations are separated by a wide basin (Google EarthTM, 

2020b). 
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Figure 2-4: Betz inlet autosampler tubing was secured to a stake inside the pipe. A 

horizontal metal ruler prevented large debris from disrupting the tubing. 

 

 Supporting data to characterize the storm events were provided by local weather 

stations and water level loggers in the basin. Two Onset® HOBO U20L-04 Water Level 

Loggers secured to stakes in ponding areas at the inlet and outlet, as well as an additional 

water level logger and Onset® HOBO Fresh Water Conductivity Logger secured in the 

inlet pipe, collected storm data at the basin. Betz precipitation data were gathered from 

the Weather Underground station KPAWILLOW10, located approximately four 

kilometers southwest of the basin. The October 20, 2019 storm had an ADP of around 

three days whereas the July 6, 2020 storm had an ADP of six days (Table 2-3). Between 

the two storm events, the 10-hour July 6, 2020 storm had a rainfall intensity of 1.5 

mm/hr, greater than the 8-hour rate of 4.6 mm/hr for the October 20, 2019 storm. The 
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July 2020 storm accumulated twice as much precipitation than seen in October 2019 

(37.6 mm compared to 15.2 mm). 

Table 2-3: Betz Storm Characteristics 

Characteristic October 20, 2019 July 6, 2020 

Storm Duration (hrs) 10.0 8.3 

Antecedent Dry Period (days) 3.5 *5.6 

Total Precipitation Depth (mm) 15.24 37.59 

Average Precipitation Rate (mm/hr) 1.52 4.56 

Peak Precipitation Rate (mm/hr) 3.81 22.35 

Outlet Base flow (m) 0.02 0.05 

Increase Outlet WL (m) 0.11 0.74 
   

Betz basin storm characteristics compiled using Weather Underground station data from 
KPAWILLO10 and water level logger data. *Precipitation total of 4.8 mm during the “dry 
period.” 

 

2.1.3 SMP-P01 Basin 

 SMP-P01 basin was sampled during storm events on August 12, September 10, 

October 12, and November 11, 2020. To catch the first flush from inlets for each storm, 

1-liter Thermo Scientific™ Nalgene™ Storm Water Sampler bottles were placed inside 

grates installed at three inlet sites (EW61, EW62, EW64/65) (Fig. 2-5, Fig. 2-6). A 

twenty-four-bottle Teledyne ISCO autosampler collected time series samples from a 

gravel well located at the outlet (Fig. 2-7). Stormwater from inlet EW63 is not considered 

in this study due to ponding issues. The autosampler was secured to the adjacent outlet 

box with wire and chains. The sampler tubing and actuator were secured to a steel post 

and placed inside the gravel well (Fig. 2-8). Stormwater entering the well was tracked 

using an Onset® HOBO U20L-04 Water Level Logger and Onset® HOBO Fresh Water 

Conductivity Logger, both secured to the post. Barometric data were obtained from a 

water level logger hanging mid-air from the outlet box grate. A Precision Management 

Engineering miniDOT USB Oxygen Logger collected dissolved oxygen (DO) 
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measurements in the SMP-P01 outlet gravel well during the August 2020 storm event. 

Due to interference between the autosampler and the loggers during pumping that likely 

aerated the well, DO measurements were not collected during other storms. 

 

Figure 2-5: SMP-P01 basin sample locations (Google EarthTM, 2020c). 

 

Figure 2-6: Example of an SMP-P01 inlet grate and stormwater bottle used for collection. 
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Figure 2-7: SMP-P01 autosampler setup at the outlet box. The autosampler tubing hangs 

in the adjacent gravel well. 

 

Figure 2-8: Basic sampling setup at SMP-P01 outlet. A water level logger hanging from 

the outlet box grate provided barometric pressure data. 
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 During each storm event, 24 time series samples were collected from the gravel 

well (Table 2-1). The August 12, 2020 storm was sampled at a 10-minute interval during 

the first hour, a 30-minute interval for the following 4 hours, hourly for the next 6 hours, 

and 2 hours apart for the final 12 hours. On September 10, 2020; October 12, 2020; and 

November 11, 2020; the well was similarly sampled at intervals of 10 minutes to 3 hours, 

increasing in duration as the storm progressed. Base flow grab samples were collected 

from the gravel well on September 9, 2020 and October 21, 2020 using a bailer. 

 Precipitation data from a Villanova University weather station ~400 m west of the 

SMP-P01 basin were used to characterize storm events (Table 2-4). ADPs were estimated 

using data from Weather Underground station KPAPHILA131, located ~760 m 

northwest of the basin. The highest average precipitation intensity – 9.0 mm/hr – 

occurred during the August 12, 2020 storm. This storm followed a five-day ADP, lasted 

3.4 hours, and accumulated 30.7 mm of rainfall. The September 10, 2020 storm consisted 

of two separate storm pulses less than two hours, with a complete storm length was 21.8 

hours. Rainfall rates during storm pulses were 4.1 mm/hr and 5.6 mm/hr, respectively. 

Precipitation accumulation totaled 16.3 mm. After a 10-day ADP, the October 12, 2020 

storm had an average rate of 3.1 mm/hr. The storm lasted 9.4 hours and accumulated 28.7 

mm. Storm characteristics from the November 12, 2020 storm were similar; following a 

10-day ADP, rainfall accumulation amounted to 29.0 mm with an average rate of 3.8 

mm/hr over 7.8 hours. 
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Table 2-4: SMP-P01 Storm Characteristics 

Characteristic 
August 

12, 2020 
September 
10, 2020 

October 
12, 2020 

November 
12, 2020 

Storm Duration (hrs) 3.4 
21.8 hrs total: 1.5 first 

pulse, 1.8 second pulse 
9.4 7.7 

Antecedent Dry Period (days) 4.7 6.2 9.8 9.9 

Total Precip. Depth (mm) 30.73 16.26 28.70 28.96 

Ave. Precip. Rate (mm/hr) 8.99 
4.1 first pulse, 

5.55 second pulse 
3.05 3.78 

Peak Precip. Rate (mm/hr) 5.59 10.16 0.76 37.85 

Outlet Base flow (m) 0.71 0.50 0.60 0.64 

Max. Outlet Water Level (m) 1.12 1.01 1.01 1.11 

Increase Outlet WL (m) 0.42 0.51 0.41 0.47 
     

SMP-P01 basin storm characteristics were determined from Villanova University precipitation data 
and water level loggers installed at the outlet. ADPs, as well as November 12, 2020 precipitation 
data, were determined using Weather Underground station data from KPAPHIL131. 

 

2.1.4 Column Sampling and Storm Characteristics 

 Column experiments were conducted to evaluate whether denitrification occurs in 

storage layers created by underdrains. All bioretention columns and storm events were 

designed and run by Adrienne Donaghue in the Temple University College of 

Engineering. Synthetic stormwater was introduced to columns using a peristaltic pump; a 

constant stormwater composition was targeted for every simulation with some variation 

in actual nitrate concentration (Table 2-5; Table 2-6). In order to compare column 

samples to the input nitrate concentrations, tank samples were also submitted for isotopic 

analysis.  Isotope samples were collected from column underdrains and two sample ports 

located in the internal water storage zones. An electronic DO monitor was periodically 

connected to front-facing ports to measure oxygen levels throughout the internal water 

storage zones. The four-inch ports were sampled to examine interior radial flow within 

the upper and lower internal water storage zone (Fig. 2-9). The four-inch sample ports were 

chosen based on the assumption of uniform piston flow through the columns. Prior to the column 
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experiments, samples from two-inch and four-inch ports collected during tracer tests did not 

indicate heterogeneity. Two or three depths were sampled based on sufficient water to 

sample and comparisons between events. During the initial steady-state experiments, 

ports 25 cm and 10 cm above the column base were utilized whereas the 25 cm and 5 cm 

ports were used in later storms. When the 2.5 cm/hr intensity storm event failed to 

produce sufficient volume from the 25 cm port in the middle and top drain columns, the 

20 cm port was sampled instead. 

Table 2-5: Column Experiment Synthetic Stormwater Composition 

Constituent Value Source Chemical/Notes 

pH 7 Adjusted with HCl or NaOH 

NO3
- (M) 0.05 Nitrate 

NaCl (M) 0.01 Used for ionic strength 

NaHCO3 (M) 0.003 Used for buffering 

PO4
3- (M) 0.1 Used to promote biological growth 

   

Synthetic stormwater composition for column experiments contained 
0.05 M of nitrate, or 3.0 mg/L. 
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Table 2-6: Column Input Tank Concentration Variation 

Experiment Date NOx (mg-N/L) 

Steady-State 

(1 cm/hr) 

3/7/2020 2.74 

8/17/2020 3.00 

Low Intensity  

(1 cm/hr) 

8/31/2020 3.00 

9/7/2020 2.78 

Medium Intensity 

(2.5 cm/hr) 

9/21/2020 2.95 

9/28/2020 2.90 

High Intensity 

(5 cm/hr) 

10/12/2020 3.38 

10/19/2020 3.10 

14-Day ADP 

(2.5 cm/hr) 

11/2/2020 4.02 

11/20/2020 3.43 

3-Day ADP 

(2.5 cm/hr) 

11/6/2020 3.51 

11/24/2020 3.33 
                                                                                          

Nitrate concentrations (NOx assuming negligible nitrite) varied between 

experiments. No nitrate measurement was taken on August 17, 2020; a target 

concentration of 3.00 mg/L was assumed for column sample comparison and 

isotope analysis. 

 

 

Figure 2-9: Column sampling ports used during storm events. 
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 Columns were subjected to steady-state conditions during spring 2020 and August 

2020, followed by simulated storms with variable intensity and ADP (Table 2-7). 

Experiments with flow rates of 5 cm/hr, 2.5 cm/hr, and 1 cm/hr ran from February 10, 

2020 to March 11, 2020 to assess column denitrification trends under steady-state 

conditions. Following a four-month laboratory shutdown, a steady-state flow of 1 cm/hr 

was reestablished on August 17, 2020 and against on August 24, 2020. These events 

rewetted the columns and provided duplicate samples to compare to spring samples. 

 Samples were collected for isotope analysis from steady-state flow, varied 

intensity, and varied ADP storm events. Grab samples were collected in 50 mL plastic 

conical tubes and passed through 0.45 μm filters within 24 hours of collection (Fig. 2-

10). Spring steady-state samples were initially taken approximately four hours apart, 

spanning the morning, afternoon, and evening. As flow rate lowered in steps 2 and 3, 

daily samples were obtained in the afternoon. August 2020 steady-state samples were 

collected at the conclusion of four-hour storms. From August 31, 2020 to October 19, 

2020 intensity variation storms were completed in five-hour periods one week apart, 

providing a seven-day ADP. Storm intensity increased over time in three phases (1.0 

cm/hr, 2.5 cm/hr, and 5.0 cm/hr). To test the effect of ADP on nitrification, storms with a 

2.5 cm/hr intensity were run at two different ADPs (3 and 14 days). Simulated storm 

events with a 14-day ADP were conducted on November 2, 2020 and November 20, 

2020; 3-day ADP simulated storms were conducted on November 6, 2020 and November 

24, 2020. 
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Table 2-7: Timeline of All Column Storm Experiments 

Column Storm Event Precipitation Rate (cm/hr) Dates 

Steady-State 5 February 10 to February 24, 2020 

Steady-State 2.5 February 25 to March 5, 2020 

Steady-State 1 March 9, 2020 to March 11, 2020 

Steady-State 1 
August 10, 2020 
August 24, 2020 

Intensity 1 
August 31, 2020 

September 7, 2020 

Intensity 2.5 
September 21, 2020 
September 28, 2020 

Intensity 5 
October 12, 2020 
October 19, 2020 

ADP 3 2.5 
November 6, 2020 
November 20, 2020 

ADP 14 2.5 
November 2, 2020 
November 24, 2020 

 

 

Figure 2-10: Column sampling from the underdrain outlet (left) and clay-rich column 

samples settling in 50 mL conical tubes (right). 
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2.2 Laboratory Analysis 

2.2.1 Anion Analysis 

 Basin samples were filtered through 0.45 μm filters, labeled, and placed in frozen 

storage within 24 hours of collection. Following this, anion levels were analyzed using a 

Thermo Scientific™ Dionex™ ICS-1000 Ion Chromatography System (Dionex IC). 

Frozen samples were thawed directly before 5 mL of each sample were transferred to 

individual plastic vials. Stormwater samples were compared to a set of diluted standards, 

with a nitrate (NO3
-) detection range of 0.05 to 10 mg/L and maximum chloride (Cl-) 

detection limit of 150 mg/L (Table 2-8). Nitrate and chloride levels are reported for all 

basins and all storm events. Because nitrite concentrations remained low – most samples 

did not exceed 0.05 mg/L – these values were not reported. Auxiliary anions analyzed – 

fluoride (F-), phosphate (PO4
3-), bromide (Br-), and sulfate (SO4

2-) – do not provide 

insight into denitrification or stormwater input trends and are therefore not reported. 

Table 2-8: Dionex Ion Chromatography Standards 

  
 Standard ID 
 Lower Low 1 2 3 

A
n

io
n

 T
y
p

e
 

F- 

C
o
n
c
e
n
tr

a
ti
o
n
 (

p
p

m
) 0 0 0.5 1 2 

Cl- 0 0 10 50 150 

NO2
- 0.05 0.25 1 2 4 

Br- 0.05 0.25 0.5 1 2 

NO3
- 0.05 0.25 1 5 10 

PO4
3- 0.05 0.25 0.4 1 2 

SO4
2- 0 0 10 20 40 

 

Anion concentrations of standards used in Dionex ion chromatography analysis of 
field stormwater samples confined nitrate detection to 0.05 to 10 mg/L. 
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 A SEAL Analytical AQ300 Discrete Analyzer (AQ300) in the Temple University 

McKenzie Environmental Engineering lab was used to determine N species 

concentrations in column and select field samples. Prior to analysis, fine particles were 

separated from SMP-P01 and column stormwater samples via centrifuge. The Ethel 

Jordan and Betz samples were filtered with 0.45 μm filters. Column and SMP-P01 

sample analyses were conducted by Adrienne Donaghue and Ethel Jordan and Betz 

sample analysis was conducted by Ashleigh Kirker. Nitrogen species reported for SMP-

P01 from this analysis include NO3
-, nitrite (NOx), total nitrogen species (TN), total 

dissolved nitrogen species (TDN), dissolved organic nitrogen (DON), and ammonium 

(NH4
+). Due to negligible nitrite (NO2

-) concentrations found in each sample, NOx is 

assumed to equate NO3
-. The AQ300 lower N detection limit was 0.008 mg-N/L. 

Nitrogen species reported for Betz include NOx concentrations from October 2019 and 

TDN from July 2020. Ethel Jordan TDN was determined from July 2020, August 2020, 

and October 2020 samples. Select samples from Ethel Jordan and Betz were also 

analyzed by Ashleigh Kirker using a Thermo Scientific™ Orion™ High-Performance 

Ammonia and Ion Selective Electrode. Based on these samples, total ammonium 

contribution to TDN did not exceed 4%; these concentrations were considered negligible 

and are not reported. 

2.2.2 Isotope Analysis 

  Within 24 hours of collection, field and column samples were passed through 

0.45-micron filters into 30-mL Thermo Scientific™ DWK Life Sciences Wheaton™ 

Leak-Resistant Wide-Mouth High-Density Polyethylene (HDPE) bottles. These bottles 

were frozen and stored for shipment to the University of California—Davis Stable 
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Isotope Facility (SIF) for 15N and 18O analysis. Samples remained in storage for a 

maximum of approximately six months before delivery. Only samples with NO3
- 

concentrations at or above the isotope lab limit of quantitation (4 μM NO3
- in water or 

~0.05 mg/L) were selected for analysis. Nitrate values reported to the SIF lab were 

rounded to the nearest 0.01; Dionex IC concentrations were used for field samples and 

AQ300 NOx values were used for column samples. Frozen bottles were packaged in 

individual labeled bags and placed in a cooler filled with dry ice, then shipped to SIF. 

 At the SIF lab, isotopic ratios were determined with a Thermo Scientific™ 

GasBench II device interfaced with isotope-ratio mass spectrometers (SIF, 2019; Fig. 2-

11). Their isotope analysis of NO3
-in water uses a bacteria denitrification assay and 

compares stormwater to laboratory reference materials with known 15N and 18O (Table 2-

9). Once analyzed, isotopic ratios were represented in delta notation and expressed as 

parts per thousand, or per mil (‰). Calculations for these stable isotopes are found using 

the following equations: 

δ N (
 

15
‰) = 

(
N 

15

N 
14 )

sample

− (
N 

15

N 
14 )

standard

(
N 

15

N 
14 )

standard

 x 1000 

δ O (
 

18
‰) = 

(
O 

18

O 
16 )

sample

− (
O 

18

O 
16 )

standard

(
O 

18

O 
16 )

standard

 x 1000 

where (15N/14N)standard and (18O/16O)standard are international reference standards air for 

15N/14N and Standard Mean Ocean Water for 18O/16O (Elliott et al., 2007; SIF, 2019). The 
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lower detection limits on precision for the lab are 0.4 ‰ for 15N and 0.5 ‰ for 18O, but 

the precision for runs of submitted stormwater samples ranged from ±0.07 ‰ to ±0.08 ‰ 

for 15N and ±0.10 ‰ to ±0.23 ‰ for 18O. Enrichment factors (ɛ) provided the final 

appraisal of the denitrification efficiency of a basin or column system. These factors were 

calculated using the following formulas: 

휀 𝑁 
15 =  (𝛿 𝑁𝐶 − 𝛿 𝑁 

15
𝐶0

)/ln (𝐶/𝐶0) 
15  

휀 𝑂 
18 =  (𝛿 𝑂𝐶 − 𝛿 𝑂 

18
𝐶0

)/ln (𝐶/𝐶0) 
18  

where the fraction of nitrate (C/C0) compares the nitrate concentration of a sample (C) 

against the concentration of stormwater input (C0) (Burgis et al., 2020) along a line. 

