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Abstract  

The mobility of a metal in mining-impacted sediments is determined by the environmental conditions 

that influence the metal’s oxidation state and bonding environment. Coeur d’Alene Lake of northern 

Idaho, USA, has been impacted by legacy mining practices that allowed the hydrologic transport of 

mining waste to the lakebed, which resulted in the deposition of an estimated 75 Mt of metal(loid)-

rich sediments containing As, Cd, Fe, Mn, Pb, and Zn over the past 100+ years. Future lake 

conditions may include substantial algal blooms and deposition of additional algal detritus to the 

sediment-water interface, which may alter metal remobilization/retention during seasonal anoxia. 

Cores of the lake sediments were exposed to anoxic and anoxic + algae conditions for eight weeks. 

Over the eight-week period and at a location 12.5 cm deep in the sediments, anoxic and anoxic + 

algae conditions produced relatively stable Fe and Mn oxidation states and bonding environments. At 

a location 2.5 cm below the sediment-water interface, anoxic conditions promoted a relatively stable 

environment in which Fe and Mn oxidation states did not vary greatly during the experiment. At the 

2.5-cm depth, the anoxic + algae condition substantially altered the Mn oxidation state distribution 

and bonding environment, but this condition did not strongly influence the Fe oxidation state 

distribution or bonding environment. The addition of algal detritus increased the presence of Mn3+, at 

select times produced Mn4+, altered the Mn bonding environment, and induced a larger release of Mn 

from the sediments into porewater. This increased oxidation of Mn, change in Mn bonding 

environment, and additional release of Mn from the sediments under the anoxic + algae condition 

likely occurred because of the increased formation of organo-Mn complexes produced during 

enhanced enzymatic processes with the presence of the additional organic matter. The increased 

microbial activity and Mn mobility has the potential to increase the release of Mn from the sediments 

and into the lake water column. 
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Chapter 1: Introduction 

 

 

The impact of legacy mines is a global issue that has resulted in extensive metal 

contamination of natural environments, such as the substantial contamination of Coeur d'Alene Lake 

(Harrington et al., 1998b; Horowitz et al., 1995a; National Research Council, 2005) in northern 

Idaho, USA (Fig. 1). Remobilization of sediment-bound metals may occur through physical (e.g., 

current flow) and biochemical (e.g., reduction-oxidation (redox)) processes, particularly during strong 

seasonal changes in environmental conditions (Ciszewski and Grygar, 2016; Gozzard et al., 2011; 

Huettel et al., 2003; Krantzberg, 1985; Schulz-Zunkel and Krueger, 2009). In lacustrine sediments, 

biochemical processes can be the primary remobilization/retention pathway given limited sediment 

resuspension (Hamilton-Taylor et al., 1996; Morfett et al., 1988; Palmer et al., 2019). In such 

instances, the seasonal alteration of the lacustrine environment with changes in temperature, redox, 

organic carbon, and microbial populations can induce or restrict metal mobility in lakebed sediments 

(Gadd, 2004; Langman et al., 2020b; Martin and Pedersen, 2002; Ni et al., 2016; Sarmiento et al., 

2012; Smith and Huyck, 1999; Wang et al., 2003). An additional influence on metal mobility in 

mining-impacted lacustrine environments is the alteration of redox-sensitive metals, such as iron [Fe] 

and manganese [Mn] (Violante et al., 2010). Changes in Fe and Mn oxidation states and bonding 

environments can provide sorbing surfaces that allow for retention of other metals and/or produce 

soluble species/particles that allow transport across the sediment-water interface (SWI) and degrade 

water quality of the overlying water (Davison, 1993; Wang et al., 2003).  

Redox-sensitive Fe has been identified as a control on the mobility of mining-related metals 

in Coeur d’Alene Lake sediments (Arora et al., 2015; Langman et al., 2020b; Toevs et al., 2008). 

Seasonal variations in the lake environment (e.g., temperature, redox) induce cycling of Fe and other 

metals, such as the substantial concentrations of Mn, between soluble and insoluble phases (Bostick 

et al., 2001; Harrington et al., 1998b; Haus et al., 2008; Langman et al., 2020b, 2020a; Morra et al., 

2015). Harrington et al. (1998b) hypothesized retention of Fe and Mn in the lake sediments under 

reducing conditions because of metal-sulfide formation and binding of the metals with organic matter. 

Yet, Harrington et al. (1998b) also described mobilization of arsenic [As], Fe, and Mn and their 

movement towards the SWI. Langman et al. (2020a) evaluated changes in sulfur [S] oxidation states 

and bonding environments in Coeur d’Alene Lake sediments that were exposed to anoxic and anoxic 

+ algae conditions over an 8-week period. The anoxic + algae condition inhibited S reduction and 

enhanced the release of Mn but not the release of Fe. This subsequent study examined the sediments 
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of (Langman et al., 2020a) for changes in Fe and Mn oxidation states and bonding environments over 

the course of the 8-week experiment. The goal was to understand the remobilization effect of the 

additional organic matter (algal detritus) on Mn but not on Fe. 

