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ABSTRACT 
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Septic systems introduce partially treated wastewater, which contains contaminants of 

emerging concern (CECs) like pharmaceuticals, antibiotics, UV filters, and hormones, 

into nearby surface water via groundwater transport. In addition to CECs, septic effluent 

contains wastewater-derived fluorescent dissolved organic matter (FDOM), which we 

hypothesized could be employed to quickly and economically identify sections of streams 

impacted by septic effluent. We used fluorescence excitation-emission matrix (EEM) 

spectroscopy and parallel factor analysis (PARAFAC) in conjunction with CEC 

measurements to characterize septic wastewater and identify potential EEM and EEM-

PARAFAC based indicators of septic effluent. The potential indicators were applied to 

spatially resolved samples from a rural subwatershed with variable septic density and no 

municipal wastewater infrastructure. We proposed three ratiometric FDOM parameters as 

effective indicators of septic effluent: the area-normalized ratio of tryptophan-like to 

humic acid-like fluorescence (R2/R5); the ratio of wastewater EEM-PARAFAC 

components with tryptophan-like and humic-like fluorescence (W2/W1); and the ratio of 

North Branch EEM-PARAFAC components with microbially derived protein-like and 



 

humic-like fluorescence (C4/C1). All three ratiometric indicators were considered 

conservative and well correlated with concentrations of the artificial sweetener sucralose 

in areas with medium (41 – 80 tanks/km2) and high (>80 tanks/km2) septic density. In 

medium septic density areas, C4/C1 and W2/W1 were also well correlated with the 

pharmaceutical carbamazepine. The absence of correlations between FDOM parameters 

and CEC concentrations in areas with low septic density suggests that 40 tanks/km2 

serves as a threshold for measurable impacts of septic systems on nearby surface waters. 

For areas above this septic density threshold, the identified ratiometric FDOM indicators 

can provide an economical method for evaluating the impacts of septic systems on water 

quality. The indicators were employed to evaluate the complex pathways involved with 

septic effluent transport to streams via preferential groundwater seeps during baseflow 

and subsurface mobilization during a storm event. Overall, these findings confirmed the 

potential for using FDOM-based parameters to identify and assess the impacts of septic 

effluent on nearby surface water quality. 
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Chapter 1: Introduction 

1.1 Motivation 

Septic systems have the potential to negatively impact nearby surface water quality, but 

the extent of those impacts is not well understood. Most studies, especially in the 

Chesapeake Bay watershed, have concentrated on nutrient loading from septic systems 

1,2. Legislation aimed at limiting environmental impacts from non-sewered sanitation 

systems and innovative technologies developed to upgrade septic system performance 

also focus on nutrient removal. These strategies will help to reduce nutrient loading, but 

they may not address other pollutants, including contaminants of emerging concern 

(CECs). CECs raise risks for public health (e.g., antimicrobial resistance) and ecological 

systems (e.g., endocrine disruption) at low, environmentally relevant concentrations 3. 

CECs have been reported at high levels in septic systems. For example, the 

sulfamethoxazole antibiotic was present at concentrations up to 29,000 ng L-1 in septic 

wastewater, with nearby groundwater having concentrations of 450 ng L-1 4. Oxybenzone, 

a UV filter found in sunscreens and other personal care products, and estrone, a steroid 

hormone, were measured at concentrations up to 16,100 ng L-1 and 74 ng L-1 in septic 

tanks, respectively 5,6. Due to the high concentrations, a small fraction of septic effluent 

could considerably impact CEC levels in adjacent groundwater and surface water 

sources.  

CECs have been ubiquitously reported throughout the Chesapeake Bay watershed 7–9. 

Previous studies have linked these contaminants to municipal wastewater effluent, 

sanitary sewer leaks, and agricultural runoff. Yet, the impact of non-sewered sanitation 

systems has not been fully considered, and no previous studies in Baltimore or Maryland 
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have confirmed that septic systems introduce CECs into the watershed. To address this 

knowledge gap, we used multiple assessment techniques. In addition to CECs, septic 

systems contain wastewater-derived dissolved organic matter (DOM). Fluorescent DOM 

(FDOM), which is typically measured as excitation-emission matrices (EEMs), can be 

used to identify wastewater inputs because the fluorescence fingerprints from 

wastewater-derived DOM are significantly different from those of natural DOM 10–12. For 

this study, we employed CEC concentrations and detections to validate EEM-based 

parameters that were proposed as rapid and inexpensive indicators of septic wastewater in 

streams. 

This study will inform the scientific community’s understanding of the impact of septic 

systems on low-order streams by (1) measuring contaminant concentrations in septic and 

municipal wastewater, (2) developing new fluorescence parameters to quickly and easily 

identify impacted streams, and (3) generating EEM and CEC datasets to understand 

storm-driven mobilization of septic wastewater. These outcomes will not only provide 

important and actionable information for homeowners, community members, and local 

government agencies, but also inform water quality in other watersheds. The Upper Jones 

Falls Small Watershed Action Plan includes "informing homeowners about septic system 

maintenance" as a principal management strategy for restoring and protecting the 

watershed 13. This research can be adapted by the Baltimore County government for 

septic system education campaigns. The County can also use the data to determine the 

best strategies to protect the watershed and mitigate septic system impacts on water 

quality. We are working with Blue Water Baltimore to communicate our findings to 

community members, community organizations, and government agencies in a clear, 
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targeted, and relatable manner that conveys the essential points without inciting fear or 

blame about the presence of CECs in water bodies.  

 

1.2 Research objectives 

The objective of this project was to employ EEM parameters and CEC concentrations to 

identify, confirm, and assess the impacts of non-sewered sanitation systems in the rural 

Upper Jones Falls subwatershed. We investigated these parameters in an area with 

variable septic system density and no municipal sewer infrastructure. We hypothesized 

that (1) CECs and other contaminants were introduced to the stream from septic systems, 

(2) differences in FDOM signatures from natural sources and septic systems could be 

used to identify septic inputs, and (3) storm events increased septic wastewater transport 

to streams. The specific aims were to: 

Aim 1: Characterize and compare FDOM and CECs in septic tanks and municipal 

wastewater. 

Aim 2: Measure EEMs and CECs along a tributary to the Upper Jones Falls and 

develop EEMs as a screening tool for septic system inputs. 

Aim 3: Employ thermal infrared (TIR) imaging to identify groundwater inputs at the 

impacted locations identified in Aim 2 and confirm septic wastewater 

mobilization during storm events via time-resolved EEM and CEC 

measurements. 
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1.3 Structure of this thesis 

Chapter 1 describes the motivation and research objectives for this project. Chapter 2 

provides a literature review of septic system impacts on the environment, potential 

indicators of septic wastewater, and previous water quality campaigns in the Jones Falls 

Watershed. Chapter 3 details the experimental materials and methods used to complete 

this project. Chapter 4 reports and discusses EEM and CEC data collected from septic 

and municipal wastewater (specific aim 1). Chapter 5 evaluates potential septic effluent 

FDOM indicators via a spatially resolved sampling campaign (specific aim 2). Chapter 6 

details two case studies investigating septic effluent transport to surface water (specific 

aim 3). Chapter 7 summarizes the main conclusions from this thesis. 
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Chapter 2: Literature review 

2.1 Septic systems are an important source of conventional contaminants to the 

Chesapeake Bay watershed 

The water quality impacts of excess nutrients from non-sewered sanitation systems are a 

concern in Maryland and throughout the Chesapeake Bay watershed 1,2,14. Nutrients 

contributed by septic systems need to be quantified and taken into consideration for the 

Watershed Implementation Plans that are being used to meet the Chesapeake Bay Total 

Maximum Daily Load agreement 15. Harrison et al. (2012) estimated that septic systems 

in Maryland contribute 7% of nitrogen pollution to the Chesapeake Bay 1. In fact, 

approximately 420,000 septic systems in Maryland contribute around 3.6 million pounds 

of nitrogen to the Bay every year. Baltimore County accounts for about 13% (56,200) of 

the septic systems in the state 1. Shields et al. (2008) investigated nitrogen exports from 

septic systems in the Gwynns Falls watershed. They found that septic systems are a major 

contributor to downstream nitrogen loading and proposed disrupting the connection 

between septic systems and streams to significantly reduce nitrogen export 2. Maryland 

has already taken several steps to address septic system impacts, including through Bay 

Restoration Fund legislation that provides funds for upgrading septic tanks for nitrogen 

removal. In 2009, Maryland passed the Chesapeake Bay Nitrogen Reduction Act, which 

requires all new septic systems to include additional nitrogen-reducing units 1. While 

these steps could improve nutrient loading from septic systems, other steps may need to 

be taken to address other contaminants.  
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2.2 Wastewater treatment and drainage in septic systems 

Over 20% of US households use non-sewered sanitation systems to treat their wastewater 

16. These systems are generally located in areas that do not have access to centralized 

municipal wastewater infrastructure. Conventional septic systems consist of one or two 

anaerobic chambers for solids decomposition and a drainfield for additional treatment via 

filtration, adsorption, nitrification, and denitrification. While septic tanks remove solids 

and some organic matter, percolation through the drainage field is mostly responsible for 

treatment of nutrients, pathogens, and chemical contaminants 17. The rate of contaminant 

removal depends on soil properties and effluent composition 18–20. Effluent constituents 

that are not attenuated are eventually dispersed into shallow groundwater (Figure 2.1) and 

may reach nearby surface waters. Even properly functioning septic systems will not fully 

remove nutrients or CECs leading to a persistent source regardless of the age or condition 

of the septic tank 21. 

Groundwater transport is the most common pathway for septic wastewater to reach 

streams, but other pathways are important to consider (Figure 2.1) 22. For example, wet 

weather events may cause contaminants from septic tank overflows or clogged drain 

fields to be rapidly transported to surface water via overland runoff or preferential 

subsurface flow 17,20. In addition, high water tables during storm events can connect 

septic fields with drainage ditches and lead to faster transport 18,20,23. Some septic systems 

are also illegally connected to drainage ditches or primary streams, resulting in consistent 

inputs of partially treated wastewater 17. The contributions of these transport phenomena 

vary depending on site characteristics like soil type, topography, and the age and 
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condition of the nearby septic systems. No studies have investigated these transport 

phenomena in Baltimore County.  

 
Figure 2.1. Septic wastewater transport pathways. Adapted from Tamang et al. (2022) 22. 
 

2.3 Septic system impacts 

Non-sewered sanitation systems can be a major and potentially underestimated source of 

contaminants to the environment. Even when functioning properly, septic tank effluent 

contributes nutrients and other contaminants to shallow groundwater, enabling transport 

to streams and downstream locations 18,24–27. High septic density has been linked to 

higher nutrient export, greater fecal pollution, and increased artificial sweetener 

concentrations 22,28,29. Oldfield et al. (2020) used artificial sweeteners to estimate that 2 ‒ 

33% of septic effluent reaches adjacent streams 30, and Spoelstra et al. (2020) reported 

that septic system effluent constitutes up to 0.5% of streamflow based on measured 

artificial sweetener concentrations 31. 

Septic systems are a known source of primary pollutants (i.e., carbon, nitrogen, 

phosphorus) in nearby surface water 18,24–27. Nutrient inputs from septic systems 

contribute to eutrophication in rural headwaters and cause ecosystem-level problems, 
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including algal blooms, anoxic conditions, and disruptions to in-stream nutrient cycling 

18,26,32,33. Septic systems often fail to remove CECs and are, therefore, sources of personal 

care products, pharmaceuticals, per- and polyfluoroalkyl substances, and artificial 

sweeteners in rural streams 6,21,31,34–36. Importantly, CECs from septic systems have been 

confirmed to cause antibiotic resistance in streams 37 and have other ecotoxicological 

outcomes, but the relationship between CEC loads, the risks associated with those loads, 

and septic system density has not been assessed. 

 

2.4 Indicators of septic wastewater 

Many indicators have been suggested to track septic system inputs. Some studies suggest 

using ions or ratiometric parameters involving ions, total nitrogen, and bacteria levels 

(e.g., Na+, Cl‒/Br‒, NO3
‒/NO2

‒, Cl‒/total nitrogen (TN), Cl‒/total coliforms) 25,27,38,39, but 

these indicators are not source specific and are more suitable as initial screening tools. 

One study that employed ultrahigh-resolution mass spectrometry suggested that nitrogen-

containing features in the lipid- and protein-like areas of van Krevelen space could be 

used as indicators of septic system impacts 25, but this analytical method is complex, 

expensive, and not quantitative. Previous reports have also used CECs, including 

artificial sweeteners, pharmaceuticals, and personal care products, as indicators of 

wastewater from septic tanks 25,31,34,38–44. Artificial sweeteners are useful indicators 

because they are widely consumed, present at high concentrations, exclusively derived 

from human consumption, mobile, and persistent in the environment 22,31,38,41,42,44. These 

features enable monitoring and source-tracking campaigns even in areas where other 

CECs have not been detected 31,42,44.  
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Given the variable fate and transport of individual CECs, the composition of CECs in 

streams can indicate the extent of CEC attenuation in septic systems, inform how recently 

the wastewater entered the stream, and imply how far the CECs were transported from 

the source. Higher concentrations or detection frequencies for more degradable CECs 

(e.g., caffeine, ibuprofen) could indicate shorter or more direct transport pathways from 

the septic tank to the stream 31,34,45. Under long-distance transport scenarios, some 

wastewater constituents, including pathogens, nutrients, and pharmaceuticals, may be 

effectively removed; however, artificial sweeteners may still be detectable due to their 

conservative nature and high mobility. Therefore, artificial sweeteners may not 

necessarily indicate the presence of other wastewater contaminants or ecological health 

concerns, but these indicators do provide insight for more persistent CECs 31. CECs can 

be useful indicators but they involve expensive, resource-intensive analytical tools 40,46. 

In this project, we employed CECs to confirm the feasibility of FDOM-based indicators, 

which are cheaper and easier to measure in water samples.  Chapter 5 describes this 

analysis. 

 

2.5 FDOM and EEMs in septic wastewater 

Along with nutrients and CECs, septic systems introduce effluent-derived DOM (EfOM) 

into shallow groundwater and streams. The DOM in aquatic systems is derived from 

allochthonous (derived from degraded terrestrial material 47), autochthonous (derived 

from aquatic organisms and sediments 47), and anthropogenic (originating from human 

activities) sources. Because fluorescence signatures provide more information on DOM 

composition than conventional absorbance measurements, FDOM is being increasingly 
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used to identify the source and fate of DOM in water systems 10. The fluorescence 

fingerprints of EfOM are significantly different than those of natural organic matter 

(NOM), enabling the use of EEMs to determine the presence of wastewater in stream 

samples 11,12. EEM spectra are typically presented as contour plots with excitation 

wavelength on the x-axis, emission wavelength on the y-axis, and fluorescence intensity 

on the z-axis (Figure 2.2). Chen et al. (2003) delineated the fluorophores in EEMs into 

five major regions: (1) tyrosine-like, (2) tryptophan-like, (3) fulvic acid-like, (4) soluble 

microbial product-like, and (5) humic acid-like 48. 

 
Figure 2.2. Representative EEMs for Suwannee River natural organic matter (SRNOM) 
and municipal wastewater. The five major fluorescence regions established by Chen et al. 
(2003) 48 are outlined and labeled in the figure. 

 

For quantitative analysis of FDOM, the volume under each region in an EEM can be 

computed and normalized to the excitation-emission area of that region 48. This approach 

allows for the comparison of spatially and temporally unique samples 11. EEM regions 

help to characterize FDOM, but the boundaries are arbitrarily defined, and real 

fluorescence peaks can and often do span the regional boundaries. Parallel factor analysis 

(PARAFAC) can be used to establish more specific wastewater indicators for a particular 
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aquatic system by deconvoluting EEMs into a small number of representative 

components 49. EEM spectroscopy and PARAFAC modeling have been used to describe 

FDOM in surface water, groundwater, marine water, and wastewater 50–56. For example, 

Dubber et al. (2021) characterized FDOM in septic systems and drainage fields using 

EEMs and EEM-PARAFAC models. Their results indicated that FDOM in septic system 

wastewater was dominated by protein-like compounds and whitening compounds, such 

as the optical brighteners used in laundry detergents. As septic effluent moved through 

the drainfield, the fluorescence from protein-like compounds and whitening compounds 

decreased. Humic acid-like fluorescence increased because of contributions from 

terrestrially derived soil organic matter 57. Richards et al. observed tryptophan-like 

fluorescence in septic tank effluent and downstream water samples 39,58. This 

fluorescence signature was not present in upstream samples, suggesting the potential use 

of tryptophan-like fluorescence as an indicator of septic systems. 

Other studies have identified protein-like, soluble microbial product-like, and humic acid-

like fluorescence as indicators of raw and treated municipal wastewater 12,55,59. CEC 

concentrations from wastewater inputs were positively correlated to protein-like and 

soluble microbial product-like fluorescence 60. Tyrosine-like fluorescence was correlated 

to indicators of untreated wastewater (e.g., caffeine, ibuprofen), while humic acid-like 

fluorescence was associated with more recalcitrant CECs (e.g., sucralose, carbamazepine) 

61. Tryptophan-like fluorescence was connected to water quality parameters, including 

fecal coliforms and nutrients derived from wastewater inputs 39,62–64. The ratio of 

tryptophan-like to fulvic acid-like fluorescence peaks (Peak T/Peak C) was used to 

identify the influence of wastewater effluent, wastewater exfiltration, and sanitary sewer 
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overflows in streams 59,65. Given the strong soluble microbial product-like fluorescence 

(Region 4) in wastewater compared to SRNOM (Figure 2.2), recent work has proposed 

the use of a ratiometric parameter, defined as the area normalized volume of Region 4 

divided by that of Region 5 (i.e., R4/R5), as an indicator of wastewater; furthermore, the 

R2/R5 parameter was proposed for similar reasons. These ratios represent the relative 

concentration of EfOM to NOM 7. These parameters were developed based on sampling 

of municipal wastewater-impacted surface water, but no studies have attempted to apply 

similar fluorescence indicators in subwatersheds solely impacted by septic systems. 

Chapter 5 describes our efforts to address this knowledge gap. 

 

2.6 Storm event mobilization of septic wastewater 

Several studies have investigated how discharge and wet weather events change the 

impacts of non-sewered sanitation systems on water quality, but those reports reached 

different conclusions. One study found that the highest nutrient concentrations were 

recorded under low discharge conditions due to the low infiltration capacity of clay soils 

in the drainfield, which led to rapid transport of septic wastewater to surface waters and 

dilution of septic inputs during storm events 32. In contrast, studies with well-drained 

soils reported greater impacts of septic systems during high discharge because the 

groundwater table rose, intercepted the drainfield, and facilitated wastewater transport 

66,22,30,67. For example, fecal coliform counts increased up to four times during rain events 

compared to dry weather 67, and artificial sweetener concentrations were positively 

correlated with stream discharge 22,30. Recent work showed that fluorescence 

measurements can also be used to track contaminant inputs from municipal wastewater 
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during storm events, with the ratio of tryptophan-like to humic acid-like fluorescence 

increasing with the rising limb of the hydrograph and tracking with Escherichia coli and 

caffeine loads 65. These findings suggest the presence of complex and site-specific 

transport pathways between septic tanks and streams during wet and dry weather 

conditions. Higher contaminant concentrations during storm events could indicate failing 

septic systems and the dominance of rapid surface or subsurface transport through the 

aforementioned mechanisms 22,30,66. Lower contaminant levels during storm events 

suggest dilution from surface or subsurface runoff, particularly if those additional flows 

are not transporting septic effluent 22. 

Previous sampling in the Upper Jones Falls watershed showed that the majority of 

wastewater-impacted samples were collected in the spring and early summer (i.e., April, 

May, June, July) 7. This could suggest a positive relationship between precipitation and 

the extent of septic system impacts, but that study was not designed to test this 

relationship. Chapter 6 seeks to address this knowledge gap. 

 

2.7 Previous studies of wastewater impacts in the Jones Falls watershed and preliminary 

data from the Upper Jones Falls watershed 

Over the past few years, our group has measured EEMs and CEC concentrations at 13 

sites in the Jones Falls watershed, which contains 3,244 septic systems 7. The data 

suggested a higher prevalence of wastewater indicators in rural/suburban areas of the 

Upper Jones Falls, which has 1,061 septic systems 13, including high levels of FDOM-

based wastewater indicators (R4/R5 > 0.85) in 25% of samples and 100% detection 
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frequency for sucralose (artificial sweetener) with concentrations up to 276 ng L-1 7. 

These outcomes were surprising because the upstream sites have lower population 

density, less development, and no municipal wastewater infrastructure. Instead, this area 

is primarily serviced by septic systems, suggesting that these non-sewered sanitation 

systems influence stream water quality. Previous work on the regional water balance and 

groundwater flow in this area highlights the importance of both natural factors (i.e., soil 

hydraulic conductivity, porosity, geology, topography) and anthropogenic impacts (i.e., 

residential well water demands, storm water infrastructure, urban development) 68–70. For 

example, a portion of the Upper Jones Falls watershed is underlain by Cockeysville 

Marble which likely creates different groundwater dynamics then areas with schist 

bedrock. Local soil properties and geology are important for groundwater flow and 

impact how shallow groundwater moves from septic systems to nearby surface water, but 

a full investigation of such aspects was outside the scope of this study. 

Our previous research only had three sampling sites in the Upper Jones Falls area and did 

not include key tributaries with higher septic density, namely Deep Run, Dipping Pond 

Run, and the North Branch (Figure 2.3). According to the Upper Jones Falls Small 

Watershed Action Plan, 99, 166, and 342 septic systems or 17.4, 22.9, and 18.6 septic 

systems/km2 are present in Deep Run, Dipping Pond Run, and the North Branch 

subwatersheds, respectively 13. To preliminarily evaluate the influence of septic systems 

on stream water quality, we collected 12 samples from sites along the major tributaries of 

the Upper Jones Falls watershed (Figure 2.3). 
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Figure 2.3. Septic system density, preliminary sampling locations, and relative sucralose 
concentrations and R4/R5 values in the Upper Jones Falls. Samples were collected in March 
2022 and included three sites from previous sampling campaigns (JON) and nine new sites along 
the Deep Run (DR), Dipping Pond Run (DP), and North Branch (NB) tributaries. Sucralose 
concentrations and R4/R5 values are plotted as a percentage of the total (sum across all sites) so 
both parameters can be visualized on the same scale. Map created by Jahir Batista-Andrade.  

 

In our March 2022 preliminary sampling campaign, sucralose was detected at every site 

at levels of 54 – 412 ng L-1 (Figure 2.3). The anticonvulsant drug, carbamazepine, was 

also detected at every site, but the concentrations were lower than 14.6 ng L-1. Caffeine 

was not detected, which may indicate effective removal in septic systems or attenuation 

in drainage fields. The EEMs from these samples showed only minor variations, but all 

EEMs exhibited fluorescence in Regions 2 and 4, suggesting the possible presence of 

wastewater signatures. The combined CEC and EEM data suggested that all three 

tributaries of the Jones Falls were impacted by septic systems, but more samples needed 

to be collected and analyzed to verify the feasibility of using fluorescence to detect septic 

system impacts. The proposed fluorescence indicators could then be used to investigate 

the impacts of wet weather, discharge, and transport pathways on septic effluent inputs.   
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Chapter 3: Materials and methods 

3.1 Chemicals 

Unless stated otherwise, all chemicals were purchased from Fisher Scientific (Hampton, 

USA). SRNOM (International Humic Substances Society; Denver, USA), which is a 

common natural organic matter reference material, was prepared following protocols 

from Janssen et al. 71. The freeze-dried isolate was reconstituted to prepare a 400 mgc L-1 

stock solution. Most CEC standards were purchased from Sigma-Aldrich (St. Louis, 

USA) or Fisher Scientific. Erythromycin-d6, mecoprop-d3, sucralose-d6, and 

chlortetracycline-13C-d3 were purchased from Toronto Research Chemicals (Toronto, 

Canada). Diclofenac-d4 and ibuprofen-d3 were obtained from Cayman Chemical (Ann 

Arbor, USA). Tetracycline-d6 and azithromycin-d3 were purchased from Santa Cruz 

Biotechnology (Dallas, USA), and 17α-ethinylestradiol-2,4,16,16-d4, and 3-(4-

methylbenzylidine-d4) camphor were acquired from CDN Isotopes (Pointe-Claire, 

Canada). The purity of all chemical standards was at least 95%.  

