
 

 

SYNTHESIZING FIELD, LABORATORY, AND IN-SITU STUDIES 

TO DETERMINE THE ENVIRONMENTAL FATE OF LAMPRICIDE 

3-TRIFLUOROMETHYL-4-NITROPHENOL (TFM) 

by 

Lauryn Dee Angell 

 

 

A thesis submitted in partial fulfillment of 

the requirements for the degree of 

 

Master of Science 

(Environmental Chemistry & Technology) 

 

at the 

UNIVERSITY OF WISCONSIN-MADISON 

2024 

 

 



i 
 

 
 

ABSTRACT 

Understanding the fate of organic compounds in river systems is important for protecting 

watersheds and human health. While individual mechanisms of compound transformation and 

transport can be quantified, determining their relative importance under various photochemical 

and biogeochemical conditions poses another challenge. Aquatic pesticide treatments provide an 

opportunity for scientists to conduct controlled field studies and validate a systematic research 

framework for assessing chemical fate. This research synthesizes laboratory and in-situ 

experiments with field studies on the lampricide 3-trifluoromethyl-4-nitrophenol (TFM), a 

compound that has been applied to tributaries of the Great Lakes since the 1950s to control for the 

invasive sea lamprey (Petromyzon marinus). Tandem studies of a photoreactive tracer (uranine), 

a sorptive tracer (rhodamine-WT), and a conservative tracer (bromide) are used to quantify specific 

loss processes. Our study of two treatments in the Upper Peninsula of Michigan reveal physical 

transport processes and local hydrologic conditions largely control the residence time of TFM in 

the hyporheic zone, where most biogeochemical transformations occur. Evidence of transient 

subsurface storage (i.e., reincorporation of TFM back into the water column over treatment 

timescales) suggests photodegradation may be important, yet in-situ batch experiments and 

modeled solar irradiance reveal environmental photodegradation kinetics are much slower than 

laboratory kinetics. Alignment between in-situ experiments, kinetic models, and field observations 

highlights the importance of using a synergistic approach to predict compound persistence in the 

environment. 
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INTRODUCTION 

Developing a Research Framework: TFM as a Model Compound 

There is a critical need to link laboratory experiments with true environmental conditions 

to predict the fate of polar organic compounds. Rates of compound loss in aquatic and terrestrial 

systems can be magnitudes faster or slower than loss in laboratory experiments, making compound 

fate difficult to predict using lab studies alone.1–3 Polar and ionizable compounds are of specific 

concern due to their increased solubility, reactivity, and environmental mobility.4 Controlled 

experiments performed in-situ, or “on-site”, connect laboratory and field studies, which can 

increase the predictive power of kinetic and equilibrium models and improve our understanding 

of a compound’s environment fate.5 

The application of aquatic pesticides provides scientists with an opportunity to perform 

robust field studies on “model compounds” using crucial information like the mass of compound 

applied, application location, and target concentration. By synthesizing field observations with 

results from controlled experiments conducted both in-situ and in the laboratory, this research 

develops a framework to comprehensively assess the environmental fate of 3-trifluoromethyl-4-

nitrophenol (TFM). TFM is a lampricide that has been directly applied to tributaries of the 

Laurentian Great Lakes of North America since the 1950s to reduce populations of the invasive 

sea lamprey (Petromyzon marinus).6 Sea lamprey grow to become parasitic and have historically 

devastated native (and commercially relevant) fish populations of lake trout, white fish, blue pike, 

walleye, etc.7,8 Sea Lamprey Control values an integrated pest-management approach (i.e., using 

electrical and mechanical barriers, physical traps, and pheromones), but chemical control using 

TFM is the most effective and widely used approach.9,10 TFM is an effective model compound 
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because it is structurally similar to other compounds of concern and mechanistic studies are 

broadly applicable to polar organic compounds in general. 

Lampricide applications are highly controlled. TFM is a Restricted Use Pesticide for Great 

Lakes tributaries, with most being treated in 3-5 year cycles to target sea lamprey in their larval, 

non-parasitic stage.7,11–14 Over 30,000 kg of TFM are applied annually and the target in-stream 

concentrations range from 1-14 mg/L (~5-67 µM).15,16 12-hour, continuous-rate injections are 

typically conducted because an exposure of 9-hours at or slightly above the minimum lethal 

concentration (MLC) is required to achieve 99.9% sea lamprey mortality. The “stream-specific” 

minimum lethal concentration (SMLC) is determined by pretreatment on-site toxicity tests or river 

pH, alkalinity, and discharge.7,17–19  

With an improved understanding of TFM fate, we can estimate the potential for low-level 

concentrations of TFM and its persistent degradation products, such as trifluoroacetic acid 

(TFA).15,20 There is evidence of increasing TFA concentrations in surface waters21–24 and 

lampricide-treated tributaries drain to the Great Lakes, a vital fresh water resource.25,26 Although 

TFA is a photoproduct of TFM based on laboratory irradiations, TFM photodegradation in the 

environment is expected to be minimal or only relevant under specific conditions (shallow depth, 

little cloud cover, etc.).2 This exemplifies the broad applicability of TFM studies and the need for 

a holistic research approach. However, there is a narrower research goal, in alignment with the 

Great Lakes Fishery Commission (GLFC), to continuously optimize integrated treatment practices 

by maintaining lethal levels while minimizing impact on non-target species and the ecosystems 

they inhabit.9,10,27 
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TFM Environmental Fate 

The dominant loss and transformation pathways of TFM are well understood, but their 

relative importance under various photochemical and biogeochemical conditions has not been 

investigated simultaneously. Reactive processes like abiotic and biotic degradation can reduce the 

mass of TFM recovered at downstream sites. The relevant degradation reactions for TFM in the 

environment are photodegradation (half-life (t1/2) ~ days) and microbial degradation (t1/2 ~ 

weeks).2,15,28–30 TFM does not undergo hydrolysis, and volatilization is negligible due to its low 

vapor pressure and ionized state above pH 6.4.6,20,31,32 While sorption of TFM to riverbed and 

hyporheic sediment may facilitate microbial degradation and impact in-stream concentrations, 

TFM is considered environmentally mobile based on its organic carbon-normalized distribution 

coefficient (KOC) of 35 – 290 Kg/L.33,34 

In addition to reactive processes, physical processes such as river discharge (including 

advection and dispersion as water travels downstream) and transient storage in the hyporheic zone 

can strongly control the retention and transport of compounds.35–37 The hyporheic zone is a 

dynamic, shallow region of the riverbed with heterogeneous redox conditions and high microbial 

activity where transformation kinetics are difficult to quantify with accuracy.37,38 Over days to 

weeks, TFM may be temporarily stored in the hyporheic zone and slowly released back into the 

water column, contributing to low-level, legacy concentrations. However, river discharge and 

hyporheic exchange are controlled by complex factors including seasonal precipitation events, 

sediment permeability and organic content, and spatiotemporal variable channel 

characteristics.39,40 Over longer time scales (i.e., weeks to months), biodegradation of TFM by 

sediment microbes in the hyporheic zone may also contribute to the release of metabolites in-
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stream. Overall, we hypothesize the persistence of TFM may be greater than reflected in isolated 

studies and will be highly dependent on individual stream characteristics and hyporheic dynamics. 

 

Hydrological Tracer Studies 

 In this research, field studies of TFM, a photoreactive tracer (uranine), a sorptive tracer 

(rhodamine WT), and a conservative tracer (bromide) were performed on treated tributaries of 

Lake Michigan. In-situ photochemistry and streamside mesocosm experiments with TFM and the 

tracers were used to bridge in-stream mass flux determinations with compound-specific, 

laboratory-derived equilibrium and kinetic constants.  

Uranine (UR), also known as fluorescein, is photolabile and has been used to quantify rates 

of compound photodegradation in surface waters.41–43 Rhodamine-WT (RWT) can be effectively 

used as a conservative tracer in marine environments and aquifer studies, but it does exhibit particle 

interactions in organic matter-rich environments such as rivers, bogs, and wetlands and should be 

used cautiously or as a sorptive tracer.42,44–46 RWT is a multi-compound mixture consisting of two 

isomers with distinct sorptive properties.47–49 The meta isomer is more sorptive, but RWT 

distribution coefficients refer to the combined behavior of both isomers. Both uranine and RWT 

absorb visible light and strongly fluoresce (Supplemental Information (SI) Section 1). Bromide 

(Br-) is commonly used as a conservative, or non-reactive, hydrological tracer to assess physical 

transport dynamics and time of water passage over a flow path. Loss of bromide would be 

attributed to storage in the riverbed hyporheic zone.50 
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METHODS 

Field Studies: TFM Treatments, a Multi-Tracer Study, and an In-Situ Column Study 

In July of 2022, we studied TFM treatment of two large tributaries of the Manistique River 

in the Upper Peninsula of Michigan, USA: the Fox River and the Driggs River (Figure 1). As a 

part of the Sea Lamprey Control Program, scientists from the U.S. Fish and Wildlife Service 

(USFWS) conducted the treatments and TFM was the only chemical applied. The Fox and Driggs 

River treatments were selected because they were the first applications conducted at tributary 

headwaters. Because there was no background TFM, we anticipated these rivers would be more 

amenable to mass balance analysis and time of passage studies. 

Fox River TFM Treatment Study 

There are multiple tributary confluences along the Fox River, which is net gaining (i.e., 

there is a net increase in water discharge over the river flow path). To account for dilution from 

the added water volume and maintain SMLCs, TFM was applied at multiple points of the Fox 

River (Figure 2, a). We refer to the earliest, most upstream applications as primary (1°) 

applications and downstream, “boost” applications as secondary (2°) applications. 1° and 2° 

applications are conducted identically, and the boost begins once the upstream “chemical block” 

arrives. We collected samples at two well-mixed points: an upper site 80 m downstream of a 2° 

application and a lower site 240 m downstream of another 2° application (Figure 2, a). The lower 

site captured converging chemical blocks from the West Branch and Casey Lake outlet. Relative 

to the 1° application at Casey Lake outlet, there was a 1.8 km and 7.6 km flow path to the upper 

and lower sites, respectively. Site coordinates and flow paths from application points are 

summarized for both the Fox and Driggs Rivers in SI Section 2. Because of the complexity of the 
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Fox River, our field studies served to refine sampling techniques, analytical sensor deployment, 

and stream-side sediment-column operation, as well as develop rapport with USFWS. 

 

 
Figure 1. a) A map of the Great Lakes region of the United States. The Manistique River system, located 

in the Upper Peninsula of Michigan, is boxed in red. b) The major tributaries of the Manistique 
River with stars indicating the two tributaries we studied.51 
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Figure 2. TFM application points and our sampling sites for the a) Fox and b) Driggs River treatments. 
 

Throughout treatment, USFWS performs spectrophotometric analysis on discrete water 

samples to quantify TFM and ensure SMLCs are maintained.52 We quantified TFM by collecting 

river water samples for laboratory analysis and deploying fluorescent dissolved organic matter 

(fDOM) sensors for in-situ analysis. We validated this continuous monitoring approach to develop 

higher resolution concentration time series for TFM, leading to more accurate mass calculations. 

fDOM, the fraction of chromophoric or colored DOM (cDOM) that fluoresces, can be used 

as a surrogate to indirectly monitor dissolved organic carbon (DOC) concentrations, an important 

water quality parameter. For this reason, fDOM is commonly monitored in wastewater-impacted 

streams and river systems.53–56 The fDOM sensors (YSI item #599104-01, λexcite = 365 ± 5 nm, 

λemission = 480 ± 40 nm)57 were attached to YSI EXO water quality Sonde II field instruments 

positioned in the river thalweg and middle of the water column. Individual sensors were calibrated 
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ex-situ by relating the acquired fDOM signals to corresponding TFM concentrations measured in 

discrete water samples. Water samples were collected immediately downstream (~2 m) of the 

sensors to not influence turbidity and light scattering during readings. 