 
Fig. 1. Coeur d’Alene Lake, River, and Mining District (Silver Valley) in northern Idaho, USA. 

 

 

1.1 Environmental change and manganese cycling 

Legacy mining practices in the Coeur d'Alene Mining District (Fig. 1) led to the the hydrologic 

transport of tailings and waste rock in the Coeur d’Alene River system that resulted in the deposition 

of 75 Mt of metal(loid)-rich sediments in Coeur d’Alene Lake over the past 100+ years (Balistrieri et 

al., 1998; Horowitz et al., 1995a, 1995b; Paulson, 2001). The lake undergoes seasonal thermal 

stratification (thermocline formation), formation of hypoxic and anoxic water in the hypolimnion (La 

Force et al., 2000; U.S. Environmental Protection Agency 2020; Wood and Beckwith, 2008), and 

changes in redox conditions at the SWI (Arora et al., 2015; Cummings et al., 2000). Seasonal changes 

at the SWI can remobilize metals—such as the 470,000 t of lead [Pb] and substantial masses of silver 

[Ag], As, cadmium [Cd], copper [Cu], Fe, mercury [Hg], Mn, antimony [Sb], and zinc [Zn] present in 

lake sediments (Aiken et al., 2011; Haus et al., 2008; Kretzschmar and Schäfer, 2005; Langman et al., 

2020a, 2018; Plathe et al., 2013).  

The continued river input and resuspension of Zn in Coeur d’Alene Lake likely has suppressed 

additional algal growth (Clark and Mebane, 2014; Kuwabara et al., 2007; Morra et al., 2015; Woods 

and Beckwith, 1997). Historically, seasonal conditions at the lake’s SWI have resulted in limited 

remobilization of metals (Arora et al., 2015; Harrington et al., 1998a, 1998b; Horowitz et al., 1995a, 

1995b; Pedersen, 1996; Şengör et al., 2007). Yet, there is a growing concern of increased metal 
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remobilization because of an expected decrease in Zn inputs from upstream remediation and 

continued phosphorus loading (Aiken et al., 2011; Balistrieri et al., 2003; Balistrieri and Blank, 2008; 

Gao et al., 2003; Hoffmann et al., 2007). With a decrease in Zn, future conditions may produce algal 

blooms similar to eutrophic and mesotrophic lakes in the region (Child et al., 2018), which likely will 

increase algae growth and deposition of additional organic matter to the lakebed (Farley, 2012). 

Given the enhanced release of Mn, but not an enhanced release of Fe, with the addition of algal 

detritus to the lake sediments (Langman et al., 2020a), this study was implemented to evaluate 

changes in Mn and Fe oxidation states and bonding environments that can indicate influences on Mn 

mobility. An availability of Mn along with the usual presence of Fe (Boyle, 2001; Davison, 1993) in 

these lacustrine sediments allows these metals to participate in a variety of biogeochemical processes, 

which may include humic acid degradation (Stone and Morgan, 1984; Sunda and Kieber, 1994), trace 

element cycling (Murray and Tebo, 2007; Nelson et al., 1999), and the coupled processes of carbon 

oxidation and anaerobic respiration (Nealson and Saffarini, 1994). The transformation of Fe and Mn 

in an anoxic sediment environment occurs through abiotic and microbially-catalyzed (e.g., bacteria, 

fungi, cyanobacterium, algal phototrophs) reactions that lead to the formation of Fe/Mn minerals and 

organometallic compounds that may or may not be soluble (Andeer et al., 2015; Bargar et al., 2005; 

Brouwers et al., 1999; Butterfield et al., 2013; Melton et al., 2014; Qin et al., 2017; Villalobos et al., 

2003; Wong, 2009; Zeiner et al., 2021). Reductive activation of dioxygen [O2] and production of 

superoxides/peroxides through metalloenzymes is a common degradation process of detrital organic 

matter and production of metal-oxo species where available Fe and Mn can play significant roles 

because of their bioavailability, multiple oxidation states, and coordination complexes (Guo et al., 

2019; Olivo et al., 2017; Sahu and Goldberg, 2016). Such enzymatic activity and metal-complex 

formation can create variable bonding environments (Du et al., 2018; Guo et al., 2019; Olivo et al., 

2017). The role of Fe and Mn in such processes can be intertwined (e.g., Fe oxidation by Mn oxides 

(Bryce et al., 2018)) and can produce differences in oxidation states, complexation, and solubility 