All stock and working solutions were prepared in liquid chromatography-mass 

spectrometry (LC-MS)-grade methanol. Four spiking solutions were generated for 

standard additions analysis. Standard additions analysis was used to calculate analyte 

concentrations and absolute recovery. The four spiking solutions grouped similar analytes 

and corresponded to the three different methods used for liquid chromatography with 

tandem mass spectrometry (LC-MS/MS) analysis (Section 3.7.3): wastewater indicator 

spiking solution (4 analytes), herbicide spiking solution (4 analytes), antibiotics spiking 

solution (41 analytes), and UV filter/hormone spiking solution (21 analytes). New 

analytical methods were developed for the compounds in the herbicide spiking solution 
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for this project as runoff indicators. Atrazine (agricultural herbicide) and mecoprop 

(residential herbicide) were associated with non-septic sources (runoff) 40,72. Paraxanthine 

(caffeine degradation product) enabled the evaluation of caffeine degradation in 

wastewater and environmental samples 6. Ibuprofen (pharmaceutical) is a commonly used 

wastewater indicator 73, but the high limit of quantitation led to few detections in 

environmental samples. Table 3.1 identifies the analytes included in the four spiking 

solutions; note, the spiked concentration was designed to be in the middle of the 

calibration range for environmental samples. Five internal standard solutions were also 

generated to correct for matrix effects that occur during electrospray ionization. Details 

of the five internal standard solutions are available in Table 3.2: wastewater indicators (4 

internal standards), herbicides (3 internal standards), antibiotics (10 internal standards), 

UV filter/hormones (10 internal standards), and the mecoprop internal standard. All 

working solutions were stored at -20 °C.
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Table 3.1. Composition of the four spiking solutions used for standard additions analysis.  
Standard Acronym Molecular formula CAS Number Conc. (µg/L) 
Wastewater indicator spiking solution 
Caffeine CAF C8H10N4O2 58-08-2 500 
Carbamazepine CBZ C15H12N2O 298-46-4 500 
Diclofenac DIC C14H11Cl2NO2 15307-86-5 500 
Sucralose SUC C12H19Cl3O8 56038-13-2 1000 
Herbicide spiking solution 
Atrazine ATZ C8H14ClN5 1912-24-9 500 
Ibuprofen IBU C13H18O2 15687-27-1 500 
Mecoprop MEC C10H11ClO3 93-65-2 1000 
Paraxanthine PAR C7H8N4O2 611-59-6 500 
Antibiotics spiking solution 
Azithromycin AZI C38H72N2O12 83905-01-5 1000 
Chlortetracycline CTC C22H23ClN2O8 57-62-5 1000 
Ciprofloxacin CIP C17H18FN3O3 85721-33-1 1000 
Clarithromycin CLA C38H69NO13 81103-11-9 1000 
Demeclocycline DMC C21H21ClN2O8 127-33-3 1000 
Difloxacin DIF C21H19F2N3O3 91296-86-5 1000 
Doxycycline DC C22H24N2O8 24390-14-5 1000 
Enrofloxacin ENR C19H22FN3O3 93106-60-6 1000 
Erythromycin ERY C37H67NO13 114-07-8 1000 
Fleroxacin FLE C17H18F3N3O3 79660-72-3 1000 
Gatifloxacin GAT C19H22FN3O4 112811-59-3 1000 
Lomefloxacin LOM C17H19F2N3O3 98079-51-7 1000 
Marbofloxacin MAR C17H19FN4O4 115550-35-1 1000 
Meclocycline MC C22H21ClN2O8 2013-58-3 1000 
Methacycline MTC C22H22N2O8 914-00-1 1000 
Moxifloxacin MOX C21H24FN3O4 186826-86-8 1000 
Nadifloxacin NAD C19H21FN2O4 124858-35-1 1000 
Norfloxacin NOR C16H18FN3O3 70458-96-7 1000 
Ofloxacin OFL C18H20FN3O4 82419-36-1 1000 
Orbifloxacin ORB C19H20F3N3O3 113617-63-3 1000 
Oxytetracycline OTC C22H24N2O9 79-57-2 1000 
Pefloxacin PEF C17H20FN3O3 70458-92-3 1000 
Roxithromycin ROX C41H76N2O15 80214-83-1 1000 
Sarafloxacin SAR C20H17F2N3O3 98105-99-8 1000 
Sparfloxacin SPA C19H22F2N4O3 110871-86-8 1000 
Sulfacetamide SCM C8H10N2O3S 144-80-9 1000 
Sulfadiazine SDZ C10H10N4O2S 68-35-9 1000 
Sulfadimethoxine SDM C12H14N4O4S 122-11-2 1000 
Sulfadoxine SDX C12H14N4O4S 2447-57-6 1000 
Sulfamerazine SMR C11H12N4O2S 127-79-7 1000 
Sulfamethazine SDD C12H14N4O2S 57-68-1 1000 
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Standard Acronym Molecular formula CAS Number Conc. (µg/L) 
Sulfamethizole SMZ C9H10N4O2S2 144-82-1 1000 
Sulfamethoxazole SMX C10H11N3O3S 723-46-6 1000 
Sulfaphenazole SPZ C15H14N4O2S 526-08-9 1000 
Sulfapyridine SPD C11H11N3O2S 144-83-2 1000 
Sulfaquinoxaline SQX C14H12N4O2S 59-40-5 1000 
Sulfathiazole STZ C9H9N3O2S2 72-14-0 1000 
Sulfisomidine SSD C12H14N4O2S 515-64-0 1000 
Tetracycline TC C22H24N2O8 60-54-8 1000 
Tosufloxacin TOS C19H15F3N4O3 100490-36-6 1000 
Tylosin TYL C46H77NO17 1401-69-0 1000 
UV filters/hormones spiking solution 
17α-ethinylestradiol EE2 C20H24O2 57-63-6 500 
17β-estradiol E2 C18H24O2 50-28-2 500 
2-ethylhexyl 4-
methoxycinnamate EHMC C18H26O3 5466-77-3 500 

3-(4-methylbenzylidene) 
camphor 4-MBC C18H22O 36861-47-9 500 

Androsterone AN C19H30O2 53-41-8 5000 
Avobenzone BMDBM C20H22O3 70356-09-1 500 
Cinoxate CX C14H18O4 104-28-9 500 
Dioxybenzone BP-8 C14H12O4 131-53-3 500 
Ensulizole ESZ C13H10N2O3S 27503-81-7 1000 
Equilin EN C18H20O2 474-86-2 500 
Estetrol E4 C18H24O4 15183-37-6 1000 
Estriol E3 C18H24O3 50-27-1 1000 
Estrone E1 C18H22O2 53-16-7 500 
Homosalate HMS C16H22O3 118-56-9 500 
Octisalate OS C15H22O3 118-60-5 500 
Octocrylene OC C24H27NO2 6197-30-4 500 
Oxybenzone BP-3 C14H12O3 131-57-7 500 
Padimate O ODPABA C17H27NO2 21245-02-3 10 
Progesterone P4 C21H30O2 57-83-0 500 
Sulisobenzone SSB C14H12O6S 4065-45-6 100 
Trolamine salicylate TEAS C13H21NO6 2174-16-5 50 
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Table 3.2. Internal standard solutions used to account for matrix effects during LC-MS/MS analysis. 
Internal standard Acronym Molecular formula CAS Number Conc. (µg/L) Corresponding analytes 
Wastewater indicators  

Caffeine-d9 CAF-d9 C8D9HN4O2 72238-85-8 500 CAF 

Carbamazepine-d10 CBZ-d10 C15H2D10N2O 132183-78-9 500 CARB 
Diclofenac-d4 DIC-d4 C14H7D4Cl2NO2 153466-65-0 500 DIC 
Sucralose-d6 SUC-d6 C12H13D6Cl3O8 1459161-55-7 1000 SUC 
Herbicides  
Atrazine-d5 ATZ-d5 C8H9D5ClN5 163165-75-1 500 ATZ 
Ibuprofen-d3 IBU-d3 C13D3H15O2 121662-14-4 500 IBU 
Paraxanthine-d6 PAR-d6 C7H2D6N4O2 117490-41-2 500 PAR 
Antibiotics   
Azithromycin-d3 AZI-d3 C38H69D3N2O12 163921-65-1 100 AZI, CLA 
Chlorotetracycline-13C-d3 CTC-13C-d3 C21

13CH21D3Cl2N2O8 57-62-5 a 100 CTC, DMC, DC, MC, MTC 
Ciprofloxacin-d8 CIP-d8 C17H10D8FN3O3 1130050-35-9 100 CIP, ENR, LOM 

Difloxacin-d3 DIF-d3 C21H16D3F2N3O3 1173147-93-7 100 DIF, GAT, MOX, NAD, 
ORB, SAR, SPA, TOS 

Erythromycin-d6 ERY-d6 C37H61D6NO13 959119-25-6 100 ERY, ROX, TYL 
Ofloxacin-d3 OFL-d3 C18D3H17FN3O4 1173147-91-5 100 FLE, MAR, NOR, OFL, PEF 

Sulfamethizole-13C6 SMZ-13C6 13C6C3H10N4O2S2 1334378-92-5 100 SCM, SDZ, SMR, SDD, 
SMZ, SPD, STZ, SSD 

Sulfamethoxazole-13C6 SMX-13C6 13C6C4H11N3O3S 1196157-90-0 100 SMX, SPZ 
Sulfaquinoxaline-13C6 SQX-13C6 C8

13C6H12N4O2S 1202864-52-5 100 SDM, SDX, SQX 
Tetracycline-d6 TC-d6 C22H18D6N2O8 60-54-8 a 100 OTC, TC 
UV filters and hormones  
2-ethyl-d5-hexyl-2,3,3,4,4,5,5,6,6,6-d10 
4-methoxycinnamate EHMC-d15 C18D15H11O3 1793071-38-1 100 EHMC 

3-(4-methylbenzylidine-d4) camphor 4-MBC-d4 C18H18D4O 1219806-41-3 100 4-MBC 

17α-ethinylestradiol-2,4,16,16-d4 EE2-d4 C20H20D4O2 350820-06-3 100 EE2 

17β-estradiol-16,16,17-d3 E2-d3 C18D3H21O2 79037-37-9 1000 E2, EN, E4, E3, E1 
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Internal standard Acronym Molecular formula CAS Number Conc. (µg/L) Corresponding analytes 

Benzoic acid-d5 BA-d5 C7HD5O2 1079-02-3 500 ESZ, SSB, TEAS 

Benzophenone-d10 BP-d10 (C6D5)2CO 22583-75-1 1000 CX, BP-8 

Homosalate-(benzoic ring-d4) HMS-d4 C16D4H18O3 118-56-9 a 1000 HMS, OS 
Octocrylene-(2-ethyl-d5-hexyl-
2,3,3,4,4,5,5,6,6,6-d10) 

OC-d15 C24D15H12NO2 6197-30-4 a 100 BMDBM, OC, ODPABA 

Oxybenzone-(phenyl-d5) BP-3-d5 C14D5H7O3 1219798-54-5 100 BP-3 

Progesterone-d9 P4-d9 C21H21D9O2 15775-74-3 100 AN, P4 
Mecoprop 
Mecoprop-d3 MEC-d3 C10H8D3ClO3 352431-15-3 500 MEC 

a: CAS numbers were not available for these compounds, the listed CAS number are for the analogous compounds without mass labels 
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3.2 Wastewater sampling 

3.2.1 Municipal wastewater sampling 

Municipal wastewater samples were collected from the Jones Falls Pumping Station 

(Baltimore, MD) in June, July, October, and December 2022. The pumping station is 

located 11 miles downstream of the confluence of the Jones Falls and the North Branch. 

Grab samples were manually collected from the inflow to the pumping station. The 1-L 

amber glass sample bottles were rinsed once with wastewater before the sample was 

collected with no headspace.  

 

3.2.2 Septic wastewater sampling 

Septic wastewater samples were collected from three conventional septic tanks, which are 

representative of non-sewered sanitation systems in this region, and one newer system 

designed for advanced nutrient removal. The septic samples were collected within a week 

of the municipal wastewater samples. In the three conventional tanks, samples were 

collected from the cleanout pipe located near the inlet of the tank using a customized 

sampling device. The advanced septic system included an inlet pretreatment holding tank, 

an extended aeration chamber, and a final clarification and effluent pumping unit that 

leads to the drainfield. The system had large access covers, which allowed us to easily 

collect samples from the inlet and outlet tanks. All sampling bottles were rinsed once 

with septic wastewater before the sample was collected. All sites were sampled in June, 

July, October, and December 2022. One of the conventional septic tanks (labeled Septic 
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C, below) was pumped out in September 2022, which provided more information about 

how sludge removal impacted the CEC levels and FDOM signatures in the tank.  

Three septic sludge samples were collected from septic pumping trucks in July, October, 

and December 2022. Sludge samples were separated into liquid and solid contents. To 

achieve this separation, 50-mL aliquots were transferred to centrifuge tubes and 

centrifuged at 6000g for 10 min. The supernatant was analyzed for both EEMs and CECs, 

and the solids were combined and stored at -20 °C until further processing and analysis 

for CECs.  

 

3.3 Stream sampling 

3.3.1 North Branch walkup sampling 

After seven days without rain, 103 100-mL and 45 1-L samples were collected from 

different locations of the North Branch of the Jones Falls for analysis of EEMs and 

CECs, respectively. This campaign occurred over two consecutive dry days (June 30 – 

July 1, 2022). Samples were collected in amber-glass bottles at low flow. The filled 

bottles were carried in cooler backpacks with ice and transferred to an ice-filled cooler 

after each section. The stream was divided into five sections to facilitate sample drop-offs 

(Figure 3.1). Water was flowing through the Sections 1-3, which were sampled on the 

first day. The last sample from June 30 and the first sample from July 1 were collected 

from the same location to assess the consistency of water quality parameters across the 2-

d campaign. Sections 4-5 were completed on the second day. Because the streambed 

dried out, we only collected samples from a 0.6-km stretch of section 4. Three samples 
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were collected from standing water in the dry streambed of this section; however, those 

samples (i.e., NB-82, NB-83, NB-84) were hydrologically disconnected from the others 

(Figure 3.1). Water was flowing for 0.9 km in section 5 before the stream dried out again.  

The coordinates of each sampling location were recorded using the Gaia GPS app (Table 

A.1). To prevent contamination, all members of the sampling team avoided the 

consumption of pharmaceuticals, caffeine, and sucralose for 24 h before the campaign. 

For similar reasons, team members did not wear sunscreen. A field blank of deionized 

water was carried during the campaign to identify any potential contamination that could 

occur in the field. Samples were transported to the lab and processed at the end of each 

day.  
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Figure 3.1. The sampling sections and sites in the North Branch of the Jones Falls.  
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3.3.2 TIR survey and groundwater seep sampling 

In September 2022, we borrowed a FLIR thermal infrared camera (Wilsonville, OR) from 

the United States Geological Survey Maryland-Delaware-D.C. Water Science Center 

(Catonsville, MD). On September 8-10, 20-21, and 23-24, the TIR camera was used to 

survey sections of the North Branch. In particular, the TIR camera was employed to scan 

both banks of the stream for areas where the surface temperature was significantly colder 

than the rest of the surface water. Such observations indicate areas with preferential 

groundwater discharges. The TIR camera only measured the temperature at the water 

surface and was not able to directly identify discharges in the streambed. We recorded the 

locations using the Gaia GPS app and marked them using flags (Table A.2). We took 

photographs of each location using the TIR camera and my phone.  

The TIR measurements were initiated in section 5, where the highest CEC concentrations 

were measured, but no obvious groundwater inputs were discovered. Based on the TIR 

data from sections 1, 2, and 3, we selected 2, 13, and 11 sites, respectively, for further 

analysis (Figure 3.2). Six sites (GW-03 to GW-08) in section 2 were included, but 

preferential groundwater pathways were not confirmed by TIR due to the negligible 

temperature gradients caused by the cool surface water on September 24. After five days 

without rain, samples were collected from the 26 sites (September 27-28) for analysis of 

EEMs and CECs. Where possible, samples were collected directly from the groundwater 

seep. The other samples were collected from the surface water adjacent to the seep. 

Samples were carried in a cooler backpack with ice before being transferred to coolers 

and transported to the laboratory. A field blank of deionized water was carried during the 

sampling campaign for quality assurance and quality control purposes.  
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Figure 3.2. Groundwater seep sampling sites selected based on the TIR survey.  
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3.3.3 Wet weather sampling 

Samples were collected from NB-89 in section 5 (Figure 3.1) during a storm event on 

November 11, 2022. No rain occurred for five days before this date. The site was selected 

based on easy access to the stream (for safety reasons) and previous data, which indicated 

high CEC concentrations. Weather predictions indicated that most rainfall would occur at 

9:00 ‒ 10:00 am. Based on that estimate, sampling was initiated at 8:15 am. The rainfall 

peaked at 12:30 pm, and we captured the rising limb of the hydrograph before concluding 

the campaign at 1:35 pm (Figure 3.3). Rainfall data was downloaded from Weather 

Underground Station KMDOWING43 located near the NB-89 sampling site. Two 130-

mL samples were collected in amber-glass bottles every 5 min and stored in a cooler until 

being transported to the lab. A field blank of deionized water was stored with the 

samples. After returning to the lab, five 160-mL aliquots from each time point were 

composited to create an 800-mL sample for CEC analysis for each 20-min period; one 

exception was the 8:15 ‒ 8:40 am period, for which six samples were combined. The 

remaining 100-mL samples were frozen at -20 °C for EEM analysis at the 5-min interval 

level.  
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Figure 3.3. Discharge measurements in the North Branch and from the USGS gauge for the 
Jones Falls at Sorrento, MD (latitude 39.23447, longitude -76.39464) normalized to the 
drainage area with precipitation data for November 11, 2022.  

 

To measure stream discharge, we staked a level string several feet above the water 

surface at the midpoint of a straight 25-ft section of the stream and determined the 

streambed profile by measuring the distance to the string in 6-in increments. The water 

depth was measured every 15 min at a marked location in the middle of the stream 

(Figure 3.4). The streambed profile and water depth were used to calculate the cross-

sectional area, which was multiplied by the stream velocity to determine discharge. 

Stream velocity (average ± standard deviation) was calculated using the time it took for 

three tennis balls to travel down the 25-ft reach. Figure 3.3 shows the measured discharge 

in the North Branch compared to the discharge recorded by the USGS gauge located 14 

km downstream. Both discharges were normalized to their drainage area to compare the 
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shape of the hydrographs, which exhibited a similar profile (Spearman correlation ρ = 

0.896, p < 0.01). The North Branch drainage area was 0.69 square miles and the USGS 

gage at Sorrento has a drainage area of 25.2 square miles. The North Branch peak 

discharge of 4.23 ft3 s-1 (cfs) was offset 30 min from the peak precipitation. The initial 

discharge before 11:00 am (i.e., 0.66 – 0.93 cfs) was similar to the low flow discharge 

(i.e., 0.75 cfs) measured 24 days later for comparative purposes. The USGS gage 

recorded a peak discharge of 83.0 cfs, which placed this storm in the 30 biggest storms of 

2022.  

 
Figure 3.4. The streambed profile and water level were used to measure the cross-sectional 
area and calculate discharge.  

 

3.4 EEM analysis 

The 100-mL stream samples gathered for EEM analysis were collected in amber-glass 

bottles, stored on ice in a cooler, transported to the lab, and kept at -20 °C. Wastewater 

samples were passed through a 1.2-µm, glass-fiber filter and then stored at -20 °C. Before 
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analysis, samples were thawed to room temperature and passed through a 0.45-µm 

hydrophilic polyvinylidene fluoride syringe filter, which was pre-rinsed with 60 mL of 

deionized water and conditioned with 10 mL of sample. For stream samples, the next 4 

mL of the filtrate were added to a quartz cuvette with a 1-cm optical pathlength for EEM 

analysis. Wastewater samples were measured after 2, 4, and 8× dilution with deionized 

water to reduce inner filter effects. EEMs were measured by an Aqualog (Horiba 

Scientific; Edison, USA) fluorescence spectrometer at excitation wavelengths of 230 ‒ 

500 nm and emission wavelengths of 250 ‒ 600 nm. The analysis used an integration 

time of 2 s and step sizes of 3 nm and 3.2 nm for the excitation and emission 

wavelengths, respectively.  

The EEMs were blank-corrected using deionized water and converted to Raman Units 

(RU) using a sealed Raman water fluorescence standard (Agilent Technologies; Santa 

Clara, USA). The Aqualog recorded both fluorescence and absorbance data, allowing for 

direct correction of inner filter effects. Rayleigh and Raman scattering were removed 

from the raw data using the Horiba masking tool. Residual scattering was removed using 

Matlab R2021b (Mathworks; Natick, USA). A 10 mgc L-1 SRNOM solution was run 

every ten samples for quality control purposes. EEMs were plotted in Matlab as contour 

plots with excitation wavelength on the x-axis, emission wavelength on the y-axis, and 

fluorescence intensity on the z-axis; dilution factors were accounted for when plotting the 

EEMs. A Matlab program adapted from Gonsior et al. 74 was used to calculate regional 

volumes (Φ𝑖𝑖) (Eq. 1) and the other spectral parameters noted in Table 3.3. For 

quantitative analysis, the volume under each region was normalized to the excitation-
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emission area within that region (Φ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎−𝑛𝑛𝑛𝑛𝑎𝑎𝑛𝑛,i) using Eq. 2 48. The fractional area-

normalized volumes (Φ𝑓𝑓𝑎𝑎𝑎𝑎𝑓𝑓,𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎−𝑛𝑛𝑛𝑛𝑎𝑎𝑛𝑛,i) of each region were calculated with Eq. 3.  

 Φ𝑖𝑖 = ∑ ∑ 𝐼𝐼𝐹𝐹𝐹𝐹(𝜆𝜆𝑎𝑎𝑒𝑒,𝜆𝜆𝑎𝑎𝑛𝑛) ∆𝜆𝜆𝑎𝑎𝑒𝑒 ∆𝜆𝜆𝑎𝑎𝑛𝑛𝑎𝑎𝑛𝑛(𝑖𝑖)𝑎𝑎𝑒𝑒(𝑖𝑖)   (Eq. 1) 

 Φ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎−𝑛𝑛𝑛𝑛𝑎𝑎𝑛𝑛,i = Φ𝑖𝑖
∆𝜆𝜆𝑒𝑒𝑒𝑒(𝑖𝑖) ∆𝜆𝜆𝑒𝑒𝑒𝑒(𝑖𝑖)

  (Eq. 2) 

 Φ𝑓𝑓𝑎𝑎𝑎𝑎𝑓𝑓,𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎−𝑛𝑛𝑛𝑛𝑎𝑎𝑛𝑛,i = Φ𝑎𝑎𝑎𝑎𝑒𝑒𝑎𝑎−𝑛𝑛𝑛𝑛𝑎𝑎𝑒𝑒,𝑖𝑖
∑ Φ𝑎𝑎𝑎𝑎𝑒𝑒𝑎𝑎−𝑛𝑛𝑛𝑛𝑎𝑎𝑒𝑒,𝑖𝑖𝑖𝑖

  (Eq. 3) 

In Eq. 1-3, 𝐼𝐼𝐹𝐹𝐹𝐹(𝜆𝜆𝑎𝑎𝑒𝑒, 𝜆𝜆𝑎𝑎𝑛𝑛) is the fluorescence intensity at specified excitation (𝜆𝜆𝑎𝑎𝑒𝑒) and 

emission (𝜆𝜆𝑎𝑎𝑛𝑛) wavelengths, the fluorescence intensities were summed over the 

boundaries of Region i, and the total fluorescence was normalized (Φ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎−𝑛𝑛𝑛𝑛𝑎𝑎𝑛𝑛,i) to the 

calculated areas (∆𝜆𝜆𝑎𝑎𝑒𝑒(𝑖𝑖) ∆𝜆𝜆𝑎𝑎𝑛𝑛(𝑖𝑖)) of each region: 1600 nm2 (Region 1); 1000 nm2 

(Region 2); 4400 nm2 (Region 3); 8450 nm2 (Region 4); and 47,800 nm2 (Region 5). The 

area-normalized regional volume of Region i was then divided by the sum of all five 

area-normalized regional volumes to get the fractional area-normalized regional volumes. 

Building on recently proposed ratiometric wastewater indicators from Batista-Andrade et 

al. 7, specific regional ratios were calculated for R1/R5 (Eq. 4), R2/R5 (Eq. 5), and R4/R5 

(Eq. 6) using area-normalized regional volumes. 

 𝑅𝑅1
𝑅𝑅5

= 𝛷𝛷𝑎𝑎𝑎𝑎𝑒𝑒𝑎𝑎−𝑛𝑛𝑛𝑛𝑎𝑎𝑒𝑒,1
𝛷𝛷𝑎𝑎𝑎𝑎𝑒𝑒𝑎𝑎−𝑛𝑛𝑛𝑛𝑎𝑎𝑒𝑒,5

  
(Eq. 4) 

 𝑅𝑅2
𝑅𝑅5

= 𝛷𝛷𝑎𝑎𝑎𝑎𝑒𝑒𝑎𝑎−𝑛𝑛𝑛𝑛𝑎𝑎𝑒𝑒,2
𝛷𝛷𝑎𝑎𝑎𝑎𝑒𝑒𝑎𝑎−𝑛𝑛𝑛𝑛𝑎𝑎𝑒𝑒,5

  
(Eq. 5) 

 𝑅𝑅4
𝑅𝑅5

= 𝛷𝛷𝑎𝑎𝑎𝑎𝑒𝑒𝑎𝑎−𝑛𝑛𝑛𝑛𝑎𝑎𝑒𝑒,4
𝛷𝛷𝑎𝑎𝑎𝑎𝑒𝑒𝑎𝑎−𝑛𝑛𝑛𝑛𝑎𝑎𝑒𝑒,5

  
(Eq. 6) 
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Table 3.3. Measured absorbance and fluorescence parameters with descriptions. 
Parameter Description Calculation Reference 
Absorbance    
UV254 Measure of DOM aromaticity 𝐴𝐴254 Derrien et 

al. (2017) 75 
E2:E3 Inversely proportional to humic 

substance aromaticity and molecular 
weight 

𝐴𝐴254
𝐴𝐴365

 
Derrien et 
al. (2017) 75 

Fluorescence    
Region 1 Tyrosine-like fluorophores 𝜆𝜆𝑎𝑎𝑒𝑒: 200–250 

𝜆𝜆𝑎𝑎𝑛𝑛: 280–330 
Chen et al. 
(2003) 48 

Region 2 Tryptophan-like fluorophores 𝜆𝜆𝑎𝑎𝑒𝑒: 200–250 
𝜆𝜆𝑎𝑎𝑛𝑛: 330–380 

Chen et al. 
(2003) 48 

Region 3 Fulvic acid-like fluorophores 𝜆𝜆𝑎𝑎𝑒𝑒: 200–250 
𝜆𝜆𝑎𝑎𝑛𝑛: 380–600 

Chen et al. 
(2003) 48 

Region 4 Soluble microbial product-like 
fluorophores 

𝜆𝜆𝑎𝑎𝑒𝑒: 250–340 
𝜆𝜆𝑎𝑎𝑛𝑛: 280–380 

Chen et al. 
(2003) 48 

Region 5 Humic acid-like fluorophores 𝜆𝜆𝑎𝑎𝑒𝑒: 250–500 
𝜆𝜆𝑎𝑎𝑛𝑛: 380–600 

Chen et al. 
(2003) 48 

Peak A Humic-like fluorophores (UVC) 𝜆𝜆𝑎𝑎𝑒𝑒: 250–260 
𝜆𝜆𝑎𝑎𝑛𝑛: 400–460 

Coble 
(2007) 76 

Peak C Humic-like fluorophores (UVA) 𝜆𝜆𝑎𝑎𝑒𝑒: 320–360 
𝜆𝜆𝑎𝑎𝑛𝑛: 420–460 

Coble 
(2007) 76 

Peak B Tyrosine-like fluorophores 𝜆𝜆𝑎𝑎𝑒𝑒: 270–280 
𝜆𝜆𝑎𝑎𝑛𝑛: 300–320 

Coble 
(2007) 76 

Peak T Tryptophan-like fluorophores 𝜆𝜆𝑎𝑎𝑒𝑒: 270–280 
𝜆𝜆𝑎𝑎𝑛𝑛: 320–350 

Coble 
(2007) 76 

Fluorescence 
Index (FI) 

Indicates if DOM source is microbial 
(>1.9), terrestrial (<1.4), or blended 
(1.4-1.9) 

𝐼𝐼𝐸𝐸𝑛𝑛450,𝐸𝐸𝑒𝑒370

𝐼𝐼𝐸𝐸𝑛𝑛500,𝐸𝐸𝑒𝑒370
 Lu et al. 

(2022) 77 

Biological 
Index (BIX) 

Proportion of recently produced DOM: 
low autochthonous origin (0.6-0.8), 
moderate autochthonous origin (0.8-
1.0), or recent biological origin (>1.0) 

𝐼𝐼𝐸𝐸𝑛𝑛380,𝐸𝐸𝑒𝑒310

𝐼𝐼𝐸𝐸𝑛𝑛430,𝐸𝐸𝑒𝑒310
 Lu et al. 

