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ARTICLE INFO ABSTRACT

Associate editor: Georges Calas Exposed and un-remediated metal(loid)-bearing mine tailings are susceptible to wind and water erosion that
disperses toxic elements into the surrounding environment. Compost-assisted phytostabilization has been suc-

Keywords: cessfully applied to legacy tailings as an inexpensive, eco-friendly, and sustainable landscape rehabilitation that
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provides vegetative cover and subsurface scaffolding to inhibit offsite transport of contaminant laden particles.
The possibility of augmented metal(loid) mobility from subsurface redox reactions driven by irrigation and
organic amendments is known and arsenic (As) is of particular concern because of its high affinity for adsorption
to reducible ferric (oxyhydr)oxide surface sites. However, the biogeochemical transformation of As in mine

tailings during multiple redox oscillations has not yet been addressed. In the present study, a redox-stat reactor
was used to control oscillations between 7 d oxic and 7 d anoxic half-cycles over a three-month period in mine
tailings with and without amendment of compost-derived organic matter (OM) solution. Aqueous and solid phase
analyses during and after redox oscillations by mass spectrometry and synchrotron X-ray absorption spectroscopy
revealed that soluble OM addition stimulated pyrite oxidation, which resulted in accelerated acidification and
increased aqueous sulfate activity. Soluble OM in the reactor solution significantly increased mobilization of As
under anoxic half-cycles primarily through reductive dissolution of ferrihydrite. Microbially-mediated As
reduction was also observed in compost treatments, which increased partitioning to the aqueous phase due to the
lower affinity of As(III) for complexation on ferric surface sites, e.g. ferrihydrite. Oxic half-cycles showed As
repartitioned to the solid phase concurrent with precipitation of ferrihydrite and jarosite. Multiple redox oscil-
lations increased the crystallinity of Fe minerals in the Treatment reactors with compost solution due to the
reductive dissolution of ferrihydrite and precipitation of jarosite. The release of As from tailings gradually
decreased after repeated redox oscillations. The high sulfate, ferrous iron, and hydronium activity promoted the
precipitation of jarosite, which sequestered arsenic. Our results indicated that redox oscillations under compost-
assisted phytostabilization can promote As release that diminishes over time, which should inform remediation

assessment and environmental risk assessment of mine site compost-assisted phytostabilization.

1. Introduction beneficiation can be enriched in toxic elements that present health risks
to the surrounding environment and population (Root et al., 2015).

Mining activities generate approximately 5 billion tons of tailing Mine wastes generally present low organic matter and nutrient content,
wastes per year, estimated to equal the amount of global mass move- weak water holding and penetrating capacity, and low abundance of
ment of Earth material by geological processes (Hudson-Edwards et al., heterotrophic bacteria, and sulfidic tailings, in particular, also exhibit

2011; Lu and Wang, 2012). Sulfidic mine waste from polymetallic ore acidic pH and high contents of toxic chalcophile metal(loid)s such as Pb,
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Zn, As and Cu (Solis-Dominguez et al., 2012; Jamieson et al., 2015;
Lindsay et al., 2015; Hammond et al., 2020). These biogeochemical
conditions inhibit plant establishment and vegetative cover thereby
exposing the tailings to wind and water erosion that can transport
contaminants as fugitive dust or colloidal and/or dissolved metal(loid)s
(Stovern et al., 2014; Abraham and Susan, 2017; Gil-Loaiza et al., 2018;
Root and Chorover, 2022). Hence, remediation strategies are needed to
reduce the offsite migration of toxic metal(loid)s. Phytostabilization is
an eco-friendly technique that uses plants and amendments (such as
microbes, organic residues, and irrigation water) to establish a vegeta-
tive cover that inhibits the offsite transport of toxic elements (Mendez
and Maier, 2008; Bolan et al., 2011; Kohler et al., 2015). Compost is
commonly used to assist phytostabilization in nutrient-poor, inhospi-
table contaminated environments (Kohler et al., 2015; Gil-Loaiza et al.,
2016). Compost amendments act as a nutrient source, improve water
and nutrient holding capacity, increase microbial activity, and buffer
acidification (Fagnano et al., 2011; Valentin-Vargas et al., 2014; Nelson
et al., 2015; Visconti et al., 2020).