(Chowdhary et al., 2018; Engelmann et al., 2016; Sawant et al., 2010), which can be primary 

influences on the release and transport of metals from contaminated sediments into porewater and 

overlying waters (Kappler et al., 2021; Singh et al., 1984; Wojtkowska, 2013).  
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Chapter 2: Study area, materials, and methods 

 

The Coeur d’Alene River Basin is located in the Coeur d’Alene Mountains of the Bitterroot 

Range. The quartzite and argillite containing the ore in the Coeur d’Alene Mining District have been 

mined since the 1880s and are part of the Mesoproterozoic Belt Supergroup composing the Coeur 

d’Alene Mountains (Leach et al., 1988). The ore primarily consists of argentiferous galena [PbS] and 

sphalerite [(Zn,Fe)S] with associated carbonate zones consisting primarily of siderite [FeCO3] and 

ankerite [Ca(Fe,Mg,Mn)(CO3)2] (Balistrieri et al., 2003; Balistrieri and Blank, 2008; National 

Research Council, 2005). An estimated 56 Mt of processed tailings with 900,000 t of Pb and 700,000 

t of Zn have been released into the basin floodplains along with unknown amounts of As, Cd, Cu, Fe, 

Hg, Mn, and Sb (Long, 1998). In addition to the processed tailings, waste rock containing an 

unknown amount of metal(loid)s was dumped in creek channels/floodplains as a legacy practice of 

waste disposal. The discarded tailings and waste rock were transported downstream by high 

streamflows, which distributed it throughout the river floodplain and into Coeur d’Alene Lake 

(Balistrieri and Blank, 2008; Clark and Mebane, 2014; Langman et al., 2018; National Research 

Council, 2005). The lake continues to see fluctuations of metal concentrations in the water column, 

partially from continued loading of metals from the Coeur d’Alene River (Clark and Mebane, 2014) 

and partially from release of metals from lake sediments during seasonal shifts in environmental 

conditions (Wood and Beckwith, 2008). Currently, the lake does not experience substantive algal 

blooms, but lakebed sediments do contain organic matter concentrations of approximately 3–5% 

(Langman et al., 2020a) 

 

2.1 Study design  

 This study is part of a series of analyses derived from laboratory experiments designed for 

examination of the potential release of metals under current (anoxic) and possible future (anoxic + 

additional algal detritus (anoxic + algae)) conditions. The study was designed to replicate SWI 

conditions during the seasonal shift to anoxic conditions (control group) and a hypothetical condition 

of anoxia + algae (treatment group) to replicate potential future conditions that include substantive 

algal blooms and the addition of greater organic matter (algal detritus) to the lakebed. In November 

2017, sediment cores were collected from Aberdeen Lodge Bay (Fig. 1, depth ≈ 15 m) in Coeur 

d’Alene Lake opposite the confluence of the Coeur d’Alene River. This sampling period was selected 
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because the fall period represents the time of turnover and reoxygenation of the water column and 

upper sediments (outside of the perceived seasonal hypoxic/anoxic period that forms during summer). 

 

2.2 Sediment core collection 

The sediment cores were collected in disinfected (70% EtOH, 30% ultrapure water), 

polyvinyl chloride, core barrels (5.2-cm ID × 61-cm L) that were kept for 48 hr in a positive N2 

atmosphere prior to sampling. Using a Kajak-Brinkhurst gravity corer, the core barrels were allowed 

to free fall from 1 m below the lake surface for collection of sediment samples of 45–50 cm in depth. 

Head water in the core barrel was siphoned from each sample to minimize disturbance of the 

sediments during transport. After siphoning, cores were capped, flushed with N2, and stored upright 

in an N2 atmosphere in gas-tight containers for transport to the University of Idaho Lake Social 

Ecological Systems (LaSES) Laboratory in Coeur d’Alene, Idaho. At the time of the core collection, 

lake water was collected 1 m above the SWI using a disinfected, 2-L, Van Dorn sampler. Upon 

arrival at the LaSES Laboratory, core containers were checked for positive pressure and stored in the 

dark at 4.5 ˚C under an N2 atmosphere. 

 

2.3 Algae collection and column loading  

Algae was collected from Fernan Lake (Fig. 1), an adjoining eutrophic lake, by pumping 

water through 80-μm mesh net followed by centrifugation (3,750 RCF for 15 min), solidification at -

20 ºC, lyophilization (Labconco FreeZone freeze dryer), and homogenization by the roll method 

(Ingamells and Pitard, 1986; Johnson and Maxwell, 1981; Schüler, 1971). To simulate the addition of 

algal detritus to the lakebed, 0.25 g of the homogenized algae were added to half of the cores along 

with 325 mL of Coeur d’Alene Lake water to all cores (half of the cores were in the control group and 

the other half in the treatment group). The amount of algal detritus added to the cores was based on 

previous sediment analyses of mesotrophic and eutrophic lakes in the Pacific Northwest, USA (Child 

et al., 2018; Welch, 2009). After input of the lake water or algae + lake water, the cores were capped, 

flushed with N2, stored at 4.5 ˚C upright in the dark, and under an N2 atmosphere to begin the 8-

week experimental period (Langman et al., 2020a). 