 

Figure 2-11: Filtered stormwater sample frozen and labeled for shipment to UC-Davis 

Stable Isotope Facility (left) and image of UC-Davis mass spectrometer (right) (SIF, 2019). 
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Table 2-9: Nitrogen-15 and Oxygen-18 Stable Isotope Analysis Reference Materials 

Description δ15NAIR δ18OVSMOW-SLAP Use 

USGS32 180‰ exactly 
25.7 ± 0.2‰ 

Scale Normalization 
25.4 ± 0.2‰ 

USGS34 -1.8 ± 0.1‰ 
-27.9 ± 0.3‰ 

Scale Normalization 
-27.78 ± 0.37‰ 

USGS35 2.7 ± 0.1‰ 
57.5 ± 0.3‰ 

Scale Normalization 
56.81 ± 0.31‰ 

Acros 14.63‰ 25.67‰ Drift Correction, Headspace Correction 

Fisher -4.42 ‰ 23.3‰ Quality Control 

IAEA-NO-3 4.7 ‰ 25.32‰ Linearity Correction, Scale Normalization 

NewAcros 59.25 ‰ 29.9‰ Quality Control 

Strem -3.99 ‰ 23.9‰ Quality Control 
    

Reference materials and isotopic ratios are informed by the United States Geological Survey 
and the UC-Davis Stable Isotope Facility (USGS, 2018; SIF, 2019). 

.   



38 
 

CHAPTER 3 

RESULTS: BASIN DATA 

3.1 N Species and Other Dissolved Species 

3.1.1 Ethel Jordan Basin 

 Samples collected throughout the high intensity, 13-hour July 10, 2020 storm 

were dilute, having low nitrate and chloride concentrations in the inlet and outlet. Inlet 

concentrations decreased over time while outlet concentrations remained steady. Logger 

data from the inlet show that the basin water level rose 0.4 m in four hours in response to 

a peak rainfall rate of 29.97 mm/hr (Fig. 3-1a). All inlet and outlet samples contained 

nitrate concentrations below 0.10 milligrams per liter (mg/L) (Fig. 3-1b). Nitrate 

concentrations in the inlet generally increased and decreased concurrent with water level 

changes and fluctuated from 0.04 to 0.09 mg/L; outlet concentrations ranged from 0.046 

to 0.049 mg/L over 14.2 hours. These outlet values fell just below the SIF lab detection 

limit of 0.05 mg/L, although they were still submitted for isotope analysis. 

 Chloride concentrations generally increased during the July 10, 2020 storm event, 

even as stormwater input decreased. Inlet chloride concentrations ranged from 3.1 to 3.7 

mg/L, decreasing as the water level rose and increasing as it fell (Fig. 3-1c). Outlet 

chloride concentrations were higher, ranging from 4.1 to 7.1 mg/L; they followed the 

same pattern as the inlet, but samples were limited and mostly collected after the outlet 

water level peak (Fig. 3-1c). Ratios of nitrate to chloride content in inlet samples revealed 

that chloride and nitrate concentrations decreased alongside the basin water level rise, 

suggesting an addition of chloride.  The nearly constant outlet ratio, in contrast, was 
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indicative of dilution. Due to its proximity to Cadwalader Avenue, increasing chloride 

concentrations in conjunction with nitrate may be due to latent impact of road salt. 

 

Figure 3-1: All dates and times are listed in Eastern Standard Time (EST). (a) Basin water 

level rose sharply following the maximum precipitation of 29.97 mm/hr. (b) There was 

decrease in inlet NO3
- as inlet water level lowered and stagnant outlet NO3

- concentrations. 

Concentrations are compared to the isotope detection limit (IDL) of ~0.05 mg/L. (c) Nitrate 

to chloride ratios confirm that NO3
- and Cl- concentrations decrease as water level rises.  

 After the brief, high intensity August 28, 2020 storm, inlet and outlet nitrate 

concentrations decreased as basin water level decreased, with starting concentrations in 
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the outlet being nearly double those seen in the inlet. Based on precipitation and logger 

data, the rainfall peak occurred approximately 30 minutes before the inlet autosampler 

triggered (Fig. 3-2a). This peak is assumed to have instigated the first flush of stormwater 

entering the basin. As the water level rose 0.2 m during the first 45 minutes, nitrate 

concentrations increased (Fig. 3-2b). Nitrate concentrations decreased as water level 

decreased 0.1 m over the following 25 hours. IC analysis showed that concentrations 

decreased gradually apart from inlet sample #12. Low nitrate and other anion 

concentrations despite no change in precipitation or water level make sample #12 an 

outlier in the inlet dataset (possible instrument error). Outlet grab samples collected 

approximately 2.5 hours and 4 hours after the rainfall peak have steady nitrate 

concentrations of 0.46 and 0.47 mg/L, respectively. The final outlet sample, collected 27 

hours after the rainfall peak, had a much lower concentration of 0.04 mg/L. Early in the 

storm, inlet chloride concentrations decreased from 15.7 to 2.9 mg/L as water level rose 

in the basin (Fig. 3-2c). Both inlet and outlet samples experienced an increase in chloride 

as the water level decreased. Inlet chloride increased from 2.9 to 4.3 mg/L and outlet 

chloride increased from 4.3 to 5.4 mg/L.  
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Figure 3-2: (a) The storm was intense and brief, with a maximum precipitation rate was 

14.99 mm/hr; basin water level rose concurrently with precipitation. (b) Inlet and outlet 

NO3
- concentrations decreased as inlet water level lowered. (c) Inlet Cl- concentrations 

from this storm have an inverse relationship to water level. Outlet Cl- increased as NO3
- 

and water level lowered. An outlier nitrate concentration is shown in gray. 
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 Outlet samples collected before and after the rainfall peak during the low intensity 

October 12, 2020 storm experienced a slight decrease in nitrate. With a peak precipitation 

rate of 5.59 mm/hr, the basin water level responded slowly and rose only 0.12 m. The 

inlet autosampler started to collect stormwater five hours after the onset of the rainfall 

(Fig. 3-3a). Following this, the autosampler continued to collect samples for five and a 

half hours as the water level decreased 0.03 m. Inlet nitrate concentrations ranged from 

0.06 to 0.50 mg/L with an initial peak of 0.33 mg/L and second peak of 0.50 mg/L after 

an additional inlet water level rise (Fig. 3-3b). Nitrate and chloride increased as water 

level rose in the basin. Nitrate increased from 0.09 to 0.11 mg/L before and after the 

basin water level peak and chloride increased from 1.2 to 1.5 mg/L (Fig. 3-3c). In these 

limited outlet samples, there was a decrease in the nitrate to chloride ratio. An increase in 

the nitrate to chloride ratio during and shortly after the basin water level peak may 

correlate to an input of stormwater with low chloride concentrations or possibly 

nitrification. 
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Figure 3-3: (a) Two rainfall peaks occurred, with maximum precipitation rates of 4.57 and 

5.59 mm/hr, are reflected in the basin water level rise. (b) Inlet nitrate concentrations 

increased as inlet water level rose. (c) Inlet Cl- concentrations have an inverse relationship 

with water level and outlet levels increase. 
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 Measurements of TDN in Ethel Jordan samples fluctuated throughout each storm 

(Fig. 3-4). Most TDN concentrations during the July 2020 storm were below 1.0 mg/L, 

giving it the lowest average TDN of all Ethel Jordan storms (Fig. 3-4a). The percentage 

of nitrate within these TDN measurements followed inlet nitrate patterns: as water level 

rose, inlet and outlet nitrate contributions increased. Outlet nitrate contributed to 5% to 

8% percent of the TDN (Fig. 3-5). In contrast, dissolved organic nitrogen (DON) in the 

inlet and outlet samples accounted for over 80% of TDN (Fig. 3-6). Median inlet and 

outlet concentrations were 0.74 and 0.76 mg/L; these values were ~12 times higher than 

the average nitrate concentrations. 

 Compared to the July 2020 and October 2020 storms, the highest nitrogen species 

concentrations were recorded during the August 28, 2020 storm. TDN concentrations 

stayed below 6 mg/L for the majority of the storm but saw an increase of almost 30 mg/L 

in the inlet ~12 hours after the peak basin water level (Fig. 3-4). The following samples 

decreased to 7.76 mg/L within five hours and a final outlet sample had a concentration of 

1.65 mg/L. Outlet TDN peaked at 3.35 m/L; Outlet sample nitrate contributions increased 

from 14% and 48% of TDN before dropping to 3% (Fig. 3-5). There was no additional 

stormwater input or rainfall recorded to explain the rise in inlet TDN; leaching of organic 

nitrogen within the basin may have contributed to this increase. The minimum, median, 

and maximum nitrate concentrations were higher than inlet concentrations during the 

storm, but they did not exceed 2.5 mg/L (Fig. 3-5). There are low nitrite concentrations 

and negligible ammonium comprising TDN measurements; DON accounts for the 

leftover contribution to TDN. DON measurement from August 28, 2020, therefore, 

exceed 30 mg/L (Fig. 3-6). It is unknown if outlet nitrate or DON concentrations 
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responded to the high TDN during this period, due to limited samples. Of the available 

data points, outlet DON contributed to up to 86% of TDN. 

 Despite having defined nitrate concentration peaks, Ethel Jordan TDN 

concentrations varied the most during the low intensity October 12, 2020 storm (Fig. 3-

4). Two outlet samples provided TDN concentrations of 1.40 and 1.90 mg/L along the 

rise and fall of the basin water level peak. Inlet samples ranged from 0 to 2.10 mg/L. The 

inlet TDN peak occurred concurrently with the basin water level peak, meaning outlet 

and inlet TDN measurements were within 0.2 mg/L around this time; this relationship is 

consistent with nitrate concentrations (Fig. 3-3b). Out of 19 samples, the median nitrate 

contribution to the inlet TDN was 10%. However, because of the TDN fluctuations 

throughout the storm, inlet DON contributed between 21 to 97% to TDN whereas DON 

contributed over 90% in outlet TDN. 



46 
 

 

Figure 3-4: Total dissolved nitrogen concentrations fluctuated over time. Outlet 

concentrations were lower than inlet levels during the July 10, 2020 and August 28, 2020 

storms. TDN values were highest overall during the August 28, 2020 storm. 
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Figure 3-5: Outlet nitrate concentrations were highest during the August 28, 2020 storm. 

Outlet nitrate levels in July 2020 and October 2020 storms were, on average, lower than 

inlet samples. 
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Figure 3-6: Dissolved organic nitrogen concentrations were generally high in inlet and 

outlet samples. Inlet samples had a larger range of concentrations. The contribution to TDN 

was, overall, much higher for DON than for nitrate (see Fig. 3-5). 
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3.1.2 Betz Basin 

 A low intensity storm on October 20, 2019 produced stagnant outlet nitrate 

concentrations whereas inlet concentrations increased over time. The Betz inlet water 

level rise increased as rainfall reached a peak rate of 3.81 mm/hr (Fig. 3-7a). The 

autosampler began collecting inlet samples after the water level rose 0.25 m, or four 

hours after the rainfall peak; outlet sampling began ~30 minutes later. Inlet water level 

rose 0.28 m over two and a half hours, then decreased 0.16 m during the following eight 

hours. After the initial rise and fall, inlet water level decreased <0.10 m for the remaining 

14 hours of sampling. Inlet and outlet samples both saw a decrease in nitrate 

concentration during the first two hours of sampling (Fig. 3-7b). At this time, inlet nitrate 

decreased from 0.24 to ~0.10 mg/L. In the remaining inlet and outlet samples, nitrate 

concentrations increased. Excluding one inlet sample collected 20 hours after the initial 

stormwater input with a nitrate concentration of 1.41 mg/L, all inlet samples had 

concentrations below 0.60 mg/L. During the storm, outlet samples had a minimum nitrate 

concentration of 0.16 mg/L and maximum concentration of 0.24 mg/L. Chloride 

concentrations in inlet samples increased with the initial stormwater input into the basin, 

reaching 5.4 mg/L (Fig. 3-7c). Chloride continued to increase for the duration of the 

sampling period; after 17 hours, chloride concentrations increased to a maximum of 23.8 

mg/L. Similar to the inlet samples, outlet chloride concentrations increased as the inlet 

water level rose. After reaching its maximum chloride concentration of 40.9 mg/L in one 

hour, outlet concentrations decreased to a minimum 11.4 mg/L. 



50 
 

 

Figure 3-7: All Betz dates and times are listed in Eastern Standard Time (EST). (a) Basin 

water level rise coincided with heavier rainfall. (b) Outlet nitrate concentrations were low 

and steady compared to inlet levels that increased over time. (c) Nitrate-to-chloride ratio 

reflects chloride concentrations lowering while nitrate was constant and inlet chloride 

increased as water level decreased. 
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 A brief, higher intensity storm at Betz basin on July 6, 2020 followed similar 

trends to the October 2019 storm, with outlet nitrate concentrations staying lower and 

steadier than the increasing inlet concentrations. Precipitation and logger data indicate 

that inlet and outlet water levels started to rise three and half hours after the peak of the 

rainfall (Fig. 3-8a). At this time, the outlet autosampler began collecting stormwater; the 

outlet autosampler was triggered 30 minutes later. Water level data from the inlet pipe 

show stormwater input peaked within one and a half hours. The outlet rose 0.7 m and 

reached its peak an hour later than the inlet. While both inlet and outlet nitrate 

concentrations increased with the initial stormwater rise, outlet concentrations decreased 

over time and the inlet increased. As inlet water level decreased, samples collected over 

19 hours had nitrate concentrations ranging from 0.54 to 1.39 mg/L (Fig. 3-8b). The 

maximum outlet nitrate concentration (0.46 mg/L) occurred shortly after the peak outlet 

water level was measured. A final outlet sample collected 21 hours later had a minimum 

nitrate concentration of 0.02 mg/L. An outlet grab sample with a nitrate concentration of 

1.62 mg/L and chloride concentration of 34.8 mg/L, ~18.5 hours after the storm ended is 

an outlier inconsistent with basin water level and anion trends (Fig. 3-8c). Inlet chloride 

concentrations increased throughout the entire sampling period, as the inlet water level 

rose and fell. The inlet chloride varied more than the October 20, 2019 storm, ranging 

from 3.5 to 34.1 mg/L. Outlet chloride decreased as the outlet water level rose and then 

increased as it decreased. Excluding the outlier sample noted above, outlet chloride 

ranged from 2.5 to 19.7 mg/L. Conductivity logger measurements stop before a sharp 

drop in chloride concentration in the final outlet sample to 5.5 mg/L, and therefore cannot 

confirm the trend. 
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Figure 3-8: (a) Stormwater entered the basin approximately three hours after the peak 

rainfall rate was recorded. (b) Outlet nitrate concentrations increased as the basin water 

level rose and decreased as it fell. Outlet levels were consistently lower than inlet 

concentrations. (c-d) Outlet chloride levels were nearly twice as high as inlet values, but 

both increased over time with a sharp decrease in concentration in final samples. An outlier 

nitrate concentration is shown in gray. 
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 Inlet and outlet TDN concentrations was more variable than the nitrate 

concentrations (Fig. 3-9a-c). Although outlet nitrate concentrations from the October 20, 

2019 storm were lower than inlet, the highest TDN concentrations were detected in the 

outlet (Fig. 3-9a). Outlet TDN measurements were higher than nitrate concentrations in 

all samples but a grab sample collected almost 24 hours after sampling began (Fig. 3-8b). 

This likely indicates an error in the outlier nitrate measurement. Outlet TDN 

concentrations ranged from 1.49 to 44.90 mg/L; inlet TDN ranged from 0.44 to 6.33 

mg/L. Initially low outlet TDN concentrations increased along the basin water level peak. 

The outlet TDN peak was not aligned with any notable changes in water level or inlet 

TDN. Inlet concentrations from this October 2019 storm were similar to TDN 

concentrations detected in July 6, 2020 storm samples. The inlet concentrations ranged 

from 1.09 to 2.33 mg/L. Outlet concentrations were generally lower than inlet 

concentrations during the July 2020 storm, ranging from 0.23 to 1.87 mg/L. The median 

outlet nitrate contribution to TDN was lower than the inlet during both storms (Fig. 3-10). 

Nitrate contribution to TDN in October 2019 outlet samples ranged from <1% to 15% 

and July 2020 samples ranged from 2 to 50%. Outlet DON concentrations were higher 

than inlet concentrations during the October 2019 storm, but similar to July 2020 inlet 

concentrations (Fig. 3-11). Overall, DON contributed to up to 99.6% of TDN in the 

outlet. 
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Figure 3-9: All dates and time are listed in EST. Total dissolved nitrogen was up to 20 

times higher in October 2019 outlet samples than seen in July 2020 inlet and outlet samples. 
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Figure 3-10: Outlet nitrate concentrations were lower in the October 2019 storm than the 

July 2020 storm. July 2020 inlet samples had the highest average nitrate concentrations. 
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Figure 3-11: October 2019 outlet samples had the highest median DON concentration, with 

a peak of >40 mg/L. The DON contribution to TDN was overall higher than nitrate (see 

Fig. 3-10). Outlet DON accounted for a higher fraction of TDN than the inlet, on average. 
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3.1.3 SMP-P01 Basin 

 During the low intensity August 12, 2020 storm, SMP-P01 outlet nitrate 

concentrations decreased to nearly 0 mg/L, despite initial concentrations that were higher 

than inlet samples. The storm event had a rainfall peak of 5.59 mm/hr (Fig. 3-12a). Inlet 

stormwater bottles at sites EW61 and EW62 collected a first flush of runoff; estimated 

collection times are approximately one hour after the rainfall peak. The gravel well water 

level rose 0.4 m to its peak in two and a half hours. Outlet samples were collected along 

this rise and the following 21 hours, as the water level decreased 0.3 m. Inlets EW61 and 

EW62 had nitrate concentrations of 0.03 and 0.55 mg/L, respectively (Fig. 3-12b). 

During the outlet sampling period, dissolved oxygen (DO) logger data from this storm 

show that DO concentrations stayed within a range of approximately 6.0 to 9.0 mg/L 

(Fig. C-6). DO increased sharply from 2.0 to 6.4 mg/L between samples #4 and #5, then 

remained steady. Outlet nitrate decreased from 0.85 to 0.03 mg/L over the ~22-hour 

collection period. An increase in nitrate occurred in two samples during this otherwise 

downward trend. The nitrate to chloride ratios mirrored nitrate concentration trends, as 

chloride increased. Following a decrease in chloride of 0.3 mg/L during the well water 

level rise, outlet chloride concentrations increased throughout the storm (Fig. 3-12c). 

