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Abstract: The oxidation state of sulfur [S] is a primary control on mobility of metals in sediments
impacted by legacy mining practices. Coeur d’Alene Lake of northern Idaho, USA, has been impacted
by upstream legacy mining practices that deposited an estimated 75 Mt of metal(loid)- and S-rich
sediments into the lake. Future lake conditions are expected to include algal blooms, which may alter
S and metal remobilization during the seasonal euxinic environment. Cores of the lake sediments were
exposed to anoxic and anoxic + algal detritus conditions for eight weeks at 4.5 ◦C through introduction
of a N2 atmosphere and addition of algal detritus. At a location 2.5 cm below the sediment-water
interface, anoxic conditions promoted a shift in S species to continually larger concentrations of
reduced species and an associated shift in the bonding environment reflective of increased S–metal
bonds. Anoxic + algal detritus conditions suppressed the increasing trend of reduced S species and
induced greater release of Mn compared to the anoxic-only conditions but did not appear to enhance
the release of As, Cd, or Fe. The addition of algal detritus to the sediment-water interface of these Fe-
and S-rich sediments enhanced mobilization of Mn likely because of dissimilatory metal reduction
where the anaerobic oxidation of the algal detritus stimulated Mn reduction. Results of the study
indicate that future metal release from the lake sediments will be altered with the likely deposition of
algal detritus, but the effect may not enhance the release of acutely toxic metals, such as As or Cd, or
substantially impact Fe cycling in the sediments.

Keywords: mining-impacted lake; metal contamination; lakebed sediments; sulfur reduction and
speciation; sulfur bonding environment; synchrotron X-ray absorption spectroscopy

1. Introduction

Legacy mining practices have resulted in extensive contamination through the release of sulfur
[S] and toxic metals into aquatic ecosystems, which can negatively influence the health of human and
wildlife populations for decades to centuries [1–5]. Coeur d’Alene Lake (Lake) of northern Idaho, USA,
is located in the Coeur d’Alene River Basin (Basin) and downgradient of the lead-zinc-silver Coeur
d’Alene Mining District (District) (Figure 1). Legacy mining practices allowed the formation of acid
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rock drainage (ARD) and hydrologic transport of tailings and waste rock. These processes resulted
in the deposition of an estimated 75 Mt of metal(loid)- and S-rich sediments—Including 470,000 t
of lead [Pb] and substantial masses of arsenic [As], cadmium [Cd], iron [Fe], manganese [Mn], zinc
[Zn]—In the Lake over the past 100+ years [6–9]. The highest concentrations of metals in the Lake
sediments are near the outlet of the Coeur d’Alene River (River) in the central part of the Lake (Figure 1),
and lesser concentrations are present in the southern and northern parts of the Lake [7]. Seasonal
changes in environmental conditions at the sediment-water interface (SWI) can remobilize S and metals
that may be transported into the Lake water column [10–20]. The Lake undergoes seasonal thermal
stratification [20,21] that induces changes in reduction-oxidation (redox) conditions at the SWI [22,23]
where redox-sensitive As, Fe, Mn, and associated S are concentrated at an oxic-anoxic interface in this
seasonally euxinic environment [24]. The strength and persistence of potential contaminant-mobilizing
conditions, such as changes in redox conditions and organic matter content, determine the impact to
seasonal water quality.
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Historically, transport of Zn into the Lake has suppressed algal growth [25,26], which should
be increasing because of an increasing input of phosphorus [P] [20,24,25,27,28]. Current seasonal
conditions at the SWI have resulted in limited remobilization of S and metals [7,8,22,29–32]. Yet, there
is a growing concern of increased S and metal remobilization because of an expected decrease in Zn
inputs from remediation activities and increasing P inputs, which likely will produce future algal
blooms similar to eutrophic and mesotrophic lakes in the region [33]. If algal blooms occur, a substantial
increase in organic matter as algal detritus would be deposited at the SWI, which may alter the seasonal
redox conditions that occur with thermal stratification (summer into fall) and subsequent turnover (fall).
A change to the seasonal cycle of redox conditions and associated microbial communities can influence
the speciation of S and influence the remobilization or retention of metals [10,14,15,34–40]. The goal of
this study was to evaluate the alteration of sediment S species, changes to the S bonding environment
(local bond configuration), and the influence of S redox changes on metal release under anoxic and
anoxic + algal detritus conditions. These two experimental conditions are representative of current
anoxia from thermal stratification and potential future conditions of anoxia and deposition of algal
detritus to the SWI interface. Results of this manuscript are part of a larger study examining the Lake
sediment environment, including metal release, microbial community dynamics, and nutrient inputs.