 

2.4 Column experiment  

Cores collected for this experiment were kept in the same anaerobic conditions (N2 

atmosphere) from which one control (anoxia) and treatment (anoxia + algae) core were removed and 

analyzed every two weeks. The cores were deconstructed for collection of sediment samples from 1-

cm thick layers centered at 2.5 cm and 12.5 cm below the SWI. These sediments were collected for 
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X-ray absorption spectroscopy (XAS) to examine Fe and Mn oxidation state distribution and bonding 

environment and were the same cores and samples examined as part of Langman et al.’s (2020a) 

evaluation of S oxidation states and bonding environments (XAS cores). For preparation of the 

sediment samples collected from the XAS cores, porewater was separated from the the 2.5-cm and 

12.5-cm sediment samples by centrifugation (3,750 RCF for 15 min) and analyzed for pH, redox 

potential (ORP), Fe2+ by ferrozine method and a ThermoFisher Genesys spectrophotometer, and Fe 

and Mn concentration by inductively coupled plasma mass spectrometry at the University of Idaho 

Analytical Sciences Laboratory (ASL). Centrifuged sediments were immediately frozen and 

dehydrated (lyophilized for 24 h) and preserved at –80 °C. The 2.5-cm sample location represents the 

near SWI environment where redox-sensitive elements have concentrated (Morra et al., 2015), and 

the 12.5-cm sample location represents a possible restricted zone because of the low permeability in 

these silt/clay dominated sediments. This deeper zone was selected for analysis to compare depth 

penetration of environmental changes that could influence Fe and Mn oxidation state and bonding 

environment. Deeper sample locations were not considered because of the presence of a volcanic ash 

layer (Mount St. Helens in 1980) about 15 cm below the SWI that restricts permeability and acts as a 

metal sorbing substrate (Heap et al., 2018; Jensen et al., 2018). 

 

2.5 X-ray absorption spectroscopy 

  The goal of this study was the temporal evaluation of any shifts in sediment Fe and Mn 

oxidation states and bonding environments with onset of anoxic conditions and presence of additional 

algal detritus at the SWI. Synchrotron-based XAS was performed for discriminating Fe and Mn 

oxidation states and bonding environments at the selected 2.5-cm (upper) and 12.5- cm (lower) 

sediment depths. A pre-experiment core was sampled at the midpoint of 5-cm intervals (2.5, 7.5, 12.5, 

etc.) for analysis of element composition with depth to determine metal concentration from the SWI 

to the bottom of the cores. These sediments were analyzed for element composition by X-ray 

fluorescence (XRF) at the Washington State University GeoAnalytical Laboratory using an 

Advant’XP+ sequential XRF spectrometer and construction of fused beads from 5 g of each sediment 

sample. Synchrotron XAS of the upper and lower sediment samples was performed at the Canadian 

Light Source, 06B1-1 beamline (SXRMB), in Saskatchewan, Canada. A Si(111) monochromator at 

06B1-1 can produce an incident beam energy of 1.7–10 keV. For this study, a 3 × 2 mm beam was 

used to collect fluorescence mode spectra for X-ray absorption near edge structure (XANES) and 

extended X-ray absorption fine structure (EXAFS) analysis. The spectra were processed with the 

XAS program ATHENA (Ravel and Newville, 2005). K-edge energies for the reference materials 

were determined as the maxima of the first derivative and were shifted to the theoretical values to 
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account for beamline flux. Each environmental sample was scanned twice to determine if additional 

scans were needed to reduce the signal-to-noise ratio (minimization of standard deviation near the K-

edge). The environmental spectra were calibrated to the energy shift apparent from the applicable 

reference material, and the spectrum was edge-step normalized (within a maximum 15–80 eV 

normalization range) for comparison of environmental samples and reference materials. An element’s 

oxidation state distribution can be interpreted from the XANES region of the spectra (Alp et al., 1990; 

Newville, 2014). Oxidation state distribution of Fe and Mn were determined with ATHENA’s linear 

combination fitting (LCF) capability (Ravel and Newville, 2005) within a K-edge range of –20 eV to 

+30 eV. The goal of the LCF analysis was to discriminate the oxidation state distributions of Fe and 