Outlet chloride ranged from 5.0 to 27.2 mg/L. Inlet chloride concentrations differed from 

outlet concentrations. Site EW61 produced a high chloride concentration, surpassing the 

150.0 mg/L upper detection limit whereas EW62 had a concentration of 8.3 mg/L. 

Further inconsistencies in nitrate contributions to TDN in sample EW61 suggest its IC 

anion measurements are invalid. 
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Figure 3-12: (a) The gravel well water level rose approximately two hours after the 

maximum precipitation rate of 5.59 mm/hr. (b) Outlet nitrate concentrations were higher 

than inlet stormwater but decreased to nearly 0.0 mg/L over time. (c) The nitrate-to-

chloride ratio decreases over time as chloride increases and nitrate lowers. Inlet chloride 

levels are comparatively higher than initial outlet concentrations. 
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 Chemical analyses of September 10, 2020 basin samples reflect a storm with two 

distinct rainfall peaks. An autosampler began collecting gravel well samples 

approximately one hour after a maximum precipitation rate of 7.62 mm/hr (Fig. 3-13a). 

This initial rainfall produced a well water level rise of 0.3 m over five hours. After the 

first precipitation period, lasting 1.2 hours, rainfall ceased for almost 18 hours and water 

level decreased in the well. During a second precipitation burst, lasting ~2.5 hours, a peak 

rainfall rate of 10.16 mm/hr produced a smaller water level rise of 0.16 m. Outlet water 

level rose over the course of one hour. Nitrate concentrations increased as stormwater 

entered the well, and subsequently decreased (Fig. 3-13b). Conductivity confirms that 

chloride concentrations decreased as nitrate and stormwater input in the well increased 

(Fig. 3-13c). A decrease in chloride in sample #16 is inconsistent with conductivity, 

suggesting error in measurement. 
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Figure 3-13: (a) Gravel well water level rose two to three hours after peak rainfall rates of 

7.62 mm/hr and 10.16 mm/hr. (b) Outlet nitrate concentrations increased as stormwater 

entered the gravel well, but as water level lowered. (c) Outlet chloride levels recorded by 

Dionex IC analysis generally followed conductivity logger data. Sample #16 shows a 

decrease in chloride not reflected in conductivity data. 
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 Outlet samples collected during the low intensity October 12, 2020 storm 

followed a similar pattern to the September 2020 event, but peak nitrate concentrations 

were more than two times lower. Similar to the August 2020 storm, October inlet samples 

had lower nitrate concentrations than seen in peak outlet concentrations. Inlet stormwater 

bottles filled as stormwater entered the basin and as water level rose in the outlet; outlet 

water level rose as rainfall reached a peak rate of 0.76 mm/hr (Fig. 3-14a). Stormwater 

collected from three inlets had nitrate concentrations of 0.04, 0.20, and 0.76 mg/L (Fig. 3-

14b). Shortly after, the outlet well water level rose 0.4 m and nitrate concentrations 

increased from nearly 0 mg/L to 2.02 mg/L. Although this two-hour water level rise 

preceded a steady, slow decline of 0.2 m, nitrate concentrations fluctuated. Peak nitrate 

concentrations were followed by a 0.74 mg/L dip in nitrate and a successive 0.76 mg/L 

increase. Nitrate decreased to 0.21 mg/L over the next 22 hours. Sample #18 is an 

anomaly in the dataset with nitrate and chloride concentrations lower than preceding and 

succeeding samples; additionally, its nitrate concentration deviates from the AQ300 NOx 

value by 0.37 mg/L (Fig. 3-14c). Logger data showed chloride in the anomalous sample 

decreased where conductivity increased (Fig. 3-14d). 
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Figure 3-14: (a) Gravel well water level rose ~3 hours after peak rainfall rate of 0.76 mm/hr. 

(b) Outlet nitrate concentrations increased as stormwater entered the gravel well and 

decreased as water level lowered. Inlet samples had variable nitrate concentrations. (c) 

Outlet chloride levels recorded by Dionex IC analysis generally followed conductivity 

logger data. Sample #18 shows a decrease in chloride not reflected in conductivity data. 
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 Outlet samples had low nitrate concentrations during the high intensity storm on 

November 12, 2020; initial outlet concentrations were lower than inlet concentrations. 

Water level rose approximately 0.4 m as rainfall rates increased (Fig. 3-15a). This high 

intensity storm reached a peak rainfall rate of 37.85 mm/hr. Inlet stormwater samples 

collected at EW61 and EW62 during the first flush of runoff had nitrate concentrations 

between 0.33 - 0.62 mg/L (Fig. 3-15b). Aside from an inconsistently high nitrate 

concentration detected in a duplicate sample, outlet nitrate concentrations remained 

below 0.39 mg/L. Samples collected as water level fell show an increase in nitrate at the 

start, followed by a fluctuating decrease. The first samples showed outlet nitrate 

increased from 0.25 mg/L to a peak of 0.38 mg/L over two hours. Nitrate concentrations 

then decreased to a minimum 0.15 mg/L. Chloride concentrations above the maximum 

detection limit in sample #15 and a duplicate sample suggest contamination within the 

sample (Fig. 3-15c). Excluding this outlier sample, chloride concentrations followed 

conductivity changes (Fig. 3-15d). Chloride fluctuated over time with a minimum 

concentration of 3.92 mg/L and maximum concentration of 10.44 mg/L. 
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Figure 3-15: (a) Gravel well water level rose concurrent with a peak rainfall rate of 30.48 

mm/hr. (b) Outlet nitrate concentrations fluctuated over time with all samples remaining 

below 0.60 mg/L. Inlet samples had variable nitrate concentrations similar to outlet levels. 

An outlier nitrate concentration is shown in gray. (c) Outlet chloride levels recorded by 

Dionex IC analysis generally followed conductivity logger data. Sample #15 and a 

duplicate sample show an increase in chloride not reflected in conductivity data. 
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 TDN or TN concentrations varied by storm, but generally increased as stormwater 

entered the outlet and decreased as water level decreased. The highest concentrations 

were detected during the September 10, 2020 storm, which includes nitrogen species 

other than dissolved nitrogen (Fig. 3-16b). November 2020 TDN concentrations, similar 

to nitrate concentrations, fluctuated between 0.78 mg/L to 1.18 mg/L (Fig. 3-16d). 

During the September 2020 storm, outlet nitrate contribution decreased as concentrations 

decreased, ranging from 4% to 61% of TDN (Fig. 3-17). Ammonium detected in 

analyzed stormwater samples ranged from 0.01 mg/L to 0.26 mg/L (Fig. 3-18). These 

concentrations are higher than the other basins due to the anoxic storage zone in SMP-

P01. Outlet ammonium contribution increased from <1% to 7% as the well water level 

rose and continued to rise as the well decreased. The outlet TDN reached a maximum of 

27% ammonium, making it higher than either inlet sample. Outlet dissolved organic 

nitrogen started lower than inlet values; DON contribution increased from 27% to 70% as 

nitrate concentration decreased (Fig. 3-19). An increase in nitrate in the latter half of 

samples was offset by a decrease in DON, but its TDN contribution remained steadily 

between 63% and 70% for the rest of the storm. 
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Figure 3-16: Total dissolved nitrogen increased as basin water level rose and decreased 

over time. TDN levels were highest during the low intensity September 10, 2020 storm. 

Concentrations fluctuated throughout the November 12, 2020 storm. 
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Figure 3-17: Nitrate concentrations in the SMP-P01 outlet varied, but each median 

concentration remained below 1 mg/L. In the first three, low intensity storms, the nitrate 

contribution to TDN concentrations had a range of >50%; nitrate had a more limited 

range during the November 2020 storm. 
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Figure 3-18: Ammonium concentrations were highest during the September 2020 storm. 

Ammonium levels accounted for >20% TDN during the first three storms, with the 

contribution increasing over time. 
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Figure 3-19: The highest median and maximum DON concentration occurred during the 

September 2020 storm. DON concentrations stayed within a small range during the 

October and November storms. Compared to Betz and Ethel Jordan, SMP-P01 samples 

had the largest ranges of DON contribution to TDN (see Fig. 3-16 and Fig. 3-10). 
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 Samples from the September 10, 2020 storm had nitrate contributions to the total 

nitrogen species concentration (TN) that followed the trend of nitrate concentrations, 

increasing as water level rose (Fig. 3-16b). Likely due to improper instrument calibration, 

TDN concentrations were generally higher than the total nitrogen species (TN) 

determined during AQ300 analysis; nitrate and other nitrogen species in September 10, 

2020 samples were thus compared to TN. Samples collected in the following 30 minutes 

contained up to 61% nitrate. Nitrate contribution gradually declined as nitrate 

concentrations decreased. The second flush of stormwater increased nitrate contribution 

to 45%. Ammonium and DON concentrations followed an inverse pattern in comparison 

to nitrate. Ammonium contribution ranged from 4 - 40% and DON ranged from 17 - 69% 

(Fig. 3-18).  

 Whereas all median nitrate values remained below 1 mg/L, the September 2020 

storm had the highest median concentration and largest nitrate range. This was consistent 

with high TN and ammonium concentrations decreasing over time (Fig. 3-18). By 

comparison, the November 2020 storm had the smallest nitrate concentration range and 

the narrowest range of TDN fractions. Nitrate contribution to TDN in low intensity 

storms at SMP-P01 spanned a 45 to 55% range, but the maximum and minimum 

November storm contributions to TDN only differed by 22%. Likewise, the November 

2020 ammonium concentrations were lower than all other storms (Fig. 3-18). DON 

concentrations were similar throughout each storm (Fig. 3-19). The September 2020 

storm had the highest maximum DON value (1.46 mg/L) with median DON 

concentrations ranging between 0.62 - 0.74 mg/L. 
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 Ammonium concentrations peaked early in the October 2020 storm, just as nitrate 

concentrations began to rise (Fig. 3-18). The ammonium peak concentration (0.39 mg/L) 

also accounted for a maximum contribution of 38% TDN. Ammonium fractions 

decreased quickly and stayed below 3% of TDN for the majority of the storm. Nitrate, 

DON, and TDN concentrations peaked around the same time, with nitrate comprising 

52% of TDN. As all three values decreased, DON maintained a higher percentage of 

TDN than nitrate, with a maximum of 67%. 

3.2 Isotopic Ratios 

3.2.1 Ethel Jordan Basin 

 Isotopic ratios of five inlet samples and two outlet samples from the July 10, 2020 

storm show a trend consistent with isotopic mixing. Inlet samples selected for analysis 

were collected during the basin water level rise and fall, over a time span of four and a 

half hours. The outlet grab samples were collected six hours apart, the first taken before 

any of the inlet samples and the second taken after all inlet samples. The outlet δ15N 

became heavier over the six-hour period, increasing from 0.5‰ to 1.0‰, but δ18O 

decreased from 17.3‰ to 14.4‰. Isotopic ratios of the inlet samples ranged from values 

consistent with fertilizer and soil to atmospheric nitrogen sources mixed with soil 

nitrogen (Fig. 3-20). Whereas inlet δ15N values generally became lighter over time, outlet 

samples were both heavier while falling on a similar mixing trend. δ15N values in the 

outlet decreased from 3.3‰ to 1.5‰. Outlet δ18O generally became lighter, similar to the 

inlet, with values ranging from 12.1‰ to 17.1‰. The inlet likely influenced outlet 

isotopic ratios, but stormwater input mixed with existing water and nutrients in the basin 
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to create these variable ratios.  There was no evidence for heavier isotope ratios 

indicating denitrification. 

 

Figure 3-20: Isotopic signatures from the July 10, 2020 storm ranged from nitrate and 

ammonium in fertilizer. A heavy inlet oxygen isotopic ratio at the start of the storm was 

likely impacted by atmospheric deposition. Ethel Jordan outlet isotopic ratios were lighter 

than the inlet. 
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 Outlet isotopic ratios for August 28, 2020 stormwater also followed a mixing 

pattern with variable inlet ratios. Six inlet samples collected on the rising and falling limb 

of the storm were selected for analysis along with two outlet grab samples collected as 

water level began to decrease in the basin. Inlet samples spanned almost 13 hours; outlet 

grab samples approximately one and a half hours apart. The δ15N values varied but stayed 

within a narrow range of 0.4 - 3.0‰. Inlet and outlet isotopic ratios were consistent with 

atmospheric nitrate and fertilizer mixing (Fig. 3-21). Outlet δ18O ratios decreased from 

27.8‰ to 26.3‰. These values fall between δ18O ratios of inlet samples collected before 

and after the outlet samples were collected. The δ18O outlet ratios were likely altered by 

additional mixing as inlet stormwater traveled through the basin. Whereas inlet samples 

saw an increase in δ15N by the end of the storm, the two outlet samples only reflect a 

slight decrease: 0.9‰ to 0.7‰. 

 Stormwater samples collected during the October 12, 2020 storm encompassed a 

wider δ18O range than prior storms, but outlet ratios still mimicked inlet ratios rather than 

providing evidence of denitrification. The two available outlet grab samples were 

compared to seven inlet samples; inlet samples spanned a 16-hour period and outlet 

samples spanned four hours. The outlet samples were collected before and after the basin 

water level peak. The outlet δ18O ratios decreased from 17.3‰ to 12.4‰ and δ15N 

decreased from 0.0‰ to -1.7‰, giving the samples isotopic signatures similar to fertilizer 

(Fig. 3-22). Inlet sample isotopic ratios were all consistent with fertilizer except for the 

earliest sample analyzed, which had a ratio influenced by atmospheric nitrate. The outlet 

δ15N of the second outlet sample was similar to ratios of prior inlet samples, whereas the 

outlet sample’s δ18O ratio was similar to later inlet samples. 
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Figure 3-21: Ethel Jordan inlet and outlet isotopic ratios from the August 28, 2020 storm 

had signatures consistent with atmospheric deposition and nitrate in fertilizer. Outlet 

isotopic ratios became lighter over time while inlet δ15N values became heavier. 
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Figure 3-22: Isotopic ratios from the October 12, 2020 storm varied in δ18O but stayed 

within a narrow δ15N range. Outlet isotopic ratios became lighter over time. 
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3.2.2 Betz Basin 

 Betz basin outlet samples collected during the October 20, 2019 storm do not 

have isotopic ratios that indicate microbial denitrification; instead, decreasing, variable 

isotopic ratios reflect a mixing process with incoming stormwater (Fig. 3-23). Eleven 

inlet samples, including two grab samples, and eight outlet samples were analyzed for 

18O and 15N. All samples were collected along a fluctuating water level peak and a 

subsequent decrease in water level. Inlet samples were covered a 23-hour period and 

outlet samples were collected over 16 hours. Inlet δ18O and δ15N ratios ranged from 

26.4‰ to 2.5‰ and 1.3‰ to 7.4‰, respectively. The first four outlet samples, however, 

experienced an increase in δ18O (9.5‰ to 22.5‰) and decrease in δ15N (3.0‰ to -1.1‰). 

Isotopic ratios in subsequent samples rebounded, with some variation; the final two 

samples analyzed had δ18O values of 10.8‰ and 17.9‰ and δ15N of 2.0‰ and 3.8‰. 

Although outlet δ15N became heavier toward the end of the storm, this trend may be a 

delayed response to inlet ratios due to the size of the basin. Stormwater requires more 

time to travel 237 m from the inlet to outlet at Betz than the 27-m distance it needs to 

travel at Ethel Jordan. 
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Figure 3-23: Betz isotopic ratios from the October 20, 2019 storm were consistent with a 

variety of chemical signatures. Inlet and outlet isotopic ratios fluctuated over time 

without a defined trend. 
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Inlet and outlet samples collected during the July 6, 2020 storm event produced 

similar isotopic ratios, both in value and mixing trend. The nine inlet and six outlet 

samples sent for analysis were collected during the basin water level rise and fall, 

including one inlet grab sample. Inlet samples spanned 20 hours and outlet samples 

spanned 19 hours. Unlike the October 2019 storm, inlet and outlet δ18O decreased and 

δ15N increased following approximately the same trend (Fig. 3-24). Inlet and outlet 

samples began with isotopic signatures consistent with atmospheric nitrate and decreased 

to ratios in line with fertilizer and soil. Inlet δ18O decreased from 40.6‰ to 8.8‰; δ15N 

increased from -3.6‰ to 8.2‰. Outlet δ18O decreased from 39.4‰ to 17.0‰ with some 

inconsistency between samples #19 and #22, collected three hours apart. The δ15N ratios 

increased from -4.0‰ to 6.4‰. Despite the heavy δ15N ratios, a steady increase in inlet 

nitrate concentrations and decrease in δ18O over time provide limited evidence of 

microbial denitrification. This high intensity storm may have contributed to initially 

heavy δ15N and δ18O ratios at both ends of the basin and the greater similarity between 

inlet and outlet ratios than observed in the October 2019 storm. 
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Figure 3-24: Stormwater mixing created inlet and outlet isotopic ratios consistent with a 

variety of chemical signatures, including marine nitrate. Inlet isotopic ratios followed a 

haphazard pattern, but outlet δ15N became heavier over time whereas δ18O became lighter. 
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3.2.3 SMP-P01 Basin 

 Isotopic ratios of SMP-P01 outlet gravel well samples from the August 12, 2020 

storm event became heavier as nitrate concentrations decreased, suggesting a period of 

microbial denitrification approximately five to eight hours after stormwater entered the 

well. Seven time-series outlet samples and a first flush sample from inlet site EW62 were 

sent for analysis; outlet samples spanned the first ~12 hours of stormwater collection. 