Redox-sensitive S and Fe have been identified as controls on metal mobility in the contaminated
sediments of the Basin, including the lateral lakes of the lower Basin (Figure 1) [17,22,32,41,42].
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The seasonal variation in the smaller, shallower, and more productive lateral lakes and select areas of
the Lake cause a cycling of sediment S and metals between soluble and insoluble phases [7,11,17,27,30,
43–45]. Increased productivity of the Lake and deposition of algal detritus may strengthen and extend
the seasonal shift to reducing conditions during the summer-to-fall thermal stratification. Alteration
of redox conditions will influence the seasonal evolution of S species and the mobility/immobility of
the associated metals, which also will be influenced by other remobilization/retention influences, such
as pH, clays, Fe (oxyhydr)oxides, and low molecular weight organic acids [10,14,15,46–48]. Increases in
S reduction would allow for greater scavenging of metals (authigenic metal sulfide formation), although
the greater presence of organic acids may provide substrates for metal complex formation and increased
metal mobility [49–53]. To understand metal mobility or retention in these mining-impacted and
euxinic environments, it is necessary to understand potential changes to S speciation and the associated
bonding environment.

2. Study Area, Materials, and Methods

The Basin is bounded by the Coeur d’Alene Mountains, which are part of the Bitterroot Range
of the Northern Rocky Mountains. The Coeur d’Alene Mountains are composed of quartzite and
argillite of the Mesoproterozoic Belt Supergroup, which contain the ore-bearing formations that have
been mined since the 1880s. The District’s 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] [34,35,54]. From mining of this ore, it is estimated that 56 Mt of
processed tailings containing 900,000 t of Pb and 700,000 t of Zn—along with various amounts of As,
Cd, Fe, Mn, and S—were discharged into the floodplain of the Coeur d’Alene River (River) and its
tributaries [55]. Additionally, an unknown amount of unprocessed waste rock was disposed of in
the floodplains. Transport of the disposed tailings and waste rock by high streamflows distributed
the waste rock and tailings throughout the floodplain of the Basin and into the Lake [16,54,56,57].
Furthermore, ARD formed in abandoned mines, waste rock, and contaminated sediments where
carbonate minerals were insufficient to buffer acid production [9,34,58]. The Lake continues to see
fluctuations of S and metal concentrations in the water column, partially from continued loading of
S and metals from the River [57] and partially from release of S and metals from sediments during
seasonal shifts in environmental conditions [20].

2.1. Study Design

This study was designed to replicate SWI conditions during a seasonal shift to anoxic conditions.
Sediment cores were collected by boat in Aberdeen Lodge Bay (Figure 1, depth ≈ 15 m) in the central
portion of the Lake across from the discharge of the River. Two sampling periods—mid-October
and mid-November—were used to collect initial cores (October) for testing of sample collection and
examination of sediment physical and chemical characteristics and laboratory cores (November)
for replicating anoxic (control) and anoxic + algal detritus (treatment) conditions. It was assumed
these fall sampling periods would be after holomixis and reoxygenation of the water column and
upper sediments. The laboratory experiments were designed for control and treatment cores to be
placed in anaerobic conditions (continuous N2 atmosphere), from which a control and treatment
core were removed and analyzed every two weeks over an eight-week period. Upon removal from
the experiment, 1-cm sediment layers centered at 2.5 cm and 12.5 cm below the SWI were collected
for X-ray absorption spectroscopy (XAS) to examine S species distribution and bonding environment.
Porewater was separated from the sediment samples by centrifugation (3750 RCF (relative centrifugal
force) for 15 min) and analyzed for pH and redox potential (ORP) and subsampled for analysis of
dissolved (0.45-µm filtered) As, Cd, Fe, and Mn by inductively coupled plasma mass spectrometry
and dissolved sulfate [SO4] by ion chromatography at the University of Idaho Analytical Sciences
Laboratory (ASL). The sediment samples were homogenized, dehydrated (lyophilized for 24 h),
and preserved at −80 ◦C. The 2.5-cm sample location represents the near SWI environment where
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redox-sensitive elements have concentrated [24], and the 12.5-cm sample location represents a possible
restricted zone because of low permeability in these silt-clay dominated sediments near a volcanic
ash layer. This deeper zone was selected for analysis to compare depth penetration of environmental
changes that could influence S speciation. Deeper sample locations were not considered because of
the presence of a volcanic ash layer (Mount St. Helens 1980 [7,8]) about 15 cm below the SWI that
restricts permeability and acts as a metal sorbing substrate.

