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Abstract 

Elevated concentrations of iron (Fe) and manganese (Mn) in drinking water degrade water 

quality by affecting taste, odor, and color. Under oxic conditions (dissolved oxygen (DO) >2 

mg/L), Fe and Mn are rarely present in soluble form in natural waters, as they occur as insoluble, 

oxidized minerals in sediments. However, the development of low DO concentrations in the 

bottom waters of some lakes and drinking water reservoirs during thermal stratification can lead 

to the reduction of oxidized, insoluble Fe and Mn in sediments to soluble forms, which are then 

released into the water column. In response, many water utilities have installed oxygenation 

systems to control metal concentrations in situ in drinking water reservoirs. However, previous 

research has found anoxic (DO < 0.5 mg/L) conditions still develop within sediments, even with 

operational oxygenation systems, allowing for the reduction and release of soluble Fe and Mn into 

the water column.   

To examine the drivers of metal release from sediments into the water column, I conducted 

sediment flux chamber experiments to directly quantify Fe and Mn fluxes at the sediment-water 

interface of a small, eutrophic drinking water reservoir (Falling Creek Reservoir, Vinton, VA).  

The experiments were conducted twice during the 2018 summer stratification period (April 24 – 

October 21). Using the flux chambers, I measured total and soluble Fe and Mn concentrations 

under changing oxygen conditions over 10-day periods to calculate fluxes. Throughout the 

experiments, I monitored DO, oxidation-reduction potential (ORP), temperature, and pH.  In 



  

 

 

addition to the direct measurements, I also estimated metal fluxes using a mass balance method, 

which relies on measurements of metal inputs and outputs into the bottom waters of the reservoir. 

Overall, our results showed that fluxes are highly variable during the stratification period, 

with some periods having positive fluxes (release of metals from sediment to the water column) 

and some with negative fluxes (return of metals from the water column to sediment).  The metal 

fluxes are highly sensitive to redox conditions in the water column, sediment-water interface and 

sediments.  

Metal fluxes measured using the chambers are 91-105% higher than those estimated using 

the mass balance method. This difference supports result of previous work that the flux chamber 

method likely provides maximum values of metal fluxes as the isolated chamber water does not 

allow for mixing with the bottom waters.  In contrast, because the mass balance method relies on 

water column data, results are affected by mixing and biogeochemical reactions that can remove 

metals from the water column; thus, flux estimates using this method likely reflect minimum 

values. However, when used together, these two methods provide a useful tool for constraining 

metal fluxes under different redox conditions and highlight the importance of measuring ORP in 

addition to DO. The results of this study can be used by water utilities to improve the effectiveness 

of engineered oxygenation systems and water quality management practices related to iron and 

manganese. 
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General Audience Abstract 

In many drinking water reservoirs, elevated concentrations of metals, such as iron (Fe) and 

manganese (Mn), pose a challenging water quality problem. Elevated metal concentrations affect 

taste, color, and odor in drinking water and can be expensive to treat for. The presence of Fe and 

Mn in water is influenced by the oxygen concentrations in the water. When oxygen levels in the 

water are high, Fe and Mn are not soluble in water. However, when the oxygen levels in water are 

low, Fe and Mn can be released from soils, sediments and rocks into water and can thus pose a 

concern for drinking water quality. Many water utilities have installed systems to increase oxygen 

concentrations in drinking water reservoirs with the goal of maintaining low levels of metals in 

water supplies. However, previous research has shown that even when oxygenation systems are 

operational, Fe and Mn can still be released into water from the reservoir’s bottom sediments. 

To examine the factors that contribute to the release of metals from the sediments into the 

water column, I measured the rate of release of Fe and Mn from the sediments into the water 

column at a local drinking water reservoir (Falling Creek Reservoir, Vinton, VA).  I conducted the 

experiments twice during summer 2018 using chambers that isolated the water immediately above 

the sediments.  During the experiments, I monitored how Fe and Mn concentrations changed over 

time under different oxygen conditions. In addition to the measurements, I also used a mass 

balance method using water column data to estimate the metal release. 



  

 

 

Overall, results showed that release rates are highly variable during the summer months, 

with some periods having positive rates (releasing metals from sediments into the water column) 

and some with negative rates (returning metals from the water column to sediment).  The metal 

release rate are highly sensitive to oxygen conditions in the water column, at the sediment-water 

interface and in the sediments. When used together, these two methods provide a useful tool for 

constraining metal release rates under different oxygen conditions.  

This research will help drinking water plant managers to improve the effectiveness of 

oxygenation systems and water quality management practices related to Fe and Mn. Additionally, 

this research will help improve the water quality for residents and can be applied to other lakes 

and reservoirs where metal concentrations are elevated.  
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1.0 Introduction 

Elevated concentrations of iron (Fe) and manganese (Mn) in drinking water degrade water 

quality by affecting taste, odor, and color (Du, 2004). In response, the U.S. Environmental 

Protection Agency (USEPA) established secondary drinking water standards for Fe and Mn in 

drinking water of 0.3 and 0.05 mg/L, respectively (USEPA, 2017). These metals are essential 

elements with minimum daily requirements ranging from 10 to 50 mg/d for Fe (World Health 

Organization, 1996) and 3.5 to 7 mg/d for Mn (World Health Organization, 2004). However, 

chronic exposure to elevated concentrations of Mn in drinking water has been associated with 

adverse health impacts, including neurological disorders in children (Bouchard et al., 2007; 

Bouchard et al., 2011; Khan et al., 2011; Oulhote et al., 2014; Wasserman et al., 2011). The U.S. 

EPA currently recommends a lifetime health advisory for Mn of 0.3 mg/L (Du, 2004). 

Both Fe and Mn are naturally-occurring metals in the Earth’s crust, with average soil 

contents of 38 g/kg of Fe and 0.545 g/kg of Mn (Pais and Jones, 1997). In soils, Fe exists mainly 

as oxides and hydroxides such as hematite (Fe2O3), magnetite (Fe3O4), and siderite (FeCO3). 

Manganese is commonly found in oxide form such as pyrolusite (MnO2), cryptomelane (KMn8O16) 

and manganite (MnO(OH)) (Pais and Jones, 1997). Iron and Mn have similar chemical properties 

and often co-occur in minerals (Groschen et al., 2009). 

As both Fe and Mn are common constituents in soils and sediments, they are also often 

found in natural waters.  Iron is commonly detected in fresh water at concentrations ranging from 

0.04-6200 mg/L (Pais and Jones, 1997). Manganese is also commonly occurring in both surface 

water and groundwater with median concentrations 0.02 mg/L and 0.05 mg/L, respectively (World 

Health Organization, 2004). The U.S. Geological Survey National Ambient Water Quality 

Assessment program,  which monitors approximately two-thirds of public water systems in the 
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U.S., found Mn in 97% of surface water sites and 62% of wells sampled in the study  A recent 

study by McMahon et al. (2019) reported approximately 2.6 million people (~7%) with private 

wells in the U.S. potentially consume groundwater with concentrations above the EPA’s lifetime 

health advisory guideline (0.3 mg/L). 

 Both Fe and Mn occur in several oxidation states that influence their cycling in natural 

systems (Davison, 1993). Iron has two main oxidation states: Fe(II), the reduced form, is generally 

soluble in natural waters under neutral pH conditions and Fe(III), the oxidized form, can be 

complexed with other ligands (i.e. hydroxides, phosphates) and is generally stable in its mineral 

(insoluble) form (Langmuir, 1997). Manganese has two main oxidation states: Mn (II) is stable 

under suboxic to anoxic conditions and Mn (IV) oxides are thermodynamically stable under oxic 

conditions (Davison, 1993).   

 Because Fe and Mn have several oxidation states, they participate in coupled oxidation-

reduction reactions.  Reduced forms of Fe and Mn can be electron donors and can be coupled with 

the oxidation of electron acceptors, such as oxygen or nitrate. Conversely, oxidized forms of Fe 

and Mn can be electron acceptors and coupled with the oxidation of electron donors such as organic 

matter.  These reactions can be predicted based on energy yielded by the reaction (often called the 

“redox ladder”). In abiotic conditions, Mn reduction is thermodynamically more favorable than Fe 

reduction, but Mn oxidation is less favorable than Fe oxidation (Langmuir, 1997). Reduction and 

oxidation of Fe and Mn species can also be mediated by many different species of microorganisms, 

who can couple these reactions to gain energy (Davison, 1993; Madigan et al., 1997).  

In freshwater bodies, such as lakes and reservoirs, dissolved oxygen (DO) concentrations 

have a strong influence on Fe and Mn dynamics. Under oxic conditions (DO >2 mg/L), Fe and Mn 

occur in their oxidized, insoluble forms (e.g. Fe and Mn oxyhydroxides) in sediments (Davison, 
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1993). However, the development of low DO conditions in the hypolimnion of many lakes and 

reservoirs during summer thermal stratification leads to microbial reduction of Fe and Mn in the 

sediments, releasing reduced, soluble forms of Fe (Fe (II)) and Mn (Mn (II)) into the water column 

(Brannon et al., 1985; Davison, 1993; World Health Organization, 2004).  

The high cost of treating water with elevated metal concentrations, coupled with the 

knowledge that metals are redox sensitive, has led many water utilities to use engineered 

hypolimnetic oxygenation (HOx) systems to control metal concentrations in situ in lakes and 

reservoirs used for drinking water (Bryant et al., 2011b; Gantzer et al., 2009; Gerling et al., 2014). 