Inlet EW62 δ15N and δ18O of 1.4 and 38.8‰, respectively, was heavier than most outlet 

samples in this storm (Fig. 3-25). Initial outlet samples #1 and #5 had similar δ15N of 

1.7‰ to 1.5‰, but δ18O decreased to 22.3‰ and 25.3‰. Samples shifted to heavier δ15N 

and lighter δ18O for the following four hours. During this period, δ15N increased to 

12.9‰ and δ18O decreased to 10.5‰. From sample #13 to #16, both δ15N and δ18O 

increased to 16.6‰ and 19.3‰. The final sample had a δ15N value of 16.9 and yielded 

δ18O of 18.2‰. This was only a small change in signature and occurred after four hours, 

whereas the prior four-hour change produced an increase in δ15N and δ18O at rate of 

2.4:1. These trends suggest the outlet samples were impacted by a brief period of 

denitrification followed by a period of stasis. Stormwater input likely affected isotopic 

ratio changes at the beginning of the storm. 
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Figure 3-25: SMP-P01 outlet samples from the August 12, 2020 storm had isotopic ratios 

consistent with fertilizer, soil, marine sources, and septic waste. Outlet samples had lighter 

δ18O than inlet EW62. Over time, outlet δ15N became heavier. Outlet δ18O became heavier 

during a period between samples #13 and #16, after which isotopic transformation stopped. 
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 Increasing isotopic ratios in outlet samples from the September 10, 2020 storm 

reveal a period of denitrification followed by a period of recovery as isotopic ratios 

decreased. The seven outlet samples selected for analysis spanned 24 hours. Initial 

isotopic ratios were consistent with ammonium in fertilizer and soil (Fig. 3-26). Both 

δ15N and δ18O decreased from sample #1 to #4, which was followed by an increase in 

δ15N and δ18O from sample #4 to #17. This eight-hour period saw an increase in δ15N of 

4.1‰ to 10.2‰ and δ18O of -3.5‰ to 9.5‰; rates of change between samples varied 

from 1.9:1 to 2.4:1. Heavier isotopic ratios in addition to decreasing nitrate 

concentrations suggest denitrification. The largest increase in δ15N occurred between 

samples #17 and #21. Over seven hours, δ15N increased by 14.0‰ and δ18O increased by 

8.7‰. The heavy δ15N ratio indicates microbial denitrification, but it was followed by an 

equally an even larger decrease in δ15N. Sample #24 had a δ15N of 7.0‰ and δ18O of 

5.1‰. Recovery of isotopic ratios correlates to an increase in outlet water level after a 

second storm peak (Fig. 3-13). 
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Figure 3-26: Outlet isotopic ratios from the September 10, 2020 storm were consistent with 

fertilizer and soil signatures. The isotopic ratios fluctuated but saw a steady increase in 

δ18O and δ15N between samples #17 and #21 followed by a recovery to initial ratios. 
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 Isotopic ratios from outlet samples at SMP-P01 collected during the October 12, 

2020 storm showed constant δ15N and increasing δ18O during the first nine hours of 

sampling, followed by a thirteen-hour hour period with heavier δ15N and δ18O. Inlet 

samples from sites EW62 and EW64/65 and six outlet time series samples were shipped 

for analysis. Outlet samples spanned 21 hours and represent well conditions during the 

well water level rise, peak, and fall. Isotopic ratios were mostly consistent with 

ammonium in soil (Fig. 3-27). The inlet first flush samples differed in δ18O by more than 

14.0‰. Inlet site EW64/65 had the highest δ18O of all samples, suggesting a greater 

influence of atmospheric deposition. The earliest outlet samples analyzed had δ18O ratios 

below both inlet samples. Because the outlet water level rise was minimal up to sample 

#8, initially low ratios may be reflective of pre-storm conditions. From sample #4 to #17, 

isotopic ratios generally became heavier; δ18O ranged from -4.0‰ to 9.8‰ and δ15N 

from 3.4‰ to 4.5‰. The slight increase in δ15N over this eight-hour period is concurrent 

with an increase in nitrate concentrations between sample #4 and #8, and is therefore 

indicative of a mixing process. A more defined increase in δ15N between sample #17 and 

#23, as well as a decrease in nitrate, is consistent with microbial denitrification. The δ15N 

and δ18O ratios increased at a rate of 1.4:1 within three hours. 
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Figure 3-27: Isotopic ratios from the October 12, 2020 storm had signatures consistent 

with fertilizer, soil, and marine nitrate. Inlet isotopic ratios varied in δ18O. Outlet isotopic 

ratios varied in δ18O, but δ15N generally increased. 
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 The November 12, 2020 storm provided little evidence of denitrification from the 

isotope data and nitrate concentrations. First flush samples from inlet sites EW61 and 

EW62 and four time series outlet samples were analyzed for isotopic ratios. The time 

series samples were collected after the water level rise; samples #1 through #23 spanned 

22 hours. Nitrate concentrations fluctuated between samples during this time. Given the 

variation in first flush ratios in prior storms, the outlet samples may have been influenced 

by atmospheric deposition that is not reflected in the two inlets sampled. The δ18O 

decreased between from 14.0‰ to 9.1‰ between sample #16 and #23. During this time, 

the δ14N increased from 4.8‰ to 10.0‰. Given the fluctuating nitrate concentrations – 

and overall increase – a heavier δ14N ratio is insufficient evidence of denitrification. 

Isotopic mixing likely impacted isotope samples #1 through #16. The final change does 

not reflect an input of atmospheric deposition or a trend toward soil-water conditions. 

More isotope data are needed to understand the processes impacting this second leg of 

outlet samples. 

An additional post-storm lysimeter sample was collected 41 hours after the 

rainfall peak in November. The lysimeter sample isotopic ratios was consistent with a soil 

signature (Fig. 3-28). Most of the outlet samples had δ15N ratios that deviated from the 

lysimeter δ15N value by <1‰. The δ18O ratios were ~17.0‰ heavier than the lysimeter 

ratio; inlet δ18O ratios varied from 1.4‰ (EW61) to 4.9‰ (EW62).  
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Figure 3-28: Inlet isotopic ratios were lighter than all outlet samples. A post-storm soil 

water sample (yellow) had isotopic ratios consistent with the ammonium-soil signature. 

Outlet δ15N values were similar to soil water, but δ18O values were heavier. A final 

sample shows lighter δ18O and heavier δ15N. 
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3.2.4 Enrichment Factors 

Nitrogen-15 enrichment factors ranged from -7.7‰ to -11.7‰ across all SMP-

P01 storms; 18O enrichment factors were lower, ranging from -6.7‰ to -7.8‰ (Table 3-

1). September 2020 samples had the highest enrichment factors, and a combined October 

and November 2020 dataset had the lowest enrichment factors. Despite differences in 

storm intensity between the October 12, 2020 and November 11, 2020 storms, they had 

similar enrichment factors, and were therefore combined into one dataset (Table 3-1). 

This may suggest a seasonal denitrification effect within the basin. R-squared values for 

the August 2020 and combined October and November 2020 datasets reveal that 18O 

isotopic ratios fit poorly into the linear denitrification trend, regardless of season or storm 

intensity (Fig. 3-29). 

Table 3-1: SMP-P01 Enrichment Factors 

Storm Event(s) Outlet Samples 
Enrichment Factor Range 

ɛ 15N (‰) 
[R2] 

ɛ 18O (‰) 
[R2] 

August 12, 2020 #9 to #16 
-9.13 to -9.88 -7.40 to -7.80 

[0.80 to 0.84] [0.37 to 0.38] 

September 10, 2020 #17, #21 
-10.95 to -11.69 -6.79 to -7.04 

[0.95 to 0.97] [0.95 to 0.96] 

October 12, 2020 & 
November 12, 2020 

#23 (from both 
storms) 

-7.66 to -8.33 -6.67 to -7.02 

[0.98 to 0.99] [0.43 to 0.45] 
    

Enrichment factors calculated for SMP-P01 samples are presented in relation to inlet 
samples from the EW62 site from the October 10, 2020 and November 12, 2020 
storm events. 
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Figure 3-29: SMP-P01 enrichment factors did not include samples that deviated from 

denitrification trend lines (shown in grey). These examples include only calculations made 

using the October 12, 2020 EW62 sample as the source (C0). The trend lines must intersect 

(0,0), which is represented by black circles on these graphs. 
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3.3 Summary 

3.3.1 N Species Analysis 

 Lower nitrate concentrations may indicate denitrification or dilution; nitrogen 

species concentrations, conductivity measurements, and isotopic ratios offer further 

information about transformations in stormwater samples. Ammonium and nitrite 

concentrations were determined to be negligible in Ethel Jordan Betz samples, but 

differences in nitrate and dissolved organic nitrogen (DON) concentrations between the 

inlet and outlet can provide insight into the processes impacting nitrogen within the 

basins. Decreasing nitrate and TDN concentrations over time are indicative of stormwater 

mixing or dilution. An increase in dissolved organic nitrogen (DON) may be indicative of 

nutrient leaching in the basin and could contribute to ammonification and nitrification in 

the basin. 

 Although Ethel Jordan outlet nitrate concentrations were generally lower than 

inlet samples, consistent decreases in nitrate and increases in chloride across three storms 

does not provide evidence of denitrification (Fig. 3-30). Steady nitrate and TDN 

concentrations in the Ethel Jordan outlet in July 10, 2020 and October 12, 2020 storm 

samples were accompanied by consistently high DON fractions. A decrease in inlet and 

outlet nitrate during the August 28, 2020 storm was concurrent with an increase in 

chloride and steady outlet TDN concentrations. Likely, the dissolution of salt contributed 

to an increase in chloride. Leaching from plants in the basin between storm events likely 

contributed to higher TDN and DON. 
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Figure 3-30: Betz and Ethel Jordan inlet and outlet nitrate concentration fluctuate over 

time. Outlier concentrations not shown. 
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 Analysis of Betz basin samples from two storms more than nine months apart – 

from a fall storm in 2019 to a summer storm in 2020 – showed similar trend consistent 

with dilution or stormwater mixing. In samples from both storm events, inlet and outlet 

TDN concentrations fluctuated as basin water level decreased. Outlet nitrate 

concentrations remained mostly steady despite inlet concentrations increasing over time. 

The contribution of nitrate to TDN was lower overall than inlet concentrations. Chloride 

concentrations generally increased over time in the inlet and outlet. 

 All nitrogen species concentrations decreased sharply as outlet water level 

decreased in the SMP-P01 gravel well during three of four storms recorded, which offers 

some evidence of denitrification (Fig. 3-31). A high intensity storm during November 

2020 showed less variation in nitrate concentrations, the storm event least consistent with 

denitrification trends. Although decreasing nitrate concentration trends were observed for 

some storms in the Betz and Ethel Jordan basins, isotopic evidence provided important 

additional information. 
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Figure 3-31: SMP-P01 nitrate concentrations decrease over time. An increase in September 

2020 samples after 15 hours reflects a second storm peak. 

 Stormwater flow appears to flush out each basin quickly. There is little standing water 

(~5 cm or less) in Ethel Jordan between storm events. When stormwater enters the basin, it 

quickly fills the 27-m long basin. Being the smallest and shallowest basin, and lacking an outlet 

drainage system like SMP-P01, surface flow carries stormwater to the outlet rapidly. At Betz, 

which has ~10 cm of standing water between storms, surface flow also carries stormwater across 

the basin. This low intermittent storage is a fraction of the stormwater volume measured from 

storm event peak water levels of 0.4 to 0.8 m. Conversely, the internal water storage zone beneath 

SMP-P01 stays saturated between storms. Because of the high permeability of gravel, stormwater 

is expected to flush through the storage layer. Chloride concentrations and conductivity 

measurements in the gravel well confirm rapid flushing; conductivity changes on the rising limb 

of the water level indicate that stormwater enters immediately at the beginning of the storm 

response (Fig. 3-13; Fig. 3-14). 
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3.3.2 Isotopic Ratios 

 Betz and Ethel Jordan show signs of mixing in each storm recorded and analyzed, 

regardless of ADP or rainfall intensity, whereas SMP-P01 outlet samples deviated with 

changing storm characteristics (Fig. 3-32; Fig. 3-33). SMP-P01 isotopic ratios show 

denitrification trends associated with low intensity rainfall events. The high intensity 

November 2020 storm did not suggest denitrification. The precipitation rate may have 

deterred microbial denitrification, but seasonality could be an additional factor, as 

denitrification decreases during winter months. 

 Basin design, specifically the presence of an underdrain, was the primary factor in 

denitrification efficiency. Isotopic analysis confirms that denitrification occurred in SMP-

P01 – the basin equipped with an underdrain and engineered to store water – whereas 

nitrate reduction in the basins without underdrains was due to dilution or mixing. High 

rainfall intensity may have deterred denitrification within SMP-P01 (Fig. 3-34). The 

datasets available suggest no correlation between ADP and denitrification. Storms 

following ADPs of approximately four to ten days preceded sustained periods of 

denitrification, starting at least five hours after each precipitation peak (Fig. 3-35). 

Additionally, microbial denitrification appears to have impacted nitrate concentrations 

within three hours of the peak well water level during each storm. 
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Figure 3-32: Inlet and outlet data from Betz and Ethel Jordan from all storm events create 

mixing lines despite differences in storm characteristics and basin size. 

 

Figure 3-33: Samples from high intensity storms from all three basins have isotopic ratios 

consistent with a mixing trend. 
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Figure 3-34: A low intensity storm event capture at SMP-P01 basin on August 12, 2020 

produced denitrification whereas denitrification did not occur at Ethel Jordan during high 

intensity (August 2020) or low intensity (October 2020) storms. 



97 
 

 

Figure 3-35: Periods of denitrification in the SMP-P01 gravel well began at least 5 hours 

after the peak rainfall rate, regardless or storm intensity or ADP. All dates and times are 

reported in EST.  
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CHAPTER 4 

RESULTS: COLUMN DATA 

4.1 Sample Selection for Isotope Analysis 

 Steady-state and transient experimental storm samples were selected for isotope 

analysis based on an observed decrease in nitrate concentration, sufficient nitrate for 

detection, and samples from multiple experiments for comparison. Experiments were 

conducted from March 2020 to November 2020, interrupted by a four-month laboratory 

shutdown in the spring and summer (Fig 4-1). We also had limited access to the UC-

Davis Stable Isotope Facility for analyses due to the isotope lab shutdown, which reduced 

the number of analyses. Although column experiments were conducted in duplicate, there 

was not sufficient isotope laboratory access to include duplicate samples for analysis. 

Duplicate storms produced similar nitrate trends, so samples selected for isotope analysis 

are assumed to reflect consistent column behaviors. The main criterion for change in 

nitrate concentration was a decrease of 0.5 mg/L or more compared to the tank input. 

Changes in synthetic stormwater input and dissolved oxygen levels were not a factor in 

choosing samples, as the input composition remained constant and dissolved oxygen 

levels within each column remained below 1 mg/L during each experiment. For the 

steady state experiment, a sample from each column was analyzed for isotopic 

composition, regardless of decrease in nitrate concentration. There was a duplicate steady 

state experiment submitted for analysis, because of the five-month period when the 

column had to be shutdown, then restarted. Samples with low concentrations at locations 

lower in the columns that were potentially isolated from flow were generally not 

submitted for isotope analysis. Although samples were collected from the high intensity 
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storm (5 cm/hr), as well as storms occurring after 3-day and 14-day ADPs, the results 

reported here include only steady-state flow experiments and low (1 cm/hr) and medium 

(2.5 cm/hr) intensity storm events due to lack of consistent decreasing trends in nitrate 

concentrations. Nitrate concentrations from the excluded storms (Fig. D-2, D-3, D-4) did 

not meet the aforementioned standards set for selected isotope analysis samples. The lab 

shutdown between March and August resulted in a four-month drying out period 

whereas, normally, the columns were not dried out between storm events. The steady-

state experiment was repeated to confirm column function. The medium intensity storm 

also functions as a seven-day ADP experiment, albeit with a different flow rate. 

 

Figure 4-1: Column experiments sampled for potential isotope analysis, listed in 

chronological order. Experiments without dates were not submitted for isotope analysis. 

 

4.1.1 Steady-State Flow 

 Three samples from steady-state experiment, collected on March 9, 2020, and six 

samples from the August 17, 2020 steady-state experiment were selected for isotope 

analysis (Fig. 4-2, Fig. 4-3). Samples from the initial experiment were collected after 
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three days of steady-state flow at 1 cm/hr (~10 ml/min.) and samples from the duplicate 

experiment were collected after seven days of steady-state flow. An August 17, 2020 tank 

sample sent for analysis, but the March tank sample was not analyzed so August tank 

samples were used as a proxy. March samples – collected from the Bottom column 10-

cm port, Middle column 25-cm port, and Top column 25-cm port – were chosen from 

each column based on their ability to provide direct comparisons to corresponding 

August samples. In addition, Bottom column samples from the 25-cm and underdrain 

ports from August were submitted to examine spatial variation. 

  Nitrate concentrations in each steady-state experiment varied in the upper 

internal water storage zone but were consistently low beneath the underdrain location. 

March samples from above the underdrain (or at the underdrain in the case of the top 

column) were 0.50 to 1.0 mg/L lower than the tank input nitrate level of 2.74 mg/L (Fig. 

4-2). These concentrations ranged from 1.50 mg/L (Top column) to 2.18 mg/L (Bottom 

column). In the Bottom column, nitrate concentrations decreased sharply with depth. 

Both the Bottom column 10-cm port and underdrain had nitrate levels of 0.05 mg/L. 

From the upper storage zone to lower storage zone, the Middle column concentrations 

decreased from 2.01 mg/L to 0.06 mg/L. The lower two ports of the Bottom column (10-

cm port and underdrain port) and the Top column (25-cm port and 10-cm port) produced 

very low nitrate concentrations of 0.05 mg/L or less. The Middle column nitrate varied 

from its underdrain port to 10-cm port; the underdrain had a concentration of 0.48 mg/L 

whereas the lower 10-cm port had a concentration of 0.06 mg/L. Additional nitrate 

concentrations from March 10 and March 11, 2020 confirm the trends seen in March 9 

samples (Fig. D-1). The low concentrations in the storage zones below the underdrains in 
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the Middle and Top columns could be due to lack of transport, but the concentrations 

were too low for reliable isotope analysis to confirm. 

 Nitrate trends in August samples were consistent with the March steady-state 

experiment (Fig. 4-2). All nitrate concentrations from August 17, 2020 samples were 

below the assumed input concentration of 3.00 mg/L (Table 2-6). The uppermost samples 

port in each column produced nitrate levels ranging from 2.35 to 2.59 mg/L. Directly 

below the highest ports, nitrate concentrations ranged from 0.36 mg/L in the Top column 

25-cm port to 1.59 mg/L in the Bottom column 10-cm port. In the lowermost ports, the 

Bottom column had a low nitrate level of 0.48 mg/L and the Middle column had a 

concentration 12 times lower, at 0.04 mg/L. However, the greatest difference in nitrate 

concentration occurred in the Top column; from the sample port connected to its raised 

underdrain to the 10-cm port, nitrate levels differed by 2.17 mg/L on August 17, 2020. 