Mn over the experimental period by fitting common Fe and Mn oxidation states from reference 

materials. LCF was used to reconstruct each sample spectrum using reference material spectra of 

pyrite [Fe2+S2] and goethite [Fe3+O(OH)] for Fe and rhodochrosite [Mn2+CO3], Mn oxide [Mn3+ 

2O3], and ramsdellite [Mn4+O2] for Mn. Sediment Mn forms did not exhibit a detectable oxidation 

state lower than Mn2+ or higher than Mn4+ . An element’s coordination number, bond length, and/or 

local disorder of adjacent atoms can be evaluated through interpretation of the EXAFS region (Sham, 

2008), which is a reflection of ejected photoelectrons interacting with the electons of surrounding 

atoms (scatterers) or what is described as the bonding environment (Alp et al., 1990; Gaur and 

Shrivastava, 2015; Penner‐ Hahn, 2005). The EXAFS region of the environmental sample spectra was 

analyzed for relative shifts in adjacent atom characteristics (e.g., bond length) through changes in 1st 

and 2nd sphere spectra in frequency filtered (Fourier transformation with k-weight = 2 and Hanning 

window (or cosine-squared taper)) for R space—magnitude (χ(R)) and real number portion 

(Re[χ(R)]). The resulting complex number of the transformed spectra (Fourier transformed χ(R) in Å) 

has real and imaginary numbers that complete the complex number, which is a reflection of the 

magnitude of the shell and bonding environment response (e.g., scatter number and disorder) to the 

electron wavefunction (Koningsberger et al., 2000; Koningsberger and Ramaker, 2008; Newville, 

2014). Well differentiated peaks in χ(R) can indicate primary shells in the bonding environment, 

although the alteration of χ(k) to χ(R) shifts interpreted bond lengths approximately 0.2–0.5 Å 

(Newville, 2014). Given the number of possible Fe and Mn bonds and more than one type of 

neighboring atom, changes in lake sediment bonding environments were viewed as relative 

differences between conditions and with time. Shifts in the bonding environment are reflected in 

magnitude responses (EXAFS region = summed response of all bonds) and relative radial distances 

(van Bokhoven et al., 2005), such as differences in typical Fe bond lengths: 1.8 Å for Fe–C (Braga et 

al., 1993; Chen et al., 2020; Hanson, 1962), 2.1 Å for Fe–O (Hicks et al., 2014), 2.3 Å for Fe–S 

(Sayers et al., 1976), and 2.5 to 3.1 Å for Fe–Fe (Newville, 2014; Pauling, 1976). Mn–O bonds can be 
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relatively inflexible with bond lengths between 1.7 and 2.2 Å (Gilbert et al., 2003; Leto and Jackson, 

2014). Mn–O bonds are shorter compared to Mn–C bonds, although Mn–O bonds will lengthen with 

lower Mn oxidation states (Gilbert et al., 2003; Leto and Jackson, 2014). Only the upper sediments 

samples were examined for bonding environment shifts because of limited changes in the lower 

sediment oxidation state distributions under both experimental conditions.  
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Chapter 3:  Results 

 

3.1 Reactive upper sediment layer 

Past studies of Coeur d’Alene Lake found significant concentrations of Ag, As, Cd, Cu, Fe, 

Hg, Mn, Pb, Sb and Zn in the lakebed sediments (Horowitz et al., 1995a, 1995b). Results of the XRF 

analysis of the pre-experiment core indicated substantial mining-related metal concentrations and a 

variation in the distribution of metal concentrations above and below the volcanic ash layer (Fig. 2). 

The discharge of sediments to the lake following emplacement of the ash layer continued to deposit 

large concentrations of mining-related elements such as Pb and Zn on the lakebed (Fig. 2). The 

presence of Fe and Mn in the mined ore body has resulted in the substantial presence of these 

elements in lake sediments, such as the approximate 10 wt. % as FeO and 1–2 wt. % as MnO in the 

upper 10 cm (Fig. 2). Results of the XRF analysis for samples from the 45–50 cm interval (below 

substantial Pb and Zn concentrations) suggests that background concentrations of Fe and Mn as their 

oxide form may be near 7.5 wt. % and 0.25 wt. %, respectively. The substantial decrease in 

concentrations of mining-related elements below 40 cm aligns with Harrington et al. (1998a) who 

indicated a similar decrease in suspected mining impacts below this depth. 

. 

     Fig. 2. Cumulative area graphs of major (a) and trace element (b) concentrations for sediments collected from Aberdeen 

Lodge Bay in Coeur d’Alene Lake. Major elements are normalized to 100 percent. Trace element concentrations are not 

normalized (Langman et al., 2020a). 