(2022) 77 

Humification 
Index (HIX) 

Indicates degree of humification: 
autochthonous biological derived 
DOM (<4.0) or strong humified 
terrestrial derived DOM (>10) 

∑𝑰𝑰𝑬𝑬𝑬𝑬𝟑𝟑𝟑𝟑𝟑𝟑−𝟒𝟒𝟒𝟒𝟒𝟒,𝑬𝑬𝑬𝑬𝟐𝟐𝟑𝟑𝟒𝟒
∑ 𝑰𝑰𝑬𝑬𝑬𝑬𝟑𝟑𝟒𝟒𝟒𝟒−𝟑𝟑𝟒𝟒𝟑𝟑,𝑬𝑬𝑬𝑬𝟐𝟐𝟑𝟑𝟒𝟒

 
Rodriguez-
Vidal et al. 
(2020) 78 
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3.5 EEM-PARAFAC modeling 

A comprehensive EEM-PARAFAC model was developed using all the stream samples 

collected during the North Branch walkup, TIR survey, and wet weather campaign. Two 

EEM-PARAFAC models were built for wastewater: one for septic wastewater samples; 

and one for the combined septic and municipal wastewater samples. EEM-PARAFAC 

models were developed and validated using protocols from Murphy et al. 49. The models 

were built using the drEEM (version 0.6.4) and N-way (version 1.8.0) toolboxes in 

Matlab (R2021b). In the literature, low excitation wavelengths are sometimes removed 

due to high noise but, in this case, fluorescence at lower excitation wavelengths were 

included due to their potential use as wastewater indicators. Before running preliminary 

models, each EEM was normalized to its total signal to increase leverage for samples 

with both low and high fluorescence 49. Four samples from the TIR survey (i.e., GW-17, 

GW-19, GW-23, GW-26) were excluded from the dataset used to build the stream EEM-

PARAFAC model because the fluorescence (580–1800 RU) was much lower than the 

average signal (24,500 RU) and negatively affected the model. Preliminary EEM-

PARAFAC models with 2–8 components were generated from the normalized data sets 

using the nonnegativity constraint with 10 iterations and a convergence criterion of 10-8. 

The preliminary models were assessed using split validation. In particular, the EEMs 

were split into four groups and paired with each of the other splits, yielding six new 

datasets that contained half of the samples. Split validation compared the excitation and 

emission spectra for EEM-PARAFAC models built from the six datasets. The model was 

validated if the components were congruent for all splits using a Tucker’s correlation 

coefficient greater than 0.95 49. The appropriate number of EEM-PARAFAC components 
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was selected based on the shape of the spectral loads, residual analysis, core consistency, 

explained variance, and split validation tests. After selecting an appropriate number of 

components for each model, a new EEM-PARAFAC model was built using 50 iterations 

and a convergence criterion of 10-10. Then, the data was reverse-normalized and re-

validated by split validation 49. The EEM-PARAFAC components for each finalized 

model were characterized and externally validated by comparing them to previously 

published models in the OpenFluor database 79 using a Tucker’s correlation coefficient 

greater than 0.95. The maximum intensity (Fmax) for each EEM-PARAFAC component 

and calculated ratios of components were employed for spatiotemporal analyses and to 

investigate correlations with CEC concentrations.  

 

3.6 Dissolved organic carbon and total nitrogen analysis 

Samples were analyzed for the dissolved organic carbon (DOC) and total nitrogen (TN) 

contents using high-temperature combustion and chemiluminescence detection, 

respectively, with a Shimadzu TOC-L Analyzer with a TNM-L attachment (Kyoto, 

Japan). The instrument was run for non-purgeable organic carbon (NPOC) 

measurements. Inorganic carbon and purgeable organic carbon are sparged from the 

acidified samples, leaving just the NPOC in the sample. Calibration curves for both TOC 

and TN analysis were made from standards from Fisher Scientific. For stream samples, 

both calibration curves ranged from 0.25 to 50 mg L-1 but the upper end was increased to 

100 mg L-1 for wastewater samples. Calibration curves had to have R2 > 0.95. After 

passing 4 mL of filtrate into the cuvette for EEM analysis, an additional 20 mL was 

collected into a 40 mL glass vial. Wastewater samples were diluted 2 and 4× before DOC 
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and TN analysis. Samples were analyzed in triplicate, and a deionized water blank was 

run every five samples. The DOC concentration was used to calculate SUVA254 by 

dividing the absorbance at 254 nm by the DOC concentration (Table 3.3).  

 

3.7 CEC analysis 

3.7.1 Water samples 

Within 12 h of collection, the 1-L samples were passed through a 1.2-µm glass-fiber filter 

and acidified to pH < 3 with 0.1% (v/v) 3 M HCl. The acidified filtrates were stored at 4 

°C  until they were processed by solid-phase extraction (SPE) to remove interfering 

substances and concentrate the analytes 8. Within 4 d, SPE was performed according to 

protocols developed by He et al. 8. In particular, each sample was divided into six 

subsamples in amber glass bottles. Stream subsamples were 100 mL, and wastewater 

subsamples were 10 or 25 mL. Three of the subsamples were not modified, but the other 

three were spiked with known concentrations of the analytes to determine recovery 

efficiency during extraction. Samples were spiked with 100 µL of the wastewater 

indicator, herbicide, and UV filters and hormones spiking solutions and 50 µL of the 

antibiotics spiking solution (Table 3.1).  

SPE was performed with hydrophobic-lipophilic balanced (HLB) cartridges (150 mg, 6 

cm3; Waters Corporation; Milford, MA) that were conditioned with 5 mL methanol 

(MeOH) and 5 mL deionized water acidified to pH < 3 with 0.1% (v/v) 3 M HCl. 

Samples were introduced to the HLB cartridges at a flow rate of 4‒8 mL min-1. Once the 

sample was loaded, each cartridge was washed with 5 mL of deionized water. The 
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analytes were eluted from the cartridge by gravity with 7 mL acetonitrile (ACN). The 

extracts were evaporated in the dark under nitrogen gas. The dried extracts were then 

reconstituted with 100 µL of each of the internal standard solutions noted in Table 3.2. 

After adding 500 µL LC-MS-grade MeOH with 29 isotopically-labeled internal 

standards, each vial was vortexed. Then, 500 µL of LC-MS-grade water was added, and 

each 1-mL sample was vortexed again. The reconstituted extracts were transferred to 

amber vials and stored at -20 °C until analysis by LC-MS/MS. 

 

3.7.2 Solid samples 

Sludge samples were lyophilized and stored at -20 °C until extraction following the 

protocols of He et al. 8. Each sample was divided into six subsamples of 0.25 or 0.50 g 

and transferred to 15-mL centrifuge tubes. Three subsamples were not modified. The 

other subsamples were spiked with either 150 or 200 µL of the wastewater indicator, 

herbicide, and UV filters and hormones spiking solutions and 75 or 100 µL of the 

antibiotics spiking solution (Table 3.1) for standard additions analysis. The subsamples 

were vortexed for 30 s and equilibrated at 4 °C overnight. Samples were extracted using a 

previously reported modified QuEChERS method followed by reverse-SPE clean-up 80. 

After equilibrating overnight, 5 mL deionized water was added to the solids and then the 

tubes were vortexed for 30 s, 5 mL ACN was added, and the tubes were vortexed for 

another 30 s. Next, 2.5 g MgSO4 and 1.0 g NaCl were added to each centrifuge tube, 

followed by 30 s vortexing, and 10 min centrifugation at 6000g. At this stage, the 

analytes partitioned into the upper ACN layer, from which 2 mL was removed and 

cleaned using reverse-SPE with HLB cartridges (60 mg, 3 cm3; Waters Corp.). The ACN 
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extracts were transferred to new centrifuge tubes, and 20 mg activated carbon was added 

to each tube for dispersive SPE cleanup of interfering substances. The samples were 

vortexed and centrifuged at 6000g for 10 min. Then, the supernatant was transferred to 

test tubes and evaporated under nitrogen in the dark. The extracts were reconstituted 

following the same protocol described for the water samples. When LC-MS-grade water 

was added to the reconstituted extracts, the samples were turbid; therefore, an additional 

10 mg of activated carbon was used for cleanup. After an additional centrifugation step, 

the samples were clear, and the supernatant was removed and stored at -20°C until 

analysis by LC-MS/MS. 

 

3.7.3 LC-MS/MS methods 

CECs were measured using an Agilent 6400 Series triple quadrupole LC-MS/MS 

(Agilent Technologies; Santa Clara, USA). Three separate methods were employed based 

on previous protocols designed to enable the separation of analytes based on their 

physicochemical properties 8,81. The methods were categorized as follows: (1) wastewater 

indicators; (2) antibiotics; and (3) UV filters and hormones. For all three methods, the gas 

temperature and flow rate were 300 °C and 5 L min-1, respectively. The nozzle and 

capillary voltage were held at 500 V and 3500 V, respectively. The sheath gas flow was 

11 L min-1, and the sheath gas temperature was 250 °C for the analysis of wastewater 

indicators and antibiotics but increased to 350 °C for the UV filters and hormones 

method. The column compartment was always maintained at 40 °C. The optimization 

software was used to determine the fragmentor voltage, collision energy, cell accelerator 

voltage, mass-to-charge ratio of the precursor ion, and mass-to-charge ratios of two 
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product ions for each analyte. The most abundant product ion was used for quantitation, 

and the other product ion was used for confirmation.  

The wastewater indicator method included an artificial sweetener, herbicides, 

pharmaceuticals, and stimulants. The antibiotics method measured 16 fluoroquinolones, 5 

macrolides, 13 sulfonamides, and 7 tetracyclines. The UV filters and hormones method 

incorporated 13 UV filters, 8 hormones, mecoprop (herbicide), and ibuprofen 

(pharmaceutical), all of which require negative electrospray ionization (ESI). The 

analytes and parameters for each method are reported in Table 3.4; note, the UV filter 

dioxybenzone is listed twice because it was analyzed in both positive and negative ESI 

mode. The sample injection volume was 20 µL for all methods. Analytes in the 

wastewater indicator and UV filter and hormones methods were separated along an 

Xbridge C18 column (3.0×150 mm, 2.5 µm) with a C18 guard column (2.1×5 mm, 3.0 

µm). A Waters Symmetry C18 column (3.0×150 mm, 3.5 µm) with a C18 guard column 

(3.0×10 mm, 3.0 µm) was employed for the antibiotics method. All three LC-MS/MS 

methods ran for 12 min, but the mobile phases and elution gradients varied. The 

wastewater indicator method employed 0.1% formic acid in LC-MS-grade water and LC-

MS-grade MeOH at a flow rate of 0.3 mL min-1 (Figure 3.5a). The antibiotics method 

also used a 0.3 mL min-1 flow rate, but the mobile phases were 0.5% formic acid in LC-

MS-grade water and 0.5% formic acid in LC-MS-grade MeOH (Figure 3.5b). Finally, the 

UV filters and hormones method separated analytes using 0.1% NH4OH in LC-MS-grade 

water and 0.1% NH4OH in LC-MS-grade MeOH at 0.2 mL min-1 (Figure 3.5c).
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Table 3.4. LC-MS/MS parameters for the wastewater indicators, antibiotics, and UV filters and hormones methods. 

Chemical Acronym Class MW a Mode Precursor MS-1 b CE-1 (V) c MS-2 b CE-2 (V) c RT 
(min) d IS e 

Wastewater indicators  
Atrazine ATZ Herbicide 215.7 + 216.1 174.0 16 96.0 28 7.19 ATZ-d5 

Atrazine-d5 ATZ-d5 - 220.7 + 221.1 179.1 20 101.1 28 7.12 - 
Caffeine CAF Stimulant 194.2 + 195.1 137.8 20 109.8 24 2.96 CAF-d9 

Caffeine-d9 CAF-d9 - 203.3 + 204.2 143.9 20 115.9 28 2.94 - 
Carbamazepine CBZ Pharmaceutical 236.3 + 237.1 193.8 20 178.9 56 5.52 CBZ-d10 

Carbamazepine-d10 CBZ-d10 - 246.3 + 247.2 203.9 24 172.5 68 5.36 - 

Diclofenac DIC Pharmaceutical 296.1 + 296.0 213.8 40 150.8 80 9.67 DIC-d4 
Diclofenac-d4 DIC-d4 - 300.2 + 300.1 218.0 40 181.7 76 9.63 - 

Paraxanthine PAR Stimulant 180.2 + 181.1 124.1 20 42.2 40 2.81 PAR-d6 

Paraxanthine-d6 PAR-d6 - 186.2 + 187.1 127.1 24 45.2 40 2.81 - 

Sucralose SUC Artificial 
Sweetener 397.6 + 419.0 239.0 15 221.1 15 2.99 SUC-d6 

Sucralose-d6 SUC-d6 - 403.7 + 425.0 243.0 30 223.0 30 2.99 - 
Antibiotics  
Azithromycin AZI Macrolide 749.0 + 749.5 591.4 32 158.0 40 7.09 AZI-d3 
Azithromycin-d3 AZI-d3 - 752.0 + 752.5 594.4 32 158.0 40 7.08 - 
Chlorotetracycline-
13C-d3 

CTC-13C-
d3 

- 482.9 + 483.0 448.0 20 466.1 16 7.02 - 

Chlortetracycline f CTC Tetracycline 478.9 + 479.1 444.0 20 154.0 28 7.03 CTC-
13C-d3 

Ciprofloxacin CIP Fluoroquinolone 331.4 + 332.1 231.0 44 288.0 16 4.39 CIP-d8 
Ciprofloxacin-d8 CIP-d8 - 339.4 + 340.2 322.1 20 235.0 44 4.33 - 
Clarithromycin CLA Macrolide 748.0 + 748.5 158.0 28 590.3 16 8.58 AZI-d3 

Demeclocycline DMC Tetracycline 464.3 + 465.1 448.0 16 430.0 24 6.24 CTC-
13C-d3 

Difloxacin f DIF Fluoroquinolone 399.4 + 400.2 356.1 20 299.1 32 5.90 DIF-d3 
Difloxacin-d3 DIF-d3 - 402.4 + 403.2 385.1 24 359.1 20 5.85 - 
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Chemical Acronym Class MW a Mode Precursor MS-1 b CE-1 (V) c MS-2 b CE-2 (V) c RT 
(min) d IS e 

Doxycycline f DC Tetracycline 444.4 + 445.2 428.1 16 321.0 32 7.53 CTC-
13C-d3 

Enrofloxacin f  ENR Fluoroquinolone 359.4 + 360.2 316.1 20 245.0 28 4.78 CIP-d8 
Erythromycin ERY Macrolide 733.9 + 716.3 158.1 30 558.2 10 7.90 ERY-d6 
Erythromycin-d6 ERY-d6 - 740.0 + 722.4 163.9 30 564.3 40 7.90 - 
Fleroxacin FLE Fluoroquinolone 369.3 + 370.1 326.1 20 269.0 28 2.90 OFL-d3 
Gatifloxacin GAT Fluoroquinolone 375.4 + 376.2 261.0 36 332.2 16 6.66 DIF-d3 
Lomefloxacin LOM Fluoroquinolone 351.4 + 352.2 265.1 24 308.2 16 5.25 CIP-d8 
Marbofloxacin f MAR Fluoroquinolone 362.4 + 363.2 320.2 12 205.1 36 2.65 OFL-d3 

Meclocycline MC Tetracycline 476.9 + 477.1 460.0 20 234.9 40 7.88 CTC-
13C-d3 

Methacycline MTC Tetracycline 442.4 + 443.2 426.1 16 201.0 40 7.33 CTC-
13C-d3 

Moxifloxacin MOX Fluoroquinolone 401.4 + 402.2 364.1 28 220.2 40 6.98 DIF-d3 
Nadifloxacin NAD Fluoroquinolone 360.4 + 361.2 283.2 44 257.2 45 9.43 DIF-d3 
Norfloxacin NOR Fluoroquinolone 319.3 + 320.1 231.1 44 276.2 16 3.91 OFL-d3 
Ofloxacin OFL Fluoroquinolone 361.4 + 362.2 318.1 20 261.0 28 3.35 OFL-d3 
Ofloxaxin-d3 OFL-d3 - 364.4 + 365.2 321.1 20 261.0 32 3.34 - 
Orbifloxacin f ORB Fluoroquinolone 395.4 + 396.2 352.1 20 295.0 24 5.81 DIF-d3 
Oxytetracycline f OTC Tetracycline 460.4 + 461.2 426.1 20 443.1 12 4.14 TC-d6 
Pefloxacin PEF Fluoroquinolone 333.4 + 334.2 290.1 20 233.0 28 3.45 OFL-d3 
Roxithromycin ROX Macrolide 836.5 + 837.5 679.4 20 158.0 36 8.66 ERY-d6 
Sarafloxacin f SAR Fluoroquinolone 385.4 + 386.1 342.2 20 299.1 32 6.41 DIF-d3 
Sparfloxacin SPA Fluoroquinolone 392.4 + 393.2 349.1 20 292.1 28 6.83 DIF-d3 

Sulfacetamide SCM Sulfonamide 214.2 + 215.0 156.0 8 92.0 24 2.26 SMZ-
13C6 

Sulfadiazine SDZ Sulfonamide 250.3 + 251.1 156.0 16 92.0 28 2.45 SMZ-
13C6 

Sulfadimethoxine f SDM Sulfonamide 310.3 + 311.1 156.0 20 92.1 36 6.95 SQX-
13C6 
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Chemical Acronym Class MW a Mode Precursor MS-1 b CE-1 (V) c MS-2 b CE-2 (V) c RT 
(min) d IS e 

Sulfadoxine SDX Sulfonamide 310.3 + 311.1 108.0 28 140.0 28 6.95 SQX-
13C6 

Sulfamerazine f SMR Sulfonamide 264.3 + 265.1 92.0 32 156.0 16 3.22 SMZ-
13C6 

Sulfamethazine f SDD Sulfonamide 278.3 + 279.1 186.0 16 92.0 32 4.31 SMZ-
13C6 

Sulfamethizole SMZ Sulfonamide 270.3 + 271.0 155.9 12 92.0 28 4.67 SMZ-
13C6 

Sulfamethizole-
13C6 

SMZ-13C6 - 276.3 + 277.0 162.0 12 98.1 28 4.65 - 

Sulfamethoxazole SMX Sulfonamide 253.3 + 254.1 92.0 28 155.9 16 6.79 SMX-
13C6 

Sulfamethoxazole-
13C6 

SMX-13C6 - 259.2 + 260.0 98.1 28 162.0 16 6.80 - 

Sulfaphenazole SPZ Sulfonamide 314.4 + 315.1 158.0 32 92.1 40 7.50 SMX-
13C6 

Sulfapyridine SPD Sulfonamide 249.3 + 250.1 156.0 16 92.1 32 2.82 SMZ-
13C6 

Sulfaquinoxaline f SQX Sulfonamide 300.4 + 301.1 156.0 16 92.1 36 7.81 SQX-
13C6 

Sulfaquinoxaline-
13C6 

SQX-13C6 - 306.3 + 307.1 162.0 16 98.1 32 7.80 - 

Sulfathiazole f STZ Sulfonamide 255.3 + 256.0 156.0 12 92.0 28 2.60 SMZ-
13C6 

Sulfisomidine SSD Sulfonamide 278.3 + 279.1 124.1 24 186.0 16 1.99 SMZ-
13C6 

Tetracycline f TC Tetracycline 444.4 + 445.2 410.1 20 154.0 28 3.74 TC-d6 
Tetracycline-d6 TC-d6 - 450.5 + 451.2 416.1 20 160.0 28 3.69 - 
Tosufloxacin TOS Fluoroquinolone 404.4 + 405.1 263.0 52 314.0 44 7.07 DIF-d3 
Tylosin f TYL Macrolide 916.1 + 916.5 174.0 40 772.4 32 7.87 ERY-d6 
UV filters and hormones  
2-ethyl-d5-hexyl-
2,3,3,4,4,5,5,6,6,6- EHMC-d15 - 305.5 + 306.3 180 4 161.4 20 8.51 - 
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Chemical Acronym Class MW a Mode Precursor MS-1 b CE-1 (V) c MS-2 b CE-2 (V) c RT 
(min) d IS e 

d10 4-
methoxycinnamate 
2-ethylhexyl 4-
methoxycinnamate EHMC UV filter 290.4 + 291.2 179 4 161.0 20 8.51 EHMC-

d15 
3-(4-
methylbenzylidene) 
camphor 

4-MBC UV filter 254.2 + 255.2 104.9 36 170.8 20 8.00 4-MBC-
d4 

3-(4-
methylbenzylidine-
d4) camphor 

4-MBC-d4 - 258.0 + 259.2 216.1 20 108.1 32 7.98 - 

17α-
ethinylestradiol EE2 Hormone 296.4 - 295.0 145 40 183.0 40 4.18 EE2-d4 

17α-
ethinylestradiol-
2,4,16,16-d4 

EE2-d4 - 300.4 - 299.0 147 40 161.0 40 4.03 - 

17β-estradiol E2 Hormone 272.4 - 271.0 183.1 45 145.1 45 4.15 E2-d3 
17β-estradiol-
16,16,17-d3 

E2-d3 - 275.2 - 274.1 185 50 145.1 45 4.11 - 

Androsterone AN Hormone 290.4 + 291.2 273.3 10 199.1 20 7.31 P4-d9 
Benzoic acid-d5 BA-d5 - 127.2 - 126.0 82.1 10 - g - g  1.74 - 
Benzophenone-d10 BP-d10 - 192.2 + 193.1 109.9 16 82.0 40 4.74 - 
Cinoxate CX UV filter 250.3 + 251.1 160.7 4 132.8 28 4.71 BP-d10 
Dioxybenzone BP-8 UV filter 244.3 - 243.1 123 20 93.1 40 4.24 BP-d10 
Dioxybenzone BP-8 UV filter 244.3 + 245.1 120.8 16 250.8 20 4.22 BP-d10 
Ensulizole ESZ UV filter 274.3 - 273.0 193.1 30 117.2 70 1.74 BA-d5 
Equilin EN Hormone 268.4 - 267.0 223 40 142.7 40 4.17 E2-d3 
Estetrol E4 Hormone 304.4 - 303.1 240.9 15 273.0 15 2.35 E2-d3 
Estriol E3 Hormone 288.4 - 287.0 171 40 145.1 40 2.45 E2-d3 
Estrone E1 Hormone 270.1 - 269.0 145 40 182.9 50 4.37 E2-d3 
Homosalate HMS UV filter 262.3 - 261.3 137 20 93.0 30 8.83 HMS-d4 
Homosalate-
(benzoic ring-d4) 

HMS-d4 - 266.4 - 265.2 141 20 139.1 30 8.67 - 
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Chemical Acronym Class MW a Mode Precursor MS-1 b CE-1 (V) c MS-2 b CE-2 (V) c RT 
(min) d IS e 

Ibuprofen IBU Pharmaceutical 206.3 - 205.0 160.9 5 - - 2.06 IBU-d3 
Ibuprofen-d3 IBU-d3 - 209.3 - 208.1 164 5 - - 2.06 - 
Mecoprop MEC Herbicide 214.7 - 213.0 141.1 9 71.0 9 2.28 MEC-d3 
Mecoprop-d3 MEC-d3 - 217.7 - 216.0 143.8 10 70.9 10 2.26 - 
Octisalate OS UV filter 250.3 - 249.1 136.9 20 92.9 25 8.72 HMS-d4 
Octocrylene OC UV filter 361.5 + 362.2 249.6 4 231.6 20 8.13 OC-d15 
Octocrylene-(2-
ethyl-d5-hexyl-
2,3,3,4,4,5,5,6,6,6-
d10) 

OC-d15 - 376.6 + 377.3 233.3 20 250.6 8 8.11 - 

Oxybenzone BP-3 UV filter 228.2 + 229.1 150.8 20 104.9 20 6.73 BP3-d5 
Oxybenzone-
(phenyl-d5) 

BP-3-d5 - 233.3 + 234.1 151 20 110.0 20 6.63 - 

Padimate O ODPABA UV filter 277.4 + 278.0 166 20 150.9 40 8.46 OC-d15 
Progesterone P4 Hormone 314.5 + 315.2 97 25 109.0 25 7.17 P4-d9 
Progesterone-d9 P4-d9 - 323.5 + 324.3 113.1 20 288.2 20 7.13 - 
Sulisobenzone SSB UV filter 308.3 - 307.0 210.9 40 227.0 30 1.78 BA-d5 
Trolamine 
salicylate TEAS UV filter 287.3 + 150.1 132.1 10 88.1 20 2.12 BA-d5 

a:  MW, molecular weight (g/mol) 
b:  MS-1 was used for quantitation, and MS-2 was used for confirmation 
c:  CE, collision energy  
d:  RT, retention time 
e:  IS, internal standard used for quantitation of the listed chemicals 
f:  animal-labeled antibiotics 
g: only one product ion  
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Figure 3.5. Mobile phase gradient for the (a) wastewater indicators, (b) antibiotics, and (c) UV filter and hormones methods.  
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Chapter 4: Septic wastewater characterization  

4.1 Contaminants of emerging concern (CECs) in septic wastewater 

In previous studies, CECs were measured at high concentrations in septic wastewater and 

proposed as wastewater indicators in nearby surface water 35,40,46. In this project, four 

samples were collected between June and December 2022 from three conventional septic 

tanks built in 1976. A group of 26 CECs, including a food additive, two stimulants, three 

pharmaceuticals, two herbicides, six antibiotics, seven UV filters, and five hormones, 

were detected at least once in septic wastewater (Figure 4.1a). The full set of CEC data 

for the three conventional septic tanks can be found in Tables B.1, B.2, and B.3 in 

Appendix B. Sucralose and caffeine exhibited 100% detection frequency in the 

conventional septic systems, and the corresponding concentrations were 7,900-71,000 

ng/L and 4,700-420,000 ng/L, respectively (Figure 4.1b). The range of sucralose 

concentrations was similar to prior reports for septic effluent 36,82,83, but the maximum 

caffeine concentration was higher than previously reported levels (i.e. up to 130,000 

ng/L) 6,35,84. Ibuprofen and paraxanthine were not measured in June (due to ongoing 

method development) but were detected at concentrations of 570-5,600 ng/L and 4,000-

49,000 ng/L, respectively, in samples from the other three months. Previous studies found 

caffeine makes up a low percentage (0.5–10%) of the sum of paraxanthine and caffeine in 

urine 85. However, this ratio is susceptible to differences in household practices related to 

the consumption and disposal of caffeinated products 6. For example, if a single 12-ounce 

cup of coffee is poured down the sink, then the caffeine concentration in a 1000-gallon 

septic tank would increase by 50,000 ng/L 84. The concentrations of other CECs were not 

outside of expected ranges for wastewater. 
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Figure 4.1. Measured CEC (a) detection frequencies in conventional septic tanks and (b) 
concentration distributions in septic and municipal wastewater. The filled box represents the 
interquartile range (IQR). The bottom of the filled box represents the 25th percentile value (Q1), 
the horizontal line dividing the box represents the 50th percentile or median value, the top of the 
filled box is the 75th percentile value (Q3), and the open square is the mean. The bottom and top 
whiskers represent the minimum value above Q1 - 1.5(IRQ) and the maximum value below Q3 + 
1.5(IQR), respectively. Values outside of the whiskers are outliers. 