Compost- and irrigation-assisted phytostabilization was successfully
applied to contain off-site dust emissions of As and Pb contaminated
tailings at the Iron King mine Humboldt Smelter Superfund Site, in
central AZ, USA (Fig. S1) (Gil-Loaiza et al., 2016; Hammond et al.,
2020). However, redox changes may drive biogeochemical reactions
such as dissolution, adsorption/desorption, complexation and redox
reactions at micro-interfaces in tailings systems (Huang et al., 2016;
Bozeman, 2018; Visconti et al., 2020; Hammond et al., 2020). Among
these, the impact on the mobility of As is of particular concern since As is
a redox-sensitive toxic metalloid that commonly concentrates in sulfide
mineral ores (O’Day, 2006; Lengke et al., 2009; Root et al., 2015).
During surficial weathering of sulfide tailings, As speciation may be
transformed from sulfide-bound to bonded association with Fe minerals
such as scorodite, schwertmannite, ferrihydrite and jarosite through
sorption, coprecipitation and incorporation pathways (Root et al., 2015;
Hammond et al., 2020). Therefore, the mobility and fate of As in
weathered tailings is highly associated with Fe speciation and miner-
alogy. Additionally, As has a high affinity for organic amendments such
as compost and OM coated grains. Conversely, organic compounds and
(oxy)anions released from compost (e.g., SO?{, PO%’) may compete for
surface sites on Fe minerals with As and increase As mobility (Bauer and
Blodau, 2006; Bozeman, 2018). For instance, soluble organic matter is
known to significantly enhance the mobilization of As, with precise ef-
fects varying with concentration and pH (Wang and Mulligan, 2009a,b).
Phosphate has also been shown to influence As mobility by competing
for sorption sites (Goh and Lim, 2005). Dissolved organic carbon is
widely regarded as a key factor responsible for the microbial reductive
dissolution of As-bearing Fe (hydr)oxide minerals in anoxic environ-
ments (Islam et al., 2004; Mladenov et al., 2015). Therefore, compost
addition in tailings was hypothesized to promote As mobility, which has
important implications for the success of phytostabilization.

The effects of compost addition on As mobility and speciation have
been reported in previous studies on experimental and field samples
(Hartley et al., 2010; Beesley et al., 2014; Bozeman, 2018; Hammond
et al., 2020). However, geochemical changes resulting from repeated
redox oscillations, a phenomenon that exists at many field sites,
including those impacted by irrigation, have not been addressed. Redox
conditions at the bulk- and micro-scales may fluctuate due to periodic
flooding, irrigation and fluctuation of groundwater. This oscillation has
been proven to influence the crystallinity of Fe oxides, and the trans-
formation of Fe oxides is likely to be influenced by the initial Fe mineral
composition and leaching rate (Thompson et al., 2006; Winkler et al.,
2018). Iron oxide crystallinity decreased in soils rich in crystalline Fe
oxides subject to constrained leaching but crystallinity increased in soils
rich in short-range ordered (SRO) Fe oxides subject to well-drained
conditions (Winkler et al., 2018). These cumulative effects are ex-
pected to influence the mobility of As, which is tightly coupled to the
geochemical transformations of Fe (Fendorf and Kocar, 2009; Root et al.,
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2009). In redox oscillation experiments, Parsons et al. (2013) found that
As mobility in calcareous soil was decreased by up to 45% during anoxic
half-cycles, and Fe dynamics were regarded as the key driver of such
effects. Similar experimental studies on sediments showed that Fe is a
vital control on As mobilization/immobilization during redox oscilla-
tions (Phan et al., 2018; 2019). However, the effects of redox oscillations
in tailings materials are less well known, as sulfide tailings are circum-
scribed by distinct geochemical characteristics (e.g., extremely high Fe
and As, low pH and nutrients, simple and limited microbial commu-
nities). Hence, the biogeochemical processes and effects in metalliferous
tailings subjected to redox oscillations may differ as well, particularly in
respect to the fate of As, with important implications for irrigated
phytostabilization.