Samples from a duplicate experiment on August 24, 2020 maintained concentrations up 

to 0.63 mg/L higher than the week prior, but all columns generally followed these same 

nitrate trends. 
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Figure 4-2: During the first steady-state experiment, nitrate concentrations decreased with 

depth in each column. All samples were collected around the same time on March 9, 2020, 

or after three days of steady-state flow of 1 cm/hr. Samples selected for isotope analysis 

are marked with an “X.” 
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Figure 4-3: Nitrate concentrations decreased with depth in each column during the second 

steady-state experiment. All samples were collected around the same time on August 17, 

2020, or after seven days of steady-state flow of 1 cm/hr. Samples selected for isotope 

analysis are marked with an “X.” 
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4.1.2 Transient Flow: Intensity 1 cm/hr and 2.5 cm/hr 

 Eleven samples from the low intensity (1 cm/hr) storm and four samples from the 

medium intensity (2.5 cm/hr) storm experiments were selected for isotope analysis (Fig. 

4-4; Fig. 4-5). The Bottom column 25-cm port was tracked throughout the 1 cm/hr storm 

with data from before the storm, mid storm at approximately three hours, and a final 

sample at five hours (Fig. 4-4). Pre-storm samples were collected at the onset of each 

storm event. Mid-storm samples were collected approximately three hours after the pre-

storm sampling period), and the final sampling period occurred five hours after the onset 

of the storm. A 25-cm port sample from the Middle column from the mid-storm sampling 

period and 25-cm port samples from the Top column, collected during this period and the 

final sampling period, were analyzed.  The pre-storm was not included in isotope analysis 

for the Middle and Top columns due to low concentrations.  Additionally, Top column 

underdrain samples from the mid-storm and final collection periods were analyzed. 

Due to cost limitations and little change in nitrate concentration, fewer samples 

from the 2.5 cm/hr storm were submitted for isotope analysis (Fig. 4-5). A tank sample 

from this storm and the same three times for the Bottom 25-cm port samples were 

selected. No samples were selected from the Middle or Top column. Either the 

concentrations did not change enough or there was no comparison sample from the lower 

intensity storm. 



105 
 

 

Figure 4-4: The uppermost port had the highest nitrate concentrations in the Bottom and 

Middle columns during the August 31, 2020 experiment. Where Middle and Top column 

25-cm ports produced insufficient volume for analysis, the 20-cm port was sampled 

instead. Samples selected for isotope analysis are marked with an “X.” 
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Figure 4-5: On September 28, 2020, nitrate concentrations were lowest in the Bottom 

column underdrain samples and Middle and Top column 5-cm port samples. In all columns, 

nitrate generally decreased in the uppermost column ports and increased in the lower ports. 

Samples selected for isotope analysis are marked with an “X.” 
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 Lab analysis from the low intensity (1 cm/hr) storm revealed that nitrate levels 

increased in 25-cm port samples from the Bottom column (upper water storage) over time 

whereas concentrations in the 5-cm port samples (lower water storage) decreased to 

nearly 0 mg/L (Fig. 4-4). Underdrain samples did not show a significant change in nitrate 

concentration throughout the entire storm. From a pre-storm concentration of 0.69 mg/L 

and mid-storm concentration of 0.61 mg/L, the 25-cm port reached a maximum 

concentration of 1.78 mg/L by the final sampling period. The pre-storm nitrate 

concentration from the 5-cm port was 0.19 mg/L and was below detection in the mid-

storm and final samples. The underdrain nitrate concentrations at the mid-storm and final 

sampling periods were both very low at <0.01 mg/L. 

 Unlike the low intensity storm, lower port nitrate concentrations increased 

consistently during the medium intensity (2.5 cm/hr) storm and the 25-cm port saw an 

almost negligible decrease in nitrate between the mid-storm and final sampling periods 

(Fig. 4-5). The pre-storm 25-cm nitrate concentration was 0.32 mg/L, or approximately 

half the level seen in the low intensity pre-storm sample. Nitrate from this upper port 

increased to 2.49 mg/L by the mid-storm sampling period and then decreased to 2.43 

mg/L between the mid-storm and final sampling periods. The 5-cm port increased 

steadily from the pre-storm to final samples; its nitrate levels rose from 0.04 to 0.44 mg/L 

in the first three hours, and then increased to 1.14 mg/L by the final sampling period. 

Between the mid-storm and final sampling periods, the underdrain nitrate concentration 

increased from 0.08 mg/L to 0.41 mg/L. Increases in nitrate within the lower ports 

suggest that flow was not obstructed in the Bottom column. 
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Figure 4-6: All column samples from the steady-state experiments had isotopic ratios 

heavier than the input (stormwater tank). March 2020 samples were generally heavier and 

had lower nitrate concentrations than their August 2020 counterparts. 
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 In contrast to the Bottom column, the upper storage area of the Middle column 

saw an increase then decrease in nitrate and an increase in concentration in the port below 

that. The Middle column 25-cm port increased from 0.69 to 1.25 mg/L during the first 

half of the low intensity storm, but then decreased to 0.20 mg/L between the mid-storm 

and final sampling periods. Nitrate concentrations increased in the underdrain samples 

between the mid-storm and final sampling periods. The 5-cm port, below the Middle 

column underdrain, saw a slight decrease in nitrate from the pre-storm to final storm 

sampling periods, decreasing from 0.04 to <0.01 mg/L. 

 During the medium intensity storm, nitrate trends in each Middle column sample 

port were similar to the low intensity storm, although concentrations were higher overall. 

Due to low water volume from the 25-cm port, samples were collected from the 20-cm 

port during the mid-storm and final sampling periods; no sample was collected for 

isotope analysis during the pre-storm sampling period. The 20-cm port nitrate 

concentration decreased from 2.43 to 1.81 mg/L in the final two hours of the storm (mid-

storm to final periods). The underdrain nitrate concentration at the mid-storm period was 

1.21 mg/L, making it higher during the medium intensity storm than it was at the same 

point in the low intensity storm. A final sample shows that the underdrain nitrate 

concentration increased to 1.59 mg/L by the end of the storm. Similar to the low intensity 

storm, the 5-cm port decreased from 0.05 to <0.01 mg/L. 

 The upper ports in the Top column had increasing nitrate concentrations 

throughout the low intensity storm; its 5-cm port did not experience a significant change 

in concentration (similar to the Middle column). The Top column underdrain increased 

from 0.67 to 1.57 mg/L between the mid-storm sampling period and final sampling 
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period. Nitrate concentrations in the 25-cm port were higher than the underdrain. 

However, of the three columns, the pre-storm 25-cm port had the lowest nitrate 

concentration. The 25-cm port increased from a pre-storm concentration of 0.15 mg/L to 

a mid-storm concentration of 0.77 mg/L. The final 25-cm port sample had a nitrate 

concentration of 1.66 mg/L. The lowest 5-cm port decreased from 0.03 mg/L to <0.01 

mg/L over the course of the storm. 

 Top column nitrate concentrations during the medium intensity storm increased in 

the underdrain, sharply decreased in the port below between the mid-storm and final 

sampling period and remained constant in the lowermost (5-cm) port. The 20-cm port 

was sampled in the medium intensity storm in place of the 25-cm port, due to low water 

volume (again, similar to the Middle column). Underdrain nitrate concentrations 

increased from 1.88 to 2.09 mg/L between the mid-storm and final sampling periods. 

Nitrate was high in the 20-cm port sample at the mid-storm sampling period – a 

concentration of 2.02 mg/L – but decreased to 0.06 mg/L in the final two hours of the 

storm. The 5-cm port nitrate concentrations decreased from 0.02 to <0.01 mg/L during 

the five-hour storm. 

4.1.3 Summary 

 Transient nitrate concentrations in the 25 cm port were lower than steady state 

concentrations and showed a decreasing trend over time expect for the low intensity 

storm in the Bottom column.  For the Top column, the transient concentrations in the 

underdrain showed similar concentrations to steady state, but an increasing trend. Nitrate 

levels in the tank input were higher during the 5 cm/hr storm than the 1 cm/hr or 2.5 

cm/hr storms. Changes in nitrate concentration in the Middle and Top columns were 
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similar during both 2.5 cm/hr storm events, whereas the Bottom column results varied. 

Nitrate generally decreased in the uppermost column ports and increased in the lower 

ports. The Bottom column underdrain samples consistently had the lowest nitrate 

concentrations in that column. Nitrate concentrations during the 2.5 cm/hr storms are also 

potentially affected by a seven-day antecedent dry period. Due to a lack of 25-cm 

samples from the Middle and Top columns during the 1 cm/hr and 2.5 cm/hr storms, it is 

unclear how nitrate concentrations changed in this upper area of the water storage. 

 Nitrate concentrations in the upper water storage increased somewhat in the 

Middle and Top columns after a seven-day ADP for the experiment on Sept 28, 2020. In 

the lowermost port, samples contained little nitrate (<0.05 mg/L). The uppermost samples 

from the Middle column had higher nitrate concentrations than samples collected from 

lower ports. In the Top column, 25-cm and 20-cm port samples had lower concentrations 

than the underdrain. Poor circulation below the Top column underdrain could have 

resulted in uneven distribution of the tank input.  

4.2 Isotope Data 

4.2.1 Steady-State Flow 

 The initial March and duplicate August steady-state experiments revealed that the 

lowest nitrate concentrations were found in samples collected near the base of the 

column; isotopic ratios confirmed that denitrification occurred in each column and the 

lowest nitrate concentrations were consistent with the heaviest ratios. Column samples 

are compared to a tank value of 3.00 mg/L, based on the assumed concentration of the 

August steady-state tank sample. Every steady-state sample had δ15N and δ18O ratios 
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heavier than the initial tank sample (Fig. 4-6). The tank had a δ15N ratio of 15.4‰ and a 

δ18O of 24.5‰. The Bottom column 10-cm port sample from March steady-state had the 

heaviest isotopic ratios; the March samples were heavier than their counterparts during 

the duplicate August storm, although the Top samples were close in value. Compared to 

the March sample, the August Bottom column 10-cm sample δ15N and δ18O were lighter 

by 7.5‰ and 6.7‰ respectively. This change was also accompanied by the greatest 

decrease in nitrate concentration (Fig. 4-6). The Middle column samples for March and 

August differed by a δ15N ratio of 2.03‰ and δ18O of 1.28‰. The Top column samples 

were closest in value, differing by ratios of 0.5‰ or less (within analytical precision).  

4.2.2 Transient Flow: Low and Medium Intensity 

 The 1 cm/hr storm samples generally followed a trend consistent with 

denitrification during the first half of the storm (tank to mid-storm sampling periods), 

followed by lighter isotopic ratios by the end of the storm, closer to tank input ratios (Fig. 

4-7). The linear trend had more variation than the steady state samples. Column samples 

were greater than the tank δ15N ratio by 2.6‰ to 4.0‰. The δ18O ratios were heavier than 

the initial tank sample by 1.1‰ to 3.2‰. Differences in δ15N and δ18O created an average 

rate of change of 0.52:1. The Top column 25-cm port samples had the highest δ18O 

values whereas the Bottom column 25-cm port samples had the lowest. The final Bottom 

column 25-cm port sample and Top column underdrain sample had δ15N ratios slightly 

lower than the mid-storm samples. A Bottom column 25-cm port sample collected before 

tank input entered the column (pre-storm or background column water) had a δ15N of 

13.3‰ and δ18O of 24.2‰, or lighter than the tank. 



113 
 

In contrast for the 2.5 cm/hr storm, the Bottom column 25-cm port samples had 

lighter isotope ratios than the low intensity storm and did not fall on a denitrification line 

(Fig. 4-7). Bottom column 25-cm port samples collected during the 2.5 cm/hr intensity 

storm had heavier δ15N ratios, but similar δ18O ratios. The mid-storm Bottom column 

sample showed little change; δ15N and δ18O ratios deviated from the input by <1‰. 

Following this, the final Bottom column 25-cm port sample was heavier with a δ15N 

value of 16.8‰ and δ18O of 24.5‰. As the storm continued, nitrate concentrations and 

δ15N ratios rebounded, and values trended back toward the tank input. 
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Figure 4-7: The lower intensity storm resulted in heavier isotopic ratios and lower nitrate 

concentrations than the medium intensity storm. Heavier δ15N and δ18O ratios in all 

samples collected during and after the 1 cm/hr storm event suggest denitrification. Final 

samples from the 1 cm/hr storm reveal a rebound in isotopic ratios, with δ15N and δ18O 

becoming lighter. 
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4.2.3 Enrichment Factors 

 Enrichment factors reveal that denitrification efficiency was greater during the 

August steady-state experiment rather than the March experiment, despite a smaller 

increase in δ15N and δ18O over time. In column experiments, tank samples were used as 

source terms (C0). Due to a lack of input sample, the August 17, 2020 tank sample was 

used as the source term for the March 9, 2020 steady-state experiment. When the changes 

in isotopic ratios during the steady-state storms were compared to the ln(C/C0) with an 

assumed original concentration difference of 0 mg/L, the Top column samples deviated 

from the linear trend seen in Bottom and Middle column samples (Fig 4-8). This 

deviation indicates that dilution rather than denitrification led to the low nitrate 

concentrations, and these samples are not included in the enrichment factor calculation. 

The resulting δ15N fractionation factors are -3.4‰ in March and -5.3‰ in August (Table 

4-1). The δ18O fractionation factors were similar with values of -3.1‰ in March and -

5.0‰ in August (Table 4-1). 

Transient enrichment factors were lower; the 1 cm/hr storm had a 15N enrichment 

factor of -2.7‰ and 18O factor of -1.4‰. Because of a lack of denitrification trend and 

small or no change in isotope ratios, an enrichment factor could not be calculated for the 

2.5 cm/hr intensity storm. Thus, based on the data available, denitrification is apparently 

higher for the low intensity storm. For the transient 1 cm/hr storm, the rebounded samples 

did not fall on the enrichment line, suggesting that a combination of denitrification and 

dilution impacted these samples (Fig. 4-9). The increase of nitrate followed by a slight 

decrease within the Bottom column 25-cm port samples may indicate mixing in the 

internal water storage zone; samples trend closer to the input nitrate levels.  These 



116 
 

transient data suggest fractionation is not as efficient or constant in the initial stages of 

storm input in the column experiments. 

Table 4-1: Column Experiment Enrichment Factors 

Experiment Date Samples Excluded 
ɛ 15N (‰) 

(R2) 
ɛ 18O (‰) 

(R2) 

Three Days of Steady-
State, 1 cm/hr 

3/9/2020 All Top 
-3.40 
(0.86) 

-3.06 
(0.98) 

Seven Days of Steady-
State, 1 cm/hr 

8/17/2020 All Top 
-5.33 
(0.95) 

-5.03 
(0.98) 

Transient, 1 cm/hr 8/31/2020 
Final Bottom & Final 

Middle 
-2.73 

(-1.27) 
-1.42 

(-0.80) 
     

Enrichment factors calculated for column samples are highest for the August 2020 steady-
state experiment and lowest for the 2.5 cm/hr intensity storm event. Samples excluded from 
calculations deviated from a linear denitrification trend.  



117 
 

 

 

Figure 4-8: Fractionation curves from the steady-state experiments show Top 25 cm 

samples (gray) deviate from a linear denitrification trend. The trends are calculated with a 

zero intercept to provide an additional data point for fitting. 
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Figure 4-9: Low intensity storm samples deviating from the 15N fractionation line (Bottom 

and Middle column final samples, shown in gray) were not incorporated into the 

fractionation factor calculations. All samples are 25-cm port samples unless otherwise 

noted. 
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CHAPTER 5 

DISCUSSION 

5.1 Isotopic Evidence for Denitrification in Field and Laboratory Bioretention Systems 

5.1.1 Field Results Related to Hypotheses 

 Dual isotopes of nitrate were able to distinguish between nitrate dilution and 

microbial denitrification in bioretention systems; furthermore, there was no significant 

impact of storm characteristics on denitrification (Fig. 5-1). Isotopic ratios, nitrate 

concentration data and calculated enrichment factors show denitrification occurred at 

SMP-P01 during three storm events, for at least some period. There is no such evidence 

in outlet samples from the conventional basins, Ethel Jordan and Betz, to suggest 

microbial denitrification. Dilution within conventional basins in this study is the 

supposed cause for observed decreases in nitrate concentrations in the outlets (Fig. 5-2). 

When denitrification did occur, there is no clear relationship between the storm intensity 

or length of dry period between storms and the basin nitrate removal efficiency.  
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Figure 5-1: Two field-related hypotheses were proven correct. There was no clear evidence 

that lower intensity storms produced heavier isotopic ratios compared to higher intensity 

storms, however, microbial denitrification was not present in basins undergoing higher 

intensity storms. 
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Figure 5-2: The illustration represents the overall performance of conventional basins and 

basins engineered with a saturated zone. Red arrows indicate data reported did not show 

evidence of denitrification. Green arrows indicate signals of microbial denitrification. 

Arrows with a combination of red and green indicate stormwater mixing. 
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SMP-P01 – the basin equipped with an underdrain and internal water storage zone 

– generally saw an increase in nitrate in the outlet followed by a decrease in nitrate 

concentration; this concentration pattern was consistent with isotopic ratios that showed a 

mixing trend followed by a denitrification pattern (heavier δ15N and δ18O) later in the 

outflow. Although data are limited to three storms, there is a strong negative correlation 

between storm duration and 15N ɛ (Fig. 5-3); the November storm is omitted due to only 

one point to calculate fractionation and samples lacking a consistent decrease in nitrate 

concentration. The 18O ɛ values have a very small range, so any trends should be viewed 

with caution.  There is a strong positive correlation between 18O ɛ and the average 

precipitation rates (Fig. 5-3). There is also a weaker negative correlation between ɛ for 

both isotopes and ADP. As the storm length increased, the enrichment factors decreased. 