 

Langman et al. (2020a) indicated a substantial change in S oxidation states and the release of 

Mn into porewater during week 2 in the anoxic + algae condition that was not present during the 

anoxic condition (Fig. 3). The anoxic and anoxic + algae conditions produced dissimilar trends in 
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porewater Mn concentrations collected from the XAS cores but similar trends in Fe concentrations for 

upper sediment and similar trends in the lower sediments for Fe and Mn (Fig. 3). The Fe released into 

porewater in the upper sediments was primarily Fe2+, which ranged from 75 % to 100 % of the Fe 

detected in the porewater extracted from the sediments collected from the XAS cores. The anoxic + 

algae condition produced the greatest difference (+12,000 µg/L) in Mn concentrations in the upper 

sediments during week 2, although both conditions produced relatively similar porewater Mn 

concentrations by the end of the experiments. 

Fig. 3. Iron and manganese concentrations in porewater extracted from the control (anoxia) and treatment (anoxia + algae) 

sediment cores over the course of the 8-week experiment (adapted from Langman et al. (2020a)). The upper and lower iron 

and manganese concentrations are from analysis of the porewater extracted from the corresponding sediment samples collected 

for X-ray absorption spectroscopy.   

 3.2 Iron and manganese oxidation state distribution  

Examination of upper and lower sediment Fe oxidation states (Fig. 4) from the XANES 

portion of the sediment XAS spectra indicated little change in Fe oxidation state distribution 

(dominance of Fe3+) under anoxic and anoxic + algae conditions. Both the anoxic and anoxic + algae 

conditions produced favorable environments for the oxidation of Fe with relatively small amounts of 

Fe2+ (5 % to 25 %) in weeks 2, 6, and 8 (Fig. 4). Results from week 2 indicated the greatest presence 

of Fe2+ in the deeper sediments under both conditions and under the anoxic + algae condition in the 

upper sediments. The substantial release of Mn into porewater during week 2 in the upper sediments 

under the anoxic + algae condition (Fig. 3) corresponds to the only detectable presence of Fe2+ in the 

upper sediments (Fig. 4). Upper sediment porewater was neutral (pH range of 6.9 to 7.4) under both 

conditions throughout the experiment, and ORP varied (range of –83 to 180 mV) but trended from 

oxidizing to reducing over the 8-week period. The greater presence of detectable Fe2+ in the deeper 

sediments under both conditions occurred under neutral (pH range of 6.7 to 7.4) and reducing (ORP 

range from –103 to –30 mV) conditions but did not have a substantial effect on the release of Mn into 
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the porewater of these lower sediments (Fig. 3). 

 

 Fig. 4. Distribution of iron oxidation states in upper and lower sediment samples of the control (anoxia) and treatment 

(anoxia + algae) cores over the course of the 8-week experiment. 

The XANES portion of the XAS spectra for Mn in the lower sediments indicated relatively 

similar patterns of Mn2+/3+ oxidation states under the two conditions, except for a divergence in the 

oxidation state distribution during week 2 (Fig. 5). It appears that the influence of anoxic and anoxic 

+ algae conditions did not have a substantial effect on Mn oxidation state in the deeper sediments and 

produced primarily reduced Mn (Fig. 5) compared to the dominance of oxidized Fe in these 

sediments (Fig. 4). The substantial presence of Mn3+ in the lower and upper sediments is suggestive 

of Mn-organo complexes that are able to stabilize Mn in the higher oxidation state under anoxic 

conditions (Chowdhary et al., 2018; Zeiner et al., 2021). The addition of algae to the upper sediments 

had a strong influence on Mn oxidation states when compared to the anoxic condition (Fig. 5). With 
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the addition of algae, oxidation of Mn in the upper sediments progressed during the experiment and 

produced greater Mn3+ and the presence of Mn4+ that was not identified with the anoxic condition 

(Fig. 5). 

 

Fig. 5. Distribution of manganese oxidation states in upper and lower sediment samples of the control (anoxia) and 

treatment (anoxia + algae) cores over the course of the 8-week experiment 

3.3 Upper sediment iron and manganese bond environment  

The Fe EXAFS spectra for the anoxic conditions did not indicate substantial bond shifts 

during the experiment except for an initial change from the pre-experiment condition (Fig. 6). The 

pre-experiment condition (Fig. 6) likely represents a mixed state system following holomixis or 

mixing of the previously stratified layers that re-oxygenated the bottom waters, which shifted the 

sediment porewater environment from it hypoxic/anoxic condition to a more oxygenated 



13 
 

environment. This change in porewater environment likely initiated multiple redox changes that 

resulted in Fe forms with multiple scattering paths (broad, low magnitude peaks) that dampened the 

backscatter response (EXAFS region is a sum of the backscattered waves (Mastelaro and Zanotto, 

2018)). With the start of the experiment and persistent anoxic conditions, Fe bonds stabilized at 

relatively short bond lengths (e.g., Fe–O and/or Fe–C bonds) and remained relatively similar 

throughout the experiment period under the anoxic and anoxic + algae conditions (Fig. 6). The anoxic 