2.2. Sediment Core Collection

Disinfected (70% EtOH, 30% ultrapure water), polyvinyl chloride (PVC), core barrels (5.2-cm ID ×
61-cm L) were kept in a positive N2 atmosphere for 48 h prior to sample collection. The barrels were
fitted to a Kajak-Brinkhurst gravity corer to obtain sediment cores of 40 ± 1 cm with free fall from 1 m
below the Lake surface (Figure 2). Immediately after core collection, overlying water was removed
by siphoning to minimize disturbance of the SWI during transport. The cores were capped, vented
with 0.20-µm filters, flushed with N2, and stored upright under a N2 atmosphere in custom-made,
gas-tight containers (Figure 2) for transport to the University of Idaho Lake Social Ecological Systems
(LaSES) Laboratory in Coeur d’Alene, Idaho. 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 N2 atmosphere and stored in the dark at 4.5 ± 0.4 ◦C.
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N2 purge.

2.3. Algal Detritus

An adjoining and unimpacted eutrophic lake (Fernan Lake, Figure 1) was selected for collection of
algae for simulating deposition of algal detritus to the SWI of the collected cores. Algae were collected
from Fernan Lake by pumping surface water through an 80-µm mesh net. The algae were subsequently
separated from remaining water by centrifugation (3750 RCF for 15 min), frozen, lyophilized, and
homogenized. A slurry of algal detritus (~0.25 g of dry algae and 25 mL of lake water) was added to
half of the cores along with 325 mL of Lake water (about 4 cm of head height in the core barrel) to
all cores. The amount of algal detritus was based on previous sediment analyses of mesotrophic and
eutrophic lakes in the region [33]. After input of the water or slurry + water, the cores were recapped,
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vented, flushed with N2, and stored at 4.5 ± 0.4 ◦C upright in the dark under a N2 atmosphere in
the gas-tight containers to begin the 8-week incubation period.

2.4. Sediment Profile Characterization

A core from the October sample collection was sampled at the midpoint of 5-cm intervals (2.5,
7.5, 12.5, etc.) for physical and chemical characterization of the sediment profile. Core sediment
characterization was performed at ASL according to quality control and assurance protocols of the North
American Proficiency Testing Program. Particle size distribution was determined by hydrometer [59].
Ammonia (as NH3–N), nitrate (as NO3–N), phosphorus P, and organic matter (OM) concentrations
were determined through standard extraction methods and analyzed by flow injection analysis (NH3

and NO3) or spectrophotometer (P and OM) [60,61].

2.5. X-ray Spectroscopy

The oxidation of S can be described as the reversible sequence of sulfide [S2−]→ disulfide [S1−]→
elemental S [S0] including various polysulfides [H2Sx or Sx

2−]→ sulfite [SO3
2−] and thiosulfate [S2O3

2−]
→ SO4

2−. Schippers and Sand (1999) [62] and Druschel et al. (2003) [63] described the transformation
of S2−/S1− to Sx

0/SO3
2−/S2O3

2− prior to SO4
2− that has been followed by substantial exploration of

the presence and development of intermediary S species/forms during sulfide oxidation and reduction,
such as growth of oxic units with O2 incorporation, possible S2− to Sx0 to S2

2− evolution, Fe and S
oxidation preference with H2O and O2 adsorption sequences, or the greater lability of the Fe–S bond
than the S–S bond [64–66]. The identification of S0 and polysulfides and S2O3

2− and polythionates
[Sx+2O6

2−] during oxidation led to the theory of two oxidation pathways—Polysulfide or polythionate.
Absorbance spectra of partially oxidized sulfides can be difficult to separate in the intermediary S
range (prior to full oxidation to SO4) because of the presence of the various S inorganic and organic
forms and their reaction rate differences that cannot be viewed as a static product [16,67,68]. Although,
the absorbance spectra of the range of S oxidation products can be used to view the shift in S species
distribution and bonding environment reflective of temporal changes in sediment environmental
conditions [17].