Inconsistencies in the relationships of storm characteristics to 15N ɛ and 18O ɛ highlight 

the uncertainty in estimating ɛ, especially with potential variable source values for 

isotopes. More data for δ15N and δ18O in each storm event and more storm events would 

help determine the trends. For example, the longest storm in this set had the highest peak 

precipitation rate and the shortest storm had the lowest peak precipitation rate. Of the 

three storms, enrichment factors were highest in September, which could offer evidence 

that seasonality in addition to storm duration and precipitation trends impacting 

denitrification efficiency. Lower denitrification rates in the October and November 2020 

storms may be due to lower soil temperatures and stalled assimilation of nitrogen within 

the basin. Without more variation in storm intensity and length, it is unclear which factors 

produced the observed trend. 
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Figure 5-3: Comparisons of average SMP-P01 enrichment factors reveal some relationship 

between microbial denitrification and storm characteristics from August 2020, September 

2020, and October 2020. Strong correlations (R2 > 0.8) between enrichment factors and 

storm characteristics are seen in the (b) storm duration and (e) peak precipitation rates. 
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 Nitrate concentrations tend to be lower in the outlet for most storms or in the case 

of SMP-P01, decrease over time at the outlet; however, these decreases do not provide 

evidence for microbial denitrification. In conventional basins, isotopic ratios confirm that 

nitrate concentration decrease is not accompanied by fractionation, and therefore 

highlight the necessity of utilizing isotopes to evaluate processes in stormwater basins. N 

concentrations measured during at SMP-P01 were sometimes accompanied by 

fractionation, but sometimes not; thus, denitrification could not be assumed from changes 

in nitrate concentration alone. The highest enrichment factor associated with SMP-P01 

samples had a nitrate decrease of 0.21 mg/L during the denitrification period, compared 

to other decreases of 0.08 mg/L and 0.05 mg/L (Fig. 3-35). Conversely, the largest 

change in nitrate concentration is not necessarily associated with the largest enrichment 

factor, as evidenced by the column enrichment factors. 

5.1.2 Column Results Related to Hypotheses 

 Two hypotheses were confirmed by multiple lines of evidence in the column 

experiments: the lowest drain produced heavier isotopic ratios than the elevated drains 

and lower intensity storms produced heavier isotopic ratios than higher intensity storms 

(Fig. 5-4). There was no discernible relationship between dry periods and denitrification 

in the measured columns. Samples from the Bottom column consistently had the lowest 

nitrate concentrations accompanied by typically heaviest isotopic ratios compared to the 

raised underdrains (Fig. 5-5). The trends exhibited by the steady-state isotopic ratios and 

calculated enrichment factors indicate that denitrification occurred in the Bottom and 

Middle columns during steady-state conditions with flow rates of 1 cm/hr. Lower nitrate 

concentrations in March 2020 samples compared to August 2020 seem to indicate that 
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higher rates of denitrification occurred during the spring; however, lower enrichment 

factors contradict this finding. The slope of the δ15N: δ18O line was 0.8, similar to other 

denitrification lines. Lower enrichment factors in the March 2020 samples indicate that 

columns were more efficient during this time; the heavier isotope ratios alone do not 

indicate more denitrification since fractionation is a function of both the isotope and the 

concentration change. There are no data available on microbial populations within the 

columns and therefore no way to identify possible changes in population between 

experiments. The possible movement and compaction of clay-sized particles may have 

slowed stormwater flow toward the base of the columns during the August steady-state 

experiment. Kinetic fractionation may have had more time to impact isotopic ratios as 

stormwater lingered in the column during this event, thus creating higher enrichment 

factors. 

 

Figure 5-4: Three column-related hypotheses were proven correct. There was little to no 

information to suggest that a longer dry period increased denitrification within any column. 
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Figure 5-5: Steady-state and transient storm samples show denitrification is consistent in 

all columns; samples from each column fall within the approximate denitrification range 

(shaded gray area). The Bottom column had the heaviest isotopic ratios (pre-storm 

samples not included in this dataset). 

 

 An increase in δ15N and δ18O ratios during the steady-state experiments and three 

hours after the onset of the low intensity storm offers evidence of denitrification within 

each column. Although the rate of change in isotopic ratios was slightly lower than typical 

denitrification rates cited by Kendall et al. (2007) [1:1 to 2:1], the presence of heavier 

isotopic ratios indicate that denitrification occurred. Enrichment factors confirm 

denitrification in the Bottom and Middle columns, but the Top column’s deviation from 

the fractionation curve is inconsistent with denitrification. Therefore, low concentrations 

in the Top column are attributed to dilute water (tank input not yet reaching the storage 
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zone). Denitrification can only be confidently quantified in two columns during the low 

intensity storm. 

 Samples from transient column experiments suggested that denitrification was not 

constant over time. Increasing nitrate concentrations concurrent with heavier δ15N ratios 

in samples collected at the end of the 1 cm/hr storm indicate a lack of denitrification in 

the latter half of the storm. During the 2.5 cm/hr storm, there was a consistent decrease in 

nitrate in the Bottom column 25-cm port samples, however, the 0.2‰ change in the δ15N 

isotopic ratio between the mid-storm and final sample is too small to assume 

denitrification. 

 Although hardwood mulch acted as a consistent carbon source within the columns 

and dissolved oxygen levels remained low, microbial denitrification was not evident in 

storm samples collected after 3-day and 14-day dry periods. Samples collected after three 

days of steady-state flow had lower concentrations in the lowermost port samples of each 

column than samples collected after seven days of steady-state flow. Yet, consistently 

low concentrations in the lower portions of the columns and increases in nitrate in the 

upper storage areas suggest inconsistent stormwater flow through the bioretention media. 

Decreases in nitrate concentrations in the prior seven-day ADP storm experiments 

suggest that this discrepancy may be a result of aging column, or column failure. 

Sediment movement or re-packing during storm events may have caused poor flow and, 

consequently, poor nitrate removal. Additionally, increases in nitrate concentrations in 

the upper portions of the Middle and Top columns over the high intensity (5 cm/hr) 

storm, but consistently low (near 0.0 mg/L) nitrate levels in the lowest areas of the 

storage zone, suggest stormwater did not reach the bottom of these columns.  
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Calculated column enrichment factors were slightly lower than field enrichment 

factors.  Typically, laboratory studies show higher enrichment factors.  There is some 

uncertainty in the source term for the field studies. Multiple nitrate sources in runoff may 

impact changes in isotopic ratios in field samples, a single. On the other hand, a 

controlled source of nitrate with measured isotopic ratios was utilized in the column 

experiments, giving more confidence in the calculated enrichment factors. Nonetheless, 

the observed laboratory enrichment factors are lower than seen in batch studies in the 

laboratory (Sebilo et al., 2019). The use of column studies rather than batch experiments 

may have resulted in conditions more similar to the field studies. 

5.1.3 Comparison to Prior Studies 

 Denitrification is commonly cited as a feature of bioretention basins, but is rarely 

quantified (Gold et al., 2019).  Although the isotopic signature for denitrification is well 

recognized in the literature (e.g., Kendall et al. 2007), it has rarely been applied to 

evaluate bioretention basins.  Previous studies have used artificial 15N tracer injections to 

estimate denitrification. Kavehei et al. (2021) found that denitrification rates in core 

samples injected with 15N were low for basins younger than 5 to 10 years old, suggesting 

that microbial populations needed to be mature for efficient removal of nitrate.  Johnson 

et al. (2014) injected 15N isotopes into wet ponds to estimate denitrification rates and 

found rates comparable to those estimated from mass balance studies.  Burgis et al. 

(2020) used naturally occurring nitrogen isotopes in the field.  Only two of their 24 

storms showed an isotope signature of denitrification, with enrichment factors of 2.1‰ 

and 3.6‰ for 15N. 



129 
 

Nitrate levels were typically lower in the conventional basin outflow compared to 

inflow whereas SMP-P01 had outlet nitrate levels higher than those seen within multiple 

inlets. Large quantities of surficial mulch may have added to nitrate production within the 

SMP-P01 basin (Hsieh et al., 2007). Whereas nitrate concentrations were lower and 

samples often dilute, nutrient leaching may have also occurred in the conventional, wet 

basins. For example, Cushman (2019) found that nutrient levels (nitrate and phosphate) at 

Ethel Jordan were sometimes higher in the outlet samples than inlet samples. Thus, the 

benefit of denitrification may be to help remove internal sources of nitrate in addition to 

nitrate from stormwater runoff.  In the conventional basins, there was no evidence for 

denitrification, which is consistent with Morse et al.’s (2017) investigation. Morse et al. 

found that wet basins had a higher denitrification potential due to the microbial 

communities present but removed less nitrate from inflow than a dry basin (Morse et al., 

2017), lacking a large aerobic internal water storage zone created by an underdrain.  

 Similar to the Burgis et al. study (2020), antecedent dry periods and intensity 

could not be correlated to denitrification trends but may have instead been impacted by 

seasonal factors. Out of 24 storm events, Burgis et al. measured a cumulative nitrate load 

decrease of 73% and an average decrease of only 19% per storm. Of these many events, 

only two storms showed both a decrease in nitrate concentration and denitrification trend 

in the nitrogen and oxygen isotopic ratios. These storm events occurred in July and 

October in a temperate environment (Northern Virginia). The highest decreases in nitrate 

concentration occurred during wetter, warmer months, suggesting that denitrification in 

bioretention basins is controlled by seasonality. Increased chloride levels in runoff and 

colder temperatures inhibit microbial denitrification (Burgis et al., 2020). A lack of 
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denitrification seen in November 2020 samples from SMP-P01 cannot be attributed to 

chloride concentrations – they were the lowest seen in any SMP-P01 storm, most likely 

due to the high rainfall intensity – but denitrification trends may have been influenced by 

changing temperatures. 

 Whereas it is inconclusive if high intensity storms reduce denitrification at field 

sites, denitrification was observed at different storm intensities. Two factors could have 

led to lower denitrification at higher intensities:  introduction of DO and shorter residence 

times. Yang and Toor (2016) found high DO levels (>2 mg/L) within incoming runoff 

samples inhibited denitrification. Although DO was not measured in SMP-P01 due to 

interference from the autosampler pump, DO did not appear to increase enough in high 

intensity storms to inhibit denitrification.  Furthermore, DO levels in column water 

storage zones were consistently low throughout storm experiments (<1.0 mg/L), 

suggesting that an anoxic environment is maintained when exposed to precipitation rates 

of up to 5 cm/hr. However, residence time may have been an inhibiting factor for 

denitrification in the 2.5 cm/hr column experiments.  More research is needed to identify 

enrichment factors under different field conditions. 

Prior studies utilized nitrate concentrations to assess denitrification, but this study 

highlights limitations of that approach. Particularly, the potential of deterred flow in 

bioretention columns make nitrate removal rates based on decreased nitrate 

concentrations unreliable. Future bioretention column studies utilizing isotopic ratios to 

determine nitrogen removal efficiency under different field conditions may expand our 

understanding of microbial denitrification. The inclusion of vegetated surfaces in future 

isotope analysis column studies could give further insight into the mechanisms of nutrient 
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leaching and denitrification in bioretention basins. Additionally, incorporating more 

components into synthetic stormwater utilized for experiments could provide a closer 

proxy to real-world conditions. Suspended sediments and heavy metals captured by 

bioretention media may slow stormwater flow to a water storage zone and impact 

microbial activity. 

5.2 Recommendations for Basin Construction 

 The results gathered here provide quantitative data on the impact of underdrain 

configuration on denitrification trends, which is a concern repeatedly cited in bioretention 

basin literature. Nitrate concentrations and isotopic ratios from steady-state and transient 

flow experiments confirm that the lowest underdrain configuration was the most efficient 

denitrification system. 

 Laboratory studies can provide controlled storm events to help interpret field data 

even though there are notable differences SMP-P01 has multiple inlets and vegetative 

cover that contribute to the nutrient loading within the basin, and it is subjected to 

variable storm conditions. Available data from column studies indicate that 

denitrification occurs most often in a bioretention system equipped with a low-lying 

underdrain, whereas the raised underdrains – in particular, an underdrain situated at the 

top of the water storage zone – are less efficient under steady-state and transient flow 

conditions. In contrast, the field data from SMP-P01, which has a raised underdrain, 

show denitrification across three storms of various intensity and ADPs. Denitrification at 

field sites with multiple inlet sites is difficult to quantify, and cyclical changes in nitrate 

add to the complexity. Unlike the columns, stormwater mixing is evident in the field 

system early in storm events. Higher nitrate concentrations in outlet samples compared to 
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the inlet suggest nutrient leaching within the basin between storms. Complex processes 

like this are not part of the design in the non-vegetated bioretention columns presented in 

this study. At wet basins, daytime photosynthesis may increase the dissolved oxygen 

available within the basin, leading to higher nitrate concentrations and lower rates of 

microbial denitrification. Thus, there are both similarities and differences between the 

laboratory columns and field data. The column experiments in this study are comparable 

to SMP-P01 in bioretention media and the presence of raised underdrain configurations, 

but lab results were produced under controlled conditions that are not replicable in the 

field. The results from column underdrain samples provide simplified denitrification 

patterns and can help inform bioretention basin design.  

 Field data suggest that a basin with a permanently saturated lower layer will 

reduce nitrate in stormwater samples via microbial denitrification. Column studies further 

show that a lower drain configuration in the saturated zone provides more efficient 

denitrification than elevated drains under steady-state and transient flow. Based on this 

information, an ideal basin layout would place the perforated underdrain pipe at the 

bottom of the internal water storage zone and thereby lengthen the residence time of 

stormwater (Fig. 5-6). This layout would allow for the greatest amount of nitrate removal 

between and during storm events. Nonetheless, measurable denitrification occurred in 

SMP-P01 with a raised underdrain. No changes to the bioretention soil media are 

recommended at this time; in a temperate climate (as seen in Philadelphia), a prolonged 

dry period, such as the months-long period impacting the columns, is unlikely to occur. 
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Figure 5-6: Based on column studies, the bottom underdrain layout is expected to remove 

nitrate via microbial denitrification more efficiently than a raised underdrain (“top layout”). 

However, in SMP-P01, denitrification was still observed with a top drain configuration. 

 

5.3 Conclusion and Implications 

 The changes in nitrate concentration and isotopic ratios observed between 

columns reveal that a bioretention system’s ability to efficiently reduce nitrate through 

microbial denitrification is sensitive to small-scale variation. Underdrain layouts varied 

by centimeters and still produced different results. In future stormwater management 

projects, it is recommended that a low-lying, upturned underdrain pipe and internal 

saturated zone are included. Slower flow into the basin may allow for longer residence 

time, and therefore a greater opportunity for microbial denitrification. Even with these 

fixtures, it should be noted that field results show that relying on underdrain 
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configuration alone does not directly address or prevent reoccurring issues, such as 

nutrient leaching within the basin or nitrification in aerobic parts of the soil media. As 

seen in the column experiments, clay compacting in a field site may affect stormwater 

travel, and potentially lead to basin failure. 

 Urban stormwater management controls such as bioretention basins or rain 

gardens should not be presented as nutrient removal systems. Because microbial 

denitrification is variable and difficult to induce with regularity during storm events in 

small-scale field systems such as bioretention basins, combating watershed contamination 

requires a reduction in nitrate overproduction in the watershed as a whole. As such, it is 

recommended that future studies utilize isotopic ratios to determine the nitrogen input 

sources impacting a given area. Isotopic ratios provide insight to the extent of happening 

denitrification in real-world and laboratory settings. Inaccurate denitrification trends 

based on changes in nitrate concentrations between the inlet and outlet oversimplify 

interpretation of microbial denitrification. 
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APPENDIX A 

Summary of Field Time Series Samples 

 The following tables show sample times, as programmed into and reported by 

ISCO autosamplers at field sites. All times are listed in Eastern Standard Time (EST). 

Table A-1: All Time Series Samples Collected at Ethel Jordan 

Inlet Sample 
# 

July 10, 2020 
August 28, 

2020 
October 12, 

2020 

1 11:29 AM 3:32 PM 3:32 PM 

2 11:44 AM 3:47 PM 3:47 PM 

3 11:59 AM 4:02 PM 4:02 PM 

4 12:14 PM 4:17 PM 4:17 PM 

5 12:29 PM 4:32 PM 4:32 PM 

6 12:44 PM 5:32 PM 5:32 PM 

7 12:59 PM 6:32 PM 6:32 PM 

8 1:14 PM 7:32 PM 7:32 PM 

9 1:44 PM 8:32 PM 8:32 PM 

10 2:14 PM 9:32 PM 9:32 PM 

11 2:44 PM 10:32 PM 10:32 PM 

12 3:14 PM 11:32 PM 11:32 PM 

13 3:44 PM 12:32 AM 12:32 AM 

14 4:14 PM 1:32 AM 1:32 AM 

15 4:44 PM 2:32 AM 2:32 AM 

16 5:14 PM 3:32 AM 3:32 AM 

17 5:44 PM 4:32 AM 4:32 AM 

18 6:14 PM 5:32 AM 5:32 AM 

19 6:44 PM 6:32 AM 6:32 AM 

20 7:14 PM 7:32 AM 7:32 AM 

21 7:44 PM   

22 8:14 PM   

23 8:44 PM   

24 9:14 PM   
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Table A-2: All Time Series Samples Collected at Betz 

Sample # 
October 20, 2019 July 6, 2020 

Inlet Outlet Inlet Outlet 

1 1:31 PM 1:24 PM 1:10 PM 12:40 PM 

2 1:46 PM 1:39 PM  1:40 PM 1:40 PM 

3 2:01 PM 1:54 PM 2:10 PM 2:40 PM 

4 2:16 PM  2:09 PM 2:40 PM 3:40 PM 

5 2:31 PM 2:24 PM 3:40 PM 4:40 PM 

6 2:46 PM  2:39 PM 4:40 PM 5:40 PM 

7 3:01 PM  2:54 PM 5:40 PM 6:40 PM 

8 3:16 PM 3:09 PM  6:40 PM 7:40 PM 

9 3:46 PM 3:39 PM 7:40 PM 8:40 PM 

10 4:16 PM 4:09 PM 8:40 PM 9:40 PM 

11 4:46 PM  4:39 PM 9:40 PM 10:40 PM 

12 5:16 PM 5:09 PM 10:40 PM 11:40 PM 

13 5:46 PM  5:39 PM 11:40 PM 12:40 AM 

14 6:16 PM  6:09 PM 12:40 AM 1:40 AM 

15 6:46 PM  6:39 PM 1:40 AM 2:40 AM 

16 7:16 PM 7:09 PM 2:40 AM 3:40 AM 

17 9:16 PM 11:09 PM 3:40 AM 4:40 AM 

18 11:16 PM 1:09 AM 4:40 AM 5:40 AM 

19  1:16 AM 3:09 AM  5:40 AM 6:40 AM 

20  3:16 AM  5: 09 AM 6:40 AM 7:40 AM 

21 5:16 AM 5:16 AM  8:40 AM 

22      9:40 AM 

23        

24        
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Table A-3: All Time Series Samples Collected at SMP-P01 

Gravel Well 

Sample # 

August 12, 

2020 

September 10, 

2020 

October 12, 

2020 

November 11, 

2020 

1 1:03 PM 11:46 PM 12:46 AM 5:10 PM 

2 1:13 PM 11:56 PM 12:56 AM 5:20 PM 

3 1:23 PM 12:06 AM 1:06 AM 5:30 PM 

4 1:33 PM 12:16 AM 1:16 AM 5:40 PM 

5 1:43 PM 12:26 AM 1:26 AM 5:50 PM 

6 1:53 PM 12:36 AM 1:36 AM 6:00 PM 

7 2:23 PM 1:06 AM 2:06 AM 6:30 PM 

8 2:53 PM 1:36 AM 2:36 AM 7:00 PM 

9 3:23 PM 2:06 AM 3:06 AM 7:30 PM 

10 3:53 PM 2:36 AM 3:36 AM 8:00 PM 

11 4:23 PM 3:06 AM 4:06 AM 8:30 PM 

12 4:53 PM 3:36 AM 4:36 AM 9:00 PM 

13 5:53 PM 4:36 AM 5:36 AM 10:00 PM 

14 6:53 PM 5:36 AM 6:36 AM 11:00 PM 

15 7:53 PM 6:36 AM 7:36 AM 12:00 AM 

16 8:53 PM 7:36 AM 8:36 AM 1:00 AM 

17 9:53 PM 8:36 AM 9:36 AM 2:00 AM 

18 10:53 PM 9:36 AM 11:36 AM 4:00 AM 

19 12:53 AM 11:36 AM 1:36 PM 6:00 AM 

20 2:53 AM 1:36 PM 3:36 PM 8:00 AM 

21 4:53 AM 3:36 PM 5:36 PM 10:00 AM 

22 6:53 AM 5:36 PM 7:36 PM 12:00 PM 

23 8:53 AM 8:36 PM 10:36 PM 3:00 PM 

24 10:53 AM 11:36 PM 2:36 AM 7:00 PM 
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APPENDIX B 

Laboratory Analytical Data 

 The following tables provide anion concentrations (fluoride, chloride, nitrite, 

bromide, nitrate, phosphate, and sulfate) in stormwater samples in milligram per liter 

(mg/L). All field samples were analyzed using Dionex ion chromatography. 