At the Iron King Mine and Humboldt Smelter Superfund Site
(IKMHSS), in Dewey-Humboldt, Arizona, approximately four million
cubic meters of sulfide tailings were contained in 62 ha and piled to a
maximum thickness of approximately 30 m. These tailings are charac-
terized by high concentrations of Fe (>10%), S (~10%) and toxic metal
(loid)s (As, Pb and Zn > 2000 mg kg_l), extremely low pH (~2.5) and
low total carbon and nitrogen (around detection limits) (Hayes et al.,
2014; Root et al., 2015; Gil-Loaiza et al., 2016). Approximately 30% of
the near surface Fe exists in ferrihydrite, which hosts the majority of As
in the form of As(V) (Root et al., 2015). Compost assisted phytostabili-
zation was conducted on site to reduce wind and water erosion and to
control risks to nearby communities and ecosystems, not only to buffer
the pH but also introduce beneficial nutrients and microbes to promote
plant growth (Nelson et al., 2015; Gil-Loaiza et al., 2016, 2018). How-
ever, compost may also have adverse effects on the mobility of As. Batch
experiments showed that a “compost tea” treatment released approxi-
mately 70% more As to the solution than the control group, and column
experiments showed that anion competition and ligand exchange
contribute to the mobilization of As (Bozeman, 2018). Field work
showed that downward translocation of As was both observed in
compost amendment and non-amended control tailings, both were
irrigated (Hammond et al., 2020). These data may suggest that released
As was immobilized under oxic conditions. Therefore, associated
biogeochemical transformation of Fe and As in tailings is expected
during redox oscillations with compost amendment. In the present
study, we hypothesized that introducing labile soluble organic carbon
from compost would facilitate reductive dissolution of Fe minerals and
thereby mobilize As under anoxic environment, but that As would
repartition to the solid phase during oxic environment. Furthermore, we
postulated that a change in crystalline character of Fe oxides during
redox oscillations would impact the sequestration of As over multiple
redox cycles. To test our hypotheses, a redox-stat reactor system was
designed for tailings reacted with compost solution or an equivalent
ionic strength electrolyte for 7 redox cycles, with each cycle including 7
d anoxic + 7 d oxic (Fig. S2). The aqueous chemistry, mineralogy and
solid phase speciation of As and Fe during and after oscillations was
analyzed by conjunctive use of wet chemical and spectroscopic methods.

2. Materials and methods
2.1. Experimental samples

Mine tailings used in this study were collected from the surface layer
(0-25 cm) of IKMHSS, a well-characterized sulfide-ore tailings U.S.
Environmental Protection Agency (USEPA) listed Superfund Site for
which the geological and geochemical background has been described in
detail elsewhere (Hayes et al., 2014; Root et al., 2015; Hammond et al.,
2020). Tailings were homogenized, screened to 2 mm and then ground
to <425 pm. Solid compost made from organic plant and manure waste
(Tank’s Green Stuff ™, 100% Organic Compost, Tucson, AZ) was the
same as that used at the field site for phytostabilization, which was
crushed and sieved to <425 pm. Total concentrations of elements in
solid samples were measured by inductively coupled plasma mass
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spectrometry (ICP-MS, Agilent 7700x, Santa Clara CA) following mi-
crowave assisted acid digestion in the Arizona Laboratory for Emerging
Contaminants (ALEC). Total carbon (TC), nitrogen (TN) and sulfur (TS)
of the solids were measured by a CHNSO gas chromatograph analyzer
(Costech ECS 4010, Valencia, CA) in ALEC. The crushed compost was
mixed with type-I deionized water (18.2 MQ-cm) at a solid to solution
ratio of 1:10 (m/m) in the dark to create a compost solution or “compost
tea” (Bozeman, 2018). The mixture was allowed to settle for 30 min and
then filtered through a 46 pm sieve, followed by a 1 pm filter bag
(Welded Industrial Filter Sock Bags) and used fresh. Geochemical con-
ditions at the onset of the experiment (time zero, “ty”") were analyzed in
samples prepared from tailings mixed with electrolyte or compost so-
lution with solid to solution ratio as reactors. These samples were
assumed to provide unreacted tp information and were used for
comparative analysis subsequent characterizations, including selective
sequential extraction, XRD, and XAS techniques.

2.2. Redox reactor setup

A bench-scale redox-stat reactor system with a working volume of 1 L
per reactor was designed and assembled based on previous studies
(Thompson et al., 2006; Parsons et al., 2013). Briefly, the redox condi-
tions were controlled by switching between nitrogen and air sparging at
a flow of 40 mL min’l, monitored with a flow meter (Fig. S2). Elec-
trochemical monitoring Eh and pH electrodes (Mettler Toledo) were
connected through threaded ports on the lid of the reactor, and data
were recorded every 10 min to a data logger (Campbell CR1000, USA).
The gas outlet port was connected with a one-way gas test valve to
exclude influences from the ambient environment. Magnetic stirring
(VWR) was used to mix the suspensions. Four reactors were run in
tandem, with duplicates for the Control (tailing + electrolyte) and
Treatment (tailing + compost solution) experiments. All components
were acid washed and rinsed with 18.2 MQ-cm deionized water.
Aqueous aliquots were collected as a function of time by syringe. To
compare the data from the data logger and meter, Eh and pH was also
recorded at every sampling time.