The primary goal of the experiments was the temporal evaluation of the shift in sediment
S species and bonding environment with inducement of anoxic conditions and influence of algal
detritus. The 5-cm interval samples of the October core (no anoxia or algal detritus) were analyzed to
determine the metal(loid) and S characteristics of the sediment profile. An Advant’XP+ sequential
X-ray fluorescence (XRF) spectrometer at Washington State University’s GeoAnalytical Laboratory
(Pullman, WA, USA) was used to determine element composition at each 5-cm depth (fused beads from
5 g of each sediment sample). These results provided relevant information for selection of the sampling
points in the experimental cores (control and treatment cores). Additionally, each 5-cm interval sample
from the October core was analyzed by synchrotron XAS for discriminating S species and bonding
environment. These XAS results provided a framework for evaluating XAS results of the experiment
samples (2.5-cm (upper) and 12.5-cm (lower) sediment depths) from the control and treatment cores.

Synchrotron XAS was performed at the 06B1-1 beamline (SXRMB) at the Canadian Light Source,
Saskatoon, SK, Canada. Beamline 06B1-1 uses a Si (111) monochromator to deliver an incident beam
energy of 1.7–10 keV, which is suitable to resolve S K-edge spectra. A broad beam (3 mm × 2 mm)
was used to collect fluorescence mode spectra for X-ray absorption near edge structure (XANES) and
X-ray absorption fine structure (XAFS) analysis. The spectra were processed with the XAS program
ATHENA [69]. K-edge energies for the reference materials were determined as the maxima of the first
derivative for the absorption spectra and were shifted to the theoretical values to account for beamline
flux. For quality control purposes, 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 final spectrum was calibrated to the energy shift apparent from the applicable
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standard, and the spectrum was edge-step normalized (within a maximum 15–80 eV normalization
range) for comparison of environmental samples and reference materials.

The shift in predominant S oxidation states of the sediment samples were analyzed with ATHENA’s
linear combination fitting (LCF) capability within a K-edge range of –20 eV to +40 eV. Output of
the LCF consists of the percent that each reference material contributes to the fit of the sample spectrum.
The goal of the LCF analysis was not discrimination of all oxidation states present in the spectra but
an evaluation of the primary oxidation states and temporal shifts with changes in redox conditions
(balance of reduced and oxidized species). LCF was used to reconstruct each sample spectrum using
spectra from two primary reference materials—Pyrite (FeS2, S1−) and sodium bisulfite (NaHSO3, mixed
state spectra of S4+ and S5+ similar to sulfone (RSO2R, S4+0) + sulfonate (R–SO3, S5+)). This mixed
state form appears as a broad double peak with K edge energies near +5.5 (S4+) and +8.5 (S5+) past
the S0 K edge. The FeS2 and NaHSO3 represent oxidation states that constituted the large majority of
the S species present throughout the experiments. Additional oxidation states were evaluated through
attempted fitting of inorganic and organic S spectra from compounds that included oxidation states
of S2− through S6+ but were not included in the LCF because of their minimal contribution to the fit.
The FeS2 reference material is representative of the reduced S endpoint. The NaHSO3 represents
a mixed S intermediary state that appears to be the S oxidation endpoint for solid form S. Our selection
of a bisulfite with mixed state spectra is not an indication of an inorganic presence but a representation
of this mixed oxidation state S form in the intermediary range (S4+ and S5+). Prior S species analyses of
Lake sediments have indicated the presence of thiols (S2+) and sulfone and ester–SO4 [42]. We did not
detect the presence of S2+ oxidation states. Similar to Toevs et al. (2006) [42], there was minimal to no
S2− or S6+ forms in all samples collected for this study.

3. Results

The results of the Lake sediment analyses are presented in order of the October sediment
characteristics and S species and bonding environment (0 to 50 cm depth) followed by results from
examination of the 2.5-cm and 12.5-cm depth samples from control and treatment cores at week 0, 2,
4, 6, and 8 of the experiments. The results of the October core analyses provide the framework for
examining the results of experiment (November) cores that were subjected to anoxic (control) or anoxic
+ algal detritus (treatment) conditions.