Samples collected adjacent to the analytical sensors were syringe filtered (0.45 µm, nylon) 

with zero headspace into 40 mL amber vials with Teflon-lined lids. All glassware was amber and 

baked at 450 °C for 8 hours before sampling. The samples did not require additional preservation 

to maintain analyte stability. During the Fox River treatment, a bulk water sample (1 L) was 

collected, and vacuum-filter sterilized (0.45 µm, nylon) on site for use in in-situ photochemistry 

experiments once the in-stream TFM concentration stabilized (collected mid-day). All TFM and 

tracer study samples were stored on-site for ~1 week in the dark on ice and then transported to 

UW-Madison for analysis.  

Driggs River TFM Treatment Study 

The Driggs River treatment offered a more controlled field study; unlike the Fox River 

study, our sampling sites on the Driggs River were all located upstream of any 2° applications, 

allowing us to better model the system as a plug flow reactor and perform mass balance analysis 

(Figure 2, b). Mass analysis was performed to a) determine the relative importance of dominant 

loss mechanisms to the overall attenuation of TFM in-stream and b) assess the accuracy of kinetic-

based predictions relative to actual field observations. USFWS conducted the 1° application at 

Driggs Truck Trail, and we quantified TFM at three sites: a well-mixed point, a short reach, and a 

distant site, which respectively had 0.2 km, 2.8 km, and 11.2 km flow paths from the application 

point. These sites were selected with the broad goal of predicting TFM fate over shorter stream 

reaches and a relatively longer flow path. Sample processing and in-situ analysis were conducted 

as described for the Fox River. 
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Driggs River Tracer Study 

To better characterize the dominant loss processes over the short reach, we conducted a 

multi-tracer study using organic and inorganic solutes with predictable fates. On July 31, 2022, 

four days after the TFM treatment, a pulse injection of a photoreactive tracer (uranine), a sorptive 

tracer (rhodamine-WT), and a conservative tracer (bromide) was conducted at the same 1° 

application point used during treatment. Tracer dosing was calculated based on historical and pre-

treatment discharge measurements. The study was conducted post-treatment to avoid interference 

with the lampricide application process. In addition, the organic tracers absorb light and their 

presence during treatment would have interfered with the in-situ quantification of TFM via fDOM 

sensing.  

Like the TFM treatment, concentration time series were developed for the fluorescent 

tracers using in-stream optical sensors (fluorometers) that were calibrated ex-situ based on discrete 

water sample results. The fluorometers used were Turner Designs Cyclops-7 Interchangeable 

Loggers by Precision Measurement Engineering (PME). Each fluorometer was wavelength-

specific to either uranine or RWT. The dynamic range for the Uranine and RWT sensors were 

respectively 0-500 ppb and 0-1000 ppb.58 The bromide time series was developed from analysis 

of the discrete water samples. 

In-situ Sediment Column 

During TFM treatment and the tracer study at the Driggs River, treated water was passed 

through a streamside, sediment-packed column to observe TFM-sediment interactions and 

simulate a hyporheic flow path. This flow-through experiment served as a middle-tier, in-situ study 

to bridge our analysis of field observations with batch-style laboratory sorption and biodegradation 

experiments. Treated water was pumped from the well-mixed point sampling location to the 
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sediment column using a battery-powered peristaltic pump and a deep-cycle marine battery. The 

influent and effluent lines were constructed of soft plastic and the column itself was plastic. The 

column was vertically saturated and flowing upward with the effluent line immediately draining 

into a secondary container. Column joints were waterproofed using Teflon tape and the packed 

sediment was retained using a series of mesh frits and cork liners. When packing the column, the 

top few centimeters of the riverbed were hand-cored, collected in a bucket, stirred, and then 

gradually added to the column as a slurry (SI Section 2). 

Data from the effluent container were reduced as a fourth “site”. Like the in-stream studies, 

analytical sensors were deployed in the container (either an fDOM sensor for TFM or fluorometers 

for the organic tracers) and it was periodically sampled for laboratory analysis. To collect the 

samples, runoff from the effluent container was directed to a 60 mL syringe with a 0.45 µm nylon 

filter to gradually collect a time-integrated sample over ~15-minute intervals. The container was 

covered with a tarp to avoid interference from wet deposition. The column set-up was positioned 

amongst tall grass to provide some shade cover, but the temperature was not controlled otherwise. 

The column was equilibrated with river water for 24-48 hours before each breakthrough curve 

study. 

During TFM treatment, steady-state influent and effluent concentrations (C0 and Cout, 

respectively) were used to calculate a comprehensive rate of compound loss, assuming constant 

column flow (Q) and volume (V) (Equation 1).59 

R = (C0 − Cout)
Q
V

 

Equation 1 
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Mass Analysis 

The mass (m) of a compound recovered at a given site was determined from the product of 

water discharge (Q) and the in-stream concentration (Ct) integrated over the entire treatment 

period, including the rising and falling limbs of the time series (Equation 2). This analysis was 

performed for TFM, bromide, RWT, and uranine in the Driggs River. 

m = Q � C(t)dt

tf

t0

 

Equation 2 

A daily, site-specific water discharge value (Q) was computed as the sum of discharge values (qx) 

for x number of discrete subsections over the river profile (Equation 3). 

Q =  �qx 
Equation 3 

For a given subsection (x), qx was calculated following the mid-section method using velocity and 

depth measurements recorded on-site using a McBurney flow meter and top-setting wading rod 

(Equation 4).60  

qx = V�x �
Wx−1 + Wx

2
�dx 

Equation 4 

Vx is the subsection velocity averaged over ~1 minute of river flow. Wx and Wx-1 are the widths of 

successive subsections and dx is the vertical depth.  

 The mass recovery at downstream sites (short reach and distant site) was determined 

relative to the mass calculated at the well-mixed point (Equation 5). Uncertainty of the mass 

recovery was propagated from the uncertainty of the time-integrated concentration value. 
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% mrecovered = �
mdownstream

mWMP
� ∗ 100% 

Equation 5 

Laboratory Sorption Studies 

Batch equilibrium and kinetic laboratory studies of TFM sorption to sediment were adapted 

from methods by the United States Environmental Protection Agency (US EPA) and the 

International Organisation for Economic Co-operation and Development (OECD).61,62 All batch 

sorption studies were performed using pretreatment sediment from the Driggs River. The organic 

content of the sediment was determined using the loss-on-ignition method as described 

previously.63 Briefly, the wet sediment was air dried in large batches and then baked at 550 °C in 

triplicate crucibles for four hours to mineralize all organic material to CO2 (g). The difference in 

mass between the dry and ignited sediment is the fraction of organic content (ƒoc), which impacts 

the degree of TFM sorption.33 

Sorption-Desorption Kinetics: TFM 

Sorption kinetics experiments were conducted using a ~1:7 sediment-to-buffer ratio. In 50 

mL centrifuge tubes (batch reactors), 5 g of sediment was equilibrated with 34 mL of phosphate 

buffer (20 mM, pH 7.2-7.3) overnight on an incubator-shaker table at 150 RPM at 24 °C. The 

sediment was air-dried in a laboratory hood for 3 days before sieving to 2 mm. Samples were 

centrifuged at 4000 RPM for 10 minutes before recording the equilibrated pH. The reactors were 

spiked with 80 µL of TFM standard to achieve an initial aqueous concentration of 12 µM and then 

placed on the shaker table for specific time intervals (5 min, 30 min, and 1, 2, 4, 6, 8, 15, and 24 

hours). Because 6 mL of the aqueous fraction was removed at the time of sampling (post-

centrifuge, SI Section 14), sacrificial reactors were prepared in triplicate for each time condition 

to maintain consistent sediment-buffer ratios. Buffer blanks and sediment-buffer blanks were also 
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studied following this procedure. Filtered aliquots were analyzed by high-performance liquid 

chromatography (HPLC) and the final pH was recorded immediately after sampling. Aqueous 

concentrations at a given time (Ct) and the experiment start (Ci) were used to determine a first-

order kinetic constant (ksorb, or k in Equation 6) and the characteristic time (τ, Equation 7). 

ln �
Ct
C0
� = −𝑘𝑘(t) 

Equation 6 

τ =
1
𝑘𝑘

 
Equation 7 

In desorption kinetic experiments, TFM-sorbed sediment was prepared in bulk by 

equilibrating 200 g of dry, sieved sediment with 1.4 L of buffered, ultrapure water containing 12 

µM TFM (20 mM phosphate, pH 7.2). The suspension was equilibrated on a shaker table overnight 

(19 hours) at 150 RPM in the dark. The sediment was collected by gently pouring the suspension 

through a glass funnel with a mesh screen. Sacrificial reactors were prepared in triplicate by adding 

~6 g of wet, TFM-sorbed sediment to 50 mL centrifuge tubes. The mass of the empty tube and lid 

was recorded before adding the wet sediment. The percent moisture of the sediment at the time of 

reactor preparation was determined by oven drying ~10 g of the wet sediment in an aluminum foil 

dish, in triplicate, at 100 °C for 2-3 hours. With the correction for percent moisture, a 1:5.7 

sediment-water ratio was maintained by adding 42 mL of buffered, ultrapure water (20 mM 

phosphate). Upon addition of the buffer, reactors were placed on the shaker table and sampled at 

0 min, 30 min, 1 hr, 2 hr, 4 hr, 8 hr, or 15 hr. Samples were centrifuged at 4000 RPM for 10 minutes 

before removing an aliquot for filtration and analysis. The kinetic constant describing the first-

order loss of TFM from the sediment phase (kdesorb) was determined using Equation 8, where Ct 

and Ceq refer to the aqueous concentration at a given time and equilibrium, respectively. 
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ln�1 −
Ct

Ceq
� = −𝑘𝑘desorbt 

Equation 8 

Sorption Isotherms: TFM, RWT, UR 

Batch sorption experiments were conducted to establish equilibrium isotherms for TFM 

and uranine (UR). RWT sorption studies were limited by compound sorption to syringe filters 

during aliquot removal (SI Section 14). Triplicate batch reactors were prepared following the same 

approach used in sorption kinetics experiments: 50 mL centrifuge tubes contained a ~1:7 sediment-

to-buffer ratio (5 g dry, sieved sediment to 34 mL of 20 mM phosphate, pH = 7.2- 7.3). The reactors 

were equilibrated on a shaker table overnight, initial pH was recorded, then the test compounds 

were added. TFM reactors were prepared at 0, 5, 10, 15, 20, 25, and 30 µM and UR reactors were 

prepared at 0, 100, 200, 300, 400, and 500 ppb (0.12 -0.30 µM UR). Reactors were shaken on an 

incubator-shaker table at 150 RPM in the dark at an average temperature of 28 °C (TFM) and 23 

°C (UR).  Equilibration time was determined for each compound based on preliminary experiments 

and literature values; equilibrium aqueous concentrations were determined after 10 hours for TFM 

and 24 hours for UR. Aliquots were removed post-centrifugation and filtered (0.45 µm, nylon) for 

HPLC analysis.  

A theoretical mass balance (Equation 9) was used to determine the concentration of sorbed 

compound (qe, in mg analyte/kg dry sediment). 

qe =
V
m

(C 0 − Ceq) 
Equation 9 

where V is the aqueous phase volume (in L), C0 is the initial aqueous concentration (in mg/L), and 

Ceq is the equilibrium aqueous concentration (in mg/L). A linear distribution coefficient (Kd) was 
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determined (Equation 10) and normalized by sediment organic content (ƒoc) to obtain Koc 

(Equation 11). 

qe = KdCeq        
Equation 10 

Koc = Kd
ƒoc

        
Equation 11 

Laboratory Microcosm Studies 

Pretreatment water and sediment from the Fox and Driggs Rivers were used in batch 

microcosm experiments to quantify TFM biodegradation kinetics. Separate incubation reactors for 

the Fox River and the Driggs Rivers were conducted in triplicate, at room temperature, in 4 L 

amber glass jars, and held in the dark. TFM degradation by the water microbial community was 

studied using 3 L of unfiltered river water and degradation by the sediment microbial community 

was studied using 2 L of river water (0.2 µm nylon filtered) river water with 500 g of wet sediment. 