The goals of operating HOx systems are to prevent metal release from the sediment by maintaining 

oxic hypolimnia and to oxidize and precipitate any soluble metals that are released into the water 

column.  

However, even with HOx systems in place, anoxic (DO < 0.5 mg/L) conditions can still 

develop within sediments (Bryant et al., 2011a), which allows for reduced metals in sediment pore 

water to diffuse upward towards the sediment water interface (SWI). At the SWI, which represents 

a redox boundary between the anoxic sediments and the oxic water column, reduced Fe diffusing 

upward is oxidized, leading a layer of particulate iron (Fe (III)) at the boundary (Davison, 1993).  

Manganese behavior differs from that of Fe because it oxidizes more slowly and oxidation rates 

are controlled by pH (Davison, 1993). Thus, at the redox boundary, although Mn can oxidize to 

form solid-phase Mn, fluxes of reduced Mn into the overlying water column can still persist 

(Brannon et al., 1985).  

 Designing and implementing successful HOx systems require information on the oxygen 

demand of the water column and the underlying sediments (Gerling et al., 2014). Hypolimnetic 

oxygen demand is calculated as the rate of decrease of DO concentration in the water column of 
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the hypolimnion (Gerling et al., 2014). After thermal stratification sets up, hypolimnetic oxygen 

demand reflects a combination of both water column and sediment oxygen demand (SOD) (Adams 

et al., 1982). SOD, the consumption of DO in the sediments, contributes to the overall hypolimnetic 

oxygen demand (Walker and Snodgrass, 1986), making it an important parameter when designing 

HOx systems.  For example, SOD has been estimated to be 18% and 40% of the total hypolimnetic 

oxygen demand in Hamilton Harbour of Lake Ontario (Polak and Haffner, 1978) and Lake Erie 

(Di Toro and Connolly, 1980), respectively. 

 Design of HOx systems also benefits from accurate measurement of metal fluxes from 

sediments to the water column (Adams et al., 1982), as reduced metals impart an additional oxygen 

demand. Metal flux measurements are used to quantify metal loads into the water column under 

different oxygen and temperature conditions, which is important for utilities so that they can treat 

the reservoir in a cost-effective manner. In addition, measurements of metal fluxes under varying 

oxygen conditions are useful for constraining metal processes and cycling in freshwater bodies. 

Last, they provide important inputs into water quality forecast models.  

 Metal fluxes across the SWI can be measured using both indirect and direct methods. 

Indirect methods include use of mass balance approaches and sediment core incubations. For the 

mass balance method, the inputs and outputs of metal loadings and the change in the hypolimnetic 

mass are used to estimate fluxes across the SWI  (Belzile et al., 1996; Davison, 1993; Davison and 

Woof, 1984; Munger et al., 2016; Yagi, 1996). The main advantage of this method is that it can be 

used to estimate fluxes over long time periods at the ecosystem scale, assuming that measurements 

of the metal loadings are made over that period. However, this method cannot separate metal fluxes 

and the effects of complex physical and biogeochemical reactions occurring at the SWI which can 

lead to underestimating the metal fluxes (Belzile et al., 1996; Davison, 1981). To counter this 
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problem, several authors have suggested measuring a detailed profile of water chemistry within 25 

cm of the sediments (Belzile et al., 1996; Carey and Rydin, 2011; Davison, 1981; Davison, 1993; 

Davison and Woof, 1984) to accurately characterize conditions at the SWI.  

 The second indirect method relies on laboratory incubations using sediment cores with 

hypolimnetic water collected immediately above the sediments (Beutel, 2003; Beutel et al., 2008; 

Brannon et al., 1985). These samples can be incubated under both oxic and anoxic conditions to 

measure how metal fluxes and SOD changes in response to water column oxygen concentrations. 

This method allows for easy manipulation of DO conditions during the incubations, allowing for 

both oxic and anoxic trials. However, it can overestimate fluxes due to the increased  concentration 

gradient that develops when replacing the overlying water with dilute reagent water (Beutel et al., 

2008). In addition, results from sediment cores incubated in the laboratory are difficult to scale up 

to the larger reservoir ecosystem (Bryant et al., 2010a).  

 Direct methods to measure fluxes include use of diffusion samplers and benthic flux 

chambers. In situ peepers, or diffusion samplers, can be used to measure a microprofile of metal 

concentrations across the SWI (Belzile et al., 1996; Bryant et al., 2011b; Bryant et al., 2012; Bryant 

et al., 2010b; Teasdale et al., 1995), which can be used to make direct measurements of metal 

fluxes from sediments into the water column (Bryant et al., 2011b). Peepers can maintain sample 

integrity and are relatively free from contamination; however, they require careful calibration and 

have a high risk of misuse (Teasdale et al., 1995). Additionally, they have limited vertical 

resolution which can lead to underestimating the concentration gradients near the SWI (Belzile et 

al., 1996). In addition, because peepers are deployed at only one site, if sediments are 

heterogenous, there is need for a large number of replicates in order to get a representative measure 

(Bryant et al., 2011b). 
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  Benthic flux chambers also measure fluxes in situ across the SWI (Adams et al., 1982; 

Berelson and Hammond, 1986; Elrod et al., 2004; Pakhomova et al., 2007; Polak and Haffner, 

1978; Tomaszek and Czerwieniec, 2000). Flux chambers provide a direct measurement of 

diffusive fluxes at the SWI by isolating the water immediately above the SWI from the surrounding 

water column. Other benefits include the ability to concurrently measure DO, pH, temperature, 

and oxidation-reduction potential (ORP) during experiments. Flux chambers have primarily been 

used in brackish and saltwater environments (Berelson and Hammond, 1986; Elrod et al., 2004; 

Pakhomova et al., 2007), but have also been deployed in freshwater systems (Adams et al., 1982; 

Polak and Haffner, 1978; Tomaszek and Czerwieniec, 2000). This method involves specialized 

equipment, requires extensive training and field work, and can generally only operate over short-

term periods (days to weeks). Similar to other methods, flux chambers require replicates in order 

to get a representative measurement. 

 The goal of this study was to use multiple approaches to quantify metal fluxes across the 

SWI of a drinking water reservoir (Falling Creek Reservoir, located in Vinton VA) with an 

engineered oxygenation system under different biogeochemical conditions. I conducted field 

experiments at the reservoir using in situ benthic flux chambers to directly measure Fe and Mn 

fluxes at the SWI and compared results to an indirect method relying on mass balance calculations. 

My central hypothesis was that when the overlying water column is oxic (oxidizing), Fe and Mn 

fluxes from the sediments to the water column should be lower than when the overlying water 

column is anoxic (reducing; Error! Reference source not found.). I tested this hypothesis by m

easuring metal fluxes under different biogeochemical conditions created by the combined effects 

of the HOx system and seasonal stratification. 



  

7 

 

2.0 Methods 

2.1 Site Description 

Falling Creek Reservoir (FCR; Figure 2) is a small (maximum depth = 9.3 m, mean depth 

= 4 m, surface area = 0.119 km2, volume = 3.1x 105 m3 at full pond), eutrophic reservoir near 

Vinton, Virginia, USA (37° 18’ 12”N, 79° 50’ 14” W) (Gerling et al., 2014). The reservoir is 

owned and operated by the Western Virginia Water Authority. FCR historically exhibits thermal 

stratification from May to October, which leads to the development of anoxic conditions in the 

hypolimnion (Gerling et al., 2014; Munger et al., 2016). Inflow from the upstream tributary is the 

largest water input to FCR (Gerling et al., 2014), contributing 95% of inputs to the reservoir 

(Gerling et al., 2016).  

In autumn 2012, a side-stream supersaturation hypolimnetic oxygenation system (HOx) 

was installed to increase DO concentrations in the hypolimnion of the reservoir while maintaining 

thermal stratification (Gerling et al., 2014). In 2018, when this study was conducted, the HOx 

system was fully operational (Table 1) from April 24 to July 19. From July 19 to July 30, the HOx 

system was only partially operational, indicated by low volume-weighted hypolimnetic (VWH) 

DO concentrations of less than 2 mg/L. The HOx system was then de-activated from July 30 to 

August 9. The system was re-activated on August 9; however, it was again only partially 

operational during this time with VWH DO concentrations less than 2 mg/L. The HOx system was 

de-activated again on September 11.  The reservoir turned over (TO; de-stratified) on October 21. 

2.2 Water Column Sampling 

We collected water samples from FCR for total and soluble Fe and Mn concentrations 

weekly from May to October 2018 and monthly from November 2018 to April 2019. Water 

samples were collected along a depth profile (0.1, 1.6, 3.8, 5.0, 8.0, 9.0 m, the water treatment 
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extraction valve depths) at the deepest site in FCR (Figure 2). Unfiltered samples (total metals) 

were poured directly from a 4-L Van Dorn sampler (Wildlife Supply Company, Yulee, FL) into 

15 mL centrifuge tubes. Samples for soluble metals were filtered using 0.45 µm nylon syringe 

filters. Total and soluble samples for metal analysis were preserved using 0.5 mL trace metal grade 

nitric acid to pH < 2. Samples were analyzed for Fe and Mn concentrations using an Inductively 

Coupled Plasma Optical Emission Spectrometer (ICP-OES, Thermo Electron X-Series) following 

APHA Standard Method 3125-B  (APHA, 1998).  Detection limits for this method are 0.004 mg/L 

for Fe and 0.001 mg/L for Mn. 