 

Municipal wastewater contained a similar number of detected CECs (n = 28), but some 

unique antibiotics and UV filters were present compared to the conventional septic 

wastewater. All CEC data for the municipal wastewater samples are available in Table 

B.4. Figure 4.1b compares the concentrations of the four most commonly detected CECs 

in municipal (n = 4) and conventional septic (n = 12) wastewater. No significant 

differences were observed between the CEC concentrations in the two wastewater types. 

The CEC profiles did vary between specific septic systems, presumably due to 

differences in household consumption before sample collection. For example, ibuprofen 

levels were lower in Septics B and C compared to Septic D (Figure 4.1b); other 

differences can be observed for antibiotics, UV filters, and hormones in Tables B.1, B.2, 

and B.3. Previous studies supported the greater variability in CEC levels in single-source 

septic systems compared to centralized municipal wastewater collection systems 86. In 
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septic systems, Teerlink et al. measured CEC concentrations that varied by up to four 

orders of magnitude in a 24-h period 86. Municipal wastewater contained more 

antibiotics, but the highest antibiotic concentration was 2,600 ng/L azithromycin in 

Septic D. The androsterone hormone was present in all municipal wastewater samples 

and 91.7% of septic wastewater samples; furthermore, the highest concentration was 

8,500 ng/L, which was measured in Septic C and 3.7× the average concentration in 

municipal wastewater. Other hormones, including estrone, 17β-estradiol, 17α-

ethinylestradiol, and progesterone, also exhibited higher concentrations in septic 

wastewater. These results supported the potential importance of septic systems as a 

source of CECs in adjacent groundwater and surface water systems.  

Atrazine is an agricultural herbicide that is also applied as a weed killer on residential 

lawns. This CEC was detected in both municipal (up to 117 ng/L) and septic (up to 156 

ng/L) wastewater. This result was somewhat surprising because the source of herbicides 

in wastewater was not immediately obvious. Nevertheless, atrazine was previously 

reported in municipal wastewater 87,88 and drinking water sources, leading EPA to 

regulate atrazine under the Safe Drinking Water Act 89. Due to its use as an herbicide, 

atrazine is commonly found in groundwater in agricultural regions 90. The neighborhood 

where the three conventional septic tanks were located was converted into a residential 

area from previous use as farmland. Well water samples were collected from two of the 

households. For Household B, atrazine was detected at 11.7 ng/L, over 7× the average 

concentration in Septic B wastewater (1.6 ng/L). Similar results were attained for 

Household C, wherein the well water contained 129 ng/L of atrazine and the septic 
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wastewater had 65.2 ng/L. These findings suggested that well water was a primary source 

of atrazine in septic wastewater.  

Some CECs were not expected to be detected at high concentrations in septic wastewater 

due to physicochemical properties that favor partitioning into septic sludge. The CEC 

concentrations measured in the liquid and solid phases of septic sludge (Table B.5) 

confirmed that hydrophobic CECs were more present in the sludge and hydrophilic CECs 

remained in the liquid effluent. The hydrophobicity of CECs was defined using the 

octanol-water distribution coefficient (log D). Unlike log Kow, log D accounts for 

partitioning of the neutral and ionic forms of the chemical at each pH value; generally, 

chemicals with log D > 2 are considered hydrophobic. The average pH for the three 

septic sludge samples was 7.3, and this condition was used to standardize and compare 

log D values, which were estimated by Marvin version 22.3.0 (ChemAxon). CECs with 

low log D values, such as caffeine (log D = -0.55) and sulfamethoxazole (log D = 0.03), 

were almost exclusively present in the water phase. The clarithromycin (log D = 1.53) 

and erythromycin (log D = 0.89) macrolide antibiotics exhibited slightly higher log D 

values and were, therefore, present in both phases. The data in Table B.5 confirm high 

concentrations of octinoxate (log D = 5.38), octocrylene (log D = 6.78), oxybenzone (log 

D = 3.20), and progesterone (log D = 4.15) in septic solids. Prior work indicated that 90-

100% of octinoxate and 84-100% of octocrylene distributed into sludge 91,92. The 

partitioning of these hydrophobic compounds into sludge reduced CEC loads entering the 

environment; however, the sludge served as a continuous source of CECs to the 

drainfield, resulting in more consistent CEC levels in the water phase over time. 
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Previous studies indicated that CECs undergo adsorption and/or biotransformation 

reactions as septic effluent percolates through the drainfield 93. The hydraulic loading rate 

to the drainfield is typically 1–5 cm/d 94. The flow rate can rapidly increase during times 

of intensive household inputs, leading to greater hydraulic loading and reduced 

attenuation efficiency 95. Caffeine and ibuprofen were measured at high concentrations in 

septic tanks, but previous studies have shown both CECs were readily attenuated (i.e., > 

99% and 65–99% removal, respectively) in the drainfield 4,5,82,96,97. These two CECs are 

considered labile and, therefore, recommended as indicators of partially treated 

wastewater that recently entered downgradient water sources. In contrast, Teerlink et al. 

found that 56% of sulfamethoxazole, one of the most widely prescribed antibiotics in the 

US 98, in septic tanks reached shallow groundwater 95. Carbamazepine 99 and sucralose 100 

are recalcitrant and exhibited low removal efficiencies in drainfields (5% 95) and 

biological treatment processes (< 2% 101). Based on the data in Figure 4.1 and Tables B.1, 

B.2, and B.3 and prior findings from literature, sucralose, carbamazepine, and 

sulfamethoxazole were elevated as conservative indicators of septic wastewater in nearby 

surface water. However, analysis of these CECs is expensive and time-consuming and 

alternative indicators may be needed for more extensive monitoring campaigns.  

 

4.2 Fluorescent dissolved organic matter (FDOM) in conventional septic tanks 

Both septic and municipal wastewater-derived FDOM were enriched with aromatic 

protein (Regions 1-2) and soluble microbial product (Region 4)-like fluorophores, 

whereas Suwannee River natural organic matter (SRNOM) mostly contained fulvic 

(Region 3) and humic (Region 5) acid-like fluorophores (Figure 4.2). The FDOM 
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contents in stream water samples were much lower than the levels observed in 

wastewater. The majority of FDOM in the stream samples occurred in Regions 3 and 5, 

similar to that of SRNOM (Figure 4.2); however, fluorescence signatures were also 

observed in Regions 1, 2, and 4, suggesting the potential presence of wastewater-derived 

FDOM. 

 

Figure 4.2. Representative excitation-emission matrices (EEMs) for septic wastewater, 
municipal wastewater, stream water from the North Branch, and reconstituted SRNOM. 
The dissolved organic carbon (DOC) content for each sample is overlaid on the EEM. 

 

Figure 4.3 shows the EEMs generated from the samples collected from the three 

conventional septic tanks and four sampling periods. The fluorescence fingerprint of each 

septic tank remained consistent across all four sampling dates, but the fluorescence 
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intensity varied between samples. The composition of EEMs from Septics B and C was 

similar, with well-defined peaks in Regions 1, 2, 3, and 4. Septic D exhibited an 

additional peak centered at an excitation wavelength (λex) of 320 nm and emission 

wavelength (λem) of 420 nm (Region 5). This peak may have been related to whitening 

compounds, which are used in laundry detergents, and known to fluoresce at similar 

wavelengths 57.  

 

Figure 4.3. EEMs measured for samples collected from three conventional septic tanks. 
Septic C was pumped out at the beginning of September, as indicated by the pumping truck label 
in the July EEM. 

 

The fluorescence intensity of wastewater from Septics B and D increased from June to 

December 2022. Septic C did not follow the same pattern, possibly because the tank was 
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pumped out in September. Before the pump out of Septic C, the fluorescence intensity 

was similar to that observed in the water component of samples collected from septic 

pumping trucks (Figure B.1 in Appendix B). After being emptied, the fluorescence 

magnitude of wastewater in Septic C was similar to the other tanks. The temporal 

variation in fluorescence intensity was attributed to multiple factors. Septic tanks only 

contain wastewater from one residence, and the fluorescence signature can vary between 

septic systems and over time depending on the activities of the household. Patterson 

reported that septic tank pH, conductivity, temperature, redox potential, and flow rate can 

significantly vary throughout the day and across the week 102. The composition of septic 

effluent also changes by season, because microbial degradation is slower at lower 

temperatures 103,104. The consistent increase in FDOM intensity in Septics B and D from 

June to December generally agreed with expectations from the monthly temperature 

profiles. While July was the warmest sampling month, those samples were collected on a 

weekend, leading to more recent inputs and shorter residence times that resulted in less 

biodegradation and higher FDOM levels (Table B.6).  

The fluorescence peaks in Regions 1, 2, and 4 were observed in all septic systems and 

sampling months, reinforcing the potential use of these regions as wastewater indicators 

in nearby surface waters. The levels of septic FDOM in these three regions were 

generally amplified in comparison to municipal wastewater. Figure 4.4a shows 

differential EEMs for Septic B and municipal wastewater, wherein the "Delta" EEM 

indicates fluorescence regions that were enriched in Septic B. The magnitude of the R1 

and R4 parameters was higher in Septic B wastewater for all four months, but the 

differences were not significant (p > 0.05) (Figure 4.4b). The difference in R1 
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fluorescence was lowest in June (+32%) and highest in December (+63%). Similar 

patterns were noted for R4. Septic B wastewater was deficient with respect to R2 

fluorescence in June (–77%) and October (–24%) but enriched with R2 in December 

(+47%). Septics C and D followed similar patterns with respect to R1 and R4 

fluorescence compared to municipal wastewater (Figures B.2 and B.3). These 

compositional differences were primarily driven by the high variability in septic 

wastewater FDOM (Figure 4.4b), which is vulnerable to household activities, compared 

to municipal wastewater, which has more consistent FDOM signatures due to the low 

leverage of any one household. 

 

Figure 4.4. FDOM in Septic B and municipal wastewater expressed as (a) differential EEMs 
and (b) box plots. In (a), the fluorescence in the "Delta" plots indicate regions with higher 
fluorescence in Septic B wastewater compared to municipal wastewater.  

 

The above analyses indicated that septic tanks contained FDOM signals that could 

potentially serve as wastewater indicators in nearby surface water, but the high variability 



55 

in fluorescence intensity between septic systems suggested that normalization strategies 

were needed to ensure proper source attribution in streams that also contain natural 

FDOM. Ratiometric parameters provide a robust strategy for differentiating the 

fluorescence composition of natural and wastewater-derived FDOM 7. The ratiometric 

parameters of interest were more variable for septic wastewater than municipal 

wastewater (Figure 4.5). The R2/R5 ratios were generally higher for municipal 

wastewater, indicating that R2/R5 may be less suitable as a septic indicator. The median 

R4/R5 ratios were similar for septic and municipal wastewater, suggesting that R4/R5 

could be a robust indicator for either type of wastewater 7. The R1/R5 parameter tended 

to be higher for septic wastewater, potentially due to the biological processes occurring in 

the septic tank. For Septic B, the R1/R5 and R4/R5 ratiometric parameters were highest 

in June, despite June producing the lowest overall fluorescence intensity. This outcome 

highlights the critical insights from FDOM compositional analysis compared to the more 

typical regional integration techniques. 

 
Figure 4.5. Distribution of ratiometric FDOM parameters for Septic B and municipal 
wastewater. 
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4.3 FDOM and CECs in advanced septic system 

In addition to the three conventional septic tanks discussed above, samples were also 

collected from the inlet and outlet of an advanced septic system equipped with an 

aeration unit (i.e., Septic A). The FDOM signature of the wastewater dramatically 

changed due to aerobic biodegradation processes (Figure 4.6a). The fluorescence in all 

regions experienced significant decreases: 61% for R1 (p = 0.01); 34% for R2 (p = 0.01); 

31% for R3 (p = 0.01); 57% for R4 (p < 0.01); and 23% for R5 (p = 0.02) (Figure 4.6b). 

R1 and R4 degraded the most, which may suggest that the R1/R5 and R4/R5 ratiometric 

parameters are more appropriate as indicators of wastewater from conventional septic 

tanks but not advanced septic systems or as partially treated wastewater indicators.  

 
Figure 4.6. FDOM in the inlet and outlet of Septic A expressed as (a) differential EEMs and 
(b) box plots. In (a), the fluorescence in the "Removal" plots indicates regions with high FDOM 
removal.  
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Major changes were also observed between the inlet and outlet of Septic A for 

concentrations of labile CECs; note, all CEC concentrations for Septic A are available in 

Table B.7 of Appendix B. Caffeine and paraxanthine exhibited significant degradation 

efficiencies of 92% (p = 0.01) and 95% (p < 0.01), respectively (Figure 4.7a). The 

aeration process also caused the concentrations of octinoxate, homosalate, octocrylene, 

and androsterone to decrease below the corresponding detection limits. The 

concentrations of more stable CECs, such as sucralose, did not exhibit major changes in 

the advanced septic system.  

Caffeine concentrations were well correlated to the R1/R5 (R2 = 0.89, p < 0.01) and 

R4/R5 (R2 = 0.90, p < 0.01) ratiometric parameters. This outcome aligned with findings 

from previous reports, in which caffeine degradation was correlated to the removal of R1 

fluorescence in municipal wastewater treatment plants 105 and wastewater-impacted rivers 

61. The significant correlations between caffeine, R1/R5, and R4/R5 suggested that the 

ratiometric parameters serve as indicators of more labile CECs. In contrast, R2/R5 was 

significantly (but not as well) correlated to caffeine concentrations (R2 = 0.56, p = 0.03). 

The data in Figure 4.7b indicated that the R2/R5 parameter was more stable than R1/R5 

and R4/R5 in the advanced septic system, potentially enabling R2/R5 to serve as an 

indicator for more conservative CECs.  
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Figure 4.7. The distribution of (a) CEC concentrations and (b) ratiometric FDOM 
parameters in the inlet and outlet samples collected from the advanced septic system.  

 

4.4 Wastewater EEM-PARAFAC modeling 

To improve the specificity of the EEM analysis, an EEM-PARAFAC model was 

developed from the septic wastewater samples. The fluorescence spectra of septic 

samples were analyzed three times with different dilution factors, and a total of 72 EEMs 

were generated from 24 unique samples. Three EEMs were excluded due to detector 

saturation, so the EEM-PARAFAC model was generated from 69 EEMs. Preliminary 

EEM-PARAFAC models were validated with 2–4 components but not 5–8 components. 

The 2, 3, and 4-component models had high core consistency and explained variance 

(Table 4.1), and the sum of squared errors decreased by 34% when the number of 

components was changed from 3 to 4. All three models had reasonable spectral features 

(Figure B.4 in Appendix B), but Component 3 of the four-component model exhibited a 

shoulder in its emission spectrum that was comprised of two overlapping peaks in 

Regions 1 and 2. A five-component model was considered to separate the noted emission 

peaks, but that model was not validated by split-half analysis. Previous studies have 

reported EEM-PARAFAC components with shoulders in the emission spectra 106–108; 
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therefore, the four-component EEM-PARAFAC model was used to describe FDOM in 

septic wastewater (Figure 4.8). Spectral loadings for the model are shown in Figure B.5. 

The component scores for the model were not correlated before (Figure B.6) or after 

(Figure B.7) normalization, confirming that the components were independent. 

Table 4.1. Core consistency, explained variance, sum of squared errors (SSE), and 
validation status for preliminary EEM-PARAFAC models of FDOM in septic wastewater. 

Components Core consistency (%) Explained variance (%) SSE Validated 
2 99.4 95.3 30,900 Yes 
3 79.5 96.9 20,700 Yes 
4 65.9 97.9 13,700 Yes 
5 28.0 98.7 8,390 No 
6 6.2 99.1 6,000 No 
7 3.3 99.3 4,900 No 
8 5.1 99.4 3,990 No 

 

 
Figure 4.8. The fluorescence spectra of the four components in the EEM-PARAFAC model 
for FDOM in septic wastewater.  
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Septic wastewater Component 1 (S1) had excitation peaks at 230 and 300 nm and an 

emission peak at 405 nm. In contrast, Component 2 (S2) only contained one fluorescence 

peak centered at λex = 280 nm and λem = 330 nm. Component 3 (S3) exhibited an 

excitation peak at 230 nm with a primary emission peak at 295 nm and a secondary 

emission shoulder at 340 nm. Similar to S1, Component 4 (S4) displayed two 

fluorescence peaks at λex = 250 and 373 nm and λem = 460 nm. All four components 

spanned multiple regions (Table 4.2), but the two humic-like components (i.e., S1, S4) 

were primarily contained in Region 5. While most of the volume under S1 was in Region 

5 (72.4%), S4 almost exclusively fluoresced in Region 5 (95.8%). In contrast, the two 

protein-like components (i.e., S2, S3) exhibited fluorescence in all five regions. The 

majority of S2 fluorescence occurred in Region 4 (57.7%), but the volumes in Regions 1 

and 2 were much higher than those for S1 and S4. Similarly, S3 exhibited the highest 

combined fluorescence in the three regions related to wastewater FDOM: 18.9% in 

Region 1; 10.2% in Region 2; and 38.0% in Region 4. Because all four components 

spanned the conventional regions used to describe EEMs, the EEM-PARAFAC model 

improved the specificity of FDOM analysis and characterization for septic wastewater.  

Table 4.2. Percent fluorescence in each region for the FDOM components in the septic 
wastewater EEM-PARAFAC model. 

Component Region 1 Region 2 Region 3 Region 4 Region 5 
S1 0.2% 2.8% 14.7% 9.9% 72.4% 
S2 4.8% 5.4% 7.8% 57.7% 24.2% 
S3 18.9% 10.2% 16.9% 38.0% 16.0% 
S4 < 0.1% < 0.1% 4.0% 0.2% 95.8% 

 

The fluorescence spectra for the four-component EEM-PARAFAC model for septic 

wastewater were uploaded to the OpenFluor database 79. For a Tucker’s correlation 
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coefficient greater than 0.95, S1, S2, and S4 generated significant matches with 41, 43, 

and 7 previously reported models, respectively. Wavelengths below 250 nm are often 

excluded from EEM-PARAFAC models due to noisy fluorescence signals. With a peak 

at λex = 230 nm, S3 did not generate any matches at the 0.95 level, but six significant 

matches were obtained for a Tucker’s correlation coefficient greater than 0.90. The top 

matches for each component are described in Table 4.3. Based on prior reports, S1 was 

representative of marine humic-like fluorophores and related to Peak M, S2 was a 

tryptophan-like fluorophore associated with Peak T, S3 was related to tyrosine-like 

fluorophores and similar to Peak B, and S4 was a terrestrial humic-like fluorophore 

related to Peaks A and C. 
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Table 4.3. Top OpenFluor matches for the spectra of each component in the septic wastewater EEM-PARAFAC model. Unless indicated, 
the top 10 significant matches are shown for Tucker’s correlation coefficient greater than 0.95. Data were collected in February 2023. 

Reference Component assignment and description a Location Sample type Excitation/emission 
similarity score 

Septic Wastewater Component 1 (S1) 
Gao and Gueguen (2017) 109 C1: marine humic-like Beaufort Sea, Canada Basin Seawater 0.9971 / 0.9892 
Gao and Gueguen (2018) 110 C2: combination of ultraviolet (UV) humic-

like and marine humic-like 
Canada Basin and Canadian 
Arctic Archipelago 

Seawater 0.9947 / 0.9913 

Chen et al. (2016) 111 C2: marine / microbial humic-like Chukchi-East Siberian Seas, 
Arctic Ocean 

Sediment pore waters 0.9877 / 0.9942 

Sheng et al. (2021) 112 C2: terrestrially-derived, humic-like  Nanchang City, China Settled dust 0.9866 / 0.9930 
Pitta and Zeri (2021) 113 ALL2: marine humic-like, Peak M Eastern Mediterranean Sea Sea, river, and lagoon 0.9783 / 0.9987 
Schafer et al. (2021) 114 C2: UV-A humic-like, Peak A St. Augustine, Florida, USA Photodegraded 

Taxodium distichum 
leachate in deionized 
water 

0.9888 / 0.9866 

Chen et al. (2018) 115 C<260(305)/404: humic-like Chukchi Sea, Arctic Ocean Seawater 0.9877 / 0.9859 
Dainard and Gueguen (2013) 
116 

C2: UV humic-like Bering, Chukchi and 
Beaufort Seas and North 
Pacific Ocean 

Seawater 0.9897 / 0.9829 

Wunsch et al. (2018) 117 C410: humic-like Arctic Fjords, Greenland 
and Iceland 

Seawater 0.9915 / 0.9786 

Vines and Terry (2020) 118 C2: microbial humic-like Tuscaloosa, AL, USA Wastewater treatment 
plant effluent 

0.9770/ 0.9923 

Septic Wastewater Component 2 (S2)    
Yamashita et al. (2010) 119 C7: protein-like Everglades, Florida, USA Surface water 0.9957 / 0.9947 
Graeber et al. (2021) 120 CT: tryptophan / protein-like, microbially 

produced, bioavailable 
Bode River, Germany Freshwater 0.9957 / 0.9929 

Ryan et al. (2022) 121 C3: tryptophan-like Salmon aquaculture 
facilities, Chile 

Upstream and effluent 
from aquaculture 
facilities 

0.9965 / 0.9916 

Harjung et al. (2018) 122 C3: amino acids, free or bound in proteins, 
may indicate intact proteins, Peak T 

Austria Constructed streamside 
flumes 

0.9902 / 0.9921 
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Reference Component assignment and description a Location Sample type Excitation/emission 
similarity score 

Wunsch et al. (2018) 117 C330: protein-like Arctic Fjords, Greenland 
and Iceland 

Seawater 0.9986 / 0.9834 

Gueguen et al. (2014) 123 C4: protein-like   Canadian Arctic 
Archipelago 

Seawater 0.9952 / 0.9858 

Cohen et al. (2014) 124 C1: protein-like, tryptophan-like Israel Municipal wastewater 
from treatment plants 

0.9985 / 0.9825 

Stedmon and Markager (2005) 
125 

C4: protein-like, tryptophan-like, tyrosine-
like, Peak T 

Bergen, Norway Fjord water 0.9887 / 0.9914 

Wang et al. (2020) 126 C4: protein-like, tyrosine-like, tryptophan-
like 

Minjiang River, China Freshwater 0.9985 / 0.9784 

Yamashita et al. (2010) 127 C4: tyrosine-like Okhotsk Sea and North 
Pacific Ocean 

Seawater 0.9865 / 0.9898 

Septic Wastewater Component 3 (S3) b    
Dall’Osto et al. (2022) 128 P2: protein-like, Peak B Bransfield Strait, Weddell 

Sea 
Sea ice and seawater 0.9709 / 0.9460 

Schafer et al. (2021) 114 C1: amino acid-like St. Augustine, Florida, USA Estuarine and 
freshwater 

0.9376 / 0.9662 

Brogi et al. (2022) 129 C6: polycyclic aromatic hydrocarbon-like Arno River, Italy Surface water 0.9804 / 0.9226 
D’Andrilli and McConnell 
(2021) 130 

GISP2 C1: monolignol-like, tyrosine-like, 
tannin-like, simple phenol/amino acid-like 

Greenland Ice Sheet, 
Greenland 

Ice cores 0.9466 / 0.9546 

D’Andrilli and McConnell 
(2021) 130 

Agassiz C1: monolignol-like, tyrosine-like, 
tannin-like, simple phenol/amino acid-like 

Agassiz Ice Cap, Canada Ice cores 0.9472 / 0.9527 

Kida et al. (2019) 131 C300: protein-like, tyrosine-like Lutzow-Holm Bay and 
Amundsen Bay, Antarctica 

Lake water 0.9556 / 0.9440 

Septic Wastewater Component 4 (S4) c    
Gao and Gueguen (2017) 109 C3: terrestrial humic-like Beaufort Sea, Canada Basin Seawater 0.9801 / 0.9965 
Lozada et al. (2021) 132 C2: humic-like, Peaks A and C Punta Este, Chubut, 

Argentina 
Seawater 0.9830 / 0.9854 

Shakil et al. (2020) 133 C4: terrestrial humic-/fulvic-like Peel Plateau, Northwest 
Territories, Canada 

Surface water 0.9733 / 0.9843 

Sheng et al. (2021) 112 C3: microbial humic-like Nanchang City, China Settled dust 0.9739 / 0.9818 
Vines and Terry (2020) 118 B2: microbially-derived, humic-like from 

terrestrial aquatic environment 
Tuscaloosa, AL, USA River surface water 0.9680 / 0.9853 
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Reference Component assignment and description a Location Sample type Excitation/emission 
similarity score 

Bernal et al. (2018) 134 C3: humic-like Font del Regas catchment, 
Montseny Natural Park, 
Spain 

Surface water and 
groundwater 

0.9592 / 0.9930 

Murphy et al. (2011) 135 G1: terrestrial humic-like fluorescence in 
high nutrient and wastewater-impacted 
environments 

Australia Recycled water from 
treatment plants 

0.9549 / 0.9973 

a: component labels stem from the original references 
b: no significant matches were obtained for Tucker’s correlation coefficient > 0.95, the reported matches are for Tucker’s correlation coefficient > 0.90 
c: only seven significant matches were obtained for Tucker’s correlation coefficient > 0.95 
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A more robust EEM-PARAFAC model was generated for wastewater FDOM using the 

69 EEMs from septic wastewater and 12 additional EEMs from four unique municipal 

wastewater samples. Preliminary models were developed with 2–8 components, but only 

the 2, 5, 6, and 7-component models were validated by split-half analysis. Spectral 

loadings for the preliminary models are available in Figure B.8. The SSE decreased by 

more than 70% when the number of components was increased from 2 to 5 (Table 4.4). 

When the number of components was changed from 5 to 6, the core consistency 

decreased from 31.6% to 3.4%. Therefore, a five-component EEM-PARAFAC model 

was developed and validated as a global representation of wastewater FDOM in the study 

area (Figure 4.9). The spectral loadings for each component were reasonable (Figure 

B.9), and component scores were not correlated before (Figure B.10) or after (Figure 

B.11) normalization, confirming their independent nature.  

Table 4.4. Core consistency, explained variance, SSE, and validation status for preliminary 
EEM-PARAFAC models of FDOM in septic and municipal wastewater. 