Abiotic controls contained 2 L of 0.2 µm filtered river water. Reactors were spiked with a TFM 

standard to achieve aqueous concentrations of ~20 µM, which is reflective of typical in-stream 

concentration during treatment. Aliquots were 0.45 µm syringe filtered for HPLC analysis; there 

was <4% total volume change by the end of incubation. pH was measured throughout the 

experiment (pH 6.5 – 7.5). Dissolved oxygen (DO) and temperature in the reactors were measured 

after 14 days. pH, DO, and temperature results are in SI Section 11. Biodegradation kinetics (kbio) 

and half-lives (t1/2) were modeled following pseudo-first order loss (Equation 6 and Equation 13, 

respectively). 

t1/2 =
ln(2)
𝑘𝑘bio

 

Equation 13 
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Photodegradation Studies 

Laboratory Photodegradation Experiments (365 nm Bulbs) 

Laboratory photodegradation experiments were conducted with TFM, uranine, and RWT 

in a Rayonet merry-go-round photoreactor with 14 bulbs that emit light at 365 nm (± 9 nm at half 

max), which is within the solar spectrum (UV-A region) and largely overlaps with the absorption 

spectrum of TFM (Figure 3). To study direct and indirect photodegradation kinetics, solutions of 

20 µM TFM, 1 µM UR, and 0.32 µM RWT were individually buffered to pH 7.5-8 (5 mM 

phosphate) in either ultrapure water or river water and irradiated in triplicate in borosilicate glass 

tubes. Dark controls were prepared identically to direct control solutions. The light intensity in the 

photoreactor was measured by irradiating a chemical actinometer (1 mM pyridine and 10 uM p-

nitroanisole) alongside the samples.64  

 
Figure 3. The molar absorptivities of TFM, uranine, and RWT near pH 7.5 as a function of wavelength 

(left axis, solid lines) overlaid with the light intensity of the 365 nm bulb intensity (right axis, 
dashed line) (i.e., the action spectra of each compound in laboratory experiments). 
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For each compound and condition, the observed photodegradation kinetics (kobs) were modeled as 

first-order loss following Equation 6. The kinetic constants were corrected for light screening 

using a unitless, wavelength-weighted, average screening factor (Sweighted) to determine the correct 

kinetic constant (kscreened, Equation 14). 

𝑘𝑘screened =
𝑘𝑘obs

Sweighted
 

Equation 14 

The wavelength-weighted, average screening factor (Sweighted, Equation 15) is a function 

of light intensity (Iλ) in mEi cm-2 s-1 and the screening factor (Sλ, unitless), which are both 

wavelength-specific values. In laboratory experiments, values were summed over 300-455 nm, 

and in sunlight kinetic models, values were summed over a larger distribution of 280-800 nm. 

Sweighted = �
IλSλ
∑ Iλ455
300

455

λ= 300

 

Equation 15 

The wavelength-specific screening factor (Sλ, Equation 16) accounts for the decadic absorbance 

(αλ) in cm-1 and pathlength (l) in cm. Pathlength refers to either the UV-visible spectrophotometer 

cell length in laboratory experiments or the water column depth in sunlight kinetic models. 

Sλ =
1 − 10−αλl

2.303 αλl
 

Equation 16 

We also calculated a quantum yield (ΦA), or photochemical reaction efficiency, for each 

test compound (A) using chemical actinometry (Equation 17).23,65,66 ΦA can be derived from the 

photodegradation kinetic constants and integrated rates of light absorption (kabs) of the compound 
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and actinometer (ACT). Photodegradation kinetic constants for the actinometer were not corrected 

for light screening. Note that rate constants are in (s-1) and quantum yields are unitless.  

ΦA = �
𝑘𝑘screened,A

𝑘𝑘obs,ACT
� �

𝑘𝑘abs,ACT

𝑘𝑘abs,A
�ΦACT 

Equation 17 

The quantum yield of the actinometer (Φact) is known and has been well studied.64,67 The integrated 

rate of light absorption (kabs, Equation 18) is a function of wavelength-specific values (Iλ, αλ, and 

Sλ) summed over a wavelength distribution, where [C]A is the concentration of compound A in 

molar and j is a unit correction factor of one Ei mol-1.  

𝑘𝑘𝑎𝑎𝑎𝑎𝑎𝑎 = �
2.303 IλαλSλ

[C]Aj

455

λ=300

  

Equation 18 

The light intensity at each wavelength (Iλ) was calculated using a correction factor to shift a 

reference spectrum (i.e., a spectrum describing the intensity distribution, as shown for the 365 nm 

bulbs in Figure 3) to the actual intensity for a given experiment. The correction factor is the ratio 

of the integrated rate of light absorption of the actinometer based on the reference spectrum 

(calculated using Equation 18) and its true integrated rate of light absorption based on the actual 

photodegradation rate constant measured during experimentation (Equation 19). 

𝑘𝑘obs = 𝑘𝑘absΦ       →         𝑘𝑘abs,ACT =
𝑘𝑘obs,ACT

ΦACT
 

Equation 19 

In-situ Photodegradation Experiments (Sunlight) 

A batch photochemistry experiment was conducted near the Fox River using natural 

sunlight as the irradiance source. A bulk water sample was collected mid-treatment of the Fox 
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River and vacuum-filtered (0.45 µm, nylon) within 24 hours. HPLC analysis later revealed it 

contained 18.7 µM TFM. A 1.29 µM uranine direct control was also prepared using ultrapure 

water. Like the laboratory experiments, both solutions were prepared at 5 mM phosphate and 

buffered to pH 7-8 using dropwise addition of concentrated NaOH. pH was qualitatively 

determined before and after irradiation using indicator strips. A chemical actinometer solution 

containing 1 mM pyridine and 10 µM p-nitroanisole was also irradiated.  

The solutions were split in to four borosilicate glass tubes: three for triplicate sunlight 

irradiation and one dark control. Solutions were held in a standard test tube rack, positioned in 

sunlight, and periodically rotated throughout the day. Weather conditions varied from unobstructed 

sunlight to periodic cloud cover, with little to no precipitation. Aliquots were removed every 3-4 

hours and held in the dark on ice before transport to UW-Madison for HPLC analysis. Like the lab 

experiments, the in-situ quantum yields of TFM and uranine were calculated using the measured 

kinetic constants (light screening corrected) and solution-specific absorbance spectra. However, 

light intensity from 280-800 nm was modeled by shifting reference solar spectra (wavelength 

distributions) using the actinometer correction factor. The reference solar spectra were generated 

using the Simple Model of Atmospheric Transfer of Sunshine (SMARTS) following input 

parameters, or ‘cards’ (SI Section 13).3,68,69 Because of diurnal variability in light intensity, we 

generated solar spectra hourly over the treatment day (July 27, 2022) to establish a 24-hour 

average, or diurnal average, solar spectrum (Figure 4). The kinetic constants were corrected for 

light screening using the actinometer-corrected diurnal average solar spectrum. 
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a)  

 
b)          c) 

   
Figure 4. a) The reference solar spectra generated hourly for the treatment site using SMARTS (with the 

peak irradiance wavelength (λ = 451 nm) indicated by the dashed line). b) Visualization of the 
peak solar irradiance over the day. c) The molar absorptivities of TFM, uranine, and RWT near 
pH 7.5 as a function of wavelength (left axis) overlaid with the actinometer-corrected, diurnal 
average solar spectrum (right axis, plotted to scale with the 365 nm bulb irradiance in Fig. 3). 
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Modeling Photodegradation Kinetics In-Stream 

The laboratory-determined quantum yields and modeled solar spectra were used to predict 

in-stream photodegradation rate constants for TFM (20 µM) and uranine (1 µM) at the well-mixed 

point of the Driggs River. Predictions considered continuous noontime irradiance, diurnal average 

irradiance, and light attenuation throughout the water column. Kinetic constants were averaged 

over the water column depth by increasing the pathlength (l) in Equation 16. Depth profiles of the 

Driggs River are in SI Section 2. 

Analytical Methods 

TFM was quantified in field and laboratory samples using an Agilent 1260 Infinity high-

performance liquid chromatography (HPLC) system with either diode-array detection (DAD) or 

multi-wavelength UV-visible detection (MWD). Samples with TFM concentrations <1 µM were 

analyzed using liquid chromatography-tandem mass spectrometry (LC-MS/MS). PNA was 

quantified in laboratory and in-situ photochemistry samples using HPLC-DAD/MWD. HPLC 

methods are summarized in SI Section 7. 

For the analysis of tracer study and in-situ photochemistry samples, a method was 

developed to quantify mixtures of TFM and the fluorescent tracers using absorbance and 

fluorescence detection (FLD), respectively. Tracer study samples were buffered to pH 7.2 (10 mM 

phosphate) before analysis. Bromide was quantified in tracer study samples using a ThermoFisher 

Dionex 4-mm ICS-2100/ICS-1100 ion chromatograph (IC). 

The analysis of pretreatment waters included pH, total organic carbon (TOC), inorganic 

carbon, alkalinity, cations, anions, and UV-visible absorbance. Alkalinity was measured using a 

Hanna Instruments Potentiometric Titrator (HI 901) with a pH electrode (HI 1131). A GE M5310C 
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Total Organic Carbon analyzer was used to measure TOC and inorganic carbon. A Shimadzu UV-

visible spectrometer (UV-2401PC) was used to obtain spectra from 200 – 800 nm. Cations were 

quantified using ion chromatography (IC) and anions were quantified using ICP-OES.  
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RESULTS & DISCUSSION 

Fox River TFM Treatment: fDOM Sensor Validation 

We validated the use of fDOM sensors to quantify in-stream TFM during the Fox River 

TFM treatment. As the TFM concentration increased, there was a corresponding decrease in DOM 

fluorescence at λemit = 480 ± 40 nm.57 The fDOM sensors were calibrated ex-situ using TFM 

concentrations measured in discrete water samples. Concentration time series for TFM in the Fox 

River were generated with this technique to assess its sensitivity, reproducibility, and accuracy. 

Signal correction and ex-situ calibration were performed as follows. First, TFM was 

quantified in filtered water samples by HPLC to develop a discretized concentration time series 

(Figure 5, a). fDOM emission was acquired at 2-15 min intervals before, during, and after 

treatment to create a continuous signal record (Figure 5, b). The signal baseline was identified 

(Figure 5, c) and subtracted (Figure 5, d) using peak analyzer in OriginPro. The magnitude of 

signal quenched (ΔfDOM) at a given time (Figure 5, e) was related to the corresponding measured 

TFM concentration to establish a sensor-specific, linear calibration (Figure 5, f). Over a range of 

0-25 µM TFM, we observed a strongly linear, inverse relationship between in-stream TFM 

concentration and fDOM emission signal (R2 = 1 for four different sensors). Response factors 

between individual sensors ranged from 0.8-2.9 ΔfDOM per unit change in concentration (µM). 

Calibrations were fixed at the origin because zero ΔfDOM was assigned to the no-TFM condition. 

Using the calibration equation, ΔfDOM was converted to TFM concentration, resulting in a 

continuous time series (Figure 5, g-h). Additional calibration examples are in SI Section 9.  
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a)     b)    c)

 
d)     e)    f) 

 

g)     h) 

 
Figure 5. The signal correction and ex-situ calibration process: the a) discretized TFM concentration time 

series, b) raw fDOM signal, c) superimposed baseline identified in Origin, d) baseline corrected 
fDOM signal, e) ΔfDOM signal, f) linear calibration, g) continuous TFM time series (fDOM-
attributed), and h) overlay of the discretized and continuous time series. 

 

The attenuation of fluorescence signals from pre-treatment levels (ΔfDOM) can be 

attributed to light screening, a well-documented phenomenon that is caused by competitive 

absorption of incident light (e.g., in high DOC solutions).55,70,71  TFM absorbs light in the UV-A 

region at circumneutral pH (λpeak = 375 nm; Figure 3), which strongly overlaps with the fDOM 

sensor incident light (λexcite = 365 nm).20 We propose using ΔfDOM monitoring as an effective 
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quantification method for TFM or other compounds with similar optical properties (i.e., 

compounds that absorb light in the UV-A region and do not fluoresce near 480 nm). This method 

is applicable for waters with non-zero initial fDOM signals, considering there must be an adequate 

fDOM signal to attenuate by the light screening compound. 