Dissolved oxygen, temperature, and pH were measured at 0.1 m depth increments at the 

same site using a Seabird Electronics SBE 19plus high-resolution profiler (CTD). All CTD data 

are available in the Environmental Data Initiative (EDI) repository (Carey et al., 2019). Previous 

work by Gerling et al. (2014) showed that DO concentrations measured at the deepest site in the 

reservoir were representative of conditions throughout the reservoir.  

2.3 Measuring Benthic Fluxes  

Metal fluxes across the SWI were measured using two methods: hypolimnetic mass budget 

(indirect) and benthic flux chambers (direct). For the indirect method, we estimated the net release 

of Fe and Mn from the sediments into the hypolimnion using mass budget measurements of 

discharge and metal concentrations in the hypolimnion, following Gerling et al. (2016). Direct 

measurements of Fe and Mn fluxes and oxygen demand at the SWI were made using benthic flux 

chambers deployed at the deepest point of FCR. 

2.3.1 Hypolimnetic Metals Mass Budget 

 We calculated the hypolimnetic metals budget (Figure 3) at weekly intervals from May to 

October 2018 to estimate metal fluxes using: 
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𝑑𝑀

𝑑𝑡
= 𝑄𝑖𝑛[𝐶𝑖𝑛] − 𝑄𝑜𝑢𝑡[𝐶𝑡ℎ𝑒𝑟𝑚] ± 𝐽     (1) 

where 
𝑑𝑀

𝑑𝑡
 is the change in the hypolimnetic mass (mg/d), Qin is the flow rate of the primary 

tributary (L/d), Qout is the flow rate across the thermocline, Cin is the concentration of metals 

(mg/L) at inflow sampling site, Ctherm is concentration of metals (mg/L) at the thermocline depth 

and J is the estimated metal flux at the SWI. Positive values of J indicate that metals are released 

from the sediments into the water column; negative values of J indicate that metals are removed 

from the water column and returning to the sediments. We assumed that all water coming in from 

the tributary went directly to the hypolimnion (Gerling et al., 2016). Additionally, we assumed that 

Qin= Qout as there was no change in water level in the reservoir and no flow over the dam. The 

water treatment plant did not extract any water from the reservoir during the monitoring period. 

We did not account for precipitation or evaporation as we were only examining the hypolimnion. 

 To determine the boundary of the hypolimnion, we calculated the thermocline depth (m) 

using temperature data taken using the CTD and the Lake Analyzer package in MATLAB (Read 

et al., 2011). Calculated thermocline depths had a median of 3.8 m (averaged 4.6 m ± 2) during 

the 2018 stratification period.   

 Inflow to the reservoir was measured using a rectangular weir with a notch width of 1.1 m 

installed at the primary inflow of FCR. An INW Aquistar PT2x pressure sensor (INW, Kirkland, 

WA) recorded water level at the weir every 15 minutes, which we used to calculate the flow rate 

into the reservoir, following Gerling et al (2014): 

𝑄 = 𝐾 ∗ (𝐿 − 0.2 ∗ 𝐻) ∗ 𝐻1.5     (2) 

 where Q is the flow rate (m3/min), K is 110.29, a unit conversion constant, L is the crest 

length of the weir (m), and H is the hydraulic head (water level) behind the weir (m) (Gerling et 

al., 2014). We averaged the flow to get an average weekly flow for each sampling week. Total and 
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soluble samples for metal analysis, in addition to temperature and DO measurements, were 

collected weekly at the inflow stream, to yield a weekly average Cin. 

 The flow rate out of the hypolimnion across the thermocline was assumed to be equal to 

the flow rate into the reservoir for the 2018 stratification period, because there was no change in 

water levels of the reservoir and no water was removed for drinking water treatment. (Figure 3). 

To calculate the entrained metal load across the thermocline, we used the metal concentration at 

the average depth (3.8 m) of the thermocline for 2018. 

 To calculate 
𝑑𝑀

𝑑𝑡
, we first calculated the total mass of metals in the hypolimnion using metals 

concentrations in samples collected from the four depths of the hypolimnion (5.0, 8.0, 6.2, and 9.0 

m) multiplied by the layer volume of the depth from which they were sampled (Figure 3) and then 

summed to find the total hypolimnetic metal mass. In a similar fashion, SOD was calculated using 

the change of oxygen mass in the hypolimnion (
𝑑𝑀

𝑑𝑡
). The SOD estimated using the indirect mass 

balance method was sensitive only to HOx system operation as hydrologic inputs were not 

considered (Gerling et al., 2014). 

 The volume of the hypolimnion was calculated using bathymetry data that was interpolated 

using kriging interpolation techniques in ArcGIS (10.5.1). The area of the SWI was taken as the 

3-D surface area of the reservoir below the average thermocline (3.8 m). The layer volume was 

calculated as the difference between the reservoir volume at the sample depth and the reservoir 

volume at the sampling depth immediately below (Figure 3).  

 To determine the change in metals mass each week, we subtracted the hypolimnetic mass 

of the preceding week, and then divided by 7 days (period between sampling dates). To get the 

flux per unit area of the reservoir, we divided the total hypolimnetic flux (mg/d) per week by the 

area of the SWI (m2) of the hypolimnion.  
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2.3.2 Benthic Flux Chambers 

To measure metal fluxes at the sediment-water interface, three benthic flux chambers 

(Figure 4, 5), similar to those described by Hicks (1990), were deployed at deepest site in FCR 

(Figure 2) during the 2018 season. The flux chambers isolated 24 cm of hypolimnetic water above 

the sediments and 0.27 m2 of the SWI, for a total volume of 64.86 L of hypolimnetic water enclosed 

within the chambers.   

We conducted two, ten-day experiments in 2018 (June 21 – July 2 and August 13 – 23) to 

examine the effects of different initial DO conditions on metal fluxes. During the June experiment, 

the HOx system was fully operating, creating high DO (7 mg/L, ~71% saturation) initial conditions 

in the hypolimnion. Before the August experiment, the HOx system was de-activated (Table 1), 

leading to lower initial DO (2 mg/L, ~18% saturation) conditions. Another difference between the 

two experimental periods was temperature; average temperature was 1°C higher in the 

hypolimnion in August than it was in June.  

During the two experiments, we collected samples for total and soluble Fe and Mn every 

3-4 days and also periodically checked Fe and Mn concentrations in the field using a Hach test kit. 

To sample the chamber, we first flushed the chamber tubing for one minute with chamber water; 

we then collected 15 mL of unfiltered water for total metals analysis and an additional 15 mL of 

filtered (0.45µm) water for soluble metals analysis. During both experiments, a maximum of 100 

mL of chamber water was withdrawn at each sampling event to minimize the effects of removing 

chamber water on the chemical diffusion gradient within the chamber. 

The chambers were attached to a pump to circulate the water within the chamber so that 

measured concentrations were representative of the entire chamber volume (Tengberg et al., 2005). 

During our experiments, chamber water was circulated for 2.5 minutes every 20 minutes. DO, 
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temperature, pH, and oxidation-reduction potential (ORP) probes were installed within the 

chambers to allow for high-frequency (2 minute) monitoring of biogeochemical conditions within 

the chambers during experiments.  

During deployment, the three flux chambers were carefully lowered from a boat into the 

water column to not disturb the sediments and were seated at the deepest point of the reservoir 

(Figure 2). After deployment, the chambers were allowed to equilibrate for at least 24 hours. A 

few hours before each experiment, the flux chambers were flushed with hypolimnetic water for 

approximately 90 – 120 minutes until chamber DO concentrations and temperature stabilized and 

reflected the surrounding hypolimnetic conditions. We used the DO data to check if the flux 

chambers were properly deployed.  If the chamber was not properly sealed, the DO within the 

chamber would increase during pumping or sampling, indicating that surrounding hypolimnetic 

water was being pulled into the chamber. If that occurred, we pulled the chamber and re-seated it 

in a nearby location. 

In addition to the flux chambers, we also deployed one “water column” chamber in the 

hypolimnion, which had the same construction specifications as the flux chambers but was isolated 

from the sediments to account for changes in metal concentrations in the water column that were 

not associated with fluxes across the SWI. This chamber was deployed for the same interval as the 

flux chambers in the August experiment.  

Metal fluxes for each chamber in each experiment were calculated using the following 

equation:  

     𝐽 = 𝑏 ∗ (
𝑉

𝐴
)      (3) 
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where J is the flux of the soluble or total metal (
mg

m2

day
), b is the slope of the line of best fit of the 

soluble or metal concentrations (mg/L/day), V is the volume of the flux chamber (64.86 L), and A 

is the surface area of the flux chamber (0.27 m2).  

SOD was measured as the rate at which DO depletes between the start of the experiment 

(hypolimnetic conditions) until DO <0.5 mg/L. SOD for each chamber in each experiment was 

calculated using the following equation:  

     𝐽𝑆𝑂𝐷 = 𝑏 ∗ (
𝑉

𝐴
)     (4) 

where JSOD is the SOD (
mg

m2

day
), b is the slope of the line of best fit of the DO concentrations 

(mg/L/day), V is the volume of the flux chamber (64.86 L) and A is the surface area of the flux 

chamber (0.27 m2).   

Fluxes measured during the June and August experiments were compared with the fluxes 

estimated by the mass balance method with a non-parametric Wilcoxon rank sum test using JMP 

Pro 14. Significance was set at p-value < 0.05.  
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3.0 Results 

3.1 DO, ORP, Temperature, pH conditions in FCR 

 FCR began to thermally stratify in April and remained stratified through fall turnover in 

late October 2018 (Figure 6). Prior to stratification, DO concentrations and temperatures were 

relatively uniform with depth through the water column of FCR. By the beginning of May, a 

thermocline developed at 3.8 m (Figure 6). Throughout the stratified period, the median 

thermocline depth was calculated to be at 3.8 m (Figure 6). 