Concentrations listed as “n.a.” fell below the anion detection limit. 

Table B-1: Dionex Ion Chromatography Anion Species for Ethel Jordan Samples, 
7/10/2020 

Injection ID F- Cl- NO2
- Br- NO3

- PO4
3- SO4

2- 

EJ In 1 0.087 3.646 0.002 n.a. 0.085 n.a. 0.544 

EJ In 2 n.a. 3.33 n.a. n.a. 0.057 n.a. 0.481 

EJ In 3 0.042 3.345 n.a. n.a. 0.061 n.a. 0.641 

EJ In 5 0.018 3.256 n.a. n.a. 0.046 n.a. 0.661 

EJ In 5 DUP 0.011 3.215 n.a. n.a. 0.027 n.a. 0.665 

EJ In 6 n.a. 3.144 n.a. n.a. 0.039 n.a. 0.704 

EJ In 7 n.a. 3.257 n.a. n.a. 0.076 n.a. 1.182 

EJ In 11 0.024 3.201 n.a. n.a. 0.064 n.a. 0.472 

EJ In 11 DUP 0.013 3.196 n.a. n.a. 0.05 0.238 0.563 

EJ In 14 0.042 3.233 n.a. n.a. 0.058 n.a. 0.514 

EJ In 18 0.04 3.345 n.a. n.a. 0.048 0.403 0.459 

EJ In 24 0.041 3.644 n.a. n.a. 0.037 0.681 0.623 

EJ Out 12:15 0.031 4.14 n.a. n.a. 0.049 0.425 0.5 

EJ Out 15:15 n.a. 4.096 n.a. n.a. 0.046 0.468 0.517 

EJ Out 18:15 0.174 7.136 n.a. n.a. 0.58 0.469 1.766 

EJ Out 06:40 0.047 4.524 n.a. n.a. 0.049 0.698 0.844 
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Table B-2: Dionex Ion Chromatography Anion Species for Ethel Jordan Samples, 
8/28/2020 

Injection ID F- Cl- NO2
- Br- NO3

- PO4
3- SO4

2- 

DI- n.a. n.a. n.a. n.a. n.a. n.a. n.a. 

EJ In 6 n.a. 3.346 0.006 n.a. 0.220 0.377 0.999 

EJ In 7 n.a. 3.442 0.012 n.a. 0.211 0.457 1.060 

EJ In 8 n.a. 3.619 0.016 n.a. 0.212 0.593 1.093 

EJ In 9 n.a. 3.682 0.012 n.a. 0.199 0.622 1.142 

EJ In 10 n.a. 3.747 0.009 n.a. 0.188 0.462 1.165 

EJ In 11 n.a. 3.790 0.021 n.a. 0.167 0.608 1.130 

EJ In 12 n.a. 2.920 n.a. n.a. 0.035 n.a. 0.710 

EJ In 13 n.a. 3.874 0.015 n.a. 0.136 0.450 1.218 

EJ In 14 n.a. 3.907 0.012 n.a. 0.132 0.424 1.260 

EJ In 15 n.a. 3.972 0.012 n.a. 0.111 0.436 1.198 

EJ In 15 DUP n.a. 3.950 0.020 n.a. 0.107 0.467 1.207 

EJ In 16 n.a. 4.012 0.013 n.a. 0.083 0.585 1.143 

EJ In 17 0.021 4.057 0.011 n.a. 0.066 0.763 1.211 

EJ In 18 n.a. 4.126 0.008 n.a. 0.047 0.554 1.078 

EJ In 19 0.007 4.143 n.a. n.a. 0.023 0.637 1.147 

EJ In 20 0.016 4.280 n.a. n.a. 0.011 0.634 1.187 

 
Red text indicates outlier samples. “DI” indicates a blank calibration sample (deionized water). 
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Table B-3: Dionex Ion Chromatography Anion Species for Ethel Jordan Samples, 
10/12/2020 

Injection ID F- Cl- NO2
- Br- NO3

- PO4
3- SO4

2- 

EJ In 6 0.030 2.218 0.007 0.052 0.121 n.a. 1.089 

EJ In 7 0.010 2.081 0.007 0.042 0.173 n.a. 1.756 

EJ In 8  0.021 2.544 0.007 0.034 0.276 0.144 3.752 

EJ In 9 0.024 2.812 0.002 n.a. 0.332 0.295 5.239 

EJ In 10 0.012 2.075 0.005 n.a. 0.155 n.a. 2.275 

EJ In 11 0.008 1.965 n.a. n.a. 0.115 n.a. 1.847 

EJ In 11 DUP 0.020 1.967 n.a. n.a. 0.118 n.a. 1.867 

EJ In 12 0.024 1.929 n.a. n.a. 0.112 n.a. 1.758 

EJ In 13 0.034 1.789 n.a. n.a. 0.084 n.a. 1.266 

EJ In 14 0.023 1.767 n.a. n.a. 0.094 n.a. 1.259 

EJ In 15 0.017 0.579 n.a. n.a. 0.090 1.005 n.a. 

EJ In 16 n.a. 0.414 n.a. n.a. 0.058 0.482 n.a. 

EJ In 16 DUP n.a. 0.518 0.004 n.a. 0.064 0.545 n.a. 

EJ In 17 0.037 0.739 0.006 n.a. 0.151 2.249 0.080 

EJ In 18 0.088 2.938 n.a. n.a. 0.503 3.169 0.086 

EJ In 19 0.022 0.641 n.a. n.a. 0.103 1.276 n.a. 

EJ In 20 0.015 0.642 n.a. n.a. 0.083 0.974 n.a. 

EJ In 21 0.023 0.658 0.005 n.a. 0.084 0.932 0.054 

EJ In 22 0.010 0.666 0.003 0.017 0.068 0.901 n.a. 

EJ Out Grab 
10AM 

0.011 1.172 0.007 n.a. 0.114 0.967 0.233 

EJ Out Grab 2PM 0.013 1.493 0.005 n.a. 0.091 0.885 0.426 

 

Table B-4: Dionex Ion Chromatography Anion Species for Betz Samples, 10/20/2019 

Injection ID F- Cl- NO2
- Br- NO3

- PO4
3- SO4

2- 

Betz In 16 0.057 8.533 0.003 n.a. 0.368 0.358 7.79 

Betz In 17 0.165 13.042 n.a. n.a. 0.424 0.575 16.235 

Betz In 18 0.135 15.255 n.a. n.a. 0.474 0.495 23.082 

Betz In 21 0.198 23.808 0.008 n.a. 1.409 0.459 149.414 

Betz In Grab #2 0.141 21.518 n.a. n.a. 0.514 0.277 47.603 

Betz Out 10 0.078 23.663 0.01 0.018 0.179 0.265 7.84 

Betz Out 12 0.022 16.863 0.009 n.a. 0.159 0.202 5.812 

Betz Out 12 DUP 0.033 12.982 0.006 n.a. 0.156 0.303 5.275 

Betz Out 16 0.03 17.174 0.01 0.034 0.159 0.096 5.921 

Betz Out 17 0.031 11.667 0.009 n.a. 0.155 0.263 5.388 

Betz Out 18 0.043 11.39 0.003 n.a. 0.161 0.17 5.754 

Betz Out 21 0.091 15.672 0.008 n.a. 0.241 0.113 9.173 
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Table B-4: Dionex Ion Chromatography Anion Species for Betz Samples, 7/6/2020 

Injection ID F- Cl- NO2
- Br- NO3

- PO4
3- SO4

2- 

Betz In 1 0.277 3.562 0.015 0.034 0.362 0.000 0.605 

Betz In 2 0.043 3.481 0.009 0.000 0.235 0.000 0.326 

Betz In 3 0.047 4.034 0.013 0.000 0.335 0.229 2.097 

Betz In 4 0.078 5.170 0.036 0.111 0.570 0.501 4.829 

Betz In 5 0.306 6.451 0.082 0.000 0.823 1.069 4.420 

Betz In 6 0.162 6.180 0.071 0.000 0.547 1.549 3.600 

Betz In 7 0.087 6.676 0.070 0.000 0.535 1.391 4.208 

Betz In 7 DUP 0.090 6.808 0.023 0.000 0.528 1.120 3.800 

Betz In 8 0.212 8.489 0.044 0.134 1.102 0.000 5.839 

Betz In 9 0.094 8.595 0.033 0.000 0.929 0.000 6.541 

Betz In 10 0.085 7.459 0.031 0.000 1.017 0.306 6.066 

Betz In 11 0.103 11.255 0.048 0.000 1.165 0.290 8.774 

Betz In 12 0.114 14.399 0.029 0.116 1.265 0.434 11.333 

Betz In 13 0.090 17.147 0.276 0.000 1.389 1.045 12.327 

Betz In 14 0.114 19.921 0.018 0.039 1.260 0.629 14.118 

Betz In 15 0.101 21.274 0.052 0.000 1.275 0.639 14.137 

Betz In 16 0.150 22.650 0.000 0.000 1.264 0.436 14.653 

Betz In 17 0.076 21.596 0.000 0.000 1.118 0.000 13.918 

Betz In 18 0.083 23.009 0.000 0.000 1.145 0.000 13.838 

Betz In 19 0.105 24.585 0.000 0.000 1.149 0.000 15.125 

Betz In 20 0.083 19.302 0.000 0.570 0.991 0.517 12.549 

Betz In Grab 9:15 AM 0.082 26.246 0.000 0.000 1.308 0.000 15.872 

Betz In Grab 10:50 AM 0.123 34.135 0.011 0.000 1.315 0.000 16.896 

Betz In Grab 1:00 PM 0.073 20.264 0.036 0.080 0.157 0.100 14.342 

Betz Out 1 0.762 5.477 0.015 0.022 0.332 0.076 7.769 

Betz Out 2 0.006 9.253 0.035 0.050 0.232 0.107 6.821 

Betz Out 3 0.029 4.945 0.000 0.047 0.253 0.206 2.811 

Betz Out 4 0.055 4.378 0.018 0.026 0.458 0.186 0.000 

Betz Out 5 0.028 3.322 0.006 0.021 0.352 0.013 2.435 

Betz Out 6 0.016 2.540 0.001 0.028 0.255 0.087 2.379 

Betz Out 7 0.025 2.553 0.005 0.025 0.227 0.053 2.380 

Betz Out 8 0.043 2.668 0.010 0.012 0.220 0.127 2.497 

Betz Out 9 0.022 4.494 0.019 n.a. 0.242 0.108 2.789 

Betz Out 10 0.022 4.707 0.000 n.a. 0.228 n.a. 3.289 

Betz Out 11 0.027 5.111 0.006 n.a. 0.254 n.a. 3.851 

Betz Out 12 0.065 3.921 0.014 0.000 0.305 0.200 4.230 

Betz Out 13 0.031 6.128 0.017 n.a. 0.276 n.a. 5.260 

Betz Out 14 0.039 7.173 0.016 n.a. 0.283 n.a. 5.959 

Betz Out 15 0.039 8.039 0.021 n.a. 0.274 n.a. n.a. 

Betz Out 16 0.053 8.513 0.036 0.109 0.320 0.144 11.976 

Betz Out 17 0.057 11.365 0.033 n.a. 0.223 n.a. 11.625 
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Table B-4 (continued): Anion Species for Betz Samples, 10/20/2019 

Injection ID F- Cl- NO2
- Br- NO3

- PO4
3- SO4

2- 

Betz Out 18 0.055 13.002 0.035 n.a. 0.182 n.a. 11.669 

Betz Out 19 0.173 13.808 0.052 0.244 0.170 0.165 13.022 

Betz Out 20 0.057 16.902 0.018 0.094 0.134 0.075 12.419 

Betz Out 21 0.051 18.796 0.020 0.059 0.127 0.019 13.225 

Betz Out 22 0.264 19.658 0.017 0.844 0.085 0.000 14.062 

Betz Out Grab 12:30 PM 0.128 34.806 0.004 0.104 1.615 0.390 19.433 

Betz Out Grab 12:30 PM 
DUP 

0.047 18.456 0.005 0.000 0.071 0.000 12.175 

Betz Out Grab 1:55 PM 0.009 5.531 0.000 0.000 0.018 0.000 3.170 
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Table B-6: Dionex Ion Chromatography Anion Species for SMP-P01 Samples, 
8/12/2020 

Injection ID F- Cl- NO2
- Br- NO3

- PO4
3- SO4

2- 

SMP-P01 1 0.214 0.016 5.305 n.a. 0.852 0.279 4.140 

SMP-P01 2 0.192 0.023 4.982 0.351 0.820 0.172 4.223 

SMP-P01 3 0.220 0.044 4.956 n.a. 0.819 0.228 4.208 

SMP-P01 4 0.208 0.032 5.172 n.a. 0.809 n.a. 4.204 

SMP-P01 5 0.226 0.024 5.088 n.a. 0.732 0.338 4.730 

SMP-P01 6 0.210 0.036 5.647 n.a. 0.732 0.387 6.157 

SMP-P01 7 0.248 0.018 9.070 n.a. 0.438 n.a. 19.225 

SMP-P01 8 0.272 0.027 11.772 n.a. 0.742 0.407 39.256 

SMP-P01 8 DUP 0.289 0.040 11.903 n.a. 0.700 n.a. 35.851 

SMP-P01 9 0.273 0.033 12.312 n.a. 0.288 n.a. 39.379 

SMP-P01 10 0.251 0.035 12.837 n.a. 0.260 0.786 40.134 

SMP-P01 11 0.298 0.041 13.364 n.a. 0.221 0.524 44.012 

SMP-P01 12 0.280 0.044 14.068 n.a. 0.194 n.a. 38.650 

SMP-P01 13 0.290 0.055 14.524 n.a. 0.233 n.a. 35.510 

SMP-P01 13 DUP 0.277 0.045 14.910 n.a. 0.243 n.a. 33.973 

SMP-P01 14 0.265 0.051 15.133 n.a. 0.316 0.258 31.031 

SMP-P01 15 0.275 0.051 16.228 n.a. 0.213 n.a. 29.314 

SMP-P01 16 0.269 0.040 17.551 n.a. 0.180 0.122 27.766 

SMP-P01 16 DUP 0.268 0.043 17.954 n.a. 0.191 0.111 28.385 

SMP-P01 17 0.315 0.030 20.701 n.a. 0.159 n.a. 28.153 

SMP-P01 18 0.233 0.018 21.962 n.a. 0.167 n.a. 25.874 

SMP-P01 19 0.299 0.010 23.642 n.a. 0.059 0.211 25.075 

SMP-P01 20 0.240 n.a. 24.151 n.a. 0.040 n.a. 23.578 

SMP-P01 21 0.272 n.a. 25.131 n.a. 0.039 n.a. 23.400 

SMP-P01 22 0.269 n.a. 25.325 n.a. 0.037 0.209 21.108 

SMP-P01 23 0.274 n.a. 26.337 n.a. 0.044 0.287 20.347 

SMP-P01 24 0.347 n.a. 27.248 0.062 0.031 0.199 19.206 

SMP-P01 EW61 0.107 n.a. 708.366 n.a. 0.034 n.a. 20.632 

SMP-P01 EW62 0.094 0.022 8.252 n.a. 0.551 n.a. 2.349 
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Table B-7: Dionex Ion Chromatography Anion Species for SMP-P01 Samples, 9/10/2020 