There are benefits of in-situ analysis and ex-situ sensor calibration. Importantly, the 

increased signal acquisition frequency offers high temporal resolution compared to water sampling 

alone. Next, little supervision of the instrument is required once a dynamic calibration is achieved 

by sampling during concentration gradients. Finally, the relative change in fDOM signal (ΔfDOM) 

encompasses many water chemistry variables. Specifically, signal attenuation is distinct from true 

fluorescence quenching that is driven by changes in temperature, pH, or increased salinity and 

aqueous metal concentrations.72,73 Those parameters are assumed to be relatively constant for 

specific sites over the treatment timescale (~12-18 hours), allowing us to measure ΔfDOM rather 

than quantify and correct absolute fDOM measurements for comparison site to site.56,71  

Continuous concentration time series were developed for TFM in duplicate at the upper 

Fox River site, illustrating the reproducibility between independent sensors, robustness of ex-situ 

calibration, and accuracy of results (Figure 6). Assessing accuracy, the average concentration was 

18.3 ± 0.6 µM (RSD = 3.3%, n = 48) over a 9.7-hour period after the initial mixing period of the 

two lampricide blocks. “n” refers to the number of measurements included in the average 

calculation over the steady-state period. This average aligns with the target TFM concentration for 

this reach, 17.9 µM, which was set to maintain the SMLC of 11.6 µM for a reach ~2.7 km 

downstream.   
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The discrete time series at the lower site of the Fox River illustrates the complex 

combination of physical and reactive processes impacting TFM fate over the flow path. The 

average concentration, 14.5 ± 0.8 µM (RSD = 5.6%, n = 13), was typical of TFM treatments. 

Qualitatively, there is evidence of advection based on the 6-hour time of passage and evidence of 

dispersion of the lampricide block based on the tailing of the time series falling limb. However, it 

is difficult to discern how dispersion, transient hyporheic storage, and sorption-desorption 

dynamics individually contribute to the tailing of compound arrival time. Attributing compound 

behavior to specific mechanisms and determining mass lost to degradation reactions would require 

an extensive water balance to account for each converging lampricide block (Figure 2, a) and a 

tandem study on reactive and conservative tracers. 

 
Figure 6. The TFM concentration time series at the upper and lower sites on the Fox River. The continuous 

series (fDOM-attributed TFM concentrations) are shown with solid lines and the discrete sample 
concentrations are shown with square points (dashed at the lower site for clarity). 
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Driggs River Tracer Study 

At the Driggs River, we conducted a multi-tracer study over the short reach (i.e., 2.6 km; 

Figure 2, b) to characterize the dominant loss mechanisms and assess their role in TFM fate. 

Concentration time series for bromide, RWT, and uranine were determined at the well-mixed point 

and short reach (Figure 7). Following Equation 3 and Equation 4, discharge was determined at 

each site (0.68 and 0.77 m3/s, respectively) to calculate the mass recovered in the water column. 

Like the fDOM sensors, the submersible uranine and RWT fluorometers were individually 

calibrated ex-situ using analyte concentrations measured in water samples collected during the 

tracer study. 

The pulse injection of the three tracers was visibly consistent at the well-mixed point, but 

concentration time series and mass recoveries at the short reach varied between tracers. Because 

the well-mixed point was positioned immediately downstream of the application point, the 

concentration time series indicates a time of passage on the order of minutes. At the short reach, 

the bromide time series (Figure 7, a) illustrates advection (~3-hour time of passage) and dispersion 

of the chemical pulse. Following Equation 2 and Equation 5, we calculated a (112 ± 8)% bromide 

mass recovery, suggesting hyporheic exchange was transient and occurred over the study 

timeframe. Additional uncertainty in recovery could also be introduced by using a single discharge 

value. 

RWT and uranine were subject to the same physical processes over the flow path, but 

negligible RWT was recovered and only (10 ± 34)% of uranine mass was recovered at the short 

reach (Figure 7, b-c). The recovery differences between the conservative and reactive tracers 

suggest sorption and/or photodegradation can contribute to compound fate over the flow path being 
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treated with TFM. No tracers were detected at the distant site (D3) above our LoDs due to the mass 

of tracers used. 

a)       b)

  
c)        

 

Figure 7. Concentration time series for a) bromide, b) RWT, and c) uranine at the well-mixed point (D1) 
and short reach (D2) sites at the Driggs River. The continuous series are shown with solid lines 
and discrete samples are shown with square points. 
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Driggs River TFM Treatment 

Like the tracer study, major mechanisms impacting compound fate were assessed for TFM 

by developing a concentration time series (Figure 8) and calculating the mass recovered at each 

site. The well-mixed point concentration time series (site D1) resembled a stepwise breakthrough 

curve with little to no dispersion or broadening. The target TFM concentration was 11.6 µM 

(SMLC = 5.3 µM) and we observed an average TFM concentration of 12.1 ± 0.7 µM (RSD = 

5.7%, n = 301) being maintained for 10.7 hours, excluding the sharp rising and falling limbs. As 

with the Fox River, the target concentration near the application point was 2-3 times higher than 

the SMLC to maintain downstream concentrations by accounting for the gradual dilution caused 

by the net gain of water volume over the flow path. The steady-state concentration and low RSD 

are resultant of a) the continuous rate of mass injected relative to changes in discharge and b) the 

lack of opportunity for TFM to undergo physical processes, reactive processes, or phase transitions 

between the application site and the well-mixed point (i.e., 0.2 km). 

At the short reach (site D2), the 4-hour time of passage over a 2.8 km flow path from the 

application point allowed for environmental loss mechanisms to potentially occur. USFWS did not 

establish a target TFM concentration for this reach, but we calculated an average of 10.8 ± 1.3 µM 

(RSD = 12.3%, n = 173) over a ~10-hour window, which is 10% lower than the average 

concentration at the well-mixed point. Including the rising and falling limbs where concentrations 

were below the SMLC, the total exposure time was extended to over 15 hours due to curve 

broadening and tailing. At the short reach, in-stream TFM concentrations slowly increased over 

time and did not reach steady-state; concentrations at the end of the treatment window (12-16 hours 

from injection start) were closer to well-mixed point concentrations (~12 µM), indicating 

hyporheic pore saturation was likely occurring. 
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Figure 8. The concentration time series for TFM at the well-mixed point (D1), short reach (D2), and distant 

site (D3) at the Driggs River. The continuous series (fDOM-attributed TFM concentrations) are 
shown with solid lines and the discrete sample concentrations are shown with square points. 

 

Because of the longer flow path (11.2 km) and time of passage (12 hours) to the distant site 

(site D3), in-stream transport dynamics and gradual pore saturation were observed to a greater 

extent. The target TFM concentration was 8.7 µM (SMLC = 7.2 µM) and we calculated an average 

of 8.7 ± 1.2 µM (RSD = 13.6%, n = 3) over a 9-hour window, excluding the broader rising and 

falling limbs. This correlates to a 28% drop in average concentration from the well-mixed point. 

While our observation of non-steady concentrations and declining average concentration at 

downstream sites suggests physical processes control time series shape, reactive processes that are 

not destructive (sorption and desorption) may also play a role.  

The importance of degradation reactions was determined using a mass balance analysis, 

which was performed using USFWS river discharge values determined from stage-charge 



31 
 

 
 

relationships (Figure 9). Discharge at our short reach site was interpolated. Relative to the well-

mixed point, flow increased by 12% at the short reach and 53% at the distant site, demonstrating 

that the river is net gaining. 

a)       b) 

 
Figure 9. Driggs River discharge for July 26th, 2022, a) as a function of flow path distance from application 

and b) by site. 
 

Unlike the assessments of average concentration, the rising and falling limbs of the time 

series must be included to determine TFM mass with enough accuracy for site-to-site comparisons. 

This is especially true for downstream sites with greater tailing time of compound arrival. 

Although the average steady-state concentration dropped by 10% and 28% over the two flow 

paths, there were 18% and 51% losses in the total time-integrated concentration at the short reach 

and distant site, respectively. However, when accounting for comparable increases in river 

discharge, no TFM mass was lost within the uncertainty of our analysis (Figure 10). Masses of 

(64 ± 1) kg (well-mixed point; D1), (61 ± 2) kg (short reach; D2), and (64 ± 2) kg (distant site; 

D3) correspond to a (95 ± 4)% and (101 ± 4)% recoveries over the two flow paths, suggesting 
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concentration decreases were driven by dilution and degradation reactions had a negligible impact 

on TFM fate in the Driggs River over the treatment timescale. 

 
Figure 10. The mass of TFM recovered in-stream at each Driggs River site. 

 

A crude magnitude check was performed to assess mass accuracy. A five-gallon container 

of 33% active ingredient (ρ = 1.27 g/mL) contains ~8 kg of TFM.19 The masses we calculated 

equate to a lampricide volume of ~8 containers applied upstream of the well-mixed point, which 

aligns with treatment practices for a tributary of this volume. 

Laboratory Sorption  

To address how interactions between riverbed sediment and TFM may retard its time of 

arrival in-stream (i.e., cause tailing in the time series), we studied the sorption-desorption kinetics 

and equilibrium sorption distribution of TFM in laboratory batch experiments using sediment from 

the Driggs River. In kinetic experiments, sorption equilibrium was achieved within ~4 hours 

(Figure 11, a). Note the initial concentration of 12 µM TFM was chosen to reflect the steady-state 

concentration at the Driggs River well-mixed point. In a quantitative assessment of the first 30 

minutes (Figure 11, b), the first-order kinetic constant describing the rate of sorption (ksorb) was 
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calculated to be (0.23 ± 0.07) hr-1, corresponding to a characteristic time (τ) of 4.3 hours (Equation 

6 and Equation 7, respectively).  

a)            b) 

   
Figure 11. a) The aqueous concentration of TFM in (sacrificial) sorption kinetics reactors over 24 hours 

and b) the first-order kinetics of loss over the first 8 hours (linear, normalized). 
 

There has been little attention given to the sorption kinetics of TFM, but our observation 

of equilibrium being achieved within a day aligns with previous studies using 4-24 hour 

equilibration periods in batch laboratory studies.33,34 The relatively fast TFM sorption kinetics 

aligns with theory in that sorption kinetic constants are inversely related to equilibrium distribution 

constants (i.e., weakly sorbed compounds sorb quickly and highly sorbed compounds sorb 

slowly).74 

After 8 hours in the kinetic experiment, the equilibrium distribution coefficient (Kd) for 

TFM was calculated to be (1.1 ± 0.1) L/kg (following the mass balance and linear sorption model 

respectively described by Equation 9 and Equation 10). Higher organic content and finer texture 

of riverbed sediment increase the degree of TFM sorption,33 thus an organic-carbon normalized 

equilibrium distribution coefficient (Koc) is used to make objective comparisons across different 
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sediment types. When factoring the 0.96% fraction of organic content (ƒoc) in Driggs River 

sediment, the Koc value was calculated to be (116 ± 13) L/kg (Equation 11). We also conducted 

batch equilibrium experiments to establish a sorption isotherm over a range of initial aqueous 

concentrations (0-30 µM or ~1-6 mg/L). we calculated Kd to be (0.95 ± 0.07) L/kg, resulting in a 

Koc of 99 ± 14 L/kg (Figure 12, a). When the intercept was calculated normally (slightly deviating 

from theory), Kd was calculated to be (0.64 ± 0.05) L/kg, resulting in a Koc of 67 ± 9 L/kg (Figure 

12, b). Both interpretations of the data produce a good fit (R2
 > 0.95) and result in comparable Koc 

values that align with our observation in the sorption kinetics experiment and previously reported 

laboratory values of 35 – 290 L/kg near pH 7.33,34  

a)            b) 

 

Figure 12. The sorption isotherm for TFM at pH 7.2 with Driggs River sediment (ƒoc = 0.96 ± 0.11%) after 
12 hours of equilibration, shown with a line of best fit a) fixed and b) not fixed at the origin. 