2.3. Experimental procedure

Fifty grams of ground tailings (<425 pm) were weighed into each
reactor, 1000 g of compost solution were added to the treatment group
(Treatment C, Treatment D), and 1000 g of electrolyte solution (10 mM
NaCl + 25 mM KCl) with similar ionic strength to the compost solution
were used in the control group (Control A, Control B). This 1:20 tailing
to solution mass ratio was selected to facilitate a well-mixed suspension
representative of the reactivity occurring in tailing pore fluids. To
exclude the influence of electrolyte on mineral saturation state, NaCl
was used to compensate for the ionic strength of other ions (except K™).
The initial pH of the compost solution and electrolyte was adjusted to
4.5 before mixing. Then, the suspension pH was again adjusted to 4.5
after mixing and equilibration for 24 h through the addition of HCl and
NaOH, change in volume was <1%. A total of 7 full redox cycles (14
d for each full cycle, including a 7-day anoxic half-cycle and a 7-day oxic
half-cycle) were conducted for 98 days at room temperature and the
temperature in solution was maintained at 29.5 + 2.0 °C. To test the
influence of the labile carbon source, at the beginning of the 6th and 7th
anoxic half-cycles, 0.25 g glucose was added to the reactors, and the pH
was adjusted to 4.5 with NaOH.

Samples were collected at the end of day 1, 4 and 7 of each half-cycle,
6 mL samples were collected at day 1 and 4, 8 mL samples were collected
at day 7. Samples were separated into 3 aliquots, one mL for archival
purposes, 1 mL centrifuged at 22,000 relative centrifugal force (RCF) for
45 min to separate suspension, and the solids were then extracted in 0.5
M HCI for 2 h at room temperature, centrifuged at 22,000 RCF for 6 min,
supernatant solution carefully aspirated by pipette for Fe(II) and total Fe
measurement to quantify adsorbed Fe?" and soluble short-range-
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ordered (SRO) Fe oxides (Thompson et al., 2006). The remaining sam-
ples were centrifuged at 3200 RCF for 15 min and filtered to 0.45 pm
with a GHP Acrodisc syringe filter. Samples from the anoxic half-cycle
were transferred into an anoxic glove box (N2:Hy, 97:3) for process-
ing. Solutions were used for the wet chemistry measurements, and solids
were frozen at —125 °C and then freeze-dried prior to sequential
extraction, XAS and XRD.

2.4. Aqueous chemistry measurement

Aqueous chemistry measurements were conducted in ALEC. Cations
and total As were measured by ICP-MS as mentioned above, and anions
were analyzed by ion chromatography (Dionex ICS-1000, Sunnyvale,
CA). Arsenic speciation was preserved by the addition of 0.25 M EDTA
(Bednar et al., 2002) prior to measurement by HPLC-ICP-MS. Ferrous
iron was measured by the ferrozine method (Stookey, 1970) with a
UV-vis spectrophotometer (Shimadzu UV-301 PC), and Fe(IlI) was
calculated by subtracting Fe(II) from total Fe measured by ICP-MS.
Dissolved organic carbon (DOC) measurements were achieved by a
Shimadzu 5000A TOC analyzer. The dissolved organic matter functional
group chemistry was analyzed in the compost leachate by FTIR (Nicolet
6700 spectrometer, Madison, WI), details in the SI.

2.5. Chemical extraction

Ferrous Fe bound to the solid surface and incorporated into SRO Fe
oxides in the pellets following centrifugation were extracted in 0.5 M
HCl for 2 h at room temperature on an end-over-end rotator (Thompson
et al., 2006). Based on previous extraction results (Hayes et al., 2014;
Root et al., 2015), a simplified three-step sequential extraction proced-
ure was applied to freeze-dried solid samples on day 7 of the 1st, 3rd, 5th
and 7th half cycles and the time O samples. Briefly, (1) sodium phos-
phate targeting adsorbed As (1 M NaHyPOy4, pH = 5.0, 24 h, 25 °C), (2)
acid ammonium oxalate (AAO) targeting reducible poorly crystalline Fe
oxides (0.2 M, pH = 3, dark, 2 h, 25 °C) and, (3) citrate-bicarbonate-
dithionite (CBD) targeting reducible crystalline Fe oxides (pH = 7,
dark, 2 h, 80 °C) were applied at solid to solution ration of 1:100. These
three steps accounted for most of the Fe and As pools (Hayes et al., 2014;
Root et al., 2015).