 Within the hypolimnion, the DO concentrations were controlled by the operation of the 

HOx system. When the HOx system was fully operational between April and July (Table 1), 

volume-weighted hypolimnetic (VWH) DO concentrations were maintained at 4.7±0.36 mg/L (1 

standard deviation) and DO near the SWI was > 2 mg/L (Figure 10). However, when the HOx 

system was partially operational (July 19 – July 30), VWH DO concentrations decreased to 1.75 

mg/L. Once the HOx system de-activated on July 30, VWH DO concentrations decreased to 0.46 

mg/L and DO conditions near the SWI became anoxic. The HOx system was turned back on 

August 19 but was only partially operational; during this time, VWH DO was 0.26±0.47 mg/L 

with fully anoxic conditions at the SWI. When the HOx system was de-activated for the last time 

in September, VWH DO remained low at 0.25 mg±0.39 mg/L until turnover (Figure 10). 

 On average, the water column was more oxidizing (30% higher ORP, at 199.7±11.0 mV) 

when the HOx system was fully operational compared to the rest of the stratification period (Figure 

10). ORP at the SWI was lowest (1.4 mV) when the HOx system was de-activated. When the HOx 

system was partially operational in August-September, ORP at the SWI increased immediately 

following turning on the HOx system. However, within a week, ORP (and DO concentrations) 

decreased to levels preceding partial HOx operation. Immediately before the HOx system was de-
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activated for the last time in September, conditions at the SWI became oxidizing (266 mV) despite 

DO concentrations < 2 mg/L (Figure 10). 

 The pH in the hypolimnion remained at 6 to 7 throughout the stratification period (Figure 

10).  Temperature in both the hypolimnion and at the SWI increased during the stratification period 

(Figure 10), with VWH temperature peaking in late September at 17.4 °C. At the time of the June 

experiment, the SWI temperature was 10.6°C, and at the time of the August experiment, the SWI 

temperature was 12.0°C. The peak SWI temperature of the stratification period was 13°C on 

September 24.    

3.2 Hypolimnetic Mass Balance 

3.2.1 Fe and Mn loading 

 In the early stratification period (May – June) inflow (5.1±2.8 ML/d) was 94% higher than 

the low inflow period (0.32±0.44 ML/d) of July-September. In October, immediately before 

turnover, inflow (4.7±0.4 ML/d) was also high (93% higher than the preceding low inflow period; 

Figure 8) to the reservoir. During the May-June high inflow period, the hypolimnion experienced 

high input loading of total metals with low export of metals.  During the October high inflow 

period, the hypolimnion received high input of metals but also exported metals (Figure 9). 

3.2.2 Hypolimnetic Fe and Mn mass 

 Total Fe and Mn mass increased in the hypolimnion during the summer stratified period 

regardless of oxygenation (Figure 7, 9). Excluding one week in May, total Mn (TMn) fractions 

were dominated by soluble Mn (SMn) throughout the stratified period, with 73%-100% of total 

Mn concentrations comprised of soluble Mn. Total Fe (TFe) concentrations were dominated by 

particulate forms until September (HOx system off), after which total Fe concentrations were 

comprised of 41-96% soluble Fe.  
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 When the HOx system was fully operational, metal concentrations in the water column 

were lower than observed during the rest of the thermally stratified period (Figure 7, 10) and were 

sensitive to hydrologic inputs (Figure 9), with negative soluble metal fluxes when hydrologic 

inputs were high (Figure 11). During HOx operation, total and soluble Fe increased 6.8±1.5 kg/d 

and 1.3±0.5 kg/d respectively. During this time, VWH total and soluble Mn concentrations 

increased 4.1±0.55 kg/d and 3.6±0.54 kg/d, respectively. 

 When the HOx system de-activated in July, VWH total and soluble Fe increased to 2.1 and 

0.3 mg/L respectively within two weeks. Regardless of HOx system operation, total and soluble 

VWH Fe concentrations continued to increase at rates of 10.3 ±1.8 kg/d and 8.0±2.0 kg/d 

throughout the stratification period to maximum concentrations of 4.6 and 4.3 mg/L, respectively, 

in October. During this time, total and soluble VWH Mn concentrations increased to 0.77 and 0.76 

mg/L, respectively, within two weeks. Total and soluble VWH Mn concentrations remained 

between 0.54 to 0.77 mg/L for the rest of the stratification period until fall turnover, at which time 

there was a sharp decrease associated with reservoir mixing (Figure 10). 

 Total and soluble metal concentrations at the SWI were more sensitive to HOx operation 

and ORP changes than VWH metal concentrations. Total and soluble SWI Fe concentrations 

decreased 64 and 67%, respectively, while total and soluble SWI Mn both decreased by 42% when 

there was a 65% increase in SWI ORP in September. Following the decline of ORP to previous 

levels, total and soluble SWI Fe and Mn concentrations began to increase (Figure 10). 

Additionally, SWI total Fe concentrations increased to 42-94% higher concentrations than the 

VWH concentrations. Soluble Fe at the SWI was 4% lower than VWH soluble Fe in September, 

but otherwise, SWI soluble Fe was 22-97% higher than VWH concentrations (Figure 10). Total 
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and soluble SWI Mn concentrations were 42-93% and 41-94% higher, respectively, than VWH 

concentrations (Figure 10). 

3.2.3 Fe and Mn fluxes between sediments and hypolimnion  

 Fluxes across the SWI estimated using the mass balance method were highly variable 

throughout the stratification period and included both positive (net release) and negative (net 

return) metal fluxes. Total and soluble Fe fluxes included both positive and negative values (-559 

to 408 mg/m2/d for total; -695 to 392 mg/m2/d for soluble). Similarly, total and soluble Mn 

included positive and negative values, ranging from -96 to 61 mg/m2/d (total) and -99 to 62 

mg/m2/d (soluble). On average, we observed a net release (positive J; eq 2) of total and soluble Fe 

(3.8±175 and 14.0±200 mg/m2/d, respectively) and a net release of total and soluble Mn (0.70±30 

and 3.8±30 mg/m2/d, respectively) from the sediments into the hypolimnion (Figure 11).  

 When the HOx system was fully operational in May-July, average total Fe fluxes were 

negative (mean: -18.8±74 mg/m2/d) from May - June, but in July total Fe fluxes became to positive 

(release from sediments; Figure 11). Soluble Fe fluxes were positive (mean: 2.3±17 mg/m2/d) 

when the HOx system was fully operational but switched to negative values when the HOx system 

began to malfunction in July. After this malfunctioning period, average soluble Fe fluxes were 

positive for the rest of the stratification period. Total and soluble Mn fluxes were more variable 

when the HOx system was fully operational, with an overall net release of total and soluble Mn 

(5.5±22 and 10.1±18 mg/m2/d, respectively) from the sediments into the hypolimnion during the 

oxygenated period.  

During this time when the HOx was fully operational, metal fluxes also showed sensitivity 

to hydrologic inputs. When inflow from the primary tributary to the hypolimnion exceeded 2 
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ML/d, fluxes of total and soluble Fe, as well as total Mn, were negative (Figure 8,11). In contrast, 

soluble Mn fluxes were positive regardless of flow (Figure 8,11). 

 When the HOx system was de-activated on July 30, metals were released to the water 

column from sediments (Figure 11). During and after this time, soluble Fe fluxes into the water 

column remained positive until September. Similarly, total Fe fluxes were positive except for a 

week in August during which they shifted to negative (-45.7 mg/m2/d). Total and soluble Mn fluxes 

also shifted to negative values during the partial operation of the HOx system from August 9 to 

September 11 (mean: -8.6±15.9 mg/m2/d and -7.5±16.5 mg/m2/d, respectively), signifying a return 

to the sediments.  

 When the HOx system was de-activated for the last time in September, total Fe and Mn 

fluxes (-64.0 mg/m2/d and -4.2 mg/m2/d) were initially negative, but became positive after one 

week. After the HOx system as off, soluble Fe and Mn fluxes (mean:214.5±136.7 mg/m2/d and 

12.1±14.8 mg/m2/d respectively) remained positive until immediately before turnover.  After 

turnover (21 October; Table 1), metal fluxes were once again negative. 

 The calculated Fe and Mn fluxes show a sensitivity to changes in SWI ORP in the water 

column (Figure 11). For example, the 173 mV increase in SWI ORP observed from August 27 to 

September 17 (Figure 10) was associated with negative fluxes of soluble and total Fe and Mn 

(Figure 11). And when ORP increased again in October due to a weakening thermocline 

immediately before turnover, total and soluble Fe and Mn fluxes were again negative, leading to 

the return of Fe and Mn to the sediments immediately before and after turnover.  

3.3 Benthic Flux Chambers 

 Iron fluxes measured during the chamber experiments ranged from 290 to 672 mg/m2/d 

and 255 to 594 mg/m2/d for total and soluble forms, respectively (Figure 12).  As suggested by the 
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wide range in measured flux values, there was considerable variability between the replicates of 

the flux chamber experiments, reflected by the coefficient of variation (CV) of 85% for both total 

and soluble Fe fluxes.  There was no statistical difference in Fe fluxes between the June and August 

experiments (Wilcoxon rank sum test: 𝜒1
2 = 3.0, p = 0.08; Table 2). Total Fe concentrations in the 

experimental samples were composed of 57±33% soluble Fe.  