 

Relating Koc to sorption behavior in natural sediment-water systems (i.e., the hyporheic 

zone), TFM has high environmental mobility according to both McCall’s soil mobility 

classification scheme (50 < Koc < 150 L/kg) and the soil mobility classification criteria established 

by the Food and Agricultural Association (mobile = 10 < Koc < 100 L/kg, moderately mobile = 
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100 < Koc < 1,000 L/kg).75–77 In additional to riverbed organic content, river pH will dictate TFM’s 

protonation state and its partitioning behavior. In most rivers, the majority of TFM is in its anionic, 

deprotonated state (TFM pKa = 6.38, Driggs River pH = 7.9).20,78 In this form, TFM has high 

solubility (5,000 mg/L at 25 °C) and weakly sorbs to sediment.79 Koc values broadly classify 

compound mobility in the environment, but in river systems specifically, Koc influences the 

retardation factor (R) that describes tailing arrival times. From the fast sorption kinetics and weak 

sorption to sediment we observed in the laboratory, the majority of TFM is expected to remain in 

the water column where retardation is governed by a combination of physical processes like in-

stream dispersion and transient hyporheic fluxes. 

Some organic compounds sorb to sediment irreversibly or only desorb over long periods 

(i.e., weeks to months).74 There is some evidence that TFM sorption is irreversible,13,31,80–82  

while other studies report readily reversible sorption.29,33 We conducted batch experiments using 

TFM-laden sediment from the Driggs River and buffered, ultrapure water to determine a 

desorption kinetic constant (kdesorb) of (0.19 ± 0.06) hr-1, which corresponds to a characteristic 

time (τ) of 5.4 hours (Figure 13, Equation 8). At equilibrium (t = 15.3 hours), Kd and Koc were 

respectively calculated to be 6.8 and 707 L/kg using a mass balance approach. These values are 

higher than expected, indicating sorption may not be fully reversible. Although TFM is not very 

sorptive and can readily desorb, the fraction that remains sorbed may be initially non-labile, 

contribute to low-level legacy concentrations in-stream, and biotransform in the hyporheic 

zone.74,83 
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a)       b)

   

c)       d) 

   
 
Figure 13. The kinetics of TFM desorption from sediment shown as a) increasing aqueous concentration 

and b) increasing aqueous concentration normalized by the maximum, equilibrium concentration 
at t = 15.3 hours. c) Loss from the sediment phase followed first-order kinetics and d) the 
desorption kinetic constant was modeled following Equation 8. 

 

Laboratory Microcosms 

The fraction of TFM that sorbs to hyporheic sediment or remains in hyporheic porewater 

is susceptible to biotransformation processes, including reversible reduction to RTFM (non-

destructive) or biodegradation to yield lower molecular weight compounds (destructive).12,13 

Using sediment and water from the Fox and Driggs Rivers, we quantified TFM biodegradation 

kinetics in laboratory batch microcosm experiments (Figure 14, a-b).  
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a)              b) 

   
 
c)             d) 

   
Figure 14. The percent recovery of aqueous TFM in batch microcosm experiments using water and 

sediment from the a) Fox and b) Driggs Rivers. The initial sorption kinetics are better visualized 
for the c) Fox and d) Driggs Rivers. 

 

In abiotic control and water-only microcosms (“aqueous microbes” in the figure), TFM 

concentration remained constant. In the sediment-water microcosms, TFM loss followed pseudo-

first-order with half-lives (Equation 13) of 6.0 ± 0.2 days (Fox) and 7.9 ± 0.1 days (Driggs). TFM 

was not detected after 35 days. There is no previous evidence of TFM biodegradation in the water 

column or sediment-free systems,79,84 but biodegradation in sediment-water systems has been 

reported with half-lives of 2.1 days (anaerobic)85 and 5.4 days (aerobic)86. After 14 days, DO was 
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~8 mg/L in the abiotic control and water-only microcosms, but only ~4 mg/L in sediment-water 

microcosms (Figure 32, SI Section 11). This indicates oxygen-consuming, aerobic microbial 

processes were occurring in the sediment-water microcosms. 

Sorption equilibrium in sediment-water microcosms was achieved in the first ~10 hours of 

incubation (Figure 14, c-d), which aligns with the equilibrium time observed in our TFM sorption 

kinetics experiments (Figure 11). As expected, TFM was slightly sorptive. For both Fox and 

Driggs sediment-water microcosms, a ~15% drop in concentration correlates to a Koc of 32 L/kg, 

which is within a factor of three of the Koc values we determined in isotherm studies (Figure 12). 

It is evident that sediment microbial communities native to the treatment sites can degrade 

TFM within days to weeks. Similar organic carbon content between the Fox and Driggs River 

sediment (respective ƒoc values = 1.34 ± 0.06% and 1.19 ± 0.09%, remeasured for microcosms), 

resulted in the same degree of TFM sorption between microcosms. In addition, microbial 

abundance and composition are linked to organic content, explaining the similarity in TFM 

biodegradation kinetics. 

In-situ Sediment Column Studies 

 Batch sorption experiments provide valuable information on compound mobility, but do 

not capture the complexity of the environment. To assess how sorption behavior in laboratory 

experiments translates to TFM fate in treated rivers, we operated a stream-side sediment column 

to simulate a vertical, ‘homogenous’ hyporheic flow path. River water was pumped directly into 

the column influent during both the Driggs River tracer study and the TFM application. 

 During the tracer study, we observed the elution of each tracer in column breakthrough 

curves (Figure 15) and used the average column flow rate (0.19 L/hr) to calculate mass recoveries. 
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The pulse injection visible in the influent time series is the same well-mixed point (site D1) 

concentration profile from the Driggs River tracer study. Assessing bromide breakthrough, lower 

effluent concentrations and curve broadening closely resembles the time series at the short reach 

(Figure 6, a), illustrating the importance of physical transport processes. From integration of the 

breakthrough curve, we observed complete conservation of bromide over the column flow path 

with a (99 ± 45)% mass recovery. There was complete loss of RWT and a (5 ± 11)% uranine mass 

recovery. The elution behavior of all three tracers corroborates the concentration time series at the 

short reach, indicating a complex combination of sorption and physical transport influence 

compound fate overall. 

There is value in translating laboratory constants to field conditions using flow-through, 

in-situ studies, but environmentally relevant column studies are challenging and have their 

limitations.87–89 In our study, microbial degradation of the fluorescent tracers could occur, but is 

assumed negligible over the <4-hour elution time. Another consideration is the low in-stream 

concentration of fluorescent tracers (i.e., there was complete loss in some scenarios). Lastly, the 

significant loss of uranine in the column study was unexpected. Rapid photodegradation of uranine 

in the effluent container cannot be disregarded, but uranine retention to column sediment is 

unlikely based on negligible sorption observed in batch laboratory experiments (SI Section 10). 
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a)       b) 

  

c) 

 

Figure 15. Time series of a) bromide, b) RWT, and c) uranine in the column influent (in-stream, at the 
well-mixed point) and effluent. 

 

The TFM column study served to evaluate TFM-sediment interactions under steady-state 

conditions. During treatment, the continuous rate of lampricide injection over a longer period, as 

well as the constant column flow rate, allowed the influent (i.e., well-mixed point; site D1) and 

effluent concentrations to respectively reach steady-state (Figure 16). The average effluent 

concentration was 8.3 ± 0.1 µM, which corresponded to a 31% decrease from the well-mixed point 

concentration (12.1 ± 0.7 µM). The average flow rate into the column was inadvertently higher 

during TFM treatment (0.32 L/hr), resulting in a shorter residence time (θ = 1.5 hours) for the same 
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water volume (0.5 L). Based on the microcosm results, biodegradation kinetics are negligible 

relative to the column residence time, deeming the column experiment primarily a flow-through 

study on compound sorption. We determined a rate of loss over the column flow path to be -2.5 

µM/hr, which corresponds to a pseudo-first-order kinetic constant (kcolumn) of 0.2 hr-1 and 

characteristic time (τ) of 5 hours (Equation 1). Despite the limitations and challenges associated 

with column studies, especially when conducted in-situ, the kinetics are comparable to those 

observed in laboratory batch experiments (ksorb = 0.08 hr-1, τ = 12.5 hours). 

a)        b) 

 
Figure 16. a) The TFM time series for the column influent (well-mixed point) and effluent, b) the average 

steady-state concentrations. 
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Laboratory Photodegradation Study 

Photodegradation is a known mechanism of TFM loss based on laboratory 

experiments,15,20,28,90 but the conservative behavior of TFM we observed during treatment led us 

to investigate photodegradation kinetics and reaction efficiencies (quantum yields) under a variety 

of photochemical conditions. In laboratory photochemistry experiments, TFM and uranine were 

irradiated using 365 ± 9 nm (UV-A) light. RWT, our photostable tracer, was studied for 

completeness (SI Section 12). 

TFM photodegradation (20 µM) followed first-order kinetics in ultrapure water with a 

direct photodegradation rate constant (kscreened) of (1.16 ± 0.02) × 10-4 s-1 (t1/2 = 1.9 hr; Figure 17, 

a, Equation 14, Equation 15, and Equation 16). This corresponds to a quantum yield (Φ) of (8.6 

± 0.2) × 10-5 (Equation 17) which aligns with previously reported values (8.0 x 10-5 to 1.4 x 10-3) 

near pH 7.5-8 using ~365 nm light.20,28,91 TFM is not susceptible to indirect photodegradation,90 

which was confirmed by irradiating TFM in water from the Fox and Driggs Rivers (i.e., the 

observed photodegradation rate did not increase in the presence of DOM (Figure 17, b). Rather, 

DOM from this system could have contributed to minor rate inhibition.92,93  

Uranine (1 µM) also degraded following first-order kinetics with a direct photodegradation 

rate constant (kscreened) of (4.1 ± 0.2) × 10-5 s-1 (t1/2 = 4.7 hr; Figure 18, a). We calculated a quantum 

yield of (9.7 ± 0.6) × 10-5, which is similar to values reported under visible light, (1.5-6.5) x  

10-5.94,95 Insignificant differences between the control solution and natural waters indicate indirect 

photodegradation also did not occur for uranine (Figure 18, b). For both TFM and uranine, direct 

photodegradation rate constants were considered in comparisons between measured laboratory 

kinetics, measured in-situ studies, and modeled in-stream kinetics.  
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a)        b) 

     

Figure 17. Laboratory photodegradation kinetics of 20 µM TFM under 365 nm light (pH 7.9, light 
screening corrected) shown as a) linear, normalized concentration loss and b) the resultant first-
order kinetic constants for each matrix.  

 

a)        b) 

    

Figure 18. Laboratory photodegradation kinetics of 1 µM UR under 365 nm light (pH 7.8, light screening 
corrected) shown as a) linear, normalized concentration loss and b) the resultant first-order 
kinetic constants for each matrix. 
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In-situ Photodegradation Study 

The laboratory irradiations suggest TFM is more photolabile than uranine, which differs 

from our observations during treatment (i.e., TFM was conserved and uranine degraded 

significantly). Therefore, we investigated how the two different light sources (365 nm light vs. 

sunlight) impact photodegradation kinetics by performing outdoor sunlight irradiations near the 

treatment site.  

While TFM (18.7 µM) and uranine (1.29 µM) both photodegraded in the in-situ 

experiment, kinetics decreased for TFM and increased for uranine relative to laboratory kinetics 

(Figures 19 and 22, a).  For TFM, the photodegradation rate constant (kscreened) was determined to 

be 5.1 × 10-6 s-1 (t1/2 = 38 hr), which is slow compared to uranine in-situ kinetics (kscreened = 2.3 × 

10-4 s-1; t1/2 = 0.8 hr). For reference, sunlight experiments previously conducted with 22.5 µM TFM 

revealed a half-life of t1/2 = 72 hours.28  

The difference between laboratory and in-situ half-lives is magnitudes larger for TFM (2 

hours vs. 38 hours) than for uranine (5 hours vs. 1 hour). Photodegradation kinetics are 

concentration-dependent and direct comparison is possible because experiments were conducted 

at environmentally relevant concentrations reflective of field conditions. Variable light intensity 

throughout the day caused by dynamic weather conditions and intermittent cloud cover resulted in 

a deviation of measured photodegradation kinetics from first-order loss, illustrated by lower R2 

values compared to laboratory kinetics. 
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a)              b) 

  

         c) 

 
Figure 19. The in-situ photodegradation kinetics for triplicate irradiated solutions and a dark control 

solution of a) 18.7 µM TFM in Fox River water and b) 1.29 µM uranine in ultrapure water. All 
kinetics were corrected for light screening. Panel c) depicts an overlay of kinetics for both 
compounds. The experiment began at 9:20 AM EST on August 3, 2022 (concluded at 9:30 PM). 