2.6. X-ray techniques

Iron and arsenic K-edge X-ray absorption spectroscopy (XAS) spectra
were collected on beamline 11-2 at the Stanford Synchrotron Radiation
Lightsource (SSRL; Menlo Park, CA, USA) using methods detailed else-
where (Hayes et al., 2014; Root et al., 2015). In brief, Fe and As XAS
were collected with a double-crystal monochromator (Si [2 2 0] crystal,
@ = 90) using a 100-element Ge array fluorescence detector under an
LNs-cooled sample cryostat to avoid beam damage and to minimize
thermal disorder in the structure. Data processing was performed by
SIXPACK (Webb, 2005) and Athena (Ravel and Newville, 2005) soft-
ware packages. XRD data were collected at SSRL on beamline 11-3 and
processed as described by Hayes et al. (2014).

2.7. Data expression

Aqueous phase speciation and mineral saturation indices were
calculated using Geochemist’s Workbench (GWB, v9). The Eh voltage
value was calibrated relative to the standard hydrogen electrode (SHE).
Variation in suspended solid concentrations and entrained solution was
excluded by measuring the mass of dried solid and wet pellets from 0.5
M HCI extraction, the extraction concentration of elements was calcu-
lated based on dry mass and expressed as mmol per kilogram (mmol
kg™1). The chemical concentration in the solution was expressed in
millimoles or micromoles per liter (mM or pM).
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3. Results
3.1. Initial sample characterization

The original tailings were characterized by high concentrations of Fe,
S and As, low C and N, and extremely low pH (Table 1). Principal
minerals included quartz, jarosite, gypsum, and pyrite. The solid phase
Fe concentrations extracted by AAO and CBD solutions were 647 and
737 mmol kg !, respectively. Hence, ca. 38% and 43% of total Fe were
hosted in extracted fractions defined operationally as amorphous (AAO
extracted) and crystalline (CBD extracted), respectively. Arsenic
extracted by NaH2PO4, AAO and CBD amounted to 6.19, 24.9, and 2.81
mmol kg™, respectively, accounting for approximately 18%, 73%, and
8% of the total As. Solid compost presented much higher carbon (TC)
and nitrogen (TN) but lower sulfur (TS) than tailings. Dominant cations
in the extracted compost solution were K and Na™, whereas soluble Fe
and As were low (Table 1). Approximately 3% of TC in compost was
water soluble, consistent with previous results (Bozeman, 2018). FTIR
identified broad absorption peaks centered at 3380 cm™* from the O—H
vibration of alcohols, phenols, and organic acids; smaller peaks at
2937-2852 cm ™! from the C—H stretching of aliphatic chains and al-
kanes; C=O vibrations form carboxyl and carboxylic acid (in pH
adjusted DOM) at 1712-1639 cm™}; fulvic acid and aliphatic chains at
1410 cm™Y; protein compounds at 1385 cm™!; C—O stretching of
polysaccharide at 1047 cm™!, and sharp peaks in the unacidified DOM
leachate at 669, 837,1385, and 2340 cm™! from carbonate that are not
present in the spectrum from the pH 4.5 compost DOM (Fig. S3). The pH
of the influent compost solution was adjusted to 4.5 by HCI to diminish
its buffer capacity in reactors and to obtain similar experimental
conditions.

3.2. Aqueous Chemistry

3.2.1. Eh, pH and DOC in solution

Redox fluctuation was modulated by sparging with Ny or ultra-high
purity compressed air (Fig. S2). As expected, the oxidation potential
(Eh) in solution gradually decreased during anoxic half-cycles and
rapidly increased in oxic half-cycles (Fig. 1a). The Eh values in compost
solution Treatments C and D were highly consistent, with a range of
approximately 200-300 mV for the first 5 full cycles. Control A showed
smaller Eh variation than Control B for the first three cycles, but these
reactors later converged to similar Eh fluctuation amplitudes. The
compost Treatment group (C and D) displayed a 200 mV higher Eh than
the Control group (A and B) before the addition of glucose. The addition
of glucose and re-adjustment of pH substantially lowered Eh in anoxic
half-cycles. Generally, solution pH increased in the anoxic half-cycle and
decreased in the oxic half-cycle (Fig. 1b). An exception was that the pH
in control A did not significantly change in the first three cycles. The pH
in the control set was very consistent, but the pH in the treatment set
dropped to ca. 2.2 in the first two cycles.
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The DOC in Treatments dropped from ~45 mM to ~20 mM after 1
d of reaction (Fig. 1c), with the bulk of the rapid 55% decrease in DOC
likely resulting from adsorption to the tailings (with a smaller contri-
bution from microbial degradation). The DOC decreased during oxic
half-cycles and increased during anoxic half-cycles for the Treatment
set. When 0.25 g glucose was added to reactors at the beginning of the
6th and 7th anoxic half-cycles (days 70 and 84), the increase of DOC
after 24 h was approximately 12 mM for the Control set (A, B) and 7 mM
for the Treatment set (C, D).