 Manganese fluxes measured during the chamber experiments ranged from 28 to 88 

mg/m2/d and 29 to 89 mg/m2/d for total and soluble Mn, respectively (Figure 12).  Similar to Fe, 

there was variability between replicates of the flux chamber experiments for the Mn 

measurements, as reflected by the coefficient of variation (CV) of 102% for both total and soluble 

Mn.  Also similar to Fe, there was no statistical difference in Mn fluxes between the June and 

August experiments (Wilcoxon rank sum test: 𝜒1
2 = 0.33, p = 0.5; Table 2).  Almost all the Mn 

(98±0.04%) was in soluble form. 

 Sediment-water interface DO concentrations measured using flux chambers were used to 

calculate SOD (Eq 3).  The average SOD was 501 ± 383 mg/L (maximum of 1203 mg/L) during 

the study period (Figure 13). Although the initial DO concentrations between the June and August 

experiments were different (VWH DO in June and August was 8 and 2 mg/L, respectively), a 

comparison of the two experiments showed the rate of oxygen depletion was not statistically 

different (Wilcoxon rank sum test: 𝜒1
2 = 0, p = 1.0; Table 2).  

 Fluxes of total and soluble Fe and Mn in the chamber experiments increased as SOD 

increased (Figure 13). Excluding one outlier for a flux chamber during the August experiment, the 

highest total and soluble Fe fluxes (672±51 and 594±128 mg/m2/d, respectively) were measured 

when SOD was also the highest (1203±7 mg/m2/d). Similarly, excluding one outlier (during June 
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experiments) soluble and total Mn fluxes were highest (ranging between 35 and 37 mg/m2/d for 

both total and soluble Mn) when SOD was elevated (greater than ~ 450 mg/m2/d; Figure 13).  

 ORP values measured during the experiments reflect reducing conditions; they reached a 

minimum of -300 mV to -410 mV for the June and August experiments, respectively.  During the 

experiments, the ORP decreased, exhibiting small plateaus (Figure 12) over periods of between 

0.5 to 6 days that were often associated with sharp increases in metal concentrations. Temperature 

and pH remained between 12 to 15°C and 6.3-7.6 respectively throughout both experiments 

(Figure S7).   

 For all experiments, the water column chamber measured negligible changes in soluble and 

total Fe and Mn concentrations (Figure S6), suggesting that the biogeochemical reactions affecting 

metal cycling in the hypolimnion were focused at the SWI. In addition, all or nearly all oxygen 

demand measured in the flux chambers can be attributed to SOD as the water column chamber 

measured a negligible oxygen demand (Figure S6). 

3.4 Comparison of Direct and Indirect Methods for Estimating Fluxes 

 Metal fluxes measured using the flux chambers were consistently higher than fluxes 

estimated using the mass balance (Figure 14).   For Fe, chamber-measured fluxes for total and 

soluble Fe were 504±149 mg/m2/d and 472±138 mg/m2/d, respectively; during the same time 

periods as the chamber experiments (June 21 to July 2 and August 13 to August 23), the Fe fluxes 

estimated using mass balance were 19±44 mg/m2/d and 43±96 mg/m2/d (total and soluble, 

respectively) (Figure 14).  Comparison of the chamber-measured iron fluxes to the mass balance 

estimated fluxes showed that they are statistically different (Wilcoxon rank sum test: 𝜒1
2 = 6.8, p 

= 0.009; Table 2).  
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Similarly to Fe, chamber-measured fluxes for total and soluble Mn were 44.9±25 mg/m2/d 

and 45±25 mg/m2/d, respectively, while the mass balance method estimates for total and soluble 

Mn fluxes were -1.9±21.4 mg/m2/d and -2.3±20.8 mg/m2/d, respectively. Similar to iron, 

comparison of the chamber-measured manganese fluxes to the mass balance estimated fluxes 

showed that they are statistically different (Wilcoxon rank sum test: 𝜒1
2 = 6.8, p = 0.009; Table 2).  
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4.0 Discussion 

 In the following sections, we discuss the effects of redox conditions on Fe and Mn fluxes 

across the sediment-water interface. Additionally, we compare the methods used in this study and 

present study limitations. 

4.1 Metals fluxes are sensitive to redox conditions 

 Overall, the flux measurement results support the initial hypothesis about the relationship 

between metal fluxes with redox conditions in the water column, SWI and the sediments (Figure 

1). When the water column at the SWI (9 m) was more reducing (i.e. lower ORP and DO), Fe and 

Mn fluxes estimated from mass balance were higher than when the overlying water column was 

more oxidizing (Figure 11). Our flux chamber results also supported this, showing that Fe and Mn 

fluxes increased as DO concentrations and ORP declined (Figure 12).  

 The changes in ORP (Figure 12) during the flux chamber experiments reflect how quickly 

the redox conditions changed the chamber over the scale of days. At the start of the June 

experiment (Figure 12), the ORP data combined with the metal concentration data suggest that the 

water/sediment isolated by the flux chamber was under Mn reducing conditions (Langmuir, 1997), 

as there was an increase in Mn concentrations but no difference in Fe concentrations between the 

first two sampling points. After DO within the chamber depleted, concomitant with a decrease in 

ORP, our data suggest that the water/sediment reached Fe reducing conditions, leading to a 

positive flux of Fe (Figure 12). 

 In the August experiment, initial conditions within the flux chamber were more reducing. 

Since the HOx system was de-activated four days before the experiment started, both the water 

column and sediment were anoxic at the start of the experiment (Figure 10). At this time, ORP and 

metals data suggest that sediment was likely under Fe reducing conditions when the experiment 
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began (Figure 12). However, even under anoxic conditions, the higher concentrations of total Fe 

than soluble Fe (Figure 12) reflect that Fe is being oxidized, even in the absence of DO, suggesting 

the presence of another oxidant, likely Mn (IV) (Davison, 1993). 

 Estimated metal fluxes from the mass balance method were also sensitive to changes in 

overlying water column redox conditions (Figure 11) even though the reservoir water column did 

not reach as strongly reducing conditions as the flux chambers (Figure 14). While flux chamber 

waters reached negative ORP levels, VWH and SWI ORP measured in the water column (outside 

of the chambers) never dropped below 0 mV, suggesting that as soon as sediment pore water 

diffuses into the water column, it is mixed with more oxidizing water (Figure 10).   

 Iron and Mn fluxes estimated using the mass balance method were variable, with 

consistently positive fluxes during periods of reducing conditions (both low ORP and low DO). 

The largest Mn fluxes, in addition to strong positive Fe fluxes, occur as the SWI DO and ORP 

begin to decrease rapidly in July (Figure 11). After two weeks, the fluxes decrease despite 

continued low SWI DO and ORP. This can be attributed to a weakened concentration gradient at 

the SWI as Mn concentrations increase in the water column, leading to smaller diffusive fluxes 

(Bryant et al., 2011b). After July, hypolimnetic water conditions continue to become more 

reducing and SWI DO concentrations remain < 2 mg/L for the rest of the stratification period 

(Figure 10). During this time, despite low SWI DO, metal fluxes were still variable, with negative 

fluxes during more oxidizing conditions (high ORP) and positive fluxes during more reducing 

conditions (low ORP; Figure 11). 

  Despite anoxic conditions at the SWI from August until turnover, ORP increased twice 

during the stratification period, once in early August and again in late August (Figure 10). ORP 

initially increased on August 9 with the re-activation the HOx system, but quickly dropped as the 
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HOx system was unsuccessful at creating oxidizing conditions in the hypolimnion of FCR (Figure 

6, 10). ORP sharply increased again in late August, despite no known change in HOx operation or 

in SWI DO concentrations (Figure 10). Both increases in ORP are associated with a decrease in 

water column Fe and Mn concentrations (Figure 10) and a negative flux (or return to the sediments) 

of metals (Figure 11).   

 When the HOx system was deactivated again on September 11, Fe and Mn fluxes become 

positive and increased until right before turnover.  At turnover (October 21), the fluxes became 

negative, likely in response to mixing of oxic epilimnetic and anoxic hypolimnetic waters.  

4.2 Indirect estimates of fluxes are consistently lower than those measured directly 

 A central goal of this study was to compare metal fluxes measured by the flux chamber 

method to those estimated by the hypolimnetic mass balance method. Metal fluxes and SOD 

measured with the flux chamber were consistently higher than those calculated using the mass 

balance method (Figure 14).  This comparison supports work by previous authors that the flux 

chamber method measures the maximum metal fluxes across the SWI as the isolated chamber 

water does not allow for mixing with the rest of the hypolimnion (Adams et al., 1982).  In contrast, 

because the mass balance method relies on water column data, results are affected by mixing and 

biogeochemical reactions that can remove metals from the water column; thus flux estimates using 

this method will reflect minimum values (Belzile et al., 1996).  

 Each method has its own sources of variability and uncertainty. The main source of 

variability in flux chamber measurements is related to the differences in replicate measurements, 

which is influenced by placement of the chambers and how well the chamber was sealed, as well 

as slight differences in sediment and pore water characteristics. Results of metal and DO 

concentrations, as well as ORP values, showed variability even between the replicates (Figure 13).  



  

25 

 

For the mass balance method, results had inherently higher uncertainty due to error propagation as 

each variable measured had its own associated error. However, even with these uncertainties, when 

used together, these two methods provide a useful tool for constraining the metal fluxes, which is 

important for both quantifying metal cycles and forecasting when net metal releases will occur. 