Injection ID F- Cl- NO2
- Br- NO3

- PO4
3- SO4

2- 

SMP-P01 1 0.150 36.645 0.003 n.a. 0.165 0.189 17.342 

SMP-P01 2 0.174 27.143 0.006 n.a. 1.748 0.173 19.522 

SMP-P01 3 0.158 20.807 0.039 n.a. 4.406 0.224 20.166 

SMP-P01 4 0.176 18.744 0.014 n.a. 4.027 n.a. 20.058 

SMP-P01 4 DUP 0.194 19.245 0.018 n.a. 4.147 0.236 21.209 

SMP-P01 5 0.172 20.009 0.014 n.a. 3.172 0.133 21.673 

SMP-P01 6 0.183 20.653 0.012 n.a. 2.674 n.a. 21.406 

SMP-P01 7 0.202 20.096 0.022 n.a. 2.150 n.a. 19.156 

SMP-P01 8 0.235 20.660 0.021 n.a. 1.544 n.a. 20.067 

SMP-P01 9 0.301 20.242 0.020 n.a. 1.218 n.a. 18.108 

SMP-P01 10 0.440 22.385 0.039 n.a. 1.222 0.180 20.204 

SMP-P01 11 0.414 19.601 0.027 n.a. 0.967 0.006 16.535 

SMP-P01 12 0.386 21.963 0.030 n.a. 0.800 0.074 16.577 

SMP-P01 13 0.318 22.180 0.017 n.a. 0.611 0.769 15.250 

SMP-P01 14 0.329 21.281 0.019 n.a. 0.650 n.a. 14.588 

SMP-P01 15 0.341 24.899 0.020 n.a. 0.427 n.a. 14.339 

SMP-P01 16 0.181 10.549 0.013 n.a. 0.209 n.a. 7.104 

SMP-P01 17 0.387 20.739 0.018 n.a. 0.301 n.a. 14.401 

SMP-P01 17 DUP 0.379 20.909 0.019 n.a. 0.318 n.a. 14.285 

SMP-P01 18 0.375 21.290 0.018 n.a. 0.200 0.072 14.361 

SMP-P01 19 0.399 21.867 0.031 n.a. 0.175 0.094 14.702 

SMP-P01 20 0.414 23.517 0.028 n.a. 0.141 n.a. 15.458 

SMP-P01 21 0.422 24.306 0.021 n.a. 0.106 n.a. 15.629 

SMP-P01 22 0.403 26.571 0.011 n.a. 0.039 0.137 16.125 

SMP-P01 23 0.298 9.985 0.019 n.a. 0.958 0.170 6.918 

SMP-P01 23 DUP 0.186 9.104 0.023 n.a. 0.887 n.a. 6.443 

SMP-P01 24 0.319 16.412 0.009 n.a. 0.336 n.a. 17.090 

Base flow 0.186 32.509 n.a. n.a. 0.112 0.083 17.455 
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Table B-8: Dionex Ion Chromatography Anion Species for SMP-P01 Samples, 
10/12/2020  

Injection ID F- Cl- NO2
- Br- NO3

- PO4
3- SO4

2- 

EW61 0.074 11.158 0.002 n.a. 0.042 n.a. 31.553 

EW62 0.090 5.052 0.011 n.a. 0.761 0.582 4.762 

EW64/65 0.024 9.880 n.a. n.a. 0.201 0.586 1.006 

SMP-P01 1 0.228 80.600 n.a. n.a. 0.014 n.a. 4.837 

SMP-P01 1 DUP 0.256 81.828 n.a. n.a. 0.014 n.a. 4.628 

SMP-P01 2 0.248 34.862 n.a. n.a. 0.000 n.a. 4.430 

SMP-P01 3 0.250 31.481 n.a. n.a. 0.017 n.a. 4.127 

SMP-P01 4 0.250 29.603 n.a. n.a. 0.119 n.a. 4.427 

SMP-P01 5 0.253 26.651 n.a. n.a. 0.572 n.a. 6.599 

SMP-P01 6 0.095 15.840 n.a. n.a. 0.928 n.a. 5.009 

SMP-P01 7 0.104 16.175 0.005 n.a. 1.369 0.204 6.966 

SMP-P01 8 0.105 15.447 0.007 n.a. 1.582 0.328 10.130 

SMP-P01 9 0.168 15.260 0.007 n.a. 1.284 0.283 9.278 

SMP-P01 10 0.195 10.481 0.008 n.a. 0.867 n.a. 8.051 

SMP-P01 11 0.258 10.652 0.009 n.a. 0.842 0.129 8.815 

SMP-P01 11 DUP 0.276 10.860 0.010 n.a. 0.848 0.188 8.974 

SMP-P01 12 0.204 9.965 0.010 n.a. 1.602 2.858 9.236 

SMP-P01 13 0.203 10.829 n.a. n.a. 0.934 5.307 8.639 

SMP-P01 14 0.267 8.755 0.019 n.a. 0.567 n.a. 6.007 

SMP-P01 15 0.203 8.733 0.025 n.a. 0.478 1.442 5.241 

SMP-P01 16 0.210 8.737 0.020 n.a. 0.390 n.a. 4.769 

SMP-P01 16 DUP 0.225 8.683 0.028 n.a. 0.393 n.a. 4.646 

SMP-P01 17 0.217 10.441 0.017 n.a. 0.389 n.a. 11.321 

SMP-P01 18 0.006 1.899 n.a. n.a. 0.008 n.a. 0.524 

SMP-P01 19 0.178 11.635 0.006 n.a. 0.346 4.609 15.262 

SMP-P01 20 0.274 13.175 0.013 n.a. 0.346 7.223 17.537 

SMP-P01 21 0.224 13.214 0.016 n.a. 0.327 4.229 17.099 

SMP-P01 22 0.300 12.127 0.021 n.a. 0.316 2.403 14.369 

SMP-P01 23 0.239 12.803 0.027 n.a. 0.260 n.a. 12.252 

SMP-P01 24 0.299 14.557 0.038 n.a. 0.158 n.a. 9.592 

Base flow 0.234 11.462 n.a. n.a. 0.005 8.657 4.799 

Base flow DUP 0.233 11.449 n.a. n.a. 0.015 14.672 4.837 
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Table B-9: Dionex Ion Chromatography Anion Species for SMP-P01 Samples, 11/12/2020   

Injection ID F- Cl- NO2
- Br- NO3

- PO4
3- SO4

2- 

Base flow 0.191 9.969 n.a. n.a. 0.031 0.306 5.889 

SMP-P01 1 0.179 3.924 0.013 n.a. 0.249 n.a. 1.911 

SMP-P01 1 DUP 0.166 3.982 0.010 n.a. 0.250 n.a. 2.012 

SMP-P01 2 0.186 7.934 0.017 n.a. 0.274 n.a. 1.979 

SMP-P01 2 DUP 0.183 8.013 0.019 n.a. 0.266 n.a. 1.948 

SMP-P01 3 0.178 4.775 0.025 n.a. 0.289 n.a. 2.296 

SMP-P01 3 DUP 0.176 4.778 0.018 n.a. 0.272 n.a. 2.087 

SMP-P01 4 0.160 7.564 0.019 n.a. 0.274 n.a. 2.175 

SMP-P01 4 DUP 0.211 7.631 0.014 n.a. 0.284 n.a. 2.222 

SMP-P01 5 0.199 7.287 0.015 n.a. 0.296 n.a. 2.247 

SMP-P01 5 DUP 0.236 7.288 0.019 n.a. 0.295 n.a. 2.318 

SMP-P01 6 0.219 4.411 0.020 n.a. 0.310 n.a. 2.440 

SMP-P01 6 DUP 0.222 4.142 n.a. n.a. 0.292 n.a. 2.219 

SMP-P01 7 0.243 6.430 0.014 n.a. 0.300 0.079 2.317 

SMP-P01 7 DUP 0.235 6.425 0.016 n.a. 0.295 n.a. 2.413 

SMP-P01 8 0.302 6.903 0.024 n.a. 0.369 0.095 3.262 

SMP-P01 9 0.314 5.485 0.022 n.a. 0.381 n.a. 3.307 

SMP-P01 9 DUP 0.326 6.780 0.023 n.a. 0.580 n.a. 3.800 

SMP-P01 10 0.320 7.007 0.023 n.a. 0.371 n.a. 3.358 

SMP-P01 10 DUP 0.301 7.322 0.023 n.a. 0.376 n.a. 3.572 

SMP-P01 11 0.316 6.153 0.019 n.a. 0.379 n.a. 3.466 

SMP-P01 12 0.283 7.872 0.011 n.a. 0.362 n.a. 4.573 

SMP-P01 12 DUP 0.286 8.020 0.013 n.a. 0.370 n.a. 4.679 

SMP-P01 13 0.181 10.222 0.006 n.a. 0.174 0.402 9.148 

SMP-P01 13 DUP 0.202 10.025 0.008 n.a. 0.184 0.405 9.334 

SMP-P01 14 0.215 8.817 0.005 n.a. 0.220 0.390 10.598 

SMP-P01 15 0.270 189.660 n.a. n.a. 0.287 1.026 9.489 

SMP-P01 15 DUP n.a. 146.001 n.a. n.a. 0.219 0.787 7.516 

SMP-P01 16 0.182 4.276 0.022 n.a. 0.150 0.218 2.901 

SMP-P01 16 DUP 0.195 4.269 0.022 n.a. 0.160 0.116 2.586 

SMP-P01 17 0.171 3.506 0.013 n.a. 0.182 0.125 2.542 

SMP-P01 17 DUP 0.199 3.468 0.014 n.a. 0.175 0.113 2.425 

SMP-P01 18 0.267 9.359 0.010 0.041 0.230 n.a. 7.353 

SMP-P01 19 0.306 8.872 0.009 n.a. 0.241 0.325 7.121 

SMP-P01 19 DUP 0.379 8.768 n.a. n.a. 0.242 0.593 11.062 

SMP-P01 20 0.279 9.166 0.005 n.a. 0.294 0.614 13.402 

SMP-P01 21 0.348 6.181 0.010 n.a. 0.190 0.428 9.091 

SMP-P01 21 (replicate) 0.353 6.333 0.013 n.a. 0.167 0.538 8.476 

SMP-P01 22 0.302 6.019 0.002 n.a. 0.225 0.318 8.422 

SMP-P01 23 0.385 10.436 0.008 n.a. 0.231 0.447 10.515 

SMP-P01 23 DUP 0.386 9.970 0.008 n.a. 0.228 0.406 9.940 
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Table B-9 (continued): Anion Species for SMP-P01 Samples, 11/12/2020   

Injection ID F- Cl- NO2
- Br- NO3

- PO4
3- SO4

2- 

SMP-P01 24 0.389 8.547 0.016 n.a. 0.195 0.337 10.222 

EW61 0.165 6.791 0.015 n.a. 0.342 0.832 18.502 

EW61 DUP 0.169 6.730 0.009 n.a. 0.332 0.786 18.415 

EW62 0.187 2.315 0.044 n.a. 0.623 0.310 3.695 

EW62 DUP 0.240 2.197 0.031 n.a. 0.595 0.323 3.290 

OP-15 (lysimeter) 0.328 7.435 n.a. n.a. 1.996 1.507 17.261 
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APPENDIX C 

Field N Species Data 

 The following graphs provide a breakdown of dissolved inorganic nitrogen (DIN) 

species contribution to the total dissolved nitrogen (TDN) in a given stormwater sample. 

All nitrate and nitrite measurements were conducted using Dionex ion chromatography 

and TDN measurements were analyzed using an AQ300. Ammonium measurements for 

Ethel Jordan and Betz were conducted using an ammonium probe; all SMP-P01 

ammonium analyses were conducted using an AQ300. Analyses labeled “G” represent 

outlet grab samples. Dissolved organic nitrogen (DON). Dissolved oxygen measurements 

collected from a dissolved oxygen logger within the SMP-P01 basin are also included in 

this section. 
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Figure C-1: Nitrogen species fractions from individual samples, Ethel Jordan, July 10, 

2020. 
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Figure C-2: Nitrogen species fractions from individual samples, Ethel Jordan, August 28, 

2020. 

 

Figure C-3: Nitrogen species fractions from individual samples, Ethel Jordan, October 

12, 2020. 
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Figure C-4: Nitrogen species fractions from individual samples, Betz, July 6, 2020. 
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Figure C-5: Nitrogen species fractions from individual samples, SMP-P01, August 12, 

2020. 

 

Figure C-6: Dissolved oxygen levels monitored during the August 12, 2020 storm were 

high, likely due to incidental aeration from the autosampler pump circulating water in the 

gravel well. 
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Figure C-7: Nitrogen species fractions from individual samples, SMP-P01, September 10, 

2020. Values above 100% are caused by discrepancies in Dionex data (nitrate, nitrite) 

and AQ300 data (DON, ammonium). 

 

Figure C-8: Nitrogen species fractions from individual samples, SMP-P01, October 12, 

2020. Values above 100% are caused by discrepancies in Dionex data (nitrate, nitrite) 

and AQ300 data (DON, ammonium). 
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Figure C-9: Nitrogen species fractions from individual samples, SMP-P01, November 12, 

2020. 
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APPENDIX D 

NOx Data Trends in Column Experiments Not Selected for Isotope Analysis 

 The following graphs show NOx measurements (assumed to equate NO3
- 

given negligible NO2
-) of column samples collected, but not considered for 

isotope analysis. 
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Figure D-1: Although steady-state samples for isotope analysis were collected on March 

9, 2020 (collected samples marked with “X”), there was little change in nitrate 

concentrations during the next two days. 
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Figure D-2: Nitrate concentrations increased greatly during the first half of the storm, 

followed by slight changes in the final two hours of the storm. Underdrain nitrate 

concentrations in the Bottom column remained higher than the lowermost samples in the 

Middle and Top columns. 
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Figure D-3: Nitrate concentrations generally increased during the first three hours of the 

storms. In the latter half of the storms, nitrate levels in the uppermost port samples 

remained relatively constant. Over time, nitrate levels in the Middle column 25- and 5-cm 

port samples and Top column 5-cm port samples decreased. 
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Figure D-4: A small decrease in nitrate consistently occurred in the Middle and Top 

columns 5-cm port samples. Nitrate increased throughout the Bottom column. The 

uppermost Middle column samples varied between storms; a decrease in nitrate in the 25-

cm port samples occurred during the latter half of the November 20, 2020 storm. Nitrate 

levels increased in the upper IWS of the Top column. 
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APPENDIX E 

Additional Isotope Information 

 Figures and tables presented in this section relate to isotope samples submitted 

and analyzed for field and column samples. Comparisons of Ethel Jordan and Betz basin 

outlet samples reinforce that stormwater mixing is the dominant process affecting the 

stable isotopic ratios. Isotopic fractionation will produce an exponential decay curve as 

nitrate concentrations decrease and δ15N ratios increase (Fig. E-1). Constant mixing or 

dilution in a closed system will create a hyperbolic curve with steady δ15N ratios, whereas 

nitrate concentrations decline followed by an abrupt increase close to the minimum 

concentration. Although the end member compositions are unknown, the shape of nitrate 

δ15N curves may provide some information about the process involved. A lack of Ethel 

Jordan outlet samples does not create any mixing or denitrification curve (E-2). During 

the October 20, 2019 storm, a sustained nitrate decrease of <0.01 mg/L was concurrent 

with a δ15N increase of 2.4‰. This change in nitrate is negligible; there is no sign of 

denitrification in this dataset (Fig. E-3a). Heavier δ15N isotopic ratios were created 

through a mixing process following a long, low intensity rain event. July 2020 samples 

#13 to #22 were collected ~13 hours after a high intensity rainfall. The 0.19 mg/L 

decrease in nitrate and 6.1‰ increase over seven hours does not follow an exponential 

denitrification curve (Fig. E-3b). 

 At SMP-P01, nitrate- δ15N curvature of September 2020 and October 2020 storm 

events suggest some period of microbial denitrification, and all but one August 2020 

outlet sample follow a path consistent with denitrification. The August 2020 outlet δ15N 

ratios increased 14.9‰ from sample #1 to #16 and nitrate concentrations decreased 0.67 

mg/L over this eight-hour period (Fig. E-4a). This denitrification curve was followed by a 

smaller decrease of 0.12 mg/L and increase of 0.3‰ over four hours. A gradual curve 

from sample #4 to sample #21 occurred during the September 2020 storm (Fig. E-4b). 

There was a decrease of 3.73 mg/L and increase of 6.1‰ over eight hours. The following 

seven-hour period saw increase of 14.0‰ and decrease of 0.19 mg/L. Given this, 

denitrification appears to have slowed before a second storm burst impacted the gravel 

well; however, an increase in δ18O ratios confirms the denitrification trend. The October 

2020 storm saw a nitrate decrease of 0.58 mg/L and increase of 7.4‰ over 17 hours (Fig. 

E-4c). A denitrification trend is possible, based on these three samples, but additional 

analysis could provide a smoother curve and thus stronger evidence. The fluctuation in 

November 2020 outlet nitrate concentrations does not create any discernible curvature.  

Enrichment factors confirmed these observations. 
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Figure E-1: The nitrate- δ15N chart shows an exponential denitrification curve and a 

hyperbolic mixing/dilution curve (Mariotti et al., 1988). This theoretical curve assumes 

constant isotopic fractionation with two known end members (δi and δf). 
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Figure E-2: Nitrogen-15 isotopic ratios against nitrate concentrations from Ethel Jordan 

do not show denitrification; fluctuating isotopic ratios and concentrations indicate 

mixing. 
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Figure E-3: Betz outlet samples do not exhibit a nitrate- δ15N curve consistent with 

denitrification. 
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Figure E-4: End members are unknown for the SMP-P01 outlet, however trends in the 

nitrate- δ15N curves provide some evidence of denitrification, particularly in the August 

12, 2020 storm. 
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Table E-1: Column Samples Selected for Isotope Analysis 

Experiment Precip. Rate 
(cm/hr) 

Storm Date Columns Ports NOx (mg/L) Sample Time 

Steady-State, 
Day #4 

1 3/9/20 
Bottom 10 cm 0.05 

End of day Middle 25 cm 2.01 

Top 25 cm 1.50 

Steady State, 
Day #71 

1 8/17/20 

Tank --- *3.00 

End of day 
Bottom 

25 cm 2.59 

10 cm 1.17 

Underdrain 0.48 

Middle 25 cm 2.35 

Top 25 cm 2.36 

Low 

Intensity 
1 8/31/20 

Tank --- 3.00 Pre-storm 

Bottom 25 cm 
0.69 Pre-storm 

0.61 Mid-storm 

1.78 Final 

Middle 25 cm 1.25 Mid-storm 

0.20 Final 

Top 

Underdrain 0.67 Mid-storm 

1.57 Final 

25 cm 0.77 Mid-storm 

1.66 Final 

Medium 
Intensity 

2.5 9/28/20 

Tank --- 2.90 Pre-storm 

Bottom 25 cm 
0.32 Pre-storm 

2.49 Mid-storm 

1.78 Final 

High Intensity 5 

No isotope analysis conducted ADP 3 2.5 

ADP 14 2.5 

 
Color-coding is based on storm events illustrated in Figure 4-1. 

 