+ algae condition produced a slight shift in Fe bonds in week 2, but the bonding environment 

remained relatively stable over the experiment period (Fig. 6b,d). This slight shift in the Fe bonding 

environment during week 2 corresponds to the increase in Fe2+ (Fig. 4) with the anoxic + algae 

condition. The shift consisted of an earlier 1st sphere magnitude response (χ(R)) suggestive of bond 

shortening and loss of coordinated structure given the lower magnitude (Fig. 6b). This shift in Fe 

bonds is reflected in the shorter period in the oscillation of the week 2 real portion (Re[χ(R)]) of the 

transformed spectra (Fig. 6d) indicative of differences in near-neighbor coordination shells (Newville, 

2014). 

The bonding environment for Mn under the anoxic condition indicated a shift towards longer 

bond lengths except during week 6 (Fig. 7a,c). The overall shift towards longer Mn bond lengths 

under anoxic conditions (Fig. 7c) produced a week 8 dampening effect in the wave backscatter that 

reduced the period and amplitude of the oscillations (Fig. 7d). With the addition of algae to the SWI, 

the EXAFS spectra indicated substantial variation in the Mn bonding environnent, such as the longer 

bond lengths during week 2 and the shorter bond lengths during weeks 4 and 8 (Fig. 7b,d). Under this 

variable bonding environment, the backscatter oscillations indicated substantial shifts in period and 

amplitude (Fig. 7d) that reflect the shift in Mn oxidation states (Fig. 5). The relatively short bond 

lengths in week 4 and 8 correspond with the detection of Mn4+ (Fig. 5), which suggests shortened 

oxide bonds. The likely shifting of bond lengths and ligands (near-neighbor coordination spheres) 

suggests a cyclic process that fluxed with inputs from the degrading algae (Bryce et al., 2018; Guo et 

al., 2019; Sahu and Goldberg, 2016). 
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Fig. 6. Fourier transformation of iron EXAFS spectra (magnitude (χ(R)) and real portion (Re[(χ(R)])) for upper sediments 

from the anoxia and anoxia + algae cores over the course of the 8-week experiment. 
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Fig. 7. Fourier transformation of manganese EXAFS spectra (magnitude (χ(R) and real portion Re[(χ(R)])) for upper 

sediments from the anoxia and anoxia + algae cores over the course of the 8-week experiment 
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Chapter 4: Discussion 

 

Fe and Mn have intertwined redox chemistries and both metals have soluble reduced forms 

and generally insoluble (oxyhydr)oxides that will readily shift oxidation states with changes in redox 

conditions (Davison, 1993). The difference in the Mn3+/Mn2+ half reaction (E° = +1.50 V) and the 

Fe3+/Fe2+ half reaction (E° = +0.67 V) can discriminate their roles in biogeochemical cycling because 

of the greater energy to be derived from Mn redox reactions, although redox potentials will vary with 

pH and temperature (Bucheli-Witschel and Egli, 2001; LaRowe et al., 2021; Straub et al., 2001). The 

anoxic + algae conditions were expected to provide additional carbon and nitrogen for stimulation of 

microbial populations that could produce dissimilatory metal reduction with algae oxidation (Bradley 

et al., 2011; Plugge et al., 2011), which would correspond to the previous identification of primarily 

reduced S in the deeper sediments (both conditions) and an increasing trend in reduced S under upper 

sediment anoxia and variable S oxidation states with the addition of the algae (Langman et al., 

2020a). Instead of acting as an electron acceptor, the microbial community assimilated or used 

sediment-bound Fe as an electron shuttle (e.g., extracellular electron transfer (He et al., 2017)) and 

also formed organo-Mn complexes by enzymatic processes where Mn can be relatively stable in the 

Mn3+ oxidation state (Fig. 8) (Hofrichter, 2002; Quintanar et al., 2007; Wariishi et al., 1992). Given 

the general insolubility of Fe3+ (oxyhdr)oxides (Baumgartner and Faivre, 2015) and neutral pH of the 

porewater throughout the experiment, the Fe likely were sediment-bound oxides or held in 

extracellular locations (cell outer surface or periplasm with Fe2+ pump out) that avoid intracellular Fe 

precipitation and Fe2+ toxicity (Bennett and Gralnick, 2019; He et al., 2017; Schädler et al., 2009). 

These sediment-bound, extracellular locations may be why Fe3+ was predominantly identified in the 

sediment samples (Fig. 4) along with the release of primarily Fe2+ to porewater. The Fe4+ oxidation 

state of the example enzymatic process (Fig. 8) was not analyzed in this experiment since Fe4+ exists 

only temporarily as an electron shuttle and the Fe is stabilized as Fe3+ (Sundaramoorthy et al., 1994). 