3.1. Sediment Characteristics

Previous coring of the Lake sediments indicated elevated levels of Ag, As, Cd, Cu, Fe, Hg, Mn,
Pb, Sb, and Zn [7,8]. Total depth of contamination varied from 17 cm to 119 cm [8] indicative of
the bathymetric distribution of contaminated sediments and dissolved contaminants coming from
the River. Examination of the October core indicated differences in metal concentrations above and
below the volcanic ash layer, which is a low permeability and sorbtive layer [70,71] that separates
the older and more contaminated sediments from more recently deposited sediments (Figure 3).
Substantial contaminant concentrations are present above the ash—Pb and Zn concentrations up
to 2425 and 3950 ppm, respectively, along with substantial Fe (about 10 wt. % as FeO). Greater Pb
concentrations are present below the ash—Up to 14,250 ppm of Pb (Zn was less than the concentrations
above the ash). Sulfur concentrations have shown wide variation in Lake sediments, but Toevs et al.
(2006) [42] indicated a mean concentration range of 95 to 140 mmol/kg from 0 to 30 cm at a nearby
location and increasing S concentrations with depth.
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Figure 3. 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.

The separation of the upper and lower sediments by the ash layer creates a reactive ~15 cm of
contaminated sediments below the SWI. Alteration of the redox conditions at the SWI must translate
to depth in the sediments (electron transfer pathways), and the permeability of the sediments must
be sufficient for transport of mobilized contaminants [72]. The Lake sediments are predominantly
composed of silt and clay (silt > 52%, clay > 21%) with a smaller fraction (<18%) of sand throughout
the sediment profile (Table 1). The presence of substantial silt and clay indicates a sediment column
of likely low permeability [73]. Additionally, there was a substantial presence of NH3 compared to
NO3 at all depths in the October core, which is indicative of reducing conditions during this collection
period. Phosphorus concentrations ranged from 15 to 27 µg/g and organic matter was low (≤5.2%) in
comparison to regional lakes [33]. Benthic flux of solutes from the sediments to the Lake is considered
relatively low because of a lack of bioturbation (minimal benthic community because of contamination)
and limited groundwater advection [27]. Although, solute flux across the SWI does occur as indicated
by previous bromide tracer tests—Flux rates of 20 and 36 mg/cm2/yr [27].

Table 1. Results of sediment composition and nutrient analyses of samples from sediment cores
collected from Aberdeen Lodge Bay in Coeur d’Alene Lake, October 2017.

Depth (cm) Sand Silt Clay Phosphorus Nitrate (as N) Ammonia
(as N)

Organic
Matter

Units % 1 % % µg/g 2 µg/g µg/g %

0 to 5 12.5 65.6 21.9 24 0.80 130 5.2
5 to 10 13.6 57.6 28.8 23 <0.72 77 3.3

10 to 15 7.0 60.8 32.3 21 <0.72 56 2.8
15 to 20 6.1 59.2 34.7 20 <0.72 69 3.7
20 to 25 11.5 59.0 29.5 16 0.79 84 4.2
25 to 30 7.9 66.1 26.0 15 <0.72 130 4.8
30 to 35 17.3 56.7 26.0 25 <0.72 120 4.9
35 to 40 11.4 60.4 28.2 25 <0.72 120 4.2
40 to 45 14.7 59.1 26.2 27 0.79 120 3.8
45 to 50 16.0 52.5 31.5 24 <0.72 130 4.6

1 %, percent; 2 µg/g; microgram per gram.

3.2. Sediment Sulfur Speciation and Bonding Environment Characteristics

For the October core, reduced and oxidized S species were present above the ash layer (0 to 12.5 cm)
with a readily identifiable presence of sulfide (S1− at ~2471 eV) and likely elemental S (S0 at 2472 eV)
(Figure 4), which primarily indicates a reducing environment above the ash layer during this collection
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period. Although, mixed oxidized S forms (likely mixed representation of S3+ (~2478.5), S4+ (~2479.5)
and S5+ (~2481 eV)) also were present above the ash layer but at lower concentrations as indicated
by the lower peak response (Figure 4). These broad spectra peaks of oxidized S are representative
of the intermediary products—Inorganic sulfite/thiosulfate/polythionate along with their organic
counterparts of sulfone/sulfonate. The intermediary products tend to form these broad peak portions
of the S spectra that are not representative of an individual oxidation state but charge densities that
reflect multiple oxidation states [74]. Compared to the sediments above the ash layer, the sediments
below the ash layer (20 to 30 cm) contained greater concentrations of reduced species along with a shift
towards a lower K edge (<S1−), suggestive of non-pyritic reduced S forms. The sediments below the ash
layer contained a greater variety of S species and substantially more oxidized species with increasing
depth. In these deeper sediments, there was indication of substantial accumulation of intermediary
products (Figure 4). The presence of these intermediary products throughout the sediment column
indicates likely partial shifts in oxidation state with seasonal changes, such as onset of reducing
conditions near the surface or the upwelling of oxygenated groundwater that has been identified
in the nearby lateral lakes [17]. Yet, these seasonal effects are insufficient to fully reduce or oxidize
the store of S in any location within the sediments. Such limited reduction and oxidation (temporally
and spatially) allow for the accumulation of intermediary products between the authigenic mineral
form (FeS2, S1−) and fully oxidized SO4 form.
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Figure 4. Sulfur absorption spectra from synchrotron XANES analysis of sediments (0 to 50 cm)
collected from Aberdeen Lodge Bay in Coeur d’Alene Lake, October 2017. Theoretical sulfur oxidation
states are shown to illustrate their likely K-edge location (inflection point of rising limb).