Components Core consistency (%) Explained variance (%) SSE Validated 
2 99.3 95.2 36,500 Yes 
3 70.5 96.7 25,000 No 
4 52.5 97.7 17,500 No 
5 31.6 98.7 10,100 Yes 
6 3.4 99.0 7,430 Yes 
7 3.8 99.2 5,890 Yes 
8 5.6 99.4 4,810 No 
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Figure 4.9. The fluorescence spectra of the five components in the global EEM-PARAFAC 
model for FDOM in septic and municipal wastewater.  

 

By including the municipal wastewater samples in the fluorescence model, a more robust 

EEM-PARAFAC model was generated with three wastewater-like components. 

Components 3 (W3) and 5 (W5) of the global wastewater EEM-PARAFAC model were 

similar to S2 and S4 in the septic wastewater model. The fluorescence associated with S1 

and S3 was split into W1, W2, and W4. W1 was similar to S1 but with minor 

hypsochromic shifts in the secondary excitation peak (325 nm) and emission peak (420 

nm). W2 comprised aspects of S1 and S3, namely peaks at λex = 230 and 280 nm and λem 

= 355 nm. W4 also exhibited similar fluorescence characteristics as S1 and S3, with two 

fluorescence peaks centered at excitation wavelengths of 230 and 271 nm and emission at 

295 nm. All five components spanned multiple regions (Table 4.5). W1 and W5 were 

primarily located in Region 5 but with secondary fluorescence in Region 3, suggesting 
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that these components were less useful as wastewater indicators. In contrast, W3 

primarily fluoresced in Region 4 (61.2%), W4 exhibited fluorescence in both Region 1 

(30.1%) and Region 4 (46.3%), and W2 showed notable fluorescence in Region 2 (9.4%), 

Region 3 (18.7%), Region 4 (27.3%), and Region 5 (43.3%). As with the septic 

wastewater model, the wide coverage of global wastewater EEM-PARAFAC components 

across regions added specificity to potential indicators derived from FDOM signatures.  

Table 4.5. Percent fluorescence in each region for the FDOM components in the global 
wastewater EEM-PARAFAC model. 

Component Region 1 Region 2 Region 3 Region 4 Region 5 
W1 < 0.1% 0.8% 11.4% 3.3% 84.6% 
W2 1.4% 9.4% 18.7% 27.3% 43.3% 
W3 4.7% 4.4% 6.3% 61.2% 23.4% 
W4 30.1% 5.1% 9.1% 46.3% 9.4% 
W5 0.1% < 0.1% 5.9% 0.9% 93.1% 

 

The excitation and emission spectra for the five-component global wastewater EEM-

PARAFAC model were uploaded to the OpenFluor database. For Tucker’s correlation 

coefficient greater than 0.95, W1, W2, W3, W4, and W5 generated significant matches 

with 8, 17, 38, 3, and 5 previously reported components, respectively. The top matches 

for each component are reported in Table 4.6. Based on the OpenFluor data, W1 and W5 

were associated with ubiquitous humic-like fluorophores and terrestrially-derived, 

microbial humic-like fluorophores, respectively. W2 was primarily composed of 

tryptophan-like fluorophores (Region 2), and W4 aligned with tyrosine-like fluorophores 

(Region 1). W3 showed similar fluorescence as protein-like fluorophores that were 

recently produced by bacteria. These associations confirmed the potential relationship 

between W2, W3, and W4 and wastewater. 
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Table 4.6. Top OpenFluor matches for the spectra of each component in the global wastewater EEM-PARAFAC model. Unless indicated, 
the top 10 significant matches are shown for Tucker’s correlation coefficient greater than 0.95. Data were collected in February 2023. 

Reference Component assignment and 
description a 

Location Sample type Excitation/emission 
similarity score 

Global Wastewater Component 1 (W1) b 
Dainard and Gueguen (2013) 116 C2: UV humic-like, Peak A Bering, Chukchi and 

Beaufort Seas and North 
Pacific Ocean 

Seawater 0.9974 / 0.9835 

Bittar et al. (2016) 136 C1: humic-like, terrigenous material, 
with potential agricultural influence 

Skidaway River, Savannah, 
GA, USA 

Estuary water 0.9856 / 0.9843 

Ren et al. (2021) 137 C1: humic-like, Peak C Xiandao, Baoan, Daye, and 
Qingshan lakes, Hubei 
Province, China 

Freshwater 0.9665 / 0.9934 

Kida et al. (2019) 131 C415: humic-like, ubiquitous Lutzow-Holm Bay and 
Amundsen Bay, Antarctica 

Lake water 0.9704 / 0.9865 

Garcia et al. (2015) 138 C1: humic-like, terrestrially derived, 
Peaks A and M 

Glacial Lake District, 
Southern Andes, Nahuel 
Huapi National Park, 
Patagonia, Argentina 

Stream samples 0.9658 / 0.9902 

Yamashita et al. (2011) 139 C1: humic-like, fulvic acid-like, Peak C Nantahala Mountains, 
western NC, USA 

Freshwater 0.9554 / 0.9994 

Walker et al. (2013) 140 C1: humic-like, terrestrially-like, Peaks 
A and C 

Mackenzie, Lena, Kolyma, 
Ob, and Yenisei Arctic 
Rivers 

Freshwater 0.9576 / 0.9950 

Zhuang et al. (2022) 141 C3: humic-like Fuzhou City and Minjiang 
River, China 

Plant and leaf litter 
leachates, wastewater 
influent and effluent, 
river surface water 

0.9696 / 0.9823 

Global Wastewater Component 2 (W2)    
Wunsch et al. (2017) 142 C350: protein-like Lake Lillsjon and Svartan 

River, Sweden; Rio Negro 
and Rio Tapajos, Brazil 

Freshwater 0.9953 / 0.9917 

Weigelhofer et al. (2020) 143 C2: tryptophan-like, microbial-delivered 
autochthonous 

Light versus dark lab flume 
experiments  

Leaf and cow dung 
leachates 

0.9981 / 0.9873 
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Reference Component assignment and 
description a 

Location Sample type Excitation/emission 
similarity score 

Stedmon et al. (2011) 144 C4: tryptophan-like, indicator of waste 
contamination 

Farum, Denmark Drinking water from a 
treatment plant 

0.9939 / 0.9832 

Heibati et al. (2018) 122 F4: protein-like, tryptophan-like Central Eastern Sweden Municipal drinking 
water from a 
distribution network 

0.9901 / 0.9829 

Borisover et al. (2011) 145 C2: tryptophan-like, labile organic 
matter related to phytoplankton 
productivity 

Kishon River, Israel Surface water 0.9888 / 0.9841 

Bittar et al. (2016) 136 C3: protein-like, microbial/ 
autochthonous origin 

Skidaway River, Savannah, 
GA, USA 

Estuary water 0.9935 / 0.9755 

Yamashita et al. (2011) 139 C5: protein-like, tryptophan-like Nantahala Mountains, NC, 
USA 

Freshwater 0.9947 / 0.9735 

Queimalinos et al. (2019) 146 C3: non-humic and aliphatic 
compounds, Peak T 

Nahuel Huapi National 
Park, Patagonia, Argentina 

Lake water 0.9870 / 0.9765 

Kida et al. (2019) 131 C360: non-humic, Peak N Lutzow-Holm Bay and 
Amundsen Bay, Antarctica 

Lake water 0.9760 / 0.9873 

Graeber et al. (2012) 147 C5: protein- and tryptophan-like, 
microbially produced 

Brandenburg, Germany Freshwater 0.9862 / 0.9759 

Global Wastewater Component 3 (W3)    
Yamashita et al. (2010) 119 C7: protein-like Everglades, Florida, USA Surface water 0.9709 / 0.9460 
Wunsch et al. (2018) 117 C330: protein-like Arctic Fjords, Greenland 

and Iceland 
Seawater 0.9376 / 0.9662 

Ryan et al. (2022) 121 C3: tryptophan-like Salmon aquaculture 
facilities, Chile 

Upstream and effluent 
from aquaculture 
facilities 

0.9804 / 0.9226 

Gueguen et al. (2014) 123 C4: protein-like   Canadian Arctic 
Archipelago 

Seawater 0.9466 / 0.9546 

Graeber et al. (2021) 120 CT: tryptophan/ protein-like, microbially 
produced, bioavailable 

Bode River, Germany Freshwater 0.9472 / 0.9527 

Dainard et al. (2019) 148 C3: protein-like Canada Basin, Beaufort Sea Seawater 0.9556 / 0.9440 
Cory and McKnight (2005) 149 C8: tryptophan-like Lake Fryxell, Antarctica 

Nymph Lake, Colorado 
Toolik Lake, Alaska 

Freshwater 0.9268 / 0.9678 
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Reference Component assignment and 
description a 

Location Sample type Excitation/emission 
similarity score 

Dainard et al. (2015) 150 C4: protein-like, recent biological 
production 

Beaufort Sea and North 
Atlantic Subtropical Gyre 

Seawater 0.9359 / 0.9557 

Harjung et al. (2018) 122 C3: amino acids, free or bound in 
proteins, may indicate intact proteins, 
Peak T 

Austria Constructed streamside 
flumes 

0.9134 / 0.9750 

Goncalves-Araujo (2015) 151 C6: protein-like Lena River Delta region, 
Laptev Sea, Siberia 

Seawater 0.9746 / 0.9121 

Global Wastewater Component 4 (W4) c    
Chen et al. (2018) 115 C<270/302: tyrosine-like Chukchi Sea, Arctic Ocean Seawater 0.9931 / 0.9773 
D’Andrilli and McConnell (2021) 
130 

ACT-10 C3: tyrosine-like Greenland Ice Sheet, 
Greenland 

Ice cores 0.9809 / 0.9894 

Dall’Osto et al. (2022) 128 P2: protein-like, Peak B Bransfield Strait, Weddell 
Sea 

Sea ice and seawater 0.9819 / 0.9801 

Global Wastewater Component 5 (W5) d    
Sheng et al. (2021) 112 C3: microbial humic-like  Nanchang City, China Settled dust 0.9862 / 0.9986 
Jutaporn et al. (2020) 152 C3: UV-A and UV-C humic-like, 

terrestrially derived, Peak C 
Chapel Hill and Carrboro, 
NC, USA 

Surface water and 
wastewater effluent 

0.9822 / 0.9983 

Vines and Terry (2020) 118 B2: microbially derived humic-like from 
terrestrial aquatic environment 

Tuscaloosa, AL, USA River surface water 0.9690 / 0.9954 

Cohen et al. (2014) 124 C4: humic-like Israel Municipal wastewater 
from treatment plants 

0.9757 / 0.9852 

Weigelhofer et al. (2020) 143 C3: humic-like, terrestrial delivered, 
Peaks A and C, high molecular weight 

Light versus dark lab flume 
experiments  

Leaf and cow dung 
leachates 

0.9644 / 0.9911 

a: component labels stem from the original references  
b: only eight significant matches were obtained for Tucker’s correlation coefficient > 0.95 
c: only three significant matches were obtained for Tucker’s correlation coefficient > 0.95 
d: only five significant matches were obtained for Tucker’s correlation coefficient > 0.95 
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Given its better specificity, the global wastewater EEM-PARAFAC model was used to 

track the change in maximum fluorescence intensity (Fmax) values for each component in 

the advanced septic system. Two of the protein-like components, W3 and W4, 

experienced 89.9% and 63.2% degradation, respectively, in the aerobic treatment process 

(Figure 4.10a). The other protein-like component, W2, and the two humic-like 

components, W1 and W5, were not significantly degraded. To better account for FDOM 

composition, ratiometric parameters were calculated from the Fmax values for the EEM-

PARAFAC components. As discussed in Section 4.3, correlations between fluorescence 

ratios and CEC concentrations can highlight contaminant degradation in septic systems or 

attenuation in drainfields and, thereby, inform the selection of fluorescence indicators for 

partially and fully treated septic wastewater. Partially treated septic wastewater was 

defined by the presence of labile CECs, which were not present in fully treated septic 

wastewater. As shown in Figure 4.10b, caffeine levels were well correlated with the 

W3/W1 (R2 = 0.91, p < 0.01), W3/W5 (R2 = 0.80, p < 0.01), W4/W1 (R2 = 0.84, p < 

0.01), and W4/W5 (R2 = 0.92, p < 0.01) ratiometric parameters; while R2 was lower 

(0.57), caffeine concentrations were also correlated to W2/W5 values (p = 0.03). In 

contrast, W2/W1 was not correlated with caffeine concentration (R2 = 0.26, p = 0.20). 

Taken together, these results suggest that the W3/W1, W3/W5, W4/W1, and W4/W5 

ratiometric parameters should be explored as indicators of partially treated wastewater, 

and the W2 ratios should be considered as indicators of fully treated septic effluent.    
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Figure 4.10. (a) The distribution of EEM-PARAFAC components and (b) correlations 
between ratiometric FDOM parameters and caffeine concentrations in samples collected 
from the inlet and outlet of the advanced septic system.  

 

4.5 Septic wastewater characterization conclusion 

More CECs were detected in municipal wastewater, but higher CEC concentrations were 

measured in septic tanks, suggesting the potential for ecotoxicity concerns in areas with 

high septic system density. Future risk assessment based on CEC levels in septic 

wastewater and downgradient stream water samples is recommended to further evaluate 

that potential. Furthermore, these findings support the potential use of CECs as septic 

wastewater indicators in nearby surface water. Based on prior studies, detection 

frequency, and CEC levels, caffeine and ibuprofen were proposed as indicators of 

partially treated wastewater, while sucralose, carbamazepine, and sulfamethoxazole were 

suggested as conservative indicators of septic effluent. CEC analysis is expensive and 

time-consuming, leading to opportunities for development of alternative indicators. 

Septic tanks contained FDOM signals, including consistent fluorescence peaks in 

Regions 1, 2, and 4, that can potentially serve as wastewater indicators in nearby surface 
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water. Temporal variations in the fluorescence intensity of septic FDOM mandated the 

need for ratiometric parameters that provide insight into FDOM composition. Based on 

correlations with caffeine concentrations in an advanced septic system, the R1/R5 and 

R4/R5 parameters may effectively function as indicators of partially treated septic 

effluent. In contrast, the R2/R5 values were more stable, suggesting the potential use of 

this ratiometric parameter as an indicator of more conservative CECs. The EEM-

PARAFAC models improved the specificity of FDOM parameters from EEM analysis 

and enabled new opportunities to monitor wastewater inputs in nearby surface water. 

Based on correlations between EEM-PARAFAC components and CEC levels, four 

ratiometric parameters (i.e., W3/W1, W3/W5, W4/W1, W4/W5) were identified as 

potential indicators of partially treated septic wastewater; furthermore, two other 

component ratios (i.e., W2/W1, W2/W5) were recommended as indicators of treated 

septic effluent. In Chapter 5, these novel parameters were applied to describe the FDOM 

measured in stream samples to investigate performance in real settings. 
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Chapter 5: Septic wastewater indicator profiles in the North Branch 

5.1. EEM-PARAFAC model for the North Branch  

The EEMs from all stream samples collected during the North Branch spatially resolved 

sampling campaign (Section 3.3.1), thermal infrared (TIR) survey (Section 3.3.2), and 

wet weather sampling event (Section 3.3.3) were used to build an EEM-PARAFAC 

model for the North Branch. The model was constructed from 193 samples; note, four 

samples with low fluorescence intensity were excluded. Preliminary EEM-PARAFAC 

models were generated with 2 – 8 components, but the models with 6 – 8 components 

were not validated. The core consistency was high for models with 2, 3, and 4 

components but decreased to 30.7% for the 5-component model (Table 5.1). The 

explained variance increased and the sum of the squared errors (SSE) decreased when the 

number of components was increased from two to four. The four-component model 

included a protein-like component (Figure C.1 in Appendix C) that was not present in 

models with fewer components. This component was also present in the five-component 

model, which was less preferred due to the low core consistency. Therefore, a four-

component EEM-PARAFAC model was used to describe FDOM in the North Branch 

(Figure 5.1). The spectral loadings for the four components are available in Figure C.2. 

The component scores were not correlated before (Figure C.3) or after (Figure C.4) data 

normalization, confirming that the components were independent. 
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Table 5.1. Core consistency, explained variance, sum of squared errors (SSE), and 
validation status for preliminary EEM-PARAFAC models of FDOM in the North Branch. 

Components Core consistency (%) Explained variance (%) SSE Validated 
2 97.6 98.2 36,100 Yes 
3 81.6 99.0 19,200 Yes 
4 74.7 99.3 13,000 Yes 
5 30.7 99.5 9,280 Yes 
6 4.4 99.6 7,350 No 
7 1.5 99.7 5,690 No 
8 0.7 99.8 4,320 No 

 

 
Figure 5.1. The fluorescence spectra of the four components in the EEM-PARAFAC model 
for FDOM in the North Branch.  

 

North Branch Components 1 (C1), 2 (C2), and 3 (C3) predominantly fluoresced in 

Region 5 (Table 5.2). C1 was similar to S1 (septic wastewater), with primary and 

secondary excitation peaks at 230 and 300 nm and emission at 415 nm. With two peaks at 
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λex = 250 and 385 nm, C2 was similar to S4 and W5 but with a hypsochromic shift in 

emission to λem = 485 nm. The fluorescence peak of C3, centered at λex = 335 nm and λem 

= 450 nm, did not appear in the wastewater models, suggesting that this fluorophore 

stems from natural processes. The fluorescence of C4 spanned all five regions, with 

43.5% of the volume in Region 4 and 21.3% volume in Regions 1 and 2 (Table 5.2). The 

fluorescence peaks of C4 were located at λex = 230 and 275 nm and λem = 335 nm. The 

fluorescence signature of C4 did not directly match any of the wastewater components 

but could be estimated using linear regressions of either S2 and S3 or W2, W3, and W4 

(Figure C.5). This outcome suggests that C4 originated from septic wastewater as a 

mixture of the protein-like components from the wastewater models. As these protein-

like components were transported into nearby surface waters, they coalesced into a single 

component, C4, which was then measurable throughout the North Branch.  

 

Table 5.2. Percent fluorescence in each region for the FDOM components in the North 
Branch EEM-PARAFAC model. 

Component Region 1 Region 2 Region 3 Region 4 Region 5 
C1 < 0.1% 1.4% 10.5% 7.0% 81.0% 
C2 0.1% < 0.1% 7.5% 0.5% 92.0% 
C3 < 0.1% 0.2% 11.5% 0.9% 87.4% 
C4 10.1% 11.2% 16.2% 43.5% 19.0% 

 

The fluorescence spectra for the four-component North Branch EEM-PARAFAC model 

were uploaded to the OpenFluor database 79. C1, C2, C3, and C4 generated significant 

matches with 83, 58, 8, and 61 previously reported components, respectively, when the 

Tucker’s correlation coefficient was greater than 0.95. The top matches for each 

component are reported in Table 5.3. Based on the similarity scores, C1 was related to 
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marine or terrestrial humic-like fluorophores with biological or microbial origin. Both C2 

and C3 exhibited terrestrial humic-like fluorescence and were closely related to Peaks A 

and C. Finally, C4 was associated with Peak T and contained microbially-derived, 

protein- or tryptophan-like fluorophores.  
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Table 5.3. Top OpenFluor matches for the spectra of each component in the North Branch EEM-PARAFAC model. Unless indicated, the 
top 10 significant matches are shown for Tucker’s correlation coefficient greater than 0.95. Data were collected in February 2023. 

Reference Component assignment and 
description a 

Location Sample type Excitation/emission 
similarity score 

North Branch Component 1 (C1) 
Romero et al. (2017) 153 C1: terrestrial humic-like, mid-size Bozeman, Montana, USA Soil extracts from 

wheat-based cropping 
systems 

0.9975 / 0.9951 

Osburn et al. (2012) 154 C2: humic-like, possible 
photodegradation product 

Neuse River Basin, North 
Carolina, USA 

Surface water 0.9971 / 0.9945 

Yamashita et al. (2013) 155 C1: marine humic-like, Peak M, 
microbial humic-like 

Florida Keys, Florida, USA Surface water 0.9965 / 0.9948 

Gao and Gueguen (2017) 109 C1: marine humic-like, Peak M, 
biological or microbial origin 

Beaufort Sea, Canada Basin Seawater 0.9956 / 0.9955 

Cawley et al. (2012) 156 C1: humic-like Shark Bay, Australia Surface water 0.9919 / 0.9981 
Yamashita et al. (2021) 157 C1: humic-like Dorokawa, Butokamabetsu, 

and Akaishi Rivers, 
northern Hokkaido, Japan 

Stream water 0.9946 / 0.9945 

Shakil et al. (2020) 133 C1: terrestrial humic-/fulvic-like Peel Plateau, Northwest 
Territories, Canada 

Stream water 0.9933 / 0.9950 

Chen et al. (2018) 115 C<260(305)/404: Marine humic-like Chukchi Sea, Arctic Ocean Seawater 0.9903 / 0.9976 
Shutova et al. (2014) 158 C2: humic-like, terrestrial delivered, 

Peaks A and C 
Yarra Glen water treatment 
plant, Victoria, Australia 

Water samples from 
each treatment stage 

0.9983 / 0.9895 

Peleato et al. (2016) 159 C3: processed or degraded humic-like Pilot-scale laboratory 
biofiltration study with 
Otonabee River water, 
Peterborough, Ontario 

River water through 
biofiltration treatment 

0.9918 / 0.9955 

North Branch Component 2 (C2)    
Zhuang et al. (2021) 160 C2: terrestrial humic-like Minjiang Watershed, China Rainwater, fresh plant, 

leaf litter, wastewater, 
and river samples 

0.9941 / 0.9911 

Smith et al. (2021) 161 C3: humic-like, autochthonous 
production and/or influence from 
anthropogenic sources 

Wagner Creek, Coral 
Gables, and Little River, 
Miami, Florida, USA 

Surface water 0.9881 / 0.9969 
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Reference Component assignment and 
description a 

Location Sample type Excitation/emission 
similarity score 

Murphy et al. (2006) 162 C3: humic-like North Pacific and Atlantic 
oceans 

Seawater 0.9913 / 0.9943 

Shutova et al. (2014) 158 C1: humic-like, terrestrial delivered, 
Peaks A and C 

Yarra Glen water treatment 
plant, Victoria, Australia 

Water samples from 
each treatment stage 

0.9861 / 0.9963 

Peleato et al. (2016) 159 C2: terrestrial humic-like Pilot-scale laboratory 
biofiltration study with 
Otonabee River water, 
Peterborough, Ontario 

River water through 
biofiltration treatment 

0.9892 / 0.9931 

Murphy et al. (2008) 52 C3: humic-like   North Pacific and Atlantic 
oceans 

Seawater 0.9946 / 0.9867 

Dall’Osto et al. (2022) 128 H2: humic-like, Peak C Bransfield Strait, Weddell 
Sea 

Sea ice and seawater 0.9857 / 0.9941 

Pitta and Zeri (2021) 113 SWRV2: humic-like, Peaks A and C Eastern Mediterranean Sea Seawater and river 
water 

0.9886 / 0.9910 

Dainard and Gueguen (2013) 116 C1: terrestrial humic-like Bering, Chukchi, and 
Beaufort Seas and North 
Pacific Ocean 

Seawater 0.9802 / 0.9993 

Pitta and Zeri (2021) 113 RV2: humic-like, Peaks A and C Eastern Mediterranean Sea River water 0.9844 / 0.9950 
North Branch Component 3 (C3) b    
Chen et al. (2018) 163 C1: humic-like, Peak C, high molecular 

weight and aromatic, terrestrial 
Lake Taihu and Lake 
Hongze, China 

Surface water 0.9827 / 0.9955 

Lambert et al. (2016) 164 C3: terrestrial humic-like, Peak C, high 
aromaticity, high molecular weight, 
photosensitive 

Congo River Basin, Central 
Africa 

Surface water 0.9778 / 0.9889 

Shutova et al. (2014) 158 C5: humic-like, terrestrially-derived, 
Peaks A and C 

Yarra Glen water treatment 
plant, Victoria, Australia 

Water samples from 
each treatment stage 

0.9606 / 0.9953 

Wang et al. (2022) 165 C3: humic-like  Urban and peri-urban areas 
of Kampala, Uganda 

Surface water, 
groundwater, and 
wastewater 

0.9694 / 0.9842 

Murphy et al. (2011) 135 G3: humic- and fulvic-like, wastewater/ 
nutrient enrichment tracer 

Australia Recycled water from 
treatment plants 

0.9633 / 0.9884 

Lapierre and del Giorgio (2014) 
166 

C4: humic- and fulvic-like Seven boreal regions, 
Quebec, Canada 

Lake, stream, river, and 
wetland samples 

0.9725 / 0.9788 
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Reference Component assignment and 
description a 

Location Sample type Excitation/emission 
similarity score 

Hong et al. (2021) 167 C1: terrestrial humic-like, 
photochemically produced 

Rudong, Jiangsu Province, 
China 

Extracted sediment 
samples 

0.9808 / 0.9697 

Sondergaard et al. (2003) 168 C3: humic-like, Peak C Laboratory experiment 
testing changes in salinity 
impacts on DOC with water 
from Danish streams 

Surface water with 
salinity varied 

0.9942 / 0.9542 

North Branch Component 4 (C4)    
Wunsch and Murphy (2021) 169 C280/330: protein-like Drinking water treatment 

plant river intake, southern 
Sweden 

River water 0.9954 / 0.9904 

Yamashita et al. (2010) 170 C5: protein-like, freshly produced 
tryptophan-like 

Tropical rivers in southeast 
Venezuela 

Surface water 0.9960 / 0.9861 

Kothawala et al. (2013) 171 C6: protein-like, tryptophan-like, 
microbially-derived 

560 lakes in Sweden Lake water 0.9953 / 0.9853 

Zhou et al. (2019) 172 C5: protein-like, Peaks B and T Rivers, estuaries, and 
coastal waters in Sarawak, 
Borneo, Malaysia 

Surface water 0.9987 / 0.9824 

Graeber et al. (2021) 120 CT: tryptophan-/ protein-like, 
microbially produced, bioavailable 

Bode River, Germany Freshwater 0.9949 / 0.9852 

Yamashita et al. (2021) 157 C4: protein-like Dorokawa, Butokamabetsu, 
and Akaishi Rivers, 
northern Hokkaido, Japan 

Stream water 0.9956 / 0.9845 

Gao and Gueguen (2017) 109 C2: protein-like, Peak T, tryptophan-like Beaufort Sea, Canada Basin Seawater 0.9978 / 0.9823 
Kida et al. (2021) 173 C330: mangrove-derived aromatic 

compound 
Secondary mangrove forest, 
Trat, Thailand 

Extracted soil samples 0.9988 / 0.9810 

Kim et al. (2020) 174 C3: protein-like, amino acid-like, 
biologically produced, freshly produced  

Western Indian Ocean Seawater 0.9936 / 0.9851 

Cawley et al. (2012) 156 C4: protein-like, tryptophan-like and 
tyrosine-like 

Shark Bay, Australia Surface water 0.9842 / 0.9929 

a: component labels stem from the original references 
b: only eight significant matches were obtained for Tucker’s correlation coefficient > 0.95  
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The North Branch EEM-PARAFAC model was applied to wastewater samples from the 

advanced septic system to assess component stability and degradation (Figure 5.2a). The 

Fmax parameter for the protein-like component, C4, significantly decreased by 59.5% 

between the inlet and outlet (p < 0.01), similar to W4 (Figure 4.10a). C1 also exhibited a 

significant decrease in the advanced septic system (p < 0.01), but Fmax only changed by 

29.9%. In contrast, the C2 and C3 components were relatively stable during treatment. 