  

The difference between laboratory and in-situ photodegradation kinetics for each 

compound is driven by their variable rates of light absorption, which are a function of light 

intensity (Equation 18). The degree of overlap between irradiance and the molar absorptivity of a 

compound governs its rate of light absorption (i.e., it defines its photochemical action spectrum; 
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Figures 3 and 4, c).23 The high intensity and narrow wavelength distribution of the 365 nm bulbs 

greatly differs from natural solar irradiance. In sunlight, TFM exhibited lower rates of light 

absorption relative to uranine, which has strong absorption in the visible light region (Figure 20). 

Over 200-800 nm, the integrated rate of light absorption was determined hourly (Figure 21) to 

calculate a diurnal average for TFM (kabs,TFM = 0.3 s-1) and uranine (kabs,UR = 1.7  

s-1). This contrasts laboratory experiments, where TFM absorbed incident light faster than uranine 

during (kabs,TFM = 1.1 s-1 vs. kabs,UR = 0.4 s-1) because its peak absorbance closely overlaps with the 

365 nm bulb irradiance (Figure 22, b). Following Equation 19, the rate of light absorption directly 

impacts photodegradation kinetics, which is evident based on each batch experiment.  

a)              b) 

   
Figure 20. Hourly rates of light absorption for a) TFM and b) uranine modeled over the relevant solar 

spectrum (280-800 nm). 



47 
 

 
 

 
Figure 21. The integrated rates of light absorption for TFM and uranine modeled throughout treatment day. 

The diurnal averages are shown with dashed lines in blue (TFM, kabs = 0.3 s-1) and orange 
(uranine, kabs = 1.7 s-1). 

 

Variable photodegradation kinetics under different light sources were also driven by 

changing quantum yields. Following Equation 19, the in-situ kinetic constants and in-situ 

integrated rates of light absorption were used to calculate “environmental” quantum yields which 

account for longer wavelengths in the solar spectrum. For TFM and uranine, the diurnal average 

environmental quantum yields were calculated to be 3.1 × 10-5 and 3.7 × 10-4, respectively (Figure 

22, c). Like the kinetic constants, quantum yield decreased by a factor of ~3 for TFM and increased 

by a factor of ~4 for uranine relative to laboratory findings. However, the difference is much larger 

for uranine. This is because the quantum yield of compounds that absorb light over a broad 

wavelength range (i.e., dyes like uranine) may exhibit more wavelength dependence.23,67,91,96–99 

However, quantum yields can also be wavelength-independent in solution, so laboratory values 

determined using fixed-wavelength bulbs are commonly used to predict photochemical fate in 

aquatic systems.2,3,69,97,100,101 For TFM, a lower environmental quantum yield contributed to slower 

degradation kinetics, yet the change between laboratory and in-situ is relatively smaller because 
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of its peak UV-A absorption. The magnitude and direction of changes in light absorption and 

reaction efficiency demonstrate how variable irradiance impacts the photodegradation kinetics of 

a compound based on its specific optical properties. Overall, the in-situ experiment suggests TFM 

is less photolabile under environmental conditions than under laboratory conditions, but the slower 

in-situ kinetics agrees with our field observations. 

a)     b)     c) 

 
Figure 22. Laboratory and in-situ a) photodegradation kinetic constants, b) integrated rates of light 

absorption, and c) quantum yields for TFM and uranine. 
 

Model-Predicted In-stream Photodegradation Kinetics 

Model-predicted values may overpredict loss in the environment. For comparison with the 

measured values from laboratory and in-situ batch experiments, we predicted environmental, or 

“in-stream”, photodegradation kinetic constant using the laboratory quantum yield and modeled 

solar spectra. The solar spectra  First, kinetic constants predicted based on continuous noontime 

irradiance overestimate loss compared to diurnal average values (Figure 23, Equation 19). The 

in-stream kinetic constant for TFM was lowered from 7.3 × 10-5 s-1 (t1/2 = 2.6 hr) to 2.7 × 10-5 s-1 

(t1/2 = 7.0 hr) and uranine kinetic constants were lowered from 4.3 × 10-4 s-1 (t1/2 = 0.5 hr) to 1.7 × 

10-4 s-1 (t1/2 = 1.7 hr). 
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Figure 23. The predicted environmental photodegradation kinetic constants for a) TFM and b) uranine. 

The diurnal average is indicated by the dashed line. 
 

Rates of loss are also overestimated by not accounting for environmental complexities such 

as cloud cover, turbidity and rapid mixing in rivers, in-stream light scattering by analytes or other 

dissolved organic compounds, and light attenuation down the water column.102–104 The measured 

and modeled kinetic constants discussed thus far apply to the near-surface conditions (test tubes 

or the top 1 cm of the water surface). As light attenuates throughout the water column, decreasing 

intensity and lower rates of light absorption slow photodegradation. Therefore, we repeated our 

analysis with variable path lengths up to max depth (60 cm) to obtain depth-integrated kinetic 

constants (Figure 24). For the average depth scenario (30 cm) photodegradation greatly decreased 

for TFM and uranine, with respective kinetic constants of 1.8 x 10-6 s-1 (t1/2 = 109 hr) and 7.4 x 10-

6 s-1 (t1/2 = 26 hr) for uranine (Figure 25).  
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w 24. Model-predicted photodegradation kinetic constants (diurnal averages) for TFM and uranine as a 

function of water column depth (light path length). 
 

 
Figure 25. Measured and modeled photodegradation rate constants for TFM and uranine. Note the 

logarithmic scale. Measured values are lightly colored and modeled values are shaded. 
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The depth-integrated kinetic predictions are in good agreement with both the in-situ 

kinetics and our field observations in that TFM is less photolabile than laboratory experiments 

suggest. The laboratory, in-situ, and model-predicted values corroborate the laws of 

photochemistry in multiple ways. First, the model predictions based on laboratory quantum yields 

underestimated the difference in kinetics between TFM and uranine that was measured in-situ, 

highlighting the need to calculate environmental quantum yields for compounds that absorb light 

over a broad range of wavelengths. This difference was minimal for TFM compared to uranine. 

Next, it is evident from the constants averaged over 30 and 60 cm depth that modeled values 

overpredict photodegradation kinetics when light attenuation is not considered. Lastly, all 

scenarios that include solar irradiance (in-situ measured and all modeled values) predict faster loss 

of uranine compared to TFM, which aligns with our tracer study and treatment observations. This 

agreement demonstrates the power of in-situ studies to replicate field results and the importance 

of characterizing photochemical conditions when predicting the aquatic fate of photolabile 

compounds. 

Major Mechanisms Influencing TFM Fate 

In the Driggs River, net water gains and physical dispersion respectively lowered the in-

stream concentration of TFM (i.e., diluted TFM) and increased the exposure time at downstream 

sites (i.e., broadened the time series), but TFM behaved conservatively overall as degradation 

reactions did not dominate its fate. There is also evidence that transient hyporheic storage 

controlled the concentrations (i.e., the time series shape) based on non-steady-state conditions and 

tailing at downstream sites. Weak TFM-sediment interactions and rapid sorption-desorption 

kinetics under river conditions (neutral pH) indicate any retention or retardation of TFM is more 
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so driven by rapid hyporheic fluxes than sorption. Hyporheic dynamics play a role, but storage 

was transient (~hours) based on full mass recoveries of bromide and TFM within a day. 

While biodegradation is negligible in the water column based on microcosm results, 

biodegradation in sediment-water systems (i.e., the hyporheic zone) is relevant. Reincorporation 

of TFM back into the water column over treatment timescales indicates subsurface residence times 

were low,40,105 thus the opportunity for microbial metabolism and related biogeochemical 

processes to transform TFM was minimal in the Driggs River. Storage was transient in this study, 

but previous studies have observed long-term storage and release beyond treatment timescales.2 

Mixed findings agree with our hypothesis that hyporheic processes impact fate, but subsurface 

residence times are highly dependent on individual river characteristics like streambed 

morphology and precipitation events. 

Because the majority of TFM is expected to remain in the water column, photodegradation 

is thought to be relevant based on rapid kinetics in laboratory studies. However, laboratory kinetics 

do not account for the impact of variable irradiance on the rate of light absorption and quantum 

yield. Like hyporheic processes, variable photochemical conditions can be difficult to model 

because of environmental complexities like cloud cover, attenuation throughout the water column, 

or competitive light absorption in high DOC waters. In general, we conclude the majority of TFM 

will travel long distances untransformed (i.e., to Lake Michigan), which corroborates previous 

research.2,13  
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CONCLUSIONS 

Quantifying dynamic interactions between in-stream and hyporheic processes is 

challenging. Predicting the true fate of a compound in the environment requires synthesis of field 

observations, laboratory experiments, in-situ studies, and theoretical models alongside information 

on dose, when applicable and available. We propose a novel approach to continuously quantify 

light-screening compounds in-situ using ΔfDOM, thereby increasing the accuracy and temporal 

resolution of in-stream measurements. We also form broad conclusions on TFM fate by 

establishing a research framework that includes the dominant physical and chemical loss 

mechanisms. Kinetic and equilibrium constants describing individual mechanisms were robustly 

investigated by considering both batch and flow-through style experiments under laboratory and 

treatment conditions. This synergistic approach is broadly applicable to better understand and 

predict the fate of polar organic compounds with unknown origins and non-point sources in river 

systems.  

  



54 
 

 
 

SUPPLEMENTAL INFORMATION 

Section 1. Chemicals 

All chemicals were used as received. The Fox River and Driggs River were treated with a 

liquid TFM formulation containing 33% active ingredient (Iofina Chemical, Inc. and Weylchem). 

Smaller tributaries of the Fox River were treated with TFM bars (23% active ingredient, Iofina 

Chemical, Inc.) that dissolve between 8-12 hours depending on stream velocity.19,106,107 18 MΩ-

cm ultrapure water from a Milli-Q purification system was used to prepare analytical standards, 

aqueous HPLC mobile phases, and buffers used in sediment sorption reactors and photochemistry 

control samples. 

TFM solid standards (99% purity) for laboratory experiments were purchased from Acros 

Organics and Tokyo Chemical Industry (TCI). Uranine solid standard (96.1% purity) was 

purchased from TCI. A 20% (v/v) Rhodamine WT solution in water was purchased from Acros 

Organics. Bromine Booster (99% NaBr solid) was purchased from Spa Choice. 4-Nitroanisole 

solid (99%, CAS 100-17-4) was purchased from Acros Organics. Pyridine (99%+, CAS 110-86-

1) was purchased from Alfa Aesar. Acetonitrile (HPLC grade, CAS 75-05-8) was purchased from 

Fisher. Monobasic potassium phosphate (CAS 7778-77-0) and dibasic potassium phosphate (CAS 

7778-11-4) were purchased from Sigma Aldrich. Dibasic sodium phosphate (CAS 7558-79-4) was 

purchased from EMD Millipore. pH 4 and 10 probe calibrants were purchased from Aqua 

Solutions. Sodium hydroxide pellets (98% purity, CAS 1310-72-3) were purchased from 

Macron/Avantor. Ammonium acetate (99.2% purity, CAS 631-61-8) was purchased from 

Honeywell (Fluka). Bromide standard was purchased from inorganic ventures. Formic acid (CAS 

64-18-6) was purchased from Fisher Chemical.  
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Table 1. Chemical information for the organic analytes studied. 