4.3 Metal fluxes in FCR are comparable to other lakes/reservoirs  

 There have been other studies on metal fluxes in lakes/reservoirs, but these studies have 

used different methods under different biogeochemical conditions and over different time periods 

(Table 4), so a direct comparison of our results to these studies is challenging.  

Overall, the chamber-measured Fe fluxes in FCR are higher than those measured in other 

studies, while estimates using the mass balance are comparable (Table 4). For example, our soluble 

Fe fluxes measured with the flux chambers (472±124 mg/m2/d) are 60% higher than the range of 

soluble Fe flux estimates of 10-190 mg/m2/d made by Belzile et al. (1996), Davison (1993), and 

Urban et al. (1997) while estimates from the mass balance (46±126 mg/m2/d) fall within the range 

of the other studies. Similarly, our flux chamber total Fe fluxes (504±133 mg/m2/d) are 81% higher 

than the total Fe fluxes of 0-66 mg/m2/d estimated by (Brannon et al., 1985; Davison and Woof, 

1984) while our mass balance estimated a total Fe flux of 29±125 mg/m2/d, which is also within 

the range of the other studies. Our flux results may be on the higher end of the ranges found by 

other studies because the underlying geologic units in the region of FCR are crystalline rocks that 

contain Fe bearing minerals (Woodward, 1932). 

 Unlike Fe, Mn fluxes measured in FCR, regardless of the method, were comparable to 

fluxes measured in other studies (Table 4). Our soluble Mn fluxes measured with chambers (45±22 

mg/m2/d) and mass balance (8±21 mg/m2/d) fall within the range of soluble Mn fluxes (1-126 

mg/m2/d) found in other studies (Belzile et al., 1996; Davison and Woof, 1984; Yagi, 1996). 



  

26 

 

Similarly, our total Mn fluxes from flux chambers (45±22 mg/m2/d) and mass balance (5±21 

mg/m2/d) were in the same range of 10-39 mg/m2/d estimated by Brannon et al. (1985) and Bryant 

et al. (2011b).  

4.4 Study Limitations 

 Both the direct flux chamber method and the indirect mass balance method have 

limitations. The Fe and Mn fluxes estimated using the mass balance were calculated using many 

variables (i.e. thermocline depth, hydrologic inputs, pre-existing water column concentrations), 

each with their own errors, leading to error propagation. In addition, the effects of the HOx system 

are difficult to disentangle from the high inflow events in the mass balance, making it hard to 

differentiate between hydrologic and redox drivers of fluxes. Furthermore, the mass balance 

calculations are based on the thermocline depth (which affects the hypolimnetic volume, SWI 

surface area etc.). For the purpose of this study we used an average thermocline depth of 3.8 m for 

the 2018 stratification period; however, the thermocline changes over the course of the 

stratification period as the water column continues to warm (Figure 6).  

 With respect to the flux chamber experiments, the results can be difficult to scale up to the 

reservoir as it assumes that the fluxes across the entire SWI are homogenous, which is likely not 

the case (Steefel et al., 2005). The flux chambers are also logistically challenging to deploy, require 

specialized equipment, and thus only allow for a limited number of experiments, leading to low 

statistical strength when evaluating the results.  
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5.0 Conclusions  

 The primary goal of this study was to quantify metal fluxes across the SWI of a drinking 

water reservoir with an engineered oxygenation system under different biogeochemical conditions. 

Overall, our results showed that fluxes are highly variable during the stratification period, with 

some periods having positive fluxes (release of metals from sediment to the water column) and 

some with negative fluxes (return of metals from the water column to sediment).  The fluxes are 

highly sensitive to redox and DO conditions in the overlying water column. We observed changes 

in fluxes associated with fluctuations in ORP when DO was fully depleted. These observations 

suggest that when the reservoir is anoxic, ORP is a useful parameter as an indicator of potential 

increases in metal fluxes into the water column. 

Our results also show that using multiple methods for estimating fluxes is useful for 

quantifying the dynamics of metal exchange between sediments and the water column in reservoirs 

with engineering oxygenation systems.  Through the comparison of the two methods we used to 

measure/estimate fluxes, we found that flux chambers measured higher metal fluxes than the mass 

balance method, but both methods in parallel provided complementary information for 

oxygenation system operation.   
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Figures 

 

Figure 1. Central hypothesis in this study: when the overlying water column is oxic (right), Fe 

and Mn fluxes from the sediment pore water to the water column should be lower than when the 

overlying water column is anoxic (left). 
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Figure 2. Bathymetry map of Falling Creek Reservoir, located in Vinton, VA, USA. The flux 

chambers and water column samples were taken at the deepest point of the reservoir.  Also 

shown is the location of the oxygenation system and the primary inflow to the reservoir. 
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Figure 3. Conceptual model showing set-up of the hypolimnetic metals mass balance, including 

inputs, outputs and the exchange/flux between the water column and sediments.  Volume layers 

(Va-e) were calculated as the difference between volume of the reservoir at sample depth and the 

volume of the reservoir at the sampling depth immediately below. 
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Figure 4. Conceptual drawing of key features of the flux chamber. 
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Figure 5. Picture showing preparation of the sediment flux chamber for deployment, with 

descriptions of the parts of the flux chambers. 
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Figure 6. Dissolved oxygen concentrations (mg/L), temperature (C), pH, ORP (mV), and 

specific conductance  (µS/cm) in FCR in 2018. Color scale on right shows concentrations. Dates 

of sampling shown as black triangles on top of figure. Between sampling dates, concentrations 

were linearly interpolated. White dashed lines show HOx system operation, including fully 

operational (ON), malfunctioning (ON*), and HOx system was not operational (OFF; see Table 

1 for details). 
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Figure 7. Soluble (right) and total (left) metal concentrations in FCR in 2018. Color scale on 

right shows concentrations. Dates of sampling shown as black triangles on top of figure. 

Between sampling dates, concentrations were linearly interpolated. White dashed lines show 

HOx system operation, including fully operational (ON), malfunctioning (ON*), and HOx 

system was not operational (OFF; see Table 1 for details). 



  

35 

 

 

 

Figure 8. Averaged tributary inflow to FCR. A pressure sensor recorded water level at inflow 

every 15 minutes. This level was converted to a flow rate (mega liters (ML)/day; Eq 2) and 

averaged to a weekly time step. 
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Figure 9. Total (red open triangles) and soluble (black open circles) Fe and Mn loading via the 

tributary (top), export via thermocline exchange (middle) and volume weighted hypolimnetic 

(VWH) mass (bottom). Dashed lines indicate HOx operation (see Table 1 for details) and 

turnover (T/O). White dashed lines show HOx system operation, including fully operational 

(ON), malfunctioning (ON*), and HOx system was not operational (OFF; see Table 1 for 

details). 
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Figure 10. Total (red open triangle) and soluble (black open circle) Fe and Mn concentrations, 

ORP (coral), DO (blue), temperature (black bottom graphs) and pH (green) plotted at VWH 

concentrations (left) and at the SWI (9 m, right). Dashed lines show HOx system operation, 

including fully operational (ON), malfunctioning (ON*), and HOx system was not operational 

(OFF; see Table 1 for details). 
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Figure 11. Total (red) and soluble (black) Fe (top) and Mn (bottom) fluxes calculated weekly 

using the hypolimnetic mass balance method. SWI ORP (orange) and DO (blue) were measured 

weekly.  
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Figure 12. Results of June (6/21/2018-7/2/2018) and August (8/13/18-8/23/18) flux chamber 

experiments. Total (red open triangle) and soluble (black open circle) Fe and Mn concentrations 

shown over DO (blue) and ORP (orange). Average of the three flux chambers with one standard 

deviation plotted. Dashed line represents the beginning of the June experiments, where DO < 2 

mg/L.  The pH and temperature date are shown in the Appendix (Figure S7). 
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Figure 13. Results from the June, August, and water column flux chamber experiments: Total 

(red open triangle) and soluble (black open circle) Fe and Mn fluxes as function of Sediment 

Oxygen Demand (or negative DO flux). The flux value of each chamber is plotted with one 

standard deviation as error bars. Standard deviation of SOD was negligible. 
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Figure 14. Box plots comparing all fluxes measured using the flux chamber method (n=5; both 

June and August experiments) and those estimates using the mass balance method during the 

same dates as the flux chamber experiment (n = 5). 
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Table 1. HOx operation dates in FCR. * Although the oxygen addition rate was reported at 22 and 19 kg/d, because the volume 

weighted hypolimnetic (VWH) DO never exceeded 2 mg/L during this time, we suspect that the oxygen system had malfunctioned. 

Date Range in 

2018 

HOx System Oxygen addition rate 

(kg/d) 

Average VWH DO 

(mg/L) 

Apr 24 – Jul 19 ON 16 4.7±0.3 

Jul 19 – Jul 30 ON* 22* 1.8* 

Jul 30 – Aug 9 OFF 0 0.5 

Aug 9 – Sep 11 ON (partial*) 19* 0.3±0.5* 

Sep 11-Oct 21 OFF 0 0.2±0.4 

Oct 21 Turnover (TO) N/A N/A 

 



  

43 

 

Table 2. Results of Wilcoxon rank sum test. The “June vs. August” experiment compares the June with the August flux chamber 

results.  The “both” experiments compares the flux chamber results to the mass balance method results from the same dates as the 

chambers. Because the Wilcoxon test transforms raw data into ranks and the fluxes calculated in the direct vs. indirect method always 

had the same ranks regardless of their values, the statistics are identical. 