The three humic-like components, C1, C2, and C3, were linearly correlated with 

sucralose concentrations, and the coefficients of determination (R2) were 0.79 (p < 0.01), 

0.62 (p = 0.04), and 0.82 (p < 0.01), respectively. The Fmax values for C4 were associated 

with caffeine levels (R2 = 0.68, p = 0.01), which suggests biodegradation of C4 during 

septic treatment processes (Figure 4.7a). The three ratiometric parameters directly related 

to C4 were also significantly (p < 0.01) correlated to caffeine levels: C4/C1 (R2 = 0.89); 

C4/C2 (R2 = 0.84); and C4/C3 (R2 = 0.83). The magnitude of these three ratiometric 

parameters significantly (p < 0.05) decreased by 42 – 62% during treatment (Figure 

5.2b). This degradation resembled the change in W4/W1 and W4/W5 in the advanced 

septic system. In particular, the removal of C4/C2 (62.7%) agreed with that of W4/W5 

(62.0%), and the change in C4/C3 (48.9%) was effectively the same as that for W4/W1 

(49.5%). The decrease in C4/C1 (42.1%) was lower than the other ratiometric parameters. 

EEM-PARAFAC components are representative fluorophores that account for a group of 

individual compounds that fluoresce at certain wavelengths. During treatment of septic 

wastewater and transport of septic effluent, some fluorescent compounds are more 

susceptible to adsorption and degradation reactions. C4 was hypothesized to be 

comprised of the most mobile and persistent compounds captured by the three protein-
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like W components. The C4/C1, C4/C2, and C4/C3 ratiometric parameters may, 

therefore, be effective indicators of septic wastewater in streams.  

 
Figure 5.2. The distribution of (a) components and (b) ratiometric parameters from the 
North Branch EEM-PARAFAC model in the inlet and outlet samples collected from the 
advanced septic system. 

 

5.2 CECs in the North Branch 

Twelve CECs were detected at least once in the 45 samples collected during the North 

Branch sampling campaign. The highest detection frequencies were for atrazine (100%), 

sucralose (93%), carbamazepine (89%), and sulfamethoxazole (69%). Azithromycin 

(51%), mecoprop (51%), and clarithromycin (38%) were also regularly detected, but the 

majority of azithromycin and clarithromycin concentrations were below the 

corresponding limits of quantification (LOQs). The other five CECs, namely caffeine, 

paraxanthine, oxybenzone, octocrylene, and avobenzone, were detected in less than 20% 

of samples.  
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Figure 5.3 reports CEC concentrations and septic system density from the headwaters of 

the North Branch to its confluence with the Jones Falls. Note, the distances mentioned 

below correspond to the distance downstream of the headwaters. Sucralose 

concentrations were similar to previously reported values in the Upper Jones Falls 

watershed 7 (up to 290 ng L-1) and septic-impacted streams (up to 291 ng L-1) 31. The 

highest sucralose concentrations were measured in the main stem at 0–1000 m 

downstream, where the septic density was 40 – 173 tanks per km2, and around 4500 m 

downstream in tributaries located in areas with high septic system density (i.e., 81 – 173 

tanks per km2). For reference, Figure 3.1 shows the sampling locations along the North 

Branch. The stream discharge was not measured but was notably lower near the 

headwaters, potentially leading to less dilution of CECs derived from septic wastewater. 

The lowest sucralose concentration in the main stem occurred around 2600 m (46.0 

ng/L), where the septic system density was also lowest. Moving downstream, septic 

density increased (2600 – 5600 m) and then decreased (5600 – 8000 m), and the 

sucralose levels increased from approximately 150 ng/L to 200 ng/L and then remained 

steady, respectively. Sucralose levels in the tributaries were more variable due to 

differences in discharge and septic density. For example, the tributary site NB-50 (4500 

m) contained 607 ng/L sucralose from an area with high septic density. This tributary 

apparently caused sucralose concentrations at the downstream NB-48 main stem site (167 

ng/L) to increase relative to the upstream NB-51 site (135 ng/L). 

Trends in the carbamazepine and sulfamethoxazole concentration profiles were similar to 

those of sucralose (Figure 5.3b), suggesting a common source. In fact, sucralose levels 
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were significantly correlated to carbamazepine (Spearman’s ρ = 0.69, p < 0.01) and 

sulfamethoxazole (Spearman’s ρ = 0.68, p < 0.01) concentrations in the main stem. 

However, carbamazepine and sulfamethoxazole demonstrated different patterns as septic 

density decreased at 5600 – 8000 m. The step-like increase in carbamazepine 

concentrations at 6000 m in the main stem was likely caused by inputs from the NB-28 

tributary, which contained 880 ng/L carbamazepine, more than 5× higher than the 

maximum concentration measured in the three conventional septic systems. Similar 

carbamazepine concentrations (up to 1,100 ng/L) were detected in German rivers that 

received wastewater effluent 175. In contrast, the sulfamethoxazole levels peaked around 

6900 m. Unlike sucralose and carbamazepine, sulfonamide antibiotics are less persistent 

and undergo degradation processes 95,176. The noted trends suggest natural attenuation of 

sulfamethoxazole in the 6900 – 8000 m reach. 

Atrazine and mecoprop are both herbicides. While atrazine is applied to crops and lawns 

in agricultural and residential areas, mecoprop is only used in residential settings. These 

CECs were, therefore, expected to stem from stormwater runoff and not septic effluent. 

Atrazine may have been present in the groundwater from historic usage similar to what 

was observed in the drinking water wells in Section 4.1. Indeed, the concentration 

profiles of atrazine and mecoprop (Figure 5.3c) followed significantly different trends 

than sucralose in the main stem: atrazine (Spearman’s ρ = -0.64, p < 0.01); and mecoprop 

(Spearman’s ρ = -0.62, p < 0.01). The concentrations of the two herbicides were 

significantly correlated with each other (Spearman’s ρ = 0.80, p < 0.01), suggesting a 

common source. Areas with high levels of herbicides coincided with lower 
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concentrations of sucralose and other wastewater-derived CECs, reinforcing the 

independence of the corresponding sources (e.g., stormwater runoff, septic effluent). The 

noticeable spike in atrazine concentration at 6610 m may have stemmed from an adjacent 

application in that area perhaps from a nearby horse farm. Otherwise, atrazine levels 

steadily decreased from 3200 m to 8000 m. Unlike atrazine, mecoprop concentrations 

dropped to below the limit of quantitation (LOQ) around 6000 m. The difference between 

atrazine and mecoprop profiles in this section of the stream may have stemmed from the 

higher LOQ of mecoprop (10.7 ng/L) compared to atrazine (1.76 ng/L). 
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Figure 5.3. Concentrations of (a) sucralose, (b) carbamazepine and sulfamethoxazole, and 
(c) atrazine and mecoprop in the North Branch. The x-axis increases with downstream 
distance. The filled circles connected by lines represent CEC concentrations in samples collected 
from the main stem, and open symbols indicate CEC concentrations in samples collected from 
tributaries. Concentrations below LOQ are plotted as "×" symbols. Error bars show standard 
deviation. The grayscale bar at the top of the figure shows the septic system density along the 
stream. 
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5.3 EEM and EEM-PARAFAC parameters in the North Branch 

The ratiometric parameters calculated from regional EEM volumes and EEM-PARAFAC 

components varied along the North Branch (Figure 5.4). Of the three regional volume 

ratios identified as potential septic wastewater indicators, R2/R5 demonstrated the 

greatest magnitude and variability with a mean and standard deviation of 1.11 ± 0.19, 

suggesting increased sensitivity compared to R1/R5 (0.36 ± 0.11) and R4/R5 (0.60 ± 

0.08). A previous report of FDOM indicators in the Jones Falls and Gwynns Falls 

watersheds suggested using the top 20th percentile of R4/R5 (0.85) and R2/R5 (1.85) 

values as thresholds for identifying sites with potential wastewater inputs 7. None of the 

North Branch samples exceeded the thresholds established by Batista-Andrade et al.; for 

reference, the top 20th percentiles for the North Branch samples were R4/R5 > 0.68 and 

R2/R5 > 1.24. The lower magnitude of the R4/R5 and R2/R5 parameters in the North 

Branch was reasonable because Batista-Andrade et al. collected samples from 

downstream areas adjacent to denser populations and impacted by wastewater exfiltration 

and sanitary sewer overflows.  

Figure 5.4a shows that the R2/R5 profile in the North Branch was similar to that of 

W2/W1 (R2 = 0.90, p < 0.01), but the W2/W1 values were slightly greater than R2/R5. 

Similar results were observed for R4/R5 and C4/C1 (R2 = 0.86, p < 0.01), but C4/C1 

(24.1%) displayed a larger relative standard deviation than R4/R5 (13.3%), indicating 

improved spatial resolution of changes in FDOM composition. The R1/R5 parameter was 

well correlated to W4/W1 (R2 = 0.96, p < 0.01) and W4/W5 (R2 = 0.86, p < 0.01), as 

suggested by the profiles in Figure 5.4b. W4/W1 (0.55 ± 0.21) and W4/W5 (0.80 ± 0.34) 
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exhibited higher magnitude and greater variability than R1/R5 (0.36 ± 0.11), suggesting 

that the EEM-PARAFAC parameters exhibited better sensitivity to wastewater-derived 

FDOM.  

In Section 4.4, W2/W5 was identified as a potential indicator of treated septic effluent. 

The profiles in Figure 5.4c highlight the correlation of W2/W5 with C4/C3 (R2 = 0.88, p 

< 0.01) and C4/C2 (R2 = 0.85, p < 0.01). Of the three parameters, C4/C3 (3.39 ± 1.41) 

displayed greater magnitude and variability compared to C4/C2 (1.73 ± 0.65) and 

W2/W5 (1.86 ± 0.52). High values of these three ratiometric parameters were measured 

in several tributaries. Two of those tributaries, NB-47 (4700 m) and NB-26 (6200 m), 

also exhibited sucralose concentrations that were 120% and 40% higher than the main 

stem, reinforcing the potential of the C4/C3 and W2/W5 indicators. However, these 

trends were not universal. The maximum C4/C3 and W2/W5 values were measured at 

NB-59 (4000 m), but the concentrations of sucralose (36.1 ng/L) and carbamazepine (< 

LOQ) were low. Nevertheless, the C4/C3 and W2/W5 ratiometric parameters were 

considered promising indicators of wastewater in the North Branch, although further 

analyses may be required.  

The profiles of W3/W1 and W3/W5 in the North Branch are reported in Figure 5.4d. In 

the advanced septic system, the removal efficiencies of W3/W1 and W3/W5 were 86% 

and 89%, respectively. Due to their high removal efficiencies and correlations to caffeine 

concentrations, these ratiometric parameters were proposed as indicators of untreated 

septic wastewater. Unsurprisingly given their high removal efficiencies, the levels of 

W3/W1 and W3/W5 were quite low in the North Branch. This finding reinforced the 



89 

 

effective retention or degradation of W3 in the drainfield and confirmed the inefficacy of 

these parameters as septic indicators.
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Figure 5.4. The profiles of ratiometric parameters related to wastewater FDOM in the 
North Branch. Correlated parameters were plotted together. The x-axis increases with 
downstream distance. The filled circles connected by lines represent ratiometric parameters 
measured in samples collected from the main stem, and open symbols indicate ratiometric 
parameters measured in samples collected from tributaries. The grayscale bar at the top of the 
figure shows the septic density along the stream. 
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5.4 Correlation analysis of wastewater indicators in the North Branch 

A comprehensive correlation analysis was conducted to assess trends in CEC 

concentrations, regional EEM ratios, and ratiometric EEM-PARAFAC parameters to 

confirm the utility of using FDOM signatures as indicators of septic wastewater. 

Sucralose, carbamazepine, and sulfamethoxazole are currently employed as wastewater 

indicators, but these compounds undergo different fate and transport in subsurface 

environments. Sucralose and carbamazepine exhibit low biodegradability, but 

sulfamethoxazole is moderately biodegradable. Carbamazepine is more hydrophobic and 

adsorbs to soil, unlike sucralose and sulfamethoxazole 61. A previous study of two 

wastewater-impacted rivers in Italy indicated that sucralose, sulfamethoxazole, and 

carbamazepine were well correlated with a humic-like EEM-PARAFAC component and 

a fluorescence index situated in Region 5 61. Sulfamethoxazole levels were also 

correlated to the total EEM volume and sum of R1, R2, and R4 fluorescence in Chinese 

rivers that receive municipal wastewater 60. Similarly, carbamazepine concentrations 

were correlated to regional EEM volumes and total fluorescence in four wastewater-

impacted Portuguese rivers 11. The current study was the first attempt to correlate 

ratiometric EEM and EEM-PARAFAC parameters to CEC concentrations in surface 

waters that are only impacted by septic wastewater.  

For statistical comparisons, CEC concentrations that were below the LOQ were set to the 

limit of detection (LOD), and concentrations below the LOD were set to 0. This is a 

relatively conservative method for handling low concentrations and other studies have 

utilized different approaches 177–180. Two criteria were employed to select CECs for 
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inclusion in the correlation analysis: (i) the detection frequency was ≥ 33%; and (ii) ≥ 

50% of detections were above the LOQ. CECs and FDOM may originate from a common 

source, but if they undergo different fate and transport in the environment, then non-

linear relationships would be expected. Therefore, Spearman correlations, which assess 

the significance of rank-based relationships, were employed in this analysis. Several 

significant correlations were observed between sucralose concentrations and fluorescence 

parameters for the full dataset, but none of the relationships were very strong (Figure 

5.5). The data were split into subsets corresponding to samples from the main stem and 

tributaries. Few correlations were observed for the tributary subgroup, which is 

reasonable since the composition of septic wastewater varies by system. For the tributary 

category, sucralose levels were only slightly positively correlated with the proposed 

FDOM indicators, but the correlation with W2/W1 was the only significant relationship 

(Figure 5.6b). 

More significant and strong correlations were identified for samples in the main stem due 

to the common transport pathway along the North Branch (Figure 5.6a). Significant 

positive correlations were recorded between sucralose levels and most of the ratiometric 

FDOM parameters, except for W2/W5, W3/W1, and W3/W5. As noted above, W3/W1 

and W3/W5 exhibited low magnitude in the stream samples. Sucralose levels were also 

positively correlated to carbamazepine and sulfamethoxazole concentrations, and those 

CECs were associated with R1/R5 and R4/R5, in alignment with previous findings from 

Yang et al. 60 and Barbosa et al 11. The carbamazepine and sulfamethoxazole 

concentrations were also well correlated to the C4/C1, W4/W1, and W4/W5 values, 
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reinforcing the potential for those ratiometric parameters to serve as indicators or septic 

wastewater. Atrazine and mecoprop were negatively correlated with most of the 

fluorescence ratios, in agreement with findings from Section 5.2, due to the different 

sources. 

 
Figure 5.5. Spearman correlations between CEC concentrations, dissolved organic carbon 
(DOC) contents, total nitrogen (TN) levels, and the magnitude of ratiometric fluorescence 
parameters for all North Branch samples. The CECs included are sucralose (SUC), 
carbamazepine (CBZ), atrazine (ATZ), mecoprop (MEC), and sulfamethoxazole (SMX). 

 

 
Figure 5.6. Spearman correlations between CEC concentrations, DOC contents, TN levels, 
and ratiometric fluorescence parameters for North Branch samples from the (a) main stem 
and (b) tributaries. The CECs were sucralose (SUC), carbamazepine (CBZ), atrazine (ATZ), 
mecoprop (MEC), and sulfamethoxazole (SMX).  
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The dataset was also subdivided according to septic density for correlation analysis 

(Figure 5.7). For samples collected from areas with low septic density (i.e., 10-40 

tanks/km2), sucralose levels and ratiometric FDOM parameters were not significantly 

related. Positive correlations between sucralose concentrations and fluorescence 

parameters were observed for samples from areas with medium (i.e., 41-80 tanks/km2) 

and high (i.e., > 80 tanks/km2) septic density. The highest Spearman coefficients were 

recorded for sucralose with R2/R5, R4/R5, C4/C1, and W2/W1 in samples from areas 

with high septic density; similar findings were attained for R4/R5, W2/W1, and C4/C1 in 

areas with medium septic density. These outcomes suggest that W2/W1 and C4/C1 are 

effective indicators of septic wastewater, but W2/W1 exhibited higher sensitivity than 

C4/C1 and may, therefore, be more useful.  

Promising relationships between sucralose and the R2/R5, R4/R5, C4/C1, and W2/W1 

parameters were further explored by Pearson correlation, which assesses the linearity of 

the relationship between two variables (Figure 5.8). For samples from areas with high or 

medium septic density, sucralose concentrations were best related to the R4/R5 (R2 = 

0.35 – 0.47) and W2/W1 (R2 = 0.39 – 0.55) parameters. Figure 5.8 also shows the 

insignificant relationships between these parameters for samples from areas with low 

septic density (R2 ≤ 0.02). Based on these outcomes, a septic density of 40 tanks/km2 may 

serve as a threshold for the presence of wastewater indicators in adjacent streams.   

The samples from areas with medium septic density also exhibited significant Spearman 

correlations between carbamazepine and FDOM parameters (Figure 5.7b). No significant 
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Pearson correlations were identified between carbamazepine and the fluorescence 

parameters for this subset of samples, but Pearson correlations are sensitive to outliers. 

NB-28 (6060 m) had a carbamazepine concentration over 40× higher than any other site 

and, therefore, exerted considerable leverage over the Pearson analysis. When the data 

from NB-28 were excluded, seven significant Pearson correlations were identified 

between carbamazepine and the fluorescence parameters. The highest Pearson 

coefficients were recorded between carbamazepine concentrations and the C4/C1, 

W4/W1, R1/R5, and W2/W1 parameters (Figure 5.9a). These results reinforced the 

promise of the W2/W1 and C4/C1 fluorescence parameters as indicators of septic 

wastewater in streams.  

While no significant correlations were observed between carbamazepine levels and 

fluorescence parameters in areas with high septic density, both Spearman and Person 

relationships were identified for sulfamethoxazole. Figure 5.9b shows the direct 

relationship between the C4/C2, W2/W5, and W4/W5 ratiometric parameters and 

sulfamethoxazole concentrations; however, the outliers may have inflated the Pearson 

correlations. Without NB-101 (8020 m), for which the sulfamethoxazole concentration 

was almost 2× higher than in other samples, the R2 values for relationships between 

sulfamethoxazole and C4/C2, W2/W5, and W4/W5 decreased to less than 0.15. Given 

this result and the very low concentrations of sulfamethoxazole (i.e., < 20 ng/L), these 

results were not used to inform the preferred fluorescence indicators.  

The correlations involving W3/W1 and W3/W5 were notable due to the negative 

correlations with most of the other variables for samples from the main stem and areas 
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with low or medium septic density (i.e., Figure 5.6 and Figure 5.7). These outcomes were 

driven by the low magnitude of the W3/W1 and W3/W5 parameters in the North Branch; 

recall, 35% of samples had W3/W1 and W3/W5 values equal to zero. For these reasons, 

these two parameters were excluded from further investigation.  

Z-scores represent the number of standard deviations a particular measurement is away 

from the mean value calculated for the full data set 181. To better determine which sites 

were enriched with the ratiometric parameters relative to other sites in the North Branch, 

z-scores were calculated for three EEM regional ratios (i.e., R1/R5, R2/R5, R4/R5), three 

North Branch EEM-PARAFAC parameters (i.e., C4/C1, C4/C2, C4/C3), and four 

ratiometric parameters from the EEM-PARAFAC model for wastewater (i.e., W2/W1, 

W2/W5, W4/W1, W4/W5). The results are presented in Figure 5.10. The z-score trends 

align with septic density. There was a slight delay between the higher z-score values for 

the indicators and the start of the high septic density area. This was probably due to 

transport pathways from septic systems to the stream most likely being angled slightly 

downstream or there being preferential discharge pathways farther downstream. 

At least 50% of the indicators exhibited z-scores greater than +1 at nine sites, and the 

R2/R5, C4/C2, and W2/W1 indicators were all enriched at these sites. Only one site, the 

NB-26 tributary in an area with medium septic density (6200 m) had a z-score greater 

than +1 for every indicator, suggesting the presence of septic wastewater at this site. Four 

sites (4000-4700 m) had z-scores less than -1 for every indicator, and at least 50% of the 

indicators had z-scores less than -1 at ten sites. The W2/W5 and C4/C3 ratiometric 

parameters were the most inconsistent with other indicators, in agreement with the 
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previously reported disconnect between high W2/W5 and C4/C3 values at a site with low 

sucralose concentration.  

At four sites, namely NB-02, NB-51, NB-59, and NB-65, the z-scores for the suite of 

indicators led to conflicting conclusions. For example, NB-02 was considered to be an 

impacted site based on high z-scores for C4/C3, W2/W1, and W2/W5, but the R1/R5, 

W4/W1, and W4/W5 parameters had low z-scores. Caffeine, paraxanthine, 

carbamazepine, atrazine, and mecoprop were all detected at NB-02, suggesting the 

presence of septic wastewater and, thereby, lowering confidence in R1/R5, W4/W1, and 

W4/W5 as potential indicators. At NB-51, the z-score for C4/C1 was low, but W2/W5 

had a high z-score. While sucralose, carbamazepine, and sulfamethoxazole were detected 

at NB-51, the corresponding concentrations were below the average for the North 

Branch. Given the previously noted inconsistency in W2/W5, this main stem site was 

likely impacted by upstream sources and not nearby discharges. The NB-59 tributary 

demonstrated a higher overall fluorescence compared to other sites. C4/C2, C4/C3, 

W2/W5, and W4/W5 had high z-scores at this site, while low z-scores were recorded for 

R4/R5, C4/C1, and W4/W1. Sucralose and atrazine were detected at NB-59, but both 

CECs were present at below-average concentrations. The results further reduced 

confidence in the W2/W5 and W4/W5 parameters and raised questions about the 

application of C4/C2 and C4/C3 as indicators.  

Based on the above analyses, R2/R5 and W2/W1 were identified as the most reliable and 

consistent FDOM-based indicators of septic wastewater. While not as consistent, R4/R5 

and C4/C1 also showed promise. These four parameters were closely related. All four 
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parameters showed strong correlations with sucralose and followed similar spatial 

profiles along the North Branch (Figure 5.4a). The greater magnitude and variability of 

W2/W1 over the other three parameters provided more sensitivity as a wastewater 

indicator. All four indicators had z-scores above +1 for four sites, and three of the four 

indicators had z-scores above +1 for an additional eight sites. R4/R5 was the least 

consistent with the other indicators. At five sites R4/R5 had a z-score less than +1 while 

the other three indicators had z-scores above +1 and at another five sites, R4/R5 was the 

only one of the four indicators with a z-score above +1. That included NB-65 where 

R2/R5 and W2/W1 both had z-scores less than -1 and R4/R5 had a z-score of 1.5. This 

inconsistency excluded R4/R5 from further consideration. 

While W2/W1, R2/R5, and C4/C1 were in good agreement with each other concerning 

the identification of impacted sites, the other indicators provided conflicting conclusions 

for select sites. For example, the W2/W1, R2/R5, and C4/C1 values were low at NB-69, 

but five other indicators had z-scores greater than +1. NB-69 (tributary) was collected 

from an area with low septic density. Despite obvious fluorescence in Regions 1 and 2 of 

the EEM, the sucralose, atrazine, and azithromycin CECs were detected at low relative 

concentrations. These outcomes indicate that W2/W1, R2/R5, and C4/C1 were able to 

prevent false positives in areas with low septic density (i.e., < 40 tanks/km2) compared to 

the other fluorescence parameters; furthermore, these findings suggest that geospatial 

tools could be used to identify areas with medium or high septic density for more targeted 

spatiotemporal analyses of wastewater indicators.  
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In a high septic density area, the R2/R5 and W2/W1 parameters were the only indicators 

with z-scores greater than +1 at NB-92 (main stem). C4/C1 had a z-score of 0.92 at NB-

92. Sucralose, sulfamethoxazole, and octocrylene were present at above-average 

concentrations at this site, which was located just upstream of a tributary. At NB-92, the 

octocrylene concentration was 58.5 ng/L, but the tributary (NB-91) and downstream 

(NB-90) sites exhibited octocrylene levels below LOD and LOQ, respectively. These 

data indicate that the CEC source was located nearer to NB-92 and did not derive from 

the tributary. In fact, the z-scores for R2/R5 and W2/W1 were even higher at NB-93 

(upstream of NB-92), reinforcing the relative location of septic wastewater introduction 

to the North Branch. 

A few sites with high CEC concentrations were not identified by the R2/R5, W2/W1, and 

C4/C1 parameters. For example, the sample from NB-50 contained 607 ng/L sucralose, 

but the z-scores for R2/R5, W2/W1, and C4/C1 were less than +1. Just 150 m 

downstream at NB-48, eight CECs were detected, including a spike in octocrylene 

concentration to 45.8 ng/L. The other CECs did not exhibit increased concentrations 

compared to upstream sites, indicating an unknown source of octocrylene. All three 

ratiometric indicators had z-scores less than +1 for this site, suggesting that none of these 

indicators picked up on the input which caused an increase in octocrylene. In addition, 

880 ng/L of carbamazepine was measured at NB-28, but neither the R2/R5 nor W2/W1 

parameters identified this site as being impacted by septic wastewater. Interestingly, the 

magnitude of the C4/C1 parameter did indicate the potential presence of wastewater at 
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NB-28 with a z-score of 1.2. Overall, we propose that the R2/R5, W2/W1, and C4/C1 

ratiometric parameters be used in tandem to identify sites impacted by septic wastewater.
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Figure 5.7. Spearman correlations between CEC concentrations, DOC contents, TN levels, and ratiometric fluorescence parameters for 
North Branch samples in areas with (a) low (10-40 systems/km2), (b) medium (41-80 systems/km2), and (c) high (81-173 systems/km2) 
septic density. The CECs were sucralose (SUC), carbamazepine (CBZ), atrazine (ATZ), mecoprop (MEC), and sulfamethoxazole (SMX). 