Compound information Structure 

Name 3-trifluoromethyl-4-nitrophenol 
(TFM) OH

CF3

NO2  

Molecular formula C7H4F3NO3 
Molecular weight 207.1 g/mol 

CAS 88-30-2 
Acid dissociation 

constant20 pKa = 6.38 

Peak absorbance 
(in water) 

295 nm (pH < pKa, phenol) 
395 nm (pH > pKa, phenolate anion) 

Name Uranine (UR) 
(fluorescein disodium salt) 

 

Molecular formula C20H10Na2O5 

Molecular weight 376.27 g/mol 
CAS 518-47-8 

Acid dissociation 
constant(s)108,109 

pKa1 = 2.08 
pKa2 = 4.31 
pKa3 = 6.43 

Peak absorbance 
(in water) 

491 nm 
(pH > pKa3, xanthene dianion) 

Name Rhodamine-WT (RWT) 
(meta-para isomer mixture) 

 

Molecular formula C29H29ClN2Na2O5 
Molecular weight 566.99 g/mol 

CAS 37299-86-8 

Acid dissociation 
constant(s)48 

pKa1,meta = 2.8,  pKa1,para = 2.8 
pKa2,meta = 3.5,  pKa2,para = 3.6 
pKa3,meta = 4.4,  pKa3,para = 4.4 

Peak absorbance 
(in water) 

556 nm (pH > pKa3, iminium cation 
and two anionic carboxylates) 
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Figure 26. The molar absorptivity of TFM, UR, and RWT in water at pH 7.5 (5 mM phosphate) as a 
function of wavelength, with respective peak absorbances at 375, 491, and 554 nm. 
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Section 2. Field Sites 

Table 2. Site coordinates and stream flow paths from the most upstream 1° application points (AP) and the 
closest 2° application point. 

 

 

 

 
Figure 27. Three depth profiles collected at the Driggs River well-mixed point. In-stream photodegradation 

kinetics were modeled for the max depth (60 cm) and average depth (30 cm) scenarios. 
 

1° AP or study site Coordinates 
Distance 

from 1° AP 
(km) 

Distance from 
nearest 2° AP 

(m) 
Fox 1° AP (Casey Lake outlet) 46.51641, -86.05042 -- -- 
Fox Upper 46.50692, -86.04978 2.0 240 
Fox Lower 46.47206, -86.06507 7.6 80 
Driggs 1° AP (Driggs Truck Trail) 46.44822, -86.18794 -- -- 
Driggs well-mixed point 46.44747, -86.18713 0.2 -- 
Driggs Short Reach 46.43391, -86.17629 2.8 -- 
Driggs Distant Site 46.40525, -86.13937 11.2 -- 
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         a)        b) 

 
Figure 28. Stream-side sediment packed column during a) TFM treatment (fDOM sensors) and b) the 

tracer study (fluorometers). 
  



59 
 

 
 

Section 3. Pre-treatment Sampling 

Background water chemistry parameters are summarized in Table 10 (SI Section 8). A 

month before the two treatments, bulk sediment and river water samples were collected from the 

Fox and Driggs Rivers and transported back to UW-Madison for characterization and use in 

laboratory experiments. Using a shovel, sediment was collected from the top few centimeters of 

the riverbed and sealed in 10-gallon buckets. Bulk surface water samples were collected in 4-liter 

amber jars and immediately stored on ice in the dark. All glassware was amber and baked at 450 

°C for 8 hours before sampling. The pretreatment samples were transported within 48 hours and 

then stored in the dark at 4 °C. Upon arrival, the water was vacuum filter sterilized (0.45 µm, 

nylon). 

Section 4. Fox River TFM Sampling Scheme 

On July 22, 2022, the 1° application near Casey Lake outlet began at 7:30 a.m. EST and 

the 2° application immediately above our upper site began at 9 a.m. At the upper site, duplicate 

fDOM sensors were deployed with acquisition frequencies of 2-5 minutes and water samples were 

collected at 5-minute intervals from 7:45–11 a.m. Thereafter, samples were collected every 10 

minutes from 11–12 p.m., then every 30 minutes from 12–2 p.m. Samples were collected on the 

hour from 2–7 p.m., every 30 minutes from 7–8 p.m., and every 20 minutes from 8–9:40 p.m. 1 

sample was collected every day for 4 days following treatment. 

As for the lower site, TFM from the upstream applications began appearing around 1:30 

p.m. The 2° application immediately upstream of the lower site began at 1:43 p.m. Samples were 

collected every 30 minutes from 12–8 p.m., then collected on the hour from 8 p.m.–2 a.m. (July 

23rd). The nearby 2° application halted at ~2 a.m. and samples were collected every 10 minutes for 
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the following hour (2–3 a.m.). From 3–4 a.m., samples were collected every 20 minutes. For the 

four days following treatment, 1-3 daily samples were collected from both sites. 

 

Figure 29. Further annotation of the Fox River time series at the upper site (details mixing of two upstream 
applications). 
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Section 5. Driggs River TFM Sampling Scheme 

On July 27, 2022, application began at Driggs Truck Trail at 5 a.m. during a period of 

heavy precipitation. There were clear skies in the afternoon and evening. An fDOM sensor was 

deployed at the well-mixed point and the short reach. At the well-mixed point, samples were 

collected every five minutes from 4:55—6 a.m. to capture the steep rising limb during treatment 

start. Samples were collected every 10 minutes until 6:30 a.m. Samples were collected at 3 p.m., 

4 p.m., and 5 p.m. before rapid sampling began again. Application halted at 5 p.m. and samples 

were collected every five minutes to capture the rapid falling limb from 5—5:30 p.m. Samples 

were collected every 15 minutes until 6 p.m. and another sample was collected at 7 p.m. A single 

sample was collected the following day and three days later. For the sediment column effluent, 50-

60 mL was accumulated in a large syringe every ~10 minutes from 5:15—6:10 a.m. Tailing of the 

time series was expected, thus effluent samples were collected later in the day from 3:20—7 p.m. 

Another volume was collected the following day. 
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Section 6. Driggs River Tracer Sampling Scheme 

At 9:30 AM on July 31, 2022, a pulse injection of uranine, RWT, and bromide was 

conducted at the 1° application point on the Driggs. 56 g of uranine stock solution, 115 g of RWT 

stock solution, and 7.3 kg NaBr solid were added to a 55-gallon bin containing river water. The 

tracer solution was mixed before injection. At the well-mixed point downstream, several samples 

were collected before injection to assess background signals. Samples were rapidly collected 

(every 1-2 minutes) from 9:35 – 9:47 a.m., then every 5–15 minutes until 10:30 a.m. Thereafter, 

samples were collected every 20-30 minutes until 1:30 p.m. Like TFM treatment, time-integrated 

samples were slowly collected from the column effluent container at ~10-30-minute intervals. At 

the short reach, samples were collected every 10-20 minutes from 11:30 a.m.–2:40 p.m. 

Background samples were periodically collected immediately before and after the pulse was 

expected. In the two days following the tracer study, a sample was collected from the well-mixed 

point, column effluent container, and the short reach to potentially observe legacy concentrations. 
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Section 7. Analytical Methods 

Table 3. TFM single analyte assay: DAD/MWD detection (standard C18 column) 

TFM HPLC Method: 120 EC-C18 
Method Name  

Column Agilent InfinityLab Poroshell 120 EC-C18 (3.0 x 50 mm) 2.7 um 
Guard column Agilent InfinityLab Poroshell 120 EC-C18 (3.0 x 5 mm) 2.7 um 

Flow Rate 0.5 mL/min 
Mobile Phase A 0.1% Formic Acid 
Mobile Phase B 100% ACN 

Elution Isocratic: 65% A, 35% B 
Method Duration 3.0 min 
Injection volume 50 μL 

Column Temperature 30⁰ C (Combined Compartment) 
DAD Parameters  

Detector Diode-Array Detection (DAD)/Photodiode-Array Detection (PDA) 
Absorbance Wavelength 300 nm 

Bandwidth 4.0 nm 
Reference Wavelength 450 nm 
Reference Bandwidth 100 nm 

Peak width >0.10 min (2.0 s response time) (2.5 Hz) 
Zero Offset 5% 
Attenuation 1000 mAU 

Margin for Negative 
Absorbance 100 mAU 
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Table 4. TFM single analyte assay: DAD/MWD detection (C18 column with embedded polar groups) 

Agilent HPLC 1260 Infinity Method: TFM, on C18 with Amide Embedded Polar Group (EPG) 

Method/ 
Column Info 

Method Name LDA_TFM_BONUS RP.M - or - 
LDA_TFM_BONUS RP_50 uL.M 

Column Agilent InfinityLab Poroshell Bonus-RP (3.0 x 
100 mm) 2.7 um 

Guard column Agilent InfinityLab Poroshell Bonus-RP (3.0 x 5 
mm) 2.7 um 

Binary Pump 

Flow Rate 0.55 mL/min 

Mobile Phase A 10 mM NH4CH3CO2 adjusted to pH 7.5 (w/ 
NaOH), 0.2 um filtered 

Mobile Phase B 100% ACN 
Elution Method Isocratic: 45% A, 55% B 
Method Duration 4.5 min (5.75 min with transition time) 

Sampler 
Injection volume 20 uL (was 30 uL) – or – 50 uL 
Draw Speed 200 uL/min 
Eject Speed 200 uL/min 

Column Compart. Temperature 30⁰ C (Combined) 

Multi-Wavelength 
Detector (MWD) 

(HPLC 2) 
or 

Diode-Array 
Detection (DAD)/ 
Photodiode-Array 
Detection (PDA) 

(HPLC 1) 

Absorbance Wavelength 375 nm 
Bandwidth 4 nm 
Reference Wavelength 450 nm 
Reference Bandwidth 100 nm 
Peak width >0.10 min (2.0 s response time) (2.5 Hz) 
Zero Offset 5% 
Attenuation 1000 mAU 
Margin for Neg. Absorbance 100 mAU 
Auto-balance Prerun 

Additional MWD 
Parameters 

Slit 4 nm 
Visible Lamp Off 
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Table 5. TFM single analyte assay: MS/MS detection. 

LCMS Method: TFM on 120 Bonus-RP (Amide Column) 

Method/ 
Column Info 

Method Name LDA_TFMQuickAssay.m 

Column Agilent InfinityLab Poroshell Bonus-RP (3.0 x 100 
mm) 2.7 um 

Guard column Agilent InfinityLab Poroshell Bonus-RP (3.0 x 5 mm) 
2.7 um 

 
 

Flow Rate 0.55 mL/min 
Mobile Phase A (100%) 0.2% Formic Acid, 0.2 um filtered 
Mobile Phase B (100%) Methanol 

Elution Method 

Gradient: 

Time 
(min) A (%) B (%) Flow 

(mL/min) 

Max 
Pressure 
Limit (bar) 

0.00 60 40 0.55 400 
0.50 5 95 0.55 400 
2.00 5 95 0.55 400 
2.10 60 40 0.55 400 
5.00 60 40 0.55 400 

 

Method Duration 5 min 
Sampler Injection volume 25 uL 
Column 

Compartment Column Temperature 50⁰ C (Combined Compartment) 

detection Scan type MRM 
 Drying gas temp 300 C 
 Drying gas flow 7 L/min 
 Nebulizer pressure 45 psi 
 Sheath gas temp 350 C 
 Sheath gas flow rate 10 L/min 
 Capillary 3500 V 
 Nozzle voltage 500 V 
 Ionization mode AJS Electrospray ionization 

 

Target 
Analyte 

Precursor 
Ion 

Retention 
Time 

Fragmentor 
Voltage 

Product 
Ion 

Collision 
Energy 
Voltage 

Dwell 
time 

Cell 
accelerator 

m/z min V m/z V s V 

-TFM 206 2.4 125 160 16 100 4 
176 12 100 4 

  



66 
 

 
 

Table 6. PNA single analyte assay: DAD/MWD detection 

Agilent HPLC 1260 Infinity Method: para-nitroanisole (PNA) by C18 reverse phase 
chromatography  

Method/ 
Column 

Method Name LDA_PNA.M 

Column Agilent InfinityLab Poroshell 120 EC-C18 (3.0 x 100 
mm) 2.7 um 

Guard column Agilent InfinityLab Poroshell 120 EC-C18 (3.0 x 5 
mm) 2.7 um 

Binary Pump 

Flow Rate 0.6 mL/min 
Mobile Phase A 0.1 % Formic Acid in MQ 
Mobile Phase B 100% ACN 
Method Duration 2.5 min (3.5 min with transition time) 
Elution Method Isocratic (55% A, 45% B) 

Sampler 
Injection volume 5 µL 

Draw Speed 200 µL/min 
Eject Speed 200 µL/min 

Column 
Compartment 

Column 
Temperature 30⁰ C (Combined Compartment) 

Multi-
Wavelength 

Detector (MWD) 

Wavelength 314 nm 
Bandwidth 4 nm 

Ref. Wavelength 400 nm 
Ref. Bandwidth 16 nm 

Peak width >0.1 min (2 s response time) (2.5 Hz) 
Zero Offset 5% 
Attenuation 1000 mAU 

Margin for Neg. 
Absorbance 100 mAU 

Slit 4 nm 
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Table 7. Uranine single analyte assay: DAD/MWD detection. 