3.2.2. Concentration and aqueous speciation dynamics of S, Fe and As

Sulfate (SO%’) in the four reactors ranged from 21.4 mM to 58.4 mM
over the course of the experiment, and there were significant differences
between the Control and Treatment groups (Fig. 1d). All reactors
showed increases in sulfate concentration with time, but compost
treatments showed much larger increases (Table S1). Whereas Controls
showed no effect of redox half-cycles, compost treatments showed in-
creases in sulfate during oxic half-cycles, followed by some decreases
during the anoxic half-cycles, particularly in Treatment C. For the
Controls, SO%’ fluctuated (21.4-36.9 mM) in the first two full cycles and
then remained relatively constant for the rest of the experiment
(28.2-34.9 mM), whereas in the OM Treatments, SO%’ increased from
26.5 + 0.5 mM at the start to 48.5 + 2.2 mM at the end, and the
amplitude of redox fluctuation was as high as ca. 20 mM.

Total dissolved Fe (FeT) gradually increased in the anoxic half-cycles
and dropped on the first day of the oxic half-cycles, except for the first
cycle, where all treatments remained fairly constant (Fig. 1e). The in-
fluence of Fe' from compost solution (~0.05 mM) was negligible
considering that the concentration of FeT in these reactors >0.5 mM at
the 1st day. Soluble Fe was quantifiable as both Fe?* and Fe>" in anoxic
and oxic half-cycles (Fig. 2). The Treatment reactors showed higher
[Fe®'] at the end of each anoxic half-cycle than the Controls. In the oxic
half-cycles, [Fe®>"] decreased rapidly, and [Fe®*] in the Control reactors
was close to non-detectable. Speciation of Fe modeled by GWB at
measured dissolved ion activities showed that the dominant Fe species
should be Fe?' and FeSQy4(qq) in reducing half-cycles, and Fe3* and
FeSOJ (q¢) during oxic half-cycles.

Arsenic was mobilized in anoxic half-cycles in the presence of
compost, reaching up to 23.1 uM (approximately 1.58% of total As in
solid) and 17.1 uM in Treatment C and D, respectively. The relatively
high concentration of total As indicated that dissolved As in compost
solution (0.60 pM) was insignificant in its contribution to the aqueous
phase totals. In Controls, the highest [As] concentration encountered
was 5.94 uM (Control B). Arsenic solubilized during anoxic half-cycles
was re-sorbed during subsequent oxic half-cycles. As was the case for
Fe, there was a one cycle lag before the release/retention pattern for As
was observed to manifest. After the initial cycle, both As(III) and As(V)
increased in anoxic half-cycles and decreased in oxic half-cycles (Fig. 2).
Most of the As was mobilized as As(V), accounting for >60% in the
Treatment reactors before the addition of glucose at 70 d. The presence

Table 1
Chemical composition of experimental samples.
Sample Na™ K" Ca* Fe As TN TC TS pH
mmol kg~? gkg™!
Tailings 2.28 113 132 1709 317 BDL 1.3 51.7 2.78
Compost 63.6 90.9 90.8 92.3 0.038 10.3 171.3 4.1 7.45
Na* K" Ca%* Fe As TN DOC PO, pH
mM mM mM pM pM mM mM mM
Compost solution 5.83 17.8 1.53 47.3 0.60 4.83 45. 8 17.1 7.45
Electrolyte solution 10.0 25.0 - - - - - - 4.5%

Tailings were from top 25 cm of Iron King mine Humboldt Smelter Superfund Site, in central AZ, USA. Compost was commercially available organic plant and manure
waste. Compost solution was extracted and filtered from 1:10 in DI water, the electrolyte solution was 10 mM NaCl + 25 mM KCl to match the background ionic
strength of the compost. TN = total nitrogen, TC = total carbon, TS = total sulfur, BDL = below detection limit, * pH adjusted to 4.5 with HCl and NaOH.
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Fig. 1. Aqueous chemistry measured as a function of time in the duplicate Treatment (compost solution added) and Control (compost-free) reactors: (a) Eh, (b) pH,

() DOC, (d) SO~
was added to reactors and pH was adjusted to 4.5 with NaOH.

of labile C, initially as dissolved compost in Treatment reactors and later
as glucose in all reactors, substantially elevated the fraction of As(III).
Additionally, arsenobetaine and dimethylated As were detected in the
Treatment reactors. Geochemical modeling showed that arsenate as
H2As04(qg and H3AsOsq dominated solution species from both
groups.