Measurement of the absorption coefficient beyond the S K-edge (XAFS region) can indicate
changes in coordination number, bond length, and/or local disorder of adjacent atoms [75]. The XAFS
region is a reflection of dipole transitions from core to unoccupied states of the absorbing atoms (S) that
reflects characteristics of adjacent (scattering) atoms [76–78]. Due to the likely inorganic and organic



Minerals 2020, 10, 849 9 of 19

S forms and seasonal environmental changes in the Lake sediments, XAFS analysis was performed
to identify relative shifts in adjacent atom characteristics (e.g., bond length) through changes in 1st
sphere spectra in frequency filtered (Fourier transformation with k-weight = 1 and Hanning window
(or cosine-squared taper)) for R space (Fourier transformed χ(R) in Å) and filtered R space (q space or
Fourier filtered χ(q) in Å−1). The resulting complex number of the transformed spectra (R and q space)
has equivalent real and imaginary numbers equal to real k and imaginary k numbers. The real portion
of the transformation represents the absolute or enveloping response of the number and disorder of
scatterers and the imaginary (oscillating) part represents bond length changes between the S atoms
and the scatterers [79]. The real and imaginary parts complete the complex number that is reflected as
a magnitude of the shell and bonding environment response to the electron wavefunction [80,81].

Non-pyritic S–S bonds are extraordinarily flexible where bond lengths can vary between 1.8
and 3.0 Å [82], but pyritic S–S (and Fe–S) bonds typically are near 2.2 Å [83,84]. Polysulfide S–S
bonds tend to be shorter and near 2 Å [85]. Additionally, C–S bonds of polysulfide compounds
typically are even shorter (about 1.8 Å) [86]. S–O bonds, such as SO3 and SO4, tend to be relatively
short bonds (1.4 to 1.5 Å), but a mixed state sample tends to produce a magnitude of χ(R) near
3 Å because of constructive/deconstructive wave forms [87]. The magnitude of χ(R) for the October
core is presented in Figure 5 for comparison of changes in the bonding environment with depth.
The magnitude response indicates a similar bonding environment above the ash layer, a transition
environment near the ash layer, and a change in the bonding environment in the deeper sediments
that corresponds to the speciation differences indicated in Figure 4. The reducing conditions above
the ash layer is similar in magnitude response to FeS2 and S0 standards (Figure 6), and the deeper
sediments indicate more oxidized conditions similar to the magnitude response of sulfite, thiosulfate,
and sulfate (Figure 6). The electron wave emitted by the absorbing S atom is scattered by neighboring
atoms that produces a final state wavefunction from constructive and destructive responses (Figures
5b and 6b). The higher oscillation in the deeper sediments (>30 cm) likely represents constructive
wave response along S–O bonds given an expected sulfite/polythionate form (sulfite equivalent shown
in Figure 6). Correspondingly, this oscillation form is minimized in the more reduced S distribution,
such as the lower oscillation pattern of the sediments above the ash layer where S–O bonding is less
visible because of wave deconstruction with greater S–S and/or S–M bonding.Minerals 2020, 10, x  10 of 20 
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portion, of pyrite and sulfite standards with the 0 to 5 and 30 to 35 cm spectra of the October core.