Agilent HPLC 1260 Infinity Method: Uranine (UR) by C18 reverse phase chromatography 

Method/ 
Column 

Method Name LDA_URANINE.M 

Column Agilent InfinityLab Poroshell 120 EC-C18 (3.0 x 100 
mm) 2.7 um 

Guard column Agilent InfinityLab Poroshell 120 EC-C18 (3.0 x 5 
mm) 2.7 um 

Binary Pump 

Flow Rate 0.6 mL/min 

Mobile Phase A 
10 mM NH4CH3CO2, pH 7.5 
(adjusted w/ NaOH for HPLC, NH3OH on MS), 0.2 um 
vacuum-filtered 

Mobile Phase B 100% ACN 
Method Duration 1.5 min (2.75 min with transition) 
Elution Method Isocratic (80% A, 20% B) 

Sampler 
Injection volume 5 µL 

Draw Speed 200 µL/min 
Eject Speed 200 µL/min 

Column 
Compartment 

Column 
Temperature 30⁰ C (Combined Compartment) 

Diode-Array 
Detection 

(DAD)/ 
Photodiode-

Array Detection 
(PDA) 

Wavelength 491 nm 
Bandwidth 4 nm 

Ref. Wavelength 575 nm 
Ref. Bandwidth 16 nm 

Peak width >0.1 min (2 s response time) (2.5 Hz) 
Zero Offset 5% 
Attenuation 1000 mAU 

Margin for Neg. 
Absorbance 100 mAU 

Fluorescence 
Detector (FLD) 

Excitation 
Wavelength  491 nm 

Emission 
Wavelength 513 nm 

Peak width >0.2 min (4 s response time) (2.31 Hz) 
Zero Offset 5% 
Attenuation 1000 LU 
PMT Gain 8 
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Table 8. RWT single analyte assays: DAD/MWD detection. 

RWT Method 
Column Agilent Poroshell 120 EC-C18 (3.0 x 100 mm) 

Guard column Agilent Poroshell 120 EC-C18 (3.0 x 5 mm) 
Injection volume 5 μL 

Mobile Phase A 10 mM NH4Acetate, pH 7.5 (adjusted with 0.1 M NaOH), 0.45 um 
filtered 

Mobile Phase B ACN 
Flow Rate 0.5 mL/min 30⁰C 

Column Temperature 30⁰ C (combined) 
Detector FLD 

Threshold 1.0 mAU 
Elution Method Gradient, 75% A, 25% B 

Method Duration 7.00 min 
Excitation 

Wavelength 554 

Emission Wavelength 583 
Retention Time 1.25, 4 
 

 

RWT Method 
Column Agilent Poroshell Bonus-RP (3.0 x 100 mm) 

Guard column Agilent Poroshell Bonus-RP (3.0 x 5 mm) 
Injection volume 30 μL 

Mobile Phase A 10 mM NH4Acetate, pH 7.5 (adjusted with 0.1 M NaOH), 0.45 or 
0.2 um filtered 

Mobile Phase B 100% ACN 
Flow Rate 0.55 mL/min 30⁰C 

Column Temperature 30⁰ C (combined) 
Detector FLD 

Threshold 1.0 mAU 

Elution Method 

Gradient: %A/%B 
0    min     75/10 
1.5 min     90/10 
3.5 min     50/50 
4.5 min     50/50 
4.6 min     90/10 
7.5 min     90/10 

Method Duration 7.00 min 
Excitation Wavelength 554 
Emission Wavelength 583 

Retention Time 1.25, 4 
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Table 9. TFM, UR, and RWT mixture: DAD and FLD detection. 

Agilent HPLC 1260 Infinity Method: TFM + RWT + UR, C18 with Amide EPG 

Method/ 
Column 

Method 
Name LDA_SARAHS TRIPLE COMBO SURPRISE.M 

Column Agilent InfinityLab Poroshell 120 Bonus-RP (3.0 x 100 mm) 2.7 um 
Guard 
column Agilent InfinityLab Poroshell 120 Bonus-RP (3.0 x 5 mm) 2.7 um 

Binary Pump 

Flow Rate 0.55 mL/min 
Mobile 

Phase A 
10 mM NH4CH3CO2, pH 7.5 
(with NaOH for HPLC, NH3OH on MS), 0.2 um vacuum-filtered 

Mobile 
Phase B 100% ACN 

Method 
Duration 8 min stop time (9.3 min with transition) 

Elution 
Method 

Gradient: 

Time (min) A (%) B (%) Flow 
(mL/min) 

Max Pressure 
Limit (bar) 

0.00 98 2 0.100 400 
0.50 80 20 0.550 400 
4.00 50 50 0.550 400 
4.10 80 20 0.550 400 
8.00 80 20 0.550 400 

 

Sampler 
Injection 
volume 25 uL 

Draw Speed 200 uL/min 
Eject Speed 200 uL/min 

Column 
Compartment 

Column 
Temperature 30⁰ C (Combined Compartment) 

Diode-Array 
Detection 

(DAD)/ 
Photodiode-

Array 
Detection 

(PDA) 

Wavelength 375 nm 
Bandwidth 4 nm 

Ref. 
Wavelength 450 nm 

Ref. 
Bandwidth 100 nm 

Peak width >0.10 min (2 s response time) (2.5 Hz) 
Zero Offset 5% 
Attenuation 1000 mAU 
Margin for 

Neg. 
Absorbance 

100 mAU 

Autobalance Prerun 

FLD 
Peak width >0.20 min (4 s response time) (2.31 Hz) 
Zero Offset 5% 
Attenuation 1000 LU 
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Gain + 
Wavelength 
Timetable 

 

Time 
(min) Function Parameter 

0.0 Change PMT gain PMT gain: 7 
0.0 Change baseline Mode: zero 
0.0 Change signal A excitation Wavelength: 491 nm 
0.0 Change signal A emission Wavelength: 513 nm 
3.4 Change PMT gain PMT gain: 10 
3.4 Change baseline Mode: zero 
3.4 Change signal A excitation Wavelength: 554 nm 
3.4 Change signal A emission Wavelength: 583 nm 
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Section 8. Background Water Chemistry 

Table 10. Background water chemistry for pretreatment water collected from each river. 

Parameter Fox River Driggs River 
pH -- 7.66 7.90 

Alkalinity  mg/L as CaCO3 78.5 71.5 
Total Organic Carbon ppm 3.77 4.03 

Inorganic Carbon ppm 16.85 15.50 
Al ppm -- -- 
Ca ppm 20.08 21.04 
Cu ppm -- -- 
Fe ppm 0.21 0.19 
K ppm 0.71 0.54 

Mg ppm 6.65 5.23 
Mn ppm 0.01 0.01 
Na ppm 1.53 1.11 
P ppm 0.02 0.01 
Pb ppm 0.04 -- 
S ppm 1.50 1.02 
Sr ppm 0.03 0.03 
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Section 9. Additional fDOM Calibrations 

a)     b)     c) 

   

d)     e)     f) 

  

g)     h) 

 
Figure 30. Driggs River fDOM calibration example. 
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Section 10. Uranine Sorption 

 

Figure 31. Sorption isotherm for uranine (pH 7.3) with Driggs River sediment (ƒoc = 0.96 ± 0.11%). 
 

Equilibrium sorption with uranine resulted in a Kd of 0.11 ± 0.03 L/kg, corresponding to a 

Koc of 12 ± 3 L/kg (Figure 31). Uranine is primarily in a dianionic state (pKa = 6.43) under river 

conditions, is highly soluble, and is very environmentally mobile. Our laboratory results suggest 

sorption should be negligible for uranine, and losses in-stream are primarily driven by photolysis 

and dilution.20,110 In contrast, RWT is highly sorptive, with literature Koc values ranging from 3,000 

– 35,000 L/kg.111–113 RWT is immobile in the sediment-water systems, with chemical loss largely 

driven by irreversible sorption. 
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Section 11. Microcosm pH and DO 

 
Figure 32. Microcosm pH measurements. 
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Table 111. Microcosm DO and temperature recordings. 

 

 

  

Site reactor DO (mg/L) ± temp (°C) ±
abiotic 8.18 0.05 21.80 0.00

sed 3.76 0.18 21.80 0.00
aq 7.97 0.14 21.97 0.05

abiotic 8.08 0.01 22.63 0.21
sed 4.40 0.25 22.57 0.25
aq 8.01 0.04 22.63 0.21

FOX

DRIGGS



76 
 

 
 

Section 12. Actinometer and RWT Photodegradation Kinetics 

 
Figure 33. Actinometer kinetics during TFM experiment. 

 

 

 
Figure 34. Actinometer kinetics during uranine experiment. 
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a)           b) 

 
Figure 35. a) P-PNA actinometer and b) RWT photodegradation kinetics. 

 

Photodegradation of 0.3 µM RWT was slow in ultrapure and river water (Figure 35).  

Despite relatively high light absorption in the visible light region, RWT has a low photochemical 

quantum yield, on the order of 10-7, which was determined in a 200-hr irradiation at 488 nm (near 

peak absorbance) by Tai & Rathbun (1988).100 Minimal photoreactivity of RWT has been 

documented under a variety of light sources; thus, RWT is considered photostable over timescales 

used in aquatic tracer studies.95,99,114–116 

RWT did not photodegrade in sunlight, either: In-situ RWT photodegradation was also 

negligible, therefore In-situ quantum yield was not determined. In-stream photodegradation 

kinetics were not modeled for RWT, either. Negligible photodegradation of RWT under a variety 

of light sources supports our use of it as a primarily sorptive hydrological tracer for in-stream tracer 

studies and in-situ, stream-side column studies. 
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Figure 36. In-situ P-PNA actinometer kinetics. 
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Section 13. SMARTS Cards 

Table 12. The SMARTS input parameter cards used to model solar spectra. 

Card Number/ Description Input parameters 
1. Comment ‘Driggs River - Well Mixed Point’ 
1. Manually input pressure 1 
2a. Pressure (mb), surface altitude (km), and height (km) 1013.25  

0.363  
0 

3. Option to use default atmosphere 1 
3a. Midlatitude Summer ‘MLS’ 
4. Use default Water vapor 1 
5. Use default ozone abundance 1 
6. Use default gas abundance except CO2 1 
7. Carbon dioxide from June 2021 and 2022 419 
7a. Use default synthetic spectrum 0 
8.Use continental aerosol model ‘SRA_CONTL’ 
9. Use aerosol optical depth of 55 nm 5 
9a. 0.084 
10. Select “water” for albedo 2 
10b. ITILT 1 
ITILT is an option for tilted surface calculations. Leave 
box unchecked 

51 
37. 
180. 

11. Minimal spectral range, max spectral range, variability 
in irradiance, and default solar constant. 

280 
4000 
1.0 
1366.1 

12. Option to generate results with spreadsheet 2 
12a: Interval for printing results 280 

4000 
1 

12b. Total number of outputs 5 
12c. Outputs: (1) extraterrestrial spectrum, (2) direct 
normal 
irradiance, (3) diffuse horizontal irradiance, (4) global 
horizontal irradiance and (5) direct horizontal 
irradiance 

1 
2 
3 
4 
5 

13. Bypass circumsolar radiation  0 
14. Bypass smoothing calculation 0 
15. Illuminance using CIE photopic curve 1 
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16. No special UV calculations 0 
17. Set inputs for card 17 3 
17a. Year, month, day, hour*, latitude, longitude, time 
zone.  

2022 07 27 
12.1 
46.44747 -86.18713 -5 

*this field was updated to generate hourly solar spectra for July 27, 2022. 
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Section 14. Filtrate Recoveries 
 

 
Figure 37. The filtration conditioning volume was determined for each organic analyte (for 25 mm nylon 

syringe filters). Standard solutions in water were filtered and 1.5 mL fractions were collected to 
construct an elution curve. 
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