Metal Experiment Method χ2 p-value DF 

TFe June vs. August Flux Chamber 3 0.08 1 

SFe June vs. August Flux Chamber 3 0.08 1 

TMn June vs. August Flux Chamber 0.3 0.56 1 

SMn June vs. August Flux Chamber 0.3 0.56 1 

O2 June vs. August Flux Chamber 0.0 1 1 

TFe Both Both 6.8 0.009 1 

SFe Both Both 6.8 0.009 1 

TMn Both Both 6.8 0.009 1 

SMn Both Both 6.8 0.009 1 
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Table 3. Summary of sample data collected during flux chamber experiments. We also collected nitrogen, phosphorous, and 

greenhouse gas samples at the same times as the metals samples; data are not reported in this thesis. Replicate flux chambers are 

denoted A-C.  ORP and pH were measured only in flux chamber B. 

Days Flux 

Chamber 

Experiment  Sample 

Number 

SFe 

(
𝒎𝒈

𝑳
) 

SMn 

(
𝒎𝒈

𝑳
) 

TFe 

(
𝒎𝒈

𝑳
) 

TMn 

(
𝒎𝒈

𝑳
) 

DO 

(
𝒎𝒈

𝑳
) 

Temp 

(°C) 

ORP 

(mV) 

pH 

0.0 A June 0 0.3 0.7 1.1 0.8 7.4 13.8 
  

4.1 A June 1 0.2 2.7 1.1 2.7 1.8 12.7 
  

7.1 A June 2 1.8 4.4 2.4 4.5 0.5 12.5 
  

11.0 A June 3 7.4 5.3 9.2 5.3 0.5 12.5 
  

0.0 B June 0 0.3 0.6 1.1 0.7 8.1 13.2 216.0 6.3 

4.1 B June 1 0.2 1.7 1.5 1.7 0.6 12.5 52.0 6.3 

7.0 B June 2 5.9 2.3 6.1 2.3 0.5 12.7 -135.0 6.7 

11.0 B June 3 12.3 2.7 14.0 2.7 0.5 12.6 -349.0 7.0 

0.0 A August 0 0.1 1.4 5.4 1.4 0.5 14.5 
  

1.0 A August 2 13.1 2.2 16.3 2.3 0.5 13.6 
  

5.0 A August 3 21.3 2.5 24.1 2.5 0.4 13.6 
  

8.0 A August 4 21.5 2.6 28.0 2.6 0.4 13.6 
  

0.0 B August 0 0.1 1.4 4.9 1.4 2.3 14.3 177.0 6.4 

2.0 B August 1 4.9 1.7 9.1 1.7 0.5 13.6 -248.0 6.7 

3.0 B August 2 11.5 2.0 14.3 2.0 0.5 13.7 -284.0 7.0 

7.0 B August 3 24.3 2.6 26.6 2.6 0.5 13.8 -411.0 7.3 

9.9 B August 4 22.3 2.9 31.4 2.9 0.5 13.5 -434.0 7.5 

0.0 C August 0 2.5 1.8 6.3 1.8 2.7 14.2 
  

1.9 C August 1 1.9 1.7 9.1 1.8 0.6 13.8 
  

3.0 C August 2 7.0 2.1 9.8 2.1 0.6 13.3 
  

7.0 C August 3 19.2 2.8 21.2 2.8 0.6 14.0 
  

9.9 C August 4 20.8 3.2 26.2 3.2 0.6 13.6 
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Table 4. Comparison of fluxes from FCR to those of other studies 

Site SMn 

(
𝑚𝑔

𝑚2

𝑑
) 

TMn 

(
𝑚𝑔

𝑚2

𝑑
) 

SFe 

 (
𝑚𝑔

𝑚2

𝑑
) 

TFe  

(
𝑚𝑔

𝑚2

𝑑
) 

SOD 

(
𝑚𝑔

𝑚2

𝑑
) 

Temp  

(°C) 

Time of Year Analysis Method Location Author 

Falling Creek 

Reservoir 

34 (±2); 

62 (±19)  

34 (±2); 

62 (±19)  

338 (±58); 

561 (±17) 

364 (±52); 

597 (±37) 

467 

(±101); 

703 

(±224.5) 

11.5; 15 June/August Flux Chamber Vinton, VA, 

U.S.A. 

This Study 

Falling Creek 

Reservoir 

 -99-62 -96-61 -695-392 -559-408  -226-519  8.8-13 May - October Metals Mass 

Balance 

Vinton, VA, 

U.S.A. 

This Study 

Lake Bard         579 16 
 

Experimental 

Incubation 

Central Coast, 

CA, U.S.A. 

(Beutel, 2003) 

Upper San 

Leandro 

Reservoir 

        450 16 
 

Experimental 

Incubation 

San Francisco 

Bay Area, CA, 

U.S.A. 

(Beutel, 2003) 

Lake Sempach   
 

 45(±34)a 

19(±17)b 

 
 82(±104)a 

9(±4)b 

  April - November Flux Chambera; 

Peeperb 

Sempach, 

Switzerland 

(Urban et al., 1997) 

Red Rock 

Reservoir; 

DeGray Reservoir 

 39 (±5); 

10 (±4) 

 66 (±15); 

34 (±10) 

   Experimental 

Incubation 

Marion Co., IA; 

Clark Co., AR, 

U.S.A. 

(Brannon et al., 1985) 

Lake Erie         300   Average of June - 

August 

Flux Chamber North America (Adams et al., 1982) 

Rzeszow reservoir         460-730    Spring - Autumn Flux Chamber  Rzeszow, 

Poland 

(Tomaszek and 

Czerwieniec, 2000) 

Lake Bret 1b, 7c   13b, 20c       July – October Peepersb; Metals 

Mass Balancec 

Vaud, 

Switzerland 

(Belzile et al., 1996) 

Rostherne Mere 66-126     ~0   3-10 June/October Metals Mass 

Balance 

Cheshire, 

England 

(Davison and Woof, 

1984) 

Esthwaite     10-190          Metals Mass 

Balance 

Lake District 

National Park 

(Davison, 1993) 

Lake Fukami-ike 2 
     

April - September  Metals Mass 

Balance 

Central Japan (Yagi, 1996) 

Carvins Cove 

Reservoir 

19-37b; 

77-857d 

   25.6(±40)- 

258(±37) 

 June, August (a); 

May – October (b)  

Peepersb; 

Voltammetric 

electrodesd 

Roanoke, VA, 

U.S.A. 

(Bryant et al., 2011a; 

Bryant et al., 2011b)  
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Appendix 

A. Additional flux chamber experiments 

In addition to the ten-day experiments, we conducted several other short-term experiments 

with the flux chambers.  In mid-June 2018, we ran 3 three-hour experiments at high initial DO 

concentrations (6-8 mg/L) to examine metal fluxes across the SWI under oxic conditions. During 

the experiment, DO decreased <1 mg/L, supporting the maintenance of high DO during the 

experiment period. Metal samples were collected every 45 minutes.  In late August 2018, we also 

conducted a pH manipulation experiment to evaluate if increasing the pH under oxic conditions 

would enhance Mn oxidation, as has been shown in laboratory studies.  For this experiment, we 

filled one chamber with a mix of epilimnetic and hypolimnetic water to achieve an initial DO of 5 

mg/L and a pH of 6.7.  We collected samples to get baseline Fe and Mn concentrations. Using 

syringes attached to the inlet port, we injected a total of 5g of Na2CO3, increasing the pH in the 

chamber to 10.05.  Metal samples were collected every 15 minutes for a total of 4 hours. 

 For the high DO experiment, DO was between 6-8 mg/L (Figure S2) during the 

experiments, and no detectable total Fe fluxes. Results for soluble Fe and total and soluble Mn was 

mixed, in one experiments, there was no detectable soluble or total Mn, but there was a significant 

soluble Fe flux of 0.66±0.22 mg/L/d and for the other experiment, total and soluble Mn had 

significant fluxes of 0.48±0.05 mg/L/d and 0.71±0.15 mg/L/d respectively (Figure S1). 

 For the pH experiment, pH was manipulated by adding sodium carbonate (Figure S3). 

Initial pH of both chambers was 6.76 and final pH was 10.25. Total and soluble Fe increased 

16.72±2.66 mg/L/d and 9.98 ±0.525 mg/L/d. Total and soluble Mn returned to the sediments with 

-0.759±0.17 mg/L/d and -1.74±0.5714 mg/L/d (Figure S3). DO during the experiment remained 

constant at approximately 5 mg/L. 
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Figure S1. Total (red) and soluble (black) concentrations plotted with 1 standard deviation as 

error bars. Experiments 1 and 2 were done in early June over 4 hour period with DO > 6 mg/L 
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Figure S2. Temperature (black), DO (blue), and ORP (coral). Experiments 1 and 2 were done in 

early June over 4 hour period with DO > 6 mg/L 
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Figure S3. Total (red) and soluble (black) concentrations plotted. Experiment was run over 3 

hours 
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Figure S4. Temperature (black), DO (blue), and ORP (coral). Experiment run in mid-August for 

3 days. 
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Figure S6. Results of August (8/13/18-8/23/18) water column chamber experiment. Total (red 

open triangle), soluble (black open circle) metals and DO (blue) are plotted. Dashed lines show 

line of best fit (slope not statistically different than 0; p>0.05) 
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Figure S7. pH, ORP, and temperature changes in the flux chamber experiments. 
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Table S1. Summary of Sediment Water Interface Concentrations of metals and chemistry data. 