The molar As:Fe ratio decreased (increased) during anoxic (oxic)
half-cycles in the Controls, whereas this trend was not evident in
Treatment reactors (Fig. 3). Most samples displayed lower As:Fe than
that of unreacted ¢y tailings (0.025) and of the AAO extractable fraction
(0.039). These results suggest that mechanisms of As release differ be-
tween Control and Treatment groups.

During anoxic half-cycles, the concentrations of dissolved As and Fe
are correlated (Fig. 4a). Furthermore, dissolved As and As (III) had a
significant and positive relationship with Fe?™, respectively (Fig. 4b, c).
The Pearson correlation coefficients of As vs Fe, As vs Fe(II), and As(III)
vs Fe(Il) in treatment groups were higher than that in control groups.

During anoxic half-cycles, the concentration of Fe had a positive
correlation with pH in the control groups (r = 0.411, p < 0.01) and
treatment groups (r = 0.411, p < 0.01) (Fig. 5a). The concentration of As
had a positive correlation with pH in the control groups (r = 0.449, p <
0.01) and a negative correlation with pH in the treatment groups (r =
0.313, p < 0.05) (Fig. 5b).

3.3. Single and Selective extractions

Results of the 0.5 M HCI extraction are given in Fig. 6 (details in
Table $2). Extraction of ferrous Fe was primarily Fe2* adsorbed at the
solid surface. Extractable Fe?! increased in anoxic half-cycles and
decreased in oxic half-cycles. The Controls presented higher concen-
trations of Fe?* than did the Treatments, particularly after the third full
cycle. Adsorbed Fe?' remained mostly constant for Treatments and

, (e) total Fe, (f) As. The dashed blue line indicates at day 70 (onset of 6th anoxic half-cycle) and 84 (onset of 7th anoxic half-cycle), 0.25 g glucose

tended to increase by the end of the experiment, after glucose addition
(Fig. 7a). Extracted total Fe, defined here as deriving from the SRO Fe
solids that were solubilized in 0.5 M HCIl, was above 100 mmol kg’l, and
it increased during oxic half-cycles and decreased during anoxic half-
cycles, inverse to the trends for [Fe]r and consistent with variation in
the saturation index for ferrihydrite (Fig S4). The mass of As extracted by
0.5 M HCl decreased in all reactors across the duration of the experiment
(Fig. 7b), indicating decreasing arsenic lability with increasing redox
fluctuations.

The NaH,PO4 extractable Fe was very low (ca. 10 mmol kg’l). The
AAO-extractable Fe in Treatments was higher than in Controls, and
showed a small increase with time, whereas Controls showed a decrease
(Fig. S5). The AAO-extractable Fe in the Treatments increased from 679
mmol kg™! at ty to 911 + 30 mmol kg™! at day 98, whereas AAO-
extractable Fe in the Controls decreased from 615 to 520 + 30 mmol
kg,ﬁ1 over the same time frame (Fig. 8). The CBD-extractable Fe
increased with time in all reactors, and it represented a larger fraction of
the total extractable Fe in the Controls despite being a smaller absolute
mass. In the Controls, CDB-extractable Fe increased from 744 mmol kg !
at tp to 1129 + 114 mmol kg™! at day 98, whereas in Treatments it
increased from 731 to 942 + 10 mmol kg ! over the same time frame.
There were no detectable intra-cycle trends for the sequential extrac-
tions (Fig. 8).