 
Figure 5.8. Correlations between sucralose concentration and the W2/W1, R2/R5, R4/R5, and C4/C1 fluorescence indicators for samples 
collected from areas with low, medium, and high septic density.  
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Figure 5.9. Pearson correlations between (a) sulfamethoxazole and C4/C2, W2/W5, and W4/W5 in areas with high septic density and (b) 
carbamazepine and R1/R5, C4/C1, W2/W1, and W4/W1 in areas with medium septic density.  

 

 
Figure 5.10. Distribution of z-scores for the ratiometric fluorescence indicators (top to bottom: R1/R5, R2/R5, R4/R5, C4/C1, C4/C2, 
C4/C3, W2/W1, W2/W5, W4/W1, and W4/W5) at each site from the headwaters to the confluence with the Jones Falls (left to right). The 
grayscale bar at the top of the figure shows the septic density along the stream. The stream runs dry between NB-85 and NB-84, so the sites 
downstream of NB-85 are not connected to the upstream sites.  
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5.5 Conclusions related to septic wastewater indicators in the North Branch  

Three conservative CECs (i.e., sucralose, carbamazepine, sulfamethoxazole) and one 

degradable CEC (i.e., caffeine) were identified as potential septic effluent indicators from 

the septic wastewater characterization and previous literature. Nine ratiometric FDOM 

parameters were considered as potential indicators based on the septic wastewater 

characterization. Three additional FDOM indicators were identified from the North 

Branch EEM-PARAFAC model. Of the 12 ratiometric parameters, eight were degradable 

and four were conservative. Figure 5.11 summarizes the identification and selection of 

the most suitable indicators. Of the potential CEC indicators, caffeine and 

sulfamethoxazole were removed from consideration because of low detection frequency 

and the lack of strong and significant correlations with FDOM parameters, respectively. 

Both sucralose and carbamazepine showed promise with strong correlations with multiple 

FDOM parameters and high detection frequencies. Ultimately, sucralose generally had 

higher concentrations and more variability, as well as strong correlations with septic 

density; for that reason, sucralose was considered the most promising CEC-based 

indicator of septic effluent. 

Of the 12 potential ratiometric FDOM indicators, two (i.e., W3/W1, W3/W5) were 

eliminated due to low magnitude (sensitivity), and another four (i.e., C4/C2, C4/C3, 

W2/W5, W4/W5) were removed from consideration due to a lack of significant 

correlations with CECs and inconsistent z-scores. Based on both the Spearman and 

Pearson correlation analysis, three EEM regional ratios (i.e., R1/R5, R2/R5, R4/R5) and 

three EEM-PARAFAC component ratios (i.e., C4/C1, W2/W1, W4/W1) showed promise 



104 

 

as septic effluent indicators. From the z-score analysis, R1/R5 and W4/W1 failed to 

correctly identify sites that were impacted by septic effluent based on CEC 

concentrations and detections. R4/R5 exhibited inconsistent z-scores with the three most 

promising indicators. Based on this analysis, R2/R5, W2/W1, and C4/C1 were considered 

to be the most promising FDOM indicators for identifying sites impacted by septic 

effluent. In particular, W2/W1 was characterized as a stable and conservative indicator, 

because of its significant positive correlations with sucralose and carbamazepine in areas 

with medium and high septic density; furthermore, W2/W1 exhibited greater sensitivity 

than R2/R5 and C4/C1. Due to the economic advantages of FDOM measurement 

compared to CEC analysis, this indicator may be a useful tool for evaluating the impacts 

of septic systems on water quality in other areas. In particular, FDOM can be used for 

more expansive initial monitoring campaigns to identify potentially impacted areas that 

can then be confirmed with CEC or other indicator measurements. The incorporation of 

multiple tracers, such as FDOM and CECs, leads to a higher likelihood of correctly 

identifying septic wastewater-impacted sites.
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Figure 5.11. Summary of the potential CEC and FDOM indicators and recommendations from each analysis step.
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Chapter 6: Septic wastewater transport pathways to surface water 

6.1 Thermal infrared (TIR) survey of preferential groundwater flows 

The TIR survey was conducted along a 5.1-km reach of the North Branch to determine if 

preferential groundwater flows exhibited high levels of CECs and FDOM parameters 

identified as indicators of septic wastewater. Subsurface transport through shallow 

groundwater was expected to be the main pathway for septic wastewater to reach the 

stream. Twenty groundwater seeps were identified with the TIR camera, and another six 

seeps were selected based on visual observations. The temperature difference between the 

groundwater seeps and surface water ranged from 3 to 10 °C. Colder groundwater flows 

indicated shorter residence times or more direct discharges through bank sediments 

which prevented the groundwater from equilibrating to the surface temperature before 

discharging into the stream. In contrast, seeps with lower temperature differences 

involved longer residence times or more diffuse discharges of groundwater at the bank. 

Such phenomena were not identified by the TIR camera due to the similar temperatures 

of the groundwater and surface water. Importantly, those inputs were also expected to 

have lower CEC and FDOM levels due to the longer retention time and corresponding 

extent of natural attenuation. The approximate temperature difference between the 

surface water and each seep is listed in Table A.2. Sites with temperature differences 

greater than 6 °C between the seep and surface water were designated as "cold" 

preferential groundwater flows. Of the 26 sites, 14 were assigned this designation, and 

most of those locations were within 1400 m of each other in an area with high septic 

density. Six sites were designated as "cool" if the temperature difference between the 
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seep and the surface water was less than 6 °C. Recall, TIR data were not collected at the 

other six sites. 

 

6.1.1 CEC concentrations measured in areas of preferential groundwater discharge 

Fourteen CECs were detected in samples collected from preferential groundwater seeps. 

Carbamazepine (96%), atrazine (92%), and sucralose (88%) exhibited the highest 

detection frequencies, similar to outcomes from the North Branch sampling campaign 

(i.e., 89% – 100% detection frequency). The detection frequency for sulfamethoxazole 

(42%) was lower than for the North Branch campaign (69%); similarly, azithromycin and 

mecoprop were not detected in samples from the groundwater seeps even though these 

compounds were regularly detected in stream water from the North Branch. While 

caffeine was detected more frequently in the groundwater seep samples (38%) compared 

to the stream samples (9%), the caffeine concentrations were all below the limit of 

quantitation (LOQ, 0.73 ng/L). Paraxanthine was not detected in the groundwater seeps, 

potentially due to the higher LOQ (1.74 ng/L). Unlike samples from the North Branch 

campaign, clarithromycin was frequently detected in groundwater seeps (54%). Four 

other antibiotics, namely nadifloxacin, roxithromycin, erythromycin, and tylosin, and two 

UV filters, homosalate and octisalate, that were not present in the North Branch samples 

were found in the groundwater seep samples. In addition, ibuprofen was detected in one 

sample (GW-13). The aggregate results suggested that the seeps played a role in 

transporting septic wastewater into the stream.  
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Figure 6.1 shows box plots of sucralose and carbamazepine concentrations from seeps in 

high versus low/medium septic density areas. Sucralose concentrations were significantly 

higher in seeps from high septic density areas relative to low/medium septic density areas 

(p < 0.01) and in "cold" seeps relative to "cool" and "no TIR" seeps combined (p = 0.01). 

No significant differences were observed for carbamazepine. In Figure 6.2, the CEC 

concentrations measured in groundwater seeps were co-plotted with CEC levels 

measured in the main stem and tributaries during the North Branch sampling campaign. 

The sucralose (Figure 6.2a) and carbamazepine (Figure 6.2b) concentrations were 

generally higher in colder seeps relative to adjacent cooler seeps. For example, the 

greatest temperature difference was observed for GW-18 which also had a high sucralose 

concentration (328 ng/L). Seeps and tributaries with high sucralose concentrations were 

found in a similar high septic density area (4000 – 5500 m). Tributaries had small 

drainage areas and therefore the CEC concentrations found in tributaries represented only 

a few septic systems or other sources. This was presumably also true of seeps with each 

seep representative of a few specific septic systems based on the preferential groundwater 

flow paths and septic drainfield locations. Previous studies have confirmed that 

preferential groundwater discharges identified by TIR were consistent over long periods 

182; therefore, the preferential groundwater discharges observed in September (TIR study) 

likely contributed to CEC levels measured in the main stem North Branch sampling 

campaign (June-July). The sucralose concentrations exceeded 200 ng/L at GW-15, GW-

17, GW-18, GW-19, and GW-22, which were all located at 4370 – 4500 m. Given the 

consistency of seeps over time, these preferential groundwater discharges were likely 

flowing over the summer and may have contributed to the 50 ng/L increase in sucralose 
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levels in the main stem at 4220 – 4640 m. Likewise, the high carbamazepine 

concentrations measured at GW-24 (19.1 ng/L) and GW-23 (29.2 ng/L), which were 

located at 4300 m, suggested that preferential groundwater discharges were at least 

partially responsible for the 64% increase in carbamazepine concentrations at 4220 – 

4460 m in the main stem over the summer.  

Different trends were observed for atrazine and mecoprop, which (when detected) were 

present at lower concentrations in the groundwater seeps compared to the main stem but 

at similar levels to nearby tributaries (Figure 6.2c). This outcome may imply that 

herbicides enter the North Branch through another transport pathway, but the seasonal 

nature of herbicide application could also explain these findings. Given their primary 

application to grasses, herbicide transport to streams likely stemmed from stormwater or 

irrigation runoff. A previous study reported that the highest mecoprop concentrations in 

streams coincided with mecoprop application to lawns in early summer 72; similar 

conclusions were reached for atrazine 183. Because the groundwater seep samples were 

collected during a dry period in late September, the lower herbicide concentrations were 

reasonable.  
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Figure 6.1. Box plots comparing (a) sucralose and (b) carbamazepine concentrations in 
seeps from low/medium and high septic density areas.  
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Figure 6.2. Concentrations of (a) sucralose, (b) carbamazepine, and (c) atrazine in 
groundwater seep samples collected in September plotted with concentrations measured in 
the main stem and tributaries during the North Branch sampling campaign in June – July. 
The x-axis increases with downstream distance. Concentrations below LOQ are plotted as "×" 
symbols. Error bars show standard deviation. The grayscale bar at the top of the figure shows the 
septic density along the stream. 
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6.1.2 FDOM composition in samples from the TIR survey 

The composition of FDOM in samples collected from groundwater seeps was highly 

variable. Most samples exhibited some fluorescence in Regions 1, 2, and 4, which 

suggests wastewater impacts, but 85% of the groundwater seep samples had lower total 

fluorescence than every sample from the North Branch sampling campaign. The total 

fluorescence in samples from the cold seeps at GW-17, GW-19, GW-23, and GW-26 was 

only 3 – 15% that of the North Branch sample with the lowest fluorescence.  

Figure 6.3a compares the TIR, FDOM, and CEC data from GW-17 to GW-18, which 

were located in an area with high septic density but on opposite sides of the stream. Large 

temperature differences (~10 °C) between the seep and surface water were identified at 

each site. Low fluorescence was recorded at GW-17, which was only located ~10 m 

downstream from GW-18, and FDOM-based wastewater indicators were not apparent. 

Interestingly, the sample from GW-18 demonstrated the highest R2/R5 (3.53) and 

W2/W1 (3.07) parameters of any sample collected in the North Branch. The two samples 

contained similar sucralose (328 – 341 ng/L), carbamazepine (1.06 – 3.80 ng/L), and 

sulfamethoxazole (2.16 – 2.39 ng/L) contents, but octisalate (124 ng/L) and atrazine (1.91 

ng/L) were only present at GW-18. The high ratiometric FDOM indicator values and the 

high octisalate concentration point to the bank with the GW-18 seep being more impacted 

by septic systems than the opposite bank where GW-17 was located. 

About 50 m upstream from GW-17, the groundwater seeps at GW-19 and GW-20 were 

situated ~20 m away from each other on the same side of the stream. The temperature 

differences between the seeps and surface water at these two sites were similar, but the 

sample from GW-19 exhibited minimal fluorescence (Figure 6.3b). Even though GW-19 
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contained low FDOM contents, the sucralose and carbamazepine concentrations were 

240% and 140% higher, respectively. Interestingly, tylosin, a veterinary antibiotic often 

used on cats and dogs, was also detected at GW-19. On the other hand, the atrazine 

concentration was 4.3× higher and more antibiotics were detected, and at higher 

concentrations, at GW-20. Despite the close proximity, the seeps exhibited different CEC 

and FDOM profiles, suggesting the need for additional studies to investigate differences 

in subsurface transport for septic-derived FDOM versus CECs. 

GW-26 was the only "cold" seep located in a medium septic density area upstream of the 

other seeps. In Figure 6.3c, the TIR, FDOM, and CEC data from GW-26 were compared 

with GW-23, which was the nearest downstream "cold" seep with similar fluorescence 

intensity; note, GW-23 was in an area with high septic density. Both sites exhibited seeps 

that were ~8 °C colder than the surface water. While the FDOM concentrations were low 

at both sites, more CECs were detected, and at higher concentrations, at GW-23. The 

only CEC present at a higher concentration at GW-26 was atrazine (19.6 ng/L). These 

results reinforce the hypothesis that cold seeps introduce septic wastewater-derived CECs 

to the stream in areas with high septic density but not lower septic density. The 

implications of this campaign for FDOM transport were less clear. Some seeps (e.g., 

GW-18) were enriched with septic wastewater-like FDOM, but others were not. To better 

understand the co-transport phenomena of CECs and FDOM in the subsurface, 

groundwater samples would need to be collected for CEC and FDOM analysis at regular 

intervals from a septic drainfield to nearby surface water. Future work is needed to more 

directly connect the transport of CECs and FDOM from septic systems, through shallow 

groundwater, and into streams; in addition, the shallow groundwater flow patterns in the 
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study area should be assessed to determine whether the spatial distribution of upgradient 

septic drainfields coincide with preferential groundwater flow paths. 
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Figure 6.3. Comparison of TIR images, EEMs, and CEC concentrations for (a) GW-17 and GW-18, (b) GW-19 and GW-20, and (c) GW-
23 and GW-26.  Concentrations below LOQ are plotted as "*" symbols. 
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6.2 Case study: storm mobilization of CECs and septic wastewater-derived FDOM into 

streams 

While groundwater transport was assumed to be the primary pathway for septic 

wastewater to reach streams during low flow conditions, storm events may activate 

additional pathways, such as aboveground runoff or subsurface flushing. Intense storm 

events can also cause the groundwater table to rise, reducing the residence time for septic 

effluent in the drainfield and causing more CECs and wastewater-like FDOM to reach 

nearby surface waters. To gain insights into these transport pathways, samples were 

collected at NB-89 throughout a single storm event on November 11, 2022. Initially, the 

discharge in the stream likely stemmed from baseflow groundwater contributions 

followed by the flushing of local groundwater and any constituents that had been 

attenuated in the groundwater. Eventually, the discharge changes based on cumulative 

upstream contributions, which were storm dependent and require a more detailed study of 

subsurface flow paths and their spatial relationships with septic drainfields; such aspects 

were outside of the scope of this particular study. 

 

6.2.1 CEC concentrations during the storm event 

Thirteen composite samples were collected during a 5.5-h period spanning from before 

the rain started through the rising limb of the hydrograph; 11 different CECs were 

detected in those samples. Figure 6.4 shows the concentration profiles for seven CECs, 

namely sucralose, caffeine, paraxanthine, carbamazepine, sulfamethoxazole, 

azithromycin, and atrazine, along with stream discharge during the storm event. The 
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other detected CECs included the oxybenzone, octocrylene, and octisalate UV filters and 

the progesterone hormone, but these compounds were only detected in 8 – 30% of the 

samples and only octocrylene was detected above its LOQ. Sucralose was significantly 

but not well correlated to discharge (R2 = 0.33, p = 0.04). Previous studies of septic-

impacted streams have also reported positive relationships between discharge and 

artificial sweeteners 22,30. In this case, the sucralose concentrations were relatively 

consistent at 399 – 539 ng/L from 8:30 am until the peak discharge just before 1:00 pm, 

when sucralose concentrations quickly increased to 1170 ng/L and then decreased to 804 

ng/L, presumably due to the first flush phenomenon. The first flush phenomenon is the 

rapid mobilization of contaminants that have accumulated in nearby sources during 

antecedent dry days 184. If the source is limited, then the concentrations will spike before 

declining due to dilution. Caffeine levels were also significantly positively correlated 

with discharge (R2 = 0.82, p < 0.01), but the concentrations steadily increased with the 

hydrograph. Mendoza et al. reported similar findings for caffeine in a California creek 

impacted by sewer exfiltration and overflows 65. In that study, caffeine levels followed 

the first flush phenomenon, with concentrations increasing with the rising limb of the 

hydrograph, peaking just before the peak discharge, and then decreasing with discharge 

65. Unlike the final sucralose concentration, caffeine levels increased after the peak 

discharge. Previous studies measured much higher caffeine concentrations relative to 

sucralose during storm events in streams impacted by raw wastewater 185. That trend was 

not observed here, presumably due to the partially treated nature of septic effluent and the 

rapid biodegradation of caffeine. Paraxanthine, which is a caffeine degradation product, 
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was initially below LOD. As the storm progressed, paraxanthine was detected and 

followed a similar concentration profile as caffeine. 

The range of measured concentrations for the other CECs in Figure 6.4 was quite small, 

with maximum differences of less than 4 ng/L during the storm. The concentration profile 

for carbamazepine generally exhibited a steady decrease from 8:15 am until the first flush 

phenomenon around 11:30 am; however, carbamazepine was not significantly correlated 

with discharge. Sulfamethoxazole levels were correlated to discharge (R2 = 0.85, p < 

0.01) and followed a similar pattern as sucralose concentrations, including evidence of 

first flush transport. Azithromycin was not detected before the storm; interestingly, this 

antibiotic was detected near the middle of the rising limb of the hydrograph around 12:30 

pm, but azithromycin concentrations decreased as the discharge peaked. No conclusions 

were proposed due to the low magnitude of azithromycin concentrations. Finally, atrazine 

was negatively correlated to discharge (R2 = -0.88, p < 0.01), which suggests dilution 

effects and reinforces the aforementioned conclusions that atrazine stems from a different 

source than the other CECs and proposed FDOM-based indicators.  
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Figure 6.4. Concentration profiles of (a) sucralose, (b) caffeine and paraxanthine, (c) 
carbamazepine, (d) sulfamethoxazole and azithromycin, and (e) atrazine during a single 
storm event. Error bars are standard deviation (n = 3). 
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6.2.1 Composition of storm-mobilized FDOM 

We postulated that septic wastewater-like FDOM would be mobilized through similar 

pathways as the CECs that exhibited first flush phenomena. Figure 6.5 shows the 

magnitude of the regional EEM volumes and EEM-PARAFAC components during the 

campaign. All regional volumes and component Fmax values gradually increased from 

8:15 am to 12:30 pm. When the discharge started to increase at 10:55 am, the R2, C4, 

W2, and W4 parameters spiked; similar phenomena were observed for R1, R2, R4, C4, 

W3, and W4 at 12:35 pm when the discharge rapidly increased before the peak of the 

storm. For the next 25 min, all regional volumes and components rapidly increased 

before peaking in a similar manner as caffeine and paraxanthine. In fact, the regional 

volumes and components were all well correlated with caffeine (R2 ≥ 0.96, p < 0.01) and 

discharge (R2 ≥ 0.78, p < 0.01). The protein-like regions and components increased 150 – 

260% above their baseflow levels, while the humic-like regions and components only 

increased 100 – 170%. These findings aligned with previous work by Mendoza et al., 

who reported that tryptophan- and humic-like fluorescence intensities increased with the 

rising limb of the hydrograph and peaked with maximum discharge for a municipal 

wastewater-impacted creek in California 65.  

Figure 6.6 reports the profiles of the most promising ratiometric indicators of septic 

wastewater from Chapter 5 during the storm event. Compared to the regional volumes 

and components, the ratiometric EEM and EEM-PARAFAC parameters were not as well 

correlated to caffeine concentrations or discharge. In contrast, Mendoza et al. observed 

that the ratio of tryptophan-like to humic-like fluorescence closely followed the 

hydrograph and better corresponded to contaminant mass flux compared to regional 
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fluorescence intensities 65. In the current study, both W2/W1 and C4/C1 were 

significantly correlated with caffeine (R2 = 0.67, p < 0.01 for both), but significant 

relationships were not determined for R2/R5. The ratiometric parameters accounted for 

changes in total fluorescence as discharge increased and provide information about 

changes in FDOM composition. The three ratiometric parameters captured the first flush 

of wastewater-like FDOM at 10:55 am, when discharge started to increase, suggesting an 

input of septic wastewater at that time (Figure 6.6). This input was also documented by 

the increased fluorescence in Regions 2 and 4 in the 10:55 am sample compared to the 

samples collected at 10:50 and 11:00 am (Figure 6.7). Similar spikes were not observed 

for the CEC concentrations at this time, but that outcome may have been affected by the 

collection of 25-min composite samples, which could mask higher concentrations in one 

of the five subsamples. A step change was also observed in all three ratiometric 

parameters around 12:30 pm. While this increase was not as large as the 10:55 am spike, 

it suggests a second flush of septic wastewater as the discharge increases rapidly towards 

peak discharge. This 12:30 step change aligns well with the initial rise in septic-derived 

CEC concentrations. The findings of this case study highlight the need for future 

investigations focused on the mechanistic transport phenomena that lead to the 

introduction of CECs and septic wastewater-derived FDOM to streams during baseflow 

and wet weather conditions.  
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Figure 6.5. Profiles of (a) EEM regional volumes, (b) Fmax values for North Branch EEM-
PARAFAC components, and (c) Fmax values for global wastewater EEM-PARAFAC 
components during the November 11, 2022 storm event. Error bars are standard deviation with 
n = 3. 
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Figure 6.6. The profiles of the ratiometric FDOM parameters identified as indicators of 
septic wastewater during the November 11, 2022 storm event. Error bars are standard 
deviation with n = 3. 

 

 
Figure 6.7. EEMs from samples collected before, during, and after the discharge began to 
increase at 10:55 am. 
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Chapter 7: Conclusion 

7.1 Summary 

This thesis reported contaminants of emerging concern (CECs) in septic and municipal 

wastewater and stream samples from areas with varying septic density, novel ratiometric 

fluorescence parameters to quickly identify areas impacted by septic effluent that were 

developed from septic wastewater fluorescent dissolved organic matter (FDOM) analysis 

and multiple excitation emission matrix (EEM) with parallel factor analysis (PARAFAC) 

models, and case studies of septic effluent transport to surface water via preferential 

groundwater flows and storm event mobilization. These outcomes help improve our 

understanding of the septic effluent impacts on nearby surface water quality and provide 

useful tools for future monitoring campaigns and studies of septic-impacted areas.  

Chapter 4 summarized septic wastewater characterization using CEC concentrations and 

FDOM analysis. High concentrations of CECs, including common wastewater indicators 

like sucralose (up to 71,000 ng/L) and caffeine (420,000 ng/L), reinforce the utility of 

CECs as indicators in nearby surface water. High concentrations of antibiotics and 

hormones elevated ecotoxicity concerns in areas with high septic system density. 

Degradable (e.g., caffeine) and stable (e.g., sucralose) CECs were proposed as indicators 

of partially- and fully-treated septic effluent, respectively. Similarly, the change in 

FDOM parameters in the aerobic treatment process of the advanced septic tank was used 

to classify proposed FDOM parameters as indicators of partially- or fully-treated septic 

effluent. Ultimately, three EEM regional ratios and six EEM-PARAFAC component 

ratios were proposed as potential septic effluent indicators based on the septic effluent 

characterization. Of those parameters, six were proposed as indicators of partially treated 
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septic effluent, while the other three were proposed as fully-treated septic effluent 

indicators.  

These indicators were then investigated in stream samples collected from areas with 

variable septic density in Chapter 5. Three additional EEM-PARAFAC component ratios 

were proposed based on a model built generated from EEMs measured in the North 

Branch stream samples. Three conservative CECS, namely sucralose, carbamazepine, 

and sulfamethoxazole, were frequently detected in the North Branch. Sucralose and 

carbamazepine concentrations showed positive and significant correlations with several 

ratiometric FDOM parameters in samples collected from high and medium septic density 

areas. Based on the strong correlations with sucralose concentrations and high z-scores 

matching high CEC detections and concentrations, R2/R5, W2/W1, and C4/C1 were 

identified as the most promising septic effluent indicators. 

Chapter 6 explored septic effluent transport processes via two case studies. A thermal 

infrared (TIR) survey successfully identified preferential groundwater seeps along the 

main stem of the North Branch. Several seeps contained high CEC concentrations, and 

antibiotics and UV filters that were not present in the main stem samples were detected in 

seeps, presumably due to dilution in the stream. Sucralose concentrations were higher in 

colder seeps, which are categorized as having shorter residence times in the bank 

sediments, and seeps from areas with high septic density. Overall, CEC detections and 

concentrations from seeps suggest that preferential groundwater flows play a role in 

transporting septic effluent-derived CECs to surface water. The conclusions for septic-

derived FDOM were less clear, because most seeps displayed lower total fluorescence 

than stream samples. The divergence of CEC and FDOM profiles for seeps suggest the 
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need for additional studies. Chapter 6 also investigated mobilization of septic effluent 

during a single storm event. Most septic-derived CECs exhibited a first flush 

phenomenon, with a spike in concentrations corresponding to the peak discharge. 

Caffeine and sulfamethoxazole were well correlated with discharge. Similarly, all EEM 

regions and EEM-PARAFAC components were well correlated with discharge and 

caffeine. In contrast, the ratiometric FDOM parameters account for changes in 

composition, not magnitude, and were, therefore, not as well correlated with discharge. 

The most promising ratiometric parameters did exhibit a significant spike at the 

beginning of the rising limb of the hydrograph. A second spike in ratiometric FDOM 

parameters corresponded to the beginning of the largest discharge peak and increases in 

septic wastewater-derived CECs. These findings suggest the need for further 

investigation of the septic wastewater transport pathways.  

 

7.2 Future opportunities 

This work provides useful and actionable information but also points to additional 

knowledge gaps that can be filled by future studies. We suggest the following studies as 

possible future research opportunities. 

Temporal variation in septic-derived CECs and FDOM to nearby surface water. This 

thesis observed temporal variations in septic FDOM fluorescence intensities with higher 

fluorescence generally in colder months. Using ratiometric parameters should account for 

these temporal variations, but a more comprehensive and longer-term study of a septic 

effluent-impacted stream is necessary to verify this assumption. Ideally, a future study 
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would collect at least monthly baseflow samples from a site that is known to be impacted 

by septic effluent to investigate temporal variations in septic impacts. This will help 

clarify the utility of FDOM parameters as indicators of septic effluent and septic effluent-

derived CECs.  