3.3. Sediment Sulfur Speciation with Induced Anoxic Conditions

There is no continuous monitoring of the Lake SWI for indication of reoxygenation of the water
column with overturning of the thermocline. Therefore, core collection periods were set according to
an expected reoxygenation period (October) and post-oxygenation period (November). Porewater was
not extracted from the October core. The pH of porewater extracted from the November cores’ upper
(2.5-cm depth) and lower (12.5-cm depth) sediments over the experimental time period ranged from
6.9 to 7.1 and 6.6 to 7.6 in control and treated cores, respectively. No visible trends were apparent in pH
in either core group or between depths. The ORP of porewater in upper and lower sediments ranged
from −100 to +65 mV and −104 to +65 mV in control and treated cores, respectively, with primarily
reducing conditions in lower sediments and mixed conditions in upper sediments. The lowest ORP
values in upper and lower sediments were recorded during week 4. NO3 and PO4 were not detected
(<0.4 mg/L) in any porewater, and SO4 concentrations were low (<10 mg/L) with no visible trend.

A comparison of solid-phase S speciation in the upper sediments for the October (−4 week)
and November (0 week) samples (Figure 7) indicate primarily reduced S in October and primarily
oxidized S in November indicating that reoxygenation of the upper sediments occurred between
the two sampling events. The S species of the upper sediments of the control cores (anoxia) shifted
towards reduced species (predominantly S1−) from week 0 to week 8 (Figure 7). The upper sediments
of the treatment cores (anoxia + algae) indicated variable distributions of S species from week 0 to
week 8. The input of algal detritus to the SWI appears to have minimized S reduction in the upper
sediments that was apparent in the control cores. The low permeability of the sediments (Table 1)
appears to restrict deeper penetration of the seasonal changes in redox conditions as indicated by
predominant reduced S forms in the lower sediments for all cores (Figure 7).
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Figure 7. Distribution of the primary sulfur oxidation states (−1 and +4 to +5) in upper and lower
sediment samples of the control (anoxia) and treatment cores (anoxia + algae) over the course of
the 8-week experiment.

3.4. Upper Sediment Sulfur Bonding with Induced Anoxic Conditions

The upper sediments of the control and treatment cores were evaluated for changes in the bonding
environment given the increasing trend in reduced S of the control cores and the variable redox state
of S in the treatment cores over the course the experiments. The bonding environment in the upper
sediments of the control cores (Figure 8a) initially (week 0) appeared to indicate mixed state bond
length (radial distribution) that quickly shifted (week 2) to a polythionate-type (thiosulfate of Figure 6
or greater abundance of S–O bonds) environment that weakened in magnitude with each subsequent
core (weeks 4 to 8). This decrease in constructive wavefunction is reflected in the week 2 to 8 scatterer
response (Figure 8c), which corresponds to the shift in speciation from primarily oxidized forms to
greater reduced S during the experiment (Figure 7). This decrease in magnitude of the radial distribution
for the upper sediments reflects the reduced S bonding of the upper sediments of the October core
compared to the more oxidized environment of the deeper layers in the October core. The S bonding
environment of the upper sediments of the treatment cores indicated a similar initial shift in bond
length from week 0 to week 2 (Figure 8b), but the bonding environment of the treatment cores did not
follow a similar trend in decreasing magnitude of the bond length response. Similar to the S speciation
variability (Figure 7) for the treatment cores, the bond lengths of S and its surrounding scatters varied
from week to week with an increase from week 2 to 4, a decrease from week 4 to 6, followed by an
increase from week 6 to 8 (Figure 8b). The scatterer response and resulting wavefunction of the treated
upper sediments (Figure 8d) followed a similar pattern in constructive/deconstructive responses from
week to week.
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3.5. Redox-Sensitive Elements in Porewater

The anoxic and anoxic + algae conditions produced similar trends in porewater As, Cd, and Fe
concentrations for upper and lower sediments (Figure 9). The concentration trends of each contaminant
were similar at each depth under the two conditions; although, the deeper sediments produced larger
concentrations of As, Cd, and Fe compared to the upper sediments. This difference in upper and lower
As, Cd, and Fe porewater concentrations may be a result of variability of sediment metal concentrations
between the two depths. Deeper sediments released greater amounts of all three metals after week
2 then plateaued with small variations in concentrations from week 4 to week 8. Upper sediment,
porewater Mn was the only element to indicate a substantial difference in concentration trend between
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the anoxic and anoxic + algae conditions (Figure 9). 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.
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4. Discussion

Anoxic conditions of the control cores produced an expected trend of increasing S reduction in
the upper sediments (Figure 7). The input of algae to the SWI was expected to provide a C- and
N-rich environment for further stimulation of reducing bacteria that could produce dissimilatory
sulfate reduction with algae oxidation [88,89]. Dissimilatory sulfate reduction is a common process of
S reduction in organic-rich environments that assists in overcoming the energy barrier of the SO4–SO3

redox couple [90]. Additionally, the temporal decay of the algae detritus should produce continually
lower complex carbon forms that become available to the various microbial communities, which should
further drive reduction of the redox-sensitive elements, such as As, Fe, Mn, and S [91,92]. Yet, the input
of the algal detritus did not produce an enhancement of the S reduction trend seen with the control
cores (Figure 7).