  Date TFe 

(
𝑚𝑔

𝐿
) 

TMn 

(
𝑚𝑔

𝐿
) 

SFe 

(
𝑚𝑔

𝐿
) 

SMn 

(
𝑚𝑔

𝐿
) 

Temp 

(°C) 

DO 

(
𝑚𝑔

𝐿
) 

pH ORP 

(mV) 

Inflow 

(ML/d) 

5/7/2018 0.8 0.1 0.2 0.0 8.8 9.0 6.6 368.0 2289751.9 

5/14/2018 0.8 0.1 0.2 0.1 9.3 9.1 6.5 376.2 6760339.1 

5/21/2018 0.6 0.2 0.2 0.2 9.6 8.9 6.4 345.5 7770015.7 

5/28/2018 0.5 0.3 0.2 0.2 9.8 5.8 6.3 376.8 7806624.0 

6/4/2018 0.6 0.4 0.2 0.2 10.1 7.7 6.3 342.9 6914765.5 

6/11/2018 0.7 0.4 0.2 0.3 10.4 7.9 6.3 356.9 949120.1 

6/18/2018 1.3 0.6 0.2 0.5 10.6 7.8 6.3 335.5 5992555.4 

6/25/2018 1.6 0.8 0.2 0.5 10.9 7.9 6.2 354.4 2501559.9 

7/2/2018 1.4 0.8 0.3 0.7 11.0 7.6 6.2 331.8 419707.0 

7/9/2018 2.5 1.1 0.6 1.0     28285.5 

7/16/2018 3.5 1.3 0.2 1.1 11.4 7.4 6.1 349.5 31391.6 

7/30/2018 8.3 2.5 4.0 2.6 11.9 3.0 6.1 301.6 273076.0 

8/6/2018 5.2 1.5 0.2 1.5 11.6 0.1 6.2 199.6 37194.1 

8/13/2018 12.1 1.9 10.0 2.0 12.0 1.8 6.1 304.6 77052.7 

8/20/2018 30.9 2.7 30.1 2.6 11.8 0.1 6.5 111.3 71276.2 

8/27/2018 11.1 1.5 10.1 1.5 11.7 0.1 6.8 91.9 30416.7 

9/3/2018 5.8 1.6 0.6 1.6 12.3 0.1 6.1 265.9 462049.6 

9/10/2018 9.0 1.5 8.7 1.5 12.3 0.1 6.1 265.9 176989.2 

9/17/2018 11.1 1.3 11.4 1.3 12.9 0.1 6.4 72.6 1556999.2 

9/24/2018 16.8 1.4 15.9 1.4 13.0 0.1 6.6 109.4 811610.9 

10/1/2018 22.3 1.7 22.5 1.7 12.9 0.1 6.7 64.5 354486.0 

10/8/2018 22.2 1.8 22.9 1.8 12.9 0.1 6.7 40.7 4476633.4 

10/15/2018 31.4 2.0 31.3 2.0 13.0 0.1 6.8 1.4 5015703.2 

10/22/2018 1.6 0.1 1.0 0.1     2077532.1 

10/29/2018 0.8 0.1 0.2 0.0 12.0 7.3 6.6 294.7 1955844.4 



  

57 

 

Table S2. Volume Weighted Metals and chemistry data for FCR for the 2018 season. 

 

  

Date TFe  

(
𝒎𝒈

𝑳
) 

SFe  

(
𝒎𝒈

𝑳
) 

TMn 

(
𝒎𝒈

𝑳
) 

SMn 

(
𝒎𝒈

𝑳
) 

DO 

(
𝒎𝒈

𝑳
) 

ORP 

(mV) 

Temp 

(°C) 

pH 

5/7/2018 0.3 0.1 0.0 0.0 5.2 209.0 8.8 6.7 

5/14/2018 0.3 0.1 0.0 0.0 5.3 216.2 9.4 6.5 

5/21/2018 0.3 0.1 0.1 0.1 5.1 197.1 9.7 6.5 

5/28/2018 0.3 0.1 0.1 0.1 4.6 213.6 9.9 6.4 

6/4/2018 0.3 0.1 0.1 0.1 4.5 195.0 10.2 6.5 

6/11/2018 0.4 0.1 0.2 0.1 4.6 203.3 10.4 6.4 

6/18/2018 0.4 0.1 0.2 0.2 4.6 198.0 10.7 6.4 

6/25/2018 0.5 0.2 0.3 0.2 4.6 196.6 10.9 6.4 

7/2/2018 0.7 0.2 0.4 0.3 4.5 183.5 11.1 6.4 

7/9/2018 0.6 0.1 0.3 0.2 
    

7/16/2018 1.2 0.3 0.5 0.5 4.2 184.9 11.5 6.3 

7/30/2018 1.6 0.2 0.6 0.5 1.8 164.1 11.9 6.5 

8/6/2018 2.1 0.3 0.8 0.8 0.5 152.3 12.1 6.2 

8/13/2018 2.4 0.0 0.8 0.7 1.1 168.4 12.1 6.2 

8/20/2018 2.2 0.3 0.8 0.7 0.1 128.7 12.3 6.3 

8/27/2018 2.3 1.2 0.6 0.6 0.0 157.7 12.4 6.3 

9/3/2018 2.8 2.0 0.6 0.6 0.0 152.0 12.4 6.2 

9/10/2018 2.0 0.8 0.6 0.6 0.0 152.0 12.4 6.2 

9/17/2018 1.7 
 

0.5 
 

0.1 100.8 16.3 6.3 

9/24/2018 2.6 2.5 0.6 0.6 0.1 146.1 17.4 6.4 

10/1/2018 3.2 2.8 0.6 0.6 0.1 118.1 17.3 6.3 

10/8/2018 4.7 4.3 0.7 0.7 0.1 93.8 17.0 6.4 

10/15/2018 1.9 1.0 0.3 0.2 1.0 128.2 16.3 6.4 

10/22/2018 1.7 0.9 0.1 0.1 3.2 136.1 14.2 6.5 

10/29/2018 0.9 0.6 0.1 0.1 4.3 166.1 12.0 6.7 
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Table S3. Regression models for O2 consumption vs metal flux in descending order of best fit, as determined by the lowest AIC. 

 Model Type Equation Parameter Values R2 AICc 

Total 
Fe 

Exponential 2P 𝑎 ∗ 𝑒𝑏∗𝑂2  a= 297.97±83.63± 
b=-0.000632±0.0003468 

0.45 93.1 

Mechanistic 
Growth 

𝑎 ∗ (1 − 𝑏 ∗ 𝑒−𝑐∗𝑂2) a= 586.17±167.1 
b = 0.78±0.25 
c=-0.00303±0.00307 

0.66 120.4 

Logistic 3P 𝑐

1 + 𝑒−𝑎∗(𝑂2−𝑏)
 a = -0.005588±0.0053015± 

b = -152.04±161.2 
c= 563.6±134.4 

0.62 121 

Soluble 
Fe 

Exponential 2P 𝑎 ∗ 𝑒𝑏∗𝑂2  a= 285.0±95.8 
b=-0.000763±0.000395 

0.49 95.3 

Mechanistic 
Growth 

𝑎 ∗ (1 − 𝑏 ∗ 𝑒−𝑐∗𝑂2) a= 619.7±160.8 
b =0.94±0.27 
c=-0.00362±0.0031 

0.72 121.6 

Quadratic 𝑎 + 𝑏 ∗ 𝑂2 + 𝐶 ∗ 𝑂2
2 a=11.38±161.6 

b=-1.04±0.65 
c=-0.00049±0.00049 

0.67 122.64 

Total 
Mn 

Mechanistic 
Growth 

𝑎 ∗ (1 − 𝑏 ∗ 𝑒−𝑐∗𝑂2) a= 44.9±15.6 
b = 1.13±34.2 
c=-0.027±2.7 

0.33 101 

Quadratic 𝑎 + 𝑏 ∗ 𝑂2 + 𝐶 ∗ 𝑂2
2 a = 18.52±29.2 

b = -0.097±0.117 
c=-7.13*10-5±8.87*10-5 

0.31 102 

Soluble 
Mn 

Mechanistic 
Growth 

𝑎 ∗ (1 − 𝑏 ∗ 𝑒−𝑐∗𝑂2) a= 44.9±15.6 
b = 1.13±50.1 
c=-0.027±3.9 

0.32 101 

Quadratic 𝑎 + 𝑏 ∗ 𝑂2 + 𝐶 ∗ 𝑂2
2 a = 19.1±29.3 

b = -0.097±0.1177 
c=-0.000072±8.9*10-5 

0.19 102 
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B. Historical Volume Weighted Hypolimnetic Metal Conditions 

 2016 and 2017 VWH total and soluble Fe and Mn concentrations (Figure S5) were 

calculated using the same method as described in the methods for 2018 data. For both 2016 and 

2017 the HOx system was run continuously for the stratification periods. In 2016, VWH Fe 

concentrations are higher than in 2017 with maximum total Fe concentrations of 158 kg and 42 kg 

in 2016 and 2017 respectively. However, VWH Mn concentrations are similar between 2016 and 

2017 with maximum total Mn concentrations of 25 kg and 27 kg between 2016 and 2017 

respectively. Both Fe and Mn concentrations follow a similar pattern in both years with a buildup 

of Fe and Mn concentrations in the late stratification period.  

 

Figure S5. Volume weighted hypolimnetic concentrations of total (red triangle) and soluble 

(black circle) for FCR in 2016 and 2017. Average thermocline depth was 5.0 m for both years 