Subsurface transport of septic effluent during baseflow and wet weather events. Both the 

groundwater seeps that were identified using a thermal infrared survey and the single 

storm event case study showed variation between septic-derived FDOM and CEC 

transport. During baseflow, groundwater transport is expected to be the primary transport 

pathway for septic effluent to reach surface water. While some groundwater seeps had 

significant CEC detections and high concentrations, only one showed a significant 

wastewater-like FDOM signature. This points to the need for a future study to investigate 

the groundwater transport process for both FDOM and CECs from septic effluent from 

the septic drainfield to the stream. Additionally, the single storm event case study showed 

elevated CEC concentrations and a significant first flush phenomenon for ratiometric 

FDOM parameters. Variations through additional storm events are necessary to verify 

these findings. 
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Appendix A 

Table A.1. North Branch walkup site names and coordinates. 
Site name Sample type Latitude Longitude 

NB-01 Both 39.41295 -76.70624 
NB-02 Both 39.41217 -76.70947 
NB-03 Both 39.41235 -76.70936 
NB-04 EEM 39.41312 -76.71023 
NB-05 EEM 39.41391 -76.71037 
NB-06 EEM 39.41487 -76.71047 
NB-07 EEM 39.41561 -76.71066 
NB-08 EEM 39.41636 -76.71060 
NB-09 EEM 39.41721 -76.71027 
NB-10 Both 39.41737 -76.71039 
NB-11 Both 39.41737 -76.71023 
NB-12 EEM 39.41750 -76.70949 
NB-13 EEM 39.41817 -76.70891 
NB-14 EEM 39.41890 -76.70898 
NB-15 EEM 39.41953 -76.70940 
NB-16 Both 39.41982 -76.70961 
NB-17 Both 39.42013 -76.70979 
NB-18 EEM 39.42026 -76.70965 
NB-19 Both 39.42051 -76.70995 
NB-20 EEM 39.42118 -76.70975 
NB-21 Both 39.42154 -76.70990 
NB-22 Both 39.42191 -76.71016 
NB-23 EEM 39.42262 -76.71056 
NB-24 EEM 39.42350 -76.71128 
NB-25 EEM 39.42443 -76.71168 
NB-26 Both 39.42518 -76.71250 
NB-27 Both 39.42506 -76.71275 
NB-28 Both 39.42571 -76.71389 
NB-29 Both 39.42599 -76.71384 
NB-30 EEM 39.42659 -76.71411 
NB-31 EEM 39.42752 -76.71482 
NB-32 EEM 39.42831 -76.71647 
NB-33 Both 39.42847 -76.71684 
NB-34 Both 39.42864 -76.71682 
NB-35 EEM 39.42893 -76.71687 
NB-36 Both 39.42886 -76.71706 
NB-37 EEM 39.42960 -76.71745 
NB-38 EEM 39.43003 -76.71857 
NB-39 EEM 39.43070 -76.71881 
NB-40 Both 39.43115 -76.71909 
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Site name Sample type Latitude Longitude 
NB-41 Both 39.43101 -76.71942 
NB-42 EEM 39.43075 -76.72051 
NB-43 EEM 39.43151 -76.72168 
NB-44 EEM 39.43188 -76.72231 
NB-45 EEM 39.43249 -76.72317 
NB-46 EEM 39.43297 -76.72379 
NB-47 Both 39.43349 -76.72400 
NB-48 Both 39.43364 -76.72369 
NB-49 EEM 39.43434 -76.72372 
NB-50 Both 39.43481 -76.72398 
NB-51 Both 39.43477 -76.72440 
NB-52 EEM 39.43456 -76.72522 
NB-53 EEM 39.43419 -76.72590 
NB-54 Both 39.43379 -76.72675 
NB-55 Both 39.43385 -76.72683 
NB-56 Both 39.43388 -76.72717 
NB-57 Both 39.43399 -76.72729 
NB-58 EEM 39.43469 -76.72798 
NB-59 Both 39.43483 -76.72803 
NB-60 Both 39.43490 -76.72801 
NB-61 EEM 39.43530 -76.72884 
NB-62 Both 39.43536 -76.72921 
NB-63 Both 39.43565 -76.72896 
NB-64 EEM 39.43634 -76.72933 
NB-65 EEM 39.43618 -76.73011 
NB-66 EEM 39.43597 -76.73059 
NB-67 EEM 39.43596 -76.73063 
NB-68 EEM 39.43618 -76.73179 
NB-69 Both 39.43653 -76.73323 
NB-70 EEM 39.43643 -76.73327 
NB-71 Both 39.43646 -76.73440 
NB-72 EEM 39.43672 -76.73531 
NB-73 Both 39.43682 -76.73545 
NB-74 Both 39.43677 -76.73555 
NB-75 EEM 39.43728 -76.73668 
NB-76 EEM 39.43747 -76.73751 
NB-77 EEM 39.43756 -76.73835 
NB-78 EEM 39.43717 -76.73924 
NB-79 EEM 39.43655 -76.74032 
NB-80 Both 39.43607 -76.74100 
NB-81 Both 39.43621 -76.74102 
NB-82 EEM 39.43682 -76.74177 
NB-83 EEM 39.43882 -76.74425 
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Site name Sample type Latitude Longitude 
NB-84 EEM 39.43936 -76.74522 
NB-85 Both 39.44830 -76.74960 
NB-86 Both 39.44858 -76.74966 
NB-87 EEM 39.44900 -76.74959 
NB-88 EEM 39.44949 -76.74959 
NB-89 EEM 39.45005 -76.74965 
NB-90 Both 39.45060 -76.74956 
NB-91 Both 39.45091 -76.74967 
NB-92 Both 39.45076 -76.74992 
NB-93 EEM 39.45127 -76.75058 
NB-94 EEM 39.45150 -76.75115 
NB-95 EEM 39.45179 -76.75166 
NB-96 EEM 39.45214 -76.75204 
NB-97 EEM 39.45250 -76.75252 
NB-98 EEM 39.45298 -76.75299 
NB-99 EEM 39.45343 -76.75387 
NB-100 EEM 39.45419 -76.75473 
NB-101 Both 39.45427 -76.75484 
NB-102 Both 39.45431 -76.75470 
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Table A.2. TIR groundwater seep survey site names, coordinates, and temperature 
differences between the seeps and the surface water.  
Site name Sample type Latitude Longitude Delta T (°C) 

GW-01 Both 39.41728 -76.71025 3.8 
GW-02 Both 39.42030 -76.70977 4.3 
GW-03 Both 39.42222 -76.71038 n.a. a 

GW-04 Both 39.42633 -76.71406 n.a. a 

GW-05 Both 39.42771 -76.71524 n.a. a 

GW-06 Both 39.42791 -76.71615 n.a. a 

GW-07 Both 39.42794 -76.71616 n.a. a 

GW-08 Both 39.42807 -76.71640 n.a. a 

GW-09 Both 39.43090 -76.71889 4.2 
GW-10 Both 39.43084 -76.71999 8.2 
GW-11 Both 39.43241 -76.72317 6.2 
GW-12 Both 39.43338 -76.72393 6.2 
GW-13 Both 39.43381 -76.72361 3.2 
GW-14 Both 39.43419 -76.72363 7.2 
GW-15 Both 39.43486 -76.72397 6.2 
GW-16 Both 39.43483 -76.72434 8.7 
GW-17 Both 39.43479 -76.72445 9.7 
GW-18 Both 39.43474 -76.72450 9.7 
GW-19 Both 39.43458 -76.72495 7.7 
GW-20 Both 39.43456 -76.72514 6.7 
GW-21 Both 39.43454 -76.72535 4.7 
GW-22 Both 39.43453 -76.72539 6.2 
GW-23 Both 39.43453 -76.72544 7.7 
GW-24 Both 39.43422 -76.72619 7.7 
GW-25 Both 39.43385 -76.72682 3.7 
GW-26 Both 39.43621 -76.72994 8.7 

a:  Seeps not confirmed with the TIR camera 
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Appendix B  

Table B.1. CEC concentrations (ng/L) in samples collected from conventional Septic B. Concentrations are reported as mean ± standard 
deviation. 

CECs June July October December 
Food additives 
Sucralose 12,500 ± 186 11,300 ± 228 70,900 ± 3,710 32,500 ± 1,800 
Stimulants     
Caffeine 7,630 ± 39 11,700 ± 91 12,800 ± 361 44,000 ± 453 
Paraxanthine n.a. a 12,300 ± 72 10,500 ± 91 49,400 ± 1,330 
Pharmaceuticals     
Ibuprofen n.a. a 1,990 ± 22 2,940 ± 28 836 ± 20 
Herbicides 
Atrazine n.a. a < 4.6 < 3.6 2.4 ± < 0.1 
Antibiotics 
Ofloxacin n.d. b 16.7 ± 1.5 n.d. b n.d. b 
Sulfadiazine n.d. b 54.7 ± 11.7 n.d. b n.d. b 
UV filters 
Homosalate 600 ± 44 166 ± 33 n.d. b n.d. b 
Octinoxate < 9.1 82.7 ± 1.9 1,040 ± 54 158 ± 3 
Octocrylene 123 ± 17 412 ± 8 n.d. b 363 ± 39 
Oxybenzone 188 ± 4 < 28.4 n.d. b 89.6 ± 2.6 
Sulisobenzone 462 ± 126 529 ± 32 351 ± 19 n.d. b 
Hormones 
17β-estradiol n.d. b n.d. b 2040 ± 55 n.d. b 
17α-ethinylestradiol n.d. b 6,840 ± 173 1200 ± 86 n.d. b 
Androsterone 4,500 ± 18 n.d. b 4,830 ± 135 6,660 ± 26 
Progesterone n.d. b n.d. b 167 ± 4 n.d. b 

a: not measured 
b: not detected  
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Table B.2. CEC concentrations (ng/L) in samples collected from conventional Septic C. Concentrations are reported as mean ± standard 
deviation. 

CECs June July October December 
Food additives 
Sucralose 49,500 ± 1,130 12,600 ± 256 48,200 ± 559 7,910 ± 675 
Stimulants     
Caffeine 10,400 ± 42 8,740 ± 43 41,800 ± 971 4,720 ± 92 
Paraxanthine n.a. a 4,050 ± 35 23,100 ± 514 15,100 ± 525 
Pharmaceuticals     
Diclofenac 3.4 ± 0.1 9.7 ± 0.6 n.d. b n.d. b 
Ibuprofen n.a. a 1,450 ± 32 1,640 ± 55 568 ± 13 
Herbicides 
Atrazine n.a. a 70.8 ± 0.5 67.9 ± 5.0 57.0 ± 1.3 
Mecoprop n.a. a 69.4 ± 4.5 n.d. b n.d. b 
Antibiotics 
Azithromycin n.d. b 47.5 ± 5.1 n.d. b 60.6 ± 6.1 
Clarithromycin n.d. b n.d. b n.d. b < 2.4 
Erythromycin n.d. b n.d. b 3.9 ± 0.3 n.d. b 
UV filters     

Ensulizole n.d. b n.d. b 767 ± 38 n.d. b 
Homosalate 666 ± 210 n.d. b n.d. b n.d. b 
Octinoxate n.d. b n.d. b 468 ± 51 n.d. b 
Octocrylene 44.1 ± 20.4 70.1 ± 11.1 n.d. b 146 ± 8 
Sulisobenzone n.d. b n.d. b 344 ± 15 n.d. b 
Hormones 
Androsterone 8,540 ± 880 5,940 ± 87 2,070 ± 75 3,400 ± 54 
Estrone n.d. b n.d. b 1,090 ± 160 109 ± 13 

a: not measured 
b: not detected  
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Table B.3. CEC concentrations (ng/L) in samples collected from conventional Septic D. Concentrations are reported as mean ± standard 
deviation. 

CECs June July October December 
Food additives 
Sucralose 13,700 ± 106 11,300 ± 199 52,300 ± 1,500 12,300 ± 952 
Stimulants     
Caffeine 17,500 ± 80 420,000 ± 28,600 13,600 ± 297 102,000 ± 5,830 
Paraxanthine n.a. a 5,500 ± 27 20,500 ± 1,890 17,900 ± 824 
Pharmaceuticals     
Carbamazepine 61.7 ± 0.3 69.0 ± 0.7 47.9 ± 0.9 112 ± 1 
Diclofenac 1.4 ± 0.2 n.d. b n.d. b n.d. b 
Ibuprofen n.a. a 7,730 ± 92 52,400 ± 2,400 56,200 ± 1,920 
Herbicides 
Atrazine n.a. a 152 ± 3 118 ± 6 156 ± 2 
Antibiotics 
Azithromycin n.d. b 11.9 ± 0.8 n.d. b 2,610 ± 108 
Sulfamethoxazole n.d. b n.d. b 28.2 ± 0.9 n.d. b 
UV filters 
Avobenzone n.d. b 140 ± 20 n.d. b n.d. b 
Homosalate 2,460 ± 882 163 ± 25 n.d. b 484 ± 50 
Octinoxate 51.9 ± 3.0 n.d. b 758 ± 157 n.d. b 
Octocrylene 2,280 ± 313 432 ± 41 n.d. b 852 ± 59 
Oxybenzone 108 ± 20 n.d. b 762 ± 54 n.d. b 
Sulisobenzone 1,260 ± 128 1,220 ± 31 736 ± 16 n.d. b 
Hormones 
Androsterone 1,600 ± 69 793 ± 60 4,320 ± 46 2,360 ± 22 
Estrone 144 ± 9 290 ± 8 391 ± 30 1,270 ± 11 
Progesterone 42.1 ± 2.3 n.d. b 29.2 ± 0.8 n.d. b 

a: not measured 
b: not detected  
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Table B.4. CEC concentrations (ng/L) in municipal wastewater samples. Concentrations are reported as mean ± standard deviation. 
CECs June July October December 
Food additives 
Sucralose 17,700 ± 121 32,400 ± 732 42,700 ± 821 29,100 ± 4,020 
Stimulants     
Caffeine 36,800 ± 283 68,700 ± 1,830 54,400 ± 2,030 53,000 ± 323 
Paraxanthine n.a. a 17,000 ± 412 30,200 ± 1,020 19,100 ± 238 
Pharmaceuticals     
Carbamazepine 140 ± 1 187 ± 1 187 ± 15 297 ± 1 
Diclofenac 209 ± 2 421 ± 6 377 ± 3 191 ± 3 
Ibuprofen n.a. a 10,600 ± 616 29,100 ± 123 14,300 ± 318 
Herbicides 
Atrazine n.a. a 117 ± 2 72.2 ± 1.7 88.7 ± 0.6 
Antibiotics 
Azithromycin 217 ± 9 560 ± 20 n.d. b 767 ± 26 
Ciprofloxacin n.d. b 428 ± 3 1,120 ± 14 n.d. b 
Clarithromycin 87.2 ± 35.6 38.3 ± 1.2 61.2 ± 3.8 126 ± 6 
Erythromycin n.d. b n.d. b n.d. b 47.7 ± 3.0 
Ofloxacin 137 ± 4 197 ± 6 253 ± 5 n.d. b 
Sulfacetamide 46.9 ± 2.9 19.5 ± 1.6 696 ± 24 316 ± 12 
Sulfamethoxazole 152 ± 7 1,080 ± 12 1,360 ± 54 820 ± 9 
Sulfapyridine 144 ± 1 289 ± 9 889 ± 70 686 ± 9 
Tylosin n.d. b n.d. b n.d. b 19.0 ± 2.1 
UV filters 
Avobenzone n.d. b 879 ± 53 40.5 ± 4.0 53.3 ± 3.5 
Ensulizole n.d. b n.d. b 19,400 ± 1,370 n.d. b 
Homosalate 983 ± 244 4,290 ± 224 1,063 ± 63 404 ± 64 
Octinoxate 87.6 ± 1.8 676 ± 24 285 ± 3 169 ± 2 
Octisalate n.d. b 1,030 ± 81 331 ± 39 < 186.8 
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CECs June July October December 
Octocrylene 750 ± 13 3,250 ± 186 1,620 ± 131 619 ± 37 
Oxybenzone 328 ± 5 1,070 ± 54 449 ± 13 257 ± 3 
Sulisobenzone n.d. b 325 ± 29 n.d. b n.d. b 
Hormones 
17α-ethinylestradiol n.d. b 1,360 ± 78 n.d. b n.d. b 
Androsterone 1,580 ± 12 2,250 ± 56 3,000 ± 105 2,510 ± 81 
Estrone n.d. b n.d. b < 22.9 n.d. b 
Estriol n.d. b 205 ± 19 462 ± 10 n.d. b 

a: not measured 
b: not detected  
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Table B.5. CEC concentrations in the liquid (ng/L) and solid (ng/g) phases of septic sludge. Concentrations are reported as mean ± standard 
deviation.  

 July October December 
CECs Liquid Solid Liquid Solid Liquid Solid 
Food additives 
Sucralose 139,000 ± 1,990 52,700 ± 2,460 79,900 ± 2,220 276,000 ± 12,300 139,000 ± 5,770 n.d. a 
Stimulants       
Caffeine 21,700 ± 84 n.d. a 212,000 ± 14,200 n.d. a 31,500 ± 764 n.d. a 
Paraxanthine 29,000 ± 65 n.d. a 19,300 ± 407 n.d. a 24,600 ± 763 n.d. a 
Pharmaceuticals       
Carbamazepine 10.0 ± 0.2 92.0 ± 9.8 n.d. a 128 ± 15 130 ± 1 n.d. a 
Diclofenac 47.7 ± 1.0 269 ± 45 200 ± 6 1,920 ± 525 75.9 ± 2.6 n.d. a 
Ibuprofen 22,100 ± 90 47,900 ± 2,810 4,890 ± 87 n.d. a 30,800 ± 354 54,200 ± 2,290 
Herbicides 
Atrazine 13.1 ± 0.1 n.d. a 89.0 ± 2.8 669 ± 117 6.9 ± 1.0 69.5 ± 3.0 
Antibiotics 
Azithromycin 99.1 ± 1.4 16,600 ± 2,860 4,010 ± 821 256,000 ± 7,850 118 ± 21 34,700 ± 3,310 
Clarithromycin < 3.5 345 ± 40 44.0 ± 3.2 1,982 ± 509 524 ± 20 40,100 ± 3,960 
Erythromycin 359 ± 32 4,470 ± 109 34.5 ± 1.3 5,792 ± 428 20.7 ± 0.9 1,137 ± 104 
Sulfadiazine 219 ± 32 < 2,500 n.d. a n.d. a n.d. a n.d. a 
Sulfamethoxazole 757 ± 4 880 ± 112 222 ± 6 n.d. a n.d. a n.d. a 
Sulfapyridine 92.6 ± 4.1 n.d. a 1,050 ± 19 18,700 ± 1,390 n.d. a n.d. a 
Sulfathiazole n.d. a 8,640 ± 294 n.d. a n.d. a n.d. a n.d. a 
UV filters 
Avobenzone 892 ± 138 n.d. a 10,300 ± 324 n.d. a 657 ± 58 113,000 ± 15,000 
Homosalate 1,900 ± 206 119,000 ± 18,800 n.d. a 168,000 ± 17,300 2,600 ± 46 201,000 ± 67,100 
Octinoxate n.d. a 28,100 ± 2,480 742 ± 39 152,000 ± 113,000 < 76.8 41,300 ± 9,790 
Octisalate n.d. a n.d. a 4,190 ± 790 118000 ± 110,000 1,230 ± 73 n.d. a 
Octocrylene 5,740 ± 301 308,000 ± 28,900 25,500 ± 5,470 3,470,000 ± 348,000 5,010 ± 176 615,000 ± 23,900 
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 July October December 
CECs Liquid Solid Liquid Solid Liquid Solid 
Oxybenzone n.d. a 35,500 ± 4,310 384 ± 7 82,800 ± 13,700 < 26.6 42,600 ± 6,840 
Sulisobenzone 352 ± 15 n.d. a 625 ± 132 n.d. a n.d. a n.d. a 
Hormones 
Androsterone 4,960 ± 493 366,000 ± 10,800 13,900 ± 174 749,000 ± 30,300 3,150 ± 24 261,000 ± 484 
Estrone n.d. a 15,900 ± 925 408 ± 14 n.d. a 208 ± 17 61,100 ± 4,670 
Estriol n.d. a n.d. a 465 ± 13 n.d. a n.d. a n.d. a 
Equilin n.d. a 76,900 ± 3,820 n.d. a n.d. a n.d. a n.d. a 
Progesterone n.d. a 33,800 ± 5,210 n.d. a n.d. a n.d. a 26,000 ± 147 

a: not detected
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Table B.6. Dates, times, and air temperature for collection of samples from the conventional 
septic systems. 

Month Date Time Air temperature (°C) 
June Wednesday, June 22, 2022 5:31 pm 24 
July Sunday, July 24, 2022 12:31 pm 36 
October Friday, October 14, 2022 5:18 pm 17 
December Sunday, December 4, 2022 12:32 pm 8 
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Table B.7. CEC concentrations (ng/L) at the inlet and outlet of the advanced septic system. Concentrations are reported as mean ± standard 
deviation. 

CECs 
June July October December 

Inlet Outlet Inlet Outlet Inlet Outlet Inlet Outlet 
Food additives 

Sucralose 4,060 ± 101 4,730 ± 66 1,610 ± 44 2,320 ± 98 37,700 ± 
2,210 18,600 ± 439 n.d. a 5,370 ± 432 

Stimulants 
Caffeine 18,600 ± 134 1,520 ± 17 7,250 ± 78 460 ± 6 10,800 ± 191 470 ± 4 8,390 ± 143 1,090 ± 13 
Paraxanthine n.a. b n.a. b 12,600 ± 84 477 ± 6 10,600 ± 128 766 ± 6 12,300 ± 308 619 ± 1 
Pharmaceuticals 
Carbamazepine n.d. a n.d. a n.d. a < 3.5 n.d. a n.d. a 49.5 ± 0.2 n.d. a 
Diclofenac 5.5 ± 0.4 8.4 ± 0.3 < 4.5 < 4.5 n.d. a n.d. a n.d. a n.d. a 
Ibuprofen n.a. b n.a. b 17,800 ± 108 n.d. a 23,800 ± 292 958 ± 19 12,600 ± 171 665 ± 8 
Herbicides 
Atrazine n.a. b n.a. b n.d. a < 4.6 < 3.6 < 3.6 < 1.2 n.d. a 
Antibiotics 
Azithromycin n.d. a n.d. a 9.6 ± 1.6 18.9 ± 0.2 n.d. a n.d. a n.d. a n.d. a 
Erythromycin n.d. a n.d. a n.d. a n.d. a n.d. a n.d. a < 2.9 n.d. a 
UV filters 
Homosalate n.d. a n.d. a 260 ± 79 n.d. a 562 ± 47 199 ± 31 106 ± 44 n.d. a 
Octinoxate 239 ± 2 n.d. a 51.4 ± 8.2 n.d. a < 35.2 n.d. a n.d. a n.d. a 
Octocrylene 64.9 ± 35.5 n.d. a 450 ± 57 n.d. a 150 ± 4 n.d. a 83.9 ± 2.1 n.d. a 
Oxybenzone 7.0 ± 1.0 43.1 ± 2.0 57.4 ± 4.7 n.d. a n.d. a n.d. a n.d. a n.d. a 
Sulisobenzone n.d. a n.d. a 31.8 ± 2.1 126 ± 3 n.d. a n.d. a 306 ± 11 138 ± 10 
Hormones 
17α-ethinylestradiol n.d. a n.d. a n.d. a n.d. a 307 ± 8 n.d. a n.d. a n.d. a 
Androsterone 2,320 ± 126 n.d. a 3,220 ± 35 n.d. a 953 ± 52 n.d. a 985 ± 33 n.d. a 
Estrone n.d. a n.d. a n.d. a n.d. a < 22.9 n.d. a n.d. a n.d. a 
Progesterone n.d. a n.d. a n.d. a n.d. a 31.5 ± 1.4 n.d. a n.d. a n.d. a 

a: not detected 
b: not measured 
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Figure B.1. EEMs from three unique septic sludge samples collected directly from a septic 
pumping truck. 
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Figure B.2. FDOM in Septic C and municipal wastewater expressed as (a) differential 
EEMs and (b) box plots. In (a), the fluorescence in the "Delta" plots indicate regions with higher 
fluorescence in Septic C wastewater compared to municipal wastewater.  
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Figure B.3. FDOM in Septic D and municipal wastewater expressed as (a) differential 
EEMs and (b) box plots. In (a), the fluorescence in the "Delta" plots indicate regions with higher 
fluorescence in Septic D wastewater compared to municipal wastewater.  
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Figure B.4. Spectral loadings for preliminary EEM-PARAFAC models with 2–8 components for FDOM in septic wastewater. The dashed 
curves are excitation loadings, and the solid curves are emission loadings. Only models with 2, 3, and 4 components were validated by split-half 
analysis. 
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Figure B.5. Spectral loadings for the validated four-component EEM-PARAFAC model for 
FDOM in septic wastewater. 
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Figure B.6. Correlations between the component scores for the four-component EEM-
PARAFAC model for septic wastewater before data normalization. The strongest correlation 
was observed between C4 and C2. 
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Figure B.7. Correlations between the component scores for the four-component EEM-
PARAFAC model for septic wastewater after data normalization. No strong correlations 
were observed. 
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Figure B.8. Spectral loadings for preliminary EEM-PARAFAC models with 2–8 components for FDOM in septic and municipal 
wastewater. The dashed curves are excitation loadings, and the solid curves are emission loadings. Only models with 2, 5, 6, and 7 components 
were validated by split-half analysis.
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Figure B.9. Spectral loadings for the validated five-component EEM-PARAFAC model for 
FDOM in septic and municipal wastewater. 
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Figure B.10. Correlations between the component scores for the five-component EEM-PARAFAC global wastewater model before data 
normalization. No strong correlations were observed. 
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Figure B.11. Correlations between the component scores for the five-component EEM-PARAFAC global wastewater model after data 
normalization. No strong correlations were observed. 
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Appendix C 

 
Figure C.1. Spectral loadings for preliminary EEM-PARAFAC models with 2–8 components for FDOM in North Branch stream samples. 
The dashed curves are excitation loadings, and the solid curves are emission loadings. Only models with 2, 3, 4, and 5 components were validated 
using split-half analysis.
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Figure C.2. Spectral loadings for the validated four-component EEM-PARAFAC model for 
FDOM in the North Branch. 
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Figure C.3. Correlations between the component scores for the four-component EEM-
PARAFAC model for North Branch stream samples before data normalization. The 
strongest correlation was observed between C3 and C2. 
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Figure C.4. Correlations between the component scores for the four-component EEM-
PARAFAC model for North Branch stream samples after data normalization. No strong 
correlations were observed.
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Figure C.5. (a) Multi-linear regressions of C4 from the North Branch EEM-PARAFAC 
model using components from the septic wastewater and global wastewater EEM-
PARAFAC models and (b) 1:1 plot of measured versus modeled C4 values demonstrating 
the accuracy of the models. 
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