Without a stimulation of S reduction but the increased release of Mn with the addition of the algae,
it appears that a dissimilatory metal reduction sequence became a dominant process in the upper
sediments. Although, anoxic and anoxic + algae conditions produced similar trends in release of
redox-sensitive As and Fe and a similar release of the non-redox-sensitive Cd. The substantial change
to Mn release with the anoxic + algae condition suggests dissimilatory reduction of Mn with algae
decomposition but not inclusion of Fe or S in this stimulated reducing effect. Commonly, organic
matter decomposition and metal reduction influence the redox reactions of Fe and Mn in aqueous
systems when these two metals are of substantial concentration [93–95]. Bacteria—such as Clostridium,
Geobacter, Aeromonas, Rhodoferax, Desulfobulbus, and Shewanella—have shown the ability to couple
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the oxidation of organic matter and reduction of Fe3+ and Mn5+. These metals become the primary
electron acceptors and allow for oxidation of fatty acids and monoaromatic compounds [95,96].

The coupling of the anaerobic oxidation of algal detritus and reduction of Mn is not unusual
given the identification of microbially-driven dissimilatory metal reduction in Fe- and Mn-rich, anoxic,
neutral pH sediment environments [97], but the lack of significant change in Fe release (no enhancing
effect) to the porewater is unexpected. Fe has been identified as a primary element participating in
redox processes within the Lake sediments where Fe (oxyhydr)oxides are reduced to Fe2+ minerals
and an increase in dissolved Fe occurs [23]. Given the substantially greater remobilization of Mn early
in the treated core experiments, it would be expected that additional Fe would release to the porewater.
Some of this lack of Fe mobilization can be attributed to the neutral pH of the porewater throughout
the experiments (limited Fe solubility compared to Mn [98]), but the lack of increased porewater Fe
concentrations with the input of algae also is apparent in the similar release of As and Cd under anoxic
and anoxic + algae conditions. Fe (oxyhydr)oxides are sorbing substrates in the Lake sediments and
are considered a primary control on the mobility of contaminants, such as As and Cd [23,42]. Given no
corresponding change in porewater As, Cd, or Fe compared to Mn for the anoxic + algae condition,
anaerobic oxidation of the algae appears to only stimulate the reduction and increased release of Mn.

5. Conclusions

Examination of the mining-contaminated sediments of Coeur d’Alene Lake indicate a metal- and
sulfur-rich environment that undergoes seasonal anoxia due to thermal stratification of the water column.
Replication of anoxic conditions for sediment cores collected from the lakebed produced an increasing
trend in reduced sulfur species and enhanced S–M bonding in sediments near the sediment-water
interface. No changes to the sulfur species distribution were observed for sediments in a deeper
layer that remained a continuously reducing environment during all sampling and experimental
conditions. Pairing an introduction of algal detritus to the sediment water interface with anoxic
conditions suppressed any temporal trend in increased sulfur reduction and S–M bonding in sediments
near the sediment-water interface and had no influence on sulfur speciation lower in the sediments.
The sulfur bonding environment of the anoxic and anoxic + algal detritus conditions paralleled the S
speciation results indicative of increasing reduced S–S and S–M bonds with anoxic conditions and
variable S species and bonding environments under the anoxic + algae conditions. The influence of
anoxia + algal detritus on sulfur speciation near the sediment-water interface produced a substantial
increase in the early release of manganese to the sediment porewater compared to the anoxia-only
condition. This dissimilatory metal reduction was the dominant redox process early in the experiments,
which produced a substantial increase in the early release of manganese but did not enhance the release
of arsenic, cadmium, and iron. This temporal effect from algal detritus appears to have altered microbial
communities influence on early transformation of sulfur species and sulfur’s influence on retention of
manganese in the near surface sediments. Alteration of the species distribution subsequently altered
the bonding environment and induced greater release of Mn compared to the anoxia-only condition.
Overall, the input of the algae suppressed S reduction, enhanced the reduction of Mn, and did not
appear to influence the release of other redox-sensitive metals or release of non-redox-sensitive metals.
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