Given the presence of small concentrations of Fe3+ in porewater (0 % to 25 %), Fe3+ chelates (Nevin 

and Lovley, 2002) may have formed and been released into solution as part of such enzymatic 

processes.   
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Fig. 8. Schematic of possible enzymatic manganese cycling in the presence of detrital organic matter. The green 

arrow represents a potential pathway that occurs by means of an oxidase that forms mobile Mn4+ (adapted from 

Hofrichter (2002). 

 

Organo-complexed Mn can be formed by enzymatic activity where oxidized Fe is used as an 

electron shuttle to oxidize Mn2+ with production of Mn3+,4+ and Mn-oxalate/lactate chelates (Fig. 8) 

(Hofrichter, 2002; Kumar and Chandra, 2020). Such processes keep Fe oxidized (Fe3+) while 

oxidizing Mn and producing various Mn chelates (Abdel-Hamid et al., 2013). The strong prevalence 

of Mn3+, occasional presence of Mn4+ (Fig. 5), variation in the bonding environment of Mn in the 

anoxic + algae condition (Fig. 7), and large release of Mn into porewater early in the experiment (Fig. 

3) indicates the early formation of water-soluble, multidentate Mn chelates (e.g., 

aminopolycarboxylic acids (Bucheli-Witschel and Egli, 2001)) along with sediment-bound, enzyme-

incorporated Mn3+,4+ (Soldatova et al., 2017). Oxidoreductase enzymes, such as Mn peroxidase, are 

present in almost all known bacteria and fungi (Chowdhary et al., 2018) and can provide the 

mechanism for organic matter degradation and Mn oxidation and mobility (Kumar and Chandra, 

2020; Quintanar et al., 2007). With microbially-facilitated Mn2+ oxidation, Mn3+/4+ can be stabilized 

through bonding with carboxylic acids, which form compounds that can further oxidize degrading 

organic matter (Hofrichter, 2002; Kumar and Chandra, 2020; Wong, 2009). Such microbially-

facilitated activity likely produced the presence of primarily oxidized Fe in the sediments (Fig. 4) and 

relatively stable Fe bonding environment (Fig. 6) in both conditions because of the existing presence 

of available organic matter and microbial population without additional algal detritus. The stability of 

Fe under anoxic and anoxic + algae conditions is in contrast to the increased oxidation of Mn (Fig. 5) 

and variable bonding environment with the addition of algae (Fig. 7). This greater variability in Mn 

oxidation states and bonding environments indicates enhanced enzymatic oxidation and stabilization 

of higher Mn oxidation states with the greater availability of organic matter (Liu et al., 2020; 
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Soldatova et al., 2017). Such an enhancement to Mn-involved enzymatic processes (Fig. 8), even 

under anoxic conditions, likely is responsible for the increased Mn oxidation (Fig. 5), limited change 

in Fe oxidation (Fig. 4), variable Mn bond lengths (Fig. 7), and release of Mn into porewater under 

the anoxic + algae conditions in the upper sediments (Fig. 3). 
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Chapter 5: Conclusion 

 

Legacy mining practices allowed the hydrologic transport of tailings and waste rock from the 

Coeur d’Alene Mining District to Coeur d’Alene Lake where an estimated 75 Mt of metal(loid)- 

contaminated sediments have entered the lake over the past 100+ years. Prior studies have indicated 

that the mining-contaminated sediments of Coeur d’Alene Lake undergo a seasonal anoxia period, 

which likely will evolve towards a seasonal period of anoxia plus additional algal detritus because of 

predicted algal blooms. Eight-week, benchtop experiments were conducted for replication of anoxic 

and anoxic + algae conditions for sediment cores collected from the lakebed. Examination of 

synchrotron X-ray absorption spectra for Fe and Mn in cored sediments indicated that anoxic 

conditions produced a relatively stable Fe oxidation state distribution and an increase in Mn oxidation 

over the experimental period. Correspondingly, the bonding environment of Fe did not significantly 

change over the course of the experiment, but the Mn bonding environment indicated substantial 

variation with the addition of the algae. This difference in oxidation state distribution and bonding 

environment between Fe and Mn likely is a result of the incorporation of Fe as an electron shuttle in 

an enzymatic process that produces Mn3+/4+ organo-complexes. This enzymatic process likely was 

enhanced with additional organic matter through introduction of the additional algae, which increased 

Mn oxidation and created a variable bonding environment. As part of this process, Fe is captured or 

retained at a higher oxidation state in the sediments under anoxic conditions while Mn increases in 

oxidation and can be released as soluble Mn3+,4+ chelates that likely explains the increase of porewater 

Mn concentrations with the addition of the algae. 
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