The arsenic removed in the CBD-extraction increased slightly over
the seven full redox cycles in both Controls and Treatments, with larger
increases in the Controls, whereas AAO-extractable As was not signifi-
cantly changed. For example, CBD-extractable As was <3 mmol kg~ ! in
all reactors at the start of the experiment, at 98 d, it rose to 9.54 + 1.88
mmol kg~ in the Controls and 6.94 -+ 0.37 mmol kg~ in the Treatments
(Fig. 9). Conversely, AAO-extractable As values remained close to 24
mmol kg~! throughout the experiment. There were no evident differ-
ences between samples taken immediately following anoxic versus oxic
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Fig. 2. Speciation of aqueous phase Fe and As during redox cycling over 98 d. Blue and white highlighting indicates anoxic and oxic conditions, respectively. Arsenic

concentration (M) is shown on log-scale. Limit of detection for As'™!

was 0.001 pM. The dashed blue vertical lines indicate at day 70 (onset of 6th anoxic half-cycle)

and 84 (onset of 7th anoxic half-cycle), 0.25 g glucose was added to reactors and pH was adjusted to 4.5 with NaOH.

half-cycles. The NaH,;PO4-extractable As decreased in the Controls at the
end of the experiment (from 7.11 mmol kg ! to 2.42 4+ 0.91 mmol kg ™1),
but it was relatively constant in the Treatments (from 5.28 mmol kg ! to
4.93 + 0.07 mmol kg™1).

3.4. X-ray diffraction and X-ray absorption data

Significant changes in XRD peak intensities were not observed for
several of the major crystalline minerals (e.g., quartz, and gypsum) over
the course of the experiment, but treatment effects on pyrite abundance
were evident. Specifically, pyrite peaks weakened from the Treatments
but not from the Controls (data shown for Control B and Treatment C in
Fig. 10). The quantitative calculation showed that jarosite increased and
pyrite decreased in Treatment C with increasing cycles (Table 2). The Fe
XAS result further confirmed the XRD results, it showed that jarosite
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increased from ~62% in initial tailings to ~78% in the final tailings,
whereas pyrite (9-3.2%) and ferrihydrite (29-19%) significantly
decreased (Fig. 11). The Arsenic K-edge XANES results (Fig. 12) indicate
that only As(V) is detectable in the solid samples during both anoxic and
oxic half-cycles.

4. Discussion
4.1. Pyrite oxidation in reactors with compost solution

Pyrite and arsenopyrite are the major S, Fe, and As hosts in un-
weathered deep tailings (>180 cm) from IKMHSS, accounting for 95% of
the S, 71% of the Fe, and 100% of the As (Hayes et al., 2014; Root et al.,
2015). In the surficial weathered tailings used in the current experi-
ments; however, these sulfides have been largely transformed via



Y. Liu et al.

Fe (molar ratio)

As

©
—

oo
oo
N @
o ©

o
o
=

0.001

1E-4

Geochimica et Cosmochimica Acta 360 (2023) 192-206

Oxic I—. Control A —‘- Control B -} TreatmentC -’ Treatment D

.

"

]

]

"

]

42 49

56 63

Time (days)

Fig. 3. Molar As:Fe ratio of aqueous reactor solutions in the absence (A, B) and presence (C, D) of compost solution over the course of the experiment. Blue and white
highlighting indicates anoxic and oxic conditions, respectively. Horizontal dashed lines show As:Fe ratios at ty (0.025) and from AAO extracted (0.039) tailings.

258 . 25D .
B 9'\\/ 00’\\
20 s 20 Nt
(40' -7 01'?, Prad
= mm -7 = m m 7
© LR = - u ]
g 15 [ - g 15 m P
25 . . % . Pl
m - m -
_ - < | ] -
10 - - 10 m_m L]
B g L] -7 m
-1 = N 518 "a® ® <00
alin "‘?—mkp‘o'O (] o -0a03P =Y
| Al Avss
0 T T T T T 0 T T T T
0 2 4 6 8 10 0 1 2 3 4
o Fe (mmol) Fe' (mmol)
]
c Anoxic half-cycles
. @ Control groups
124 m  Treatment groups
5 o8
\Y -
g‘ 81 ‘401%’1’ -
= ] -
[;] u P
< -
4 7
- Em
t B % l.. [
| ] -~ | |
om’i‘ T 77 r=0403(p<0.01)
0 1 2 3 4 5
Fe' (mmol)

Fig. 4. Dissolved As vs Fe (a), As vs Fe(II) (b), and As(III) vs Fe(II) (c¢) during anoxic half-cycles. Dashed lines are linear fits, r = Pearson’s correlation coefficients
shown where p < 0.01.

oxidation to secondary minerals ferrihydrite and jarosite that contain
either adsorbed or structural As, and only a minor fraction of pyrite
(~5%) remained in the near surface (Table 2). The larger increase in

SO3~ and proton activity (Fig. 1) combined with the loss of pyrite
(Fig. 10d, Table 2) in Treatment reactors indicates that the residual
pyrite was oxidized more quickly in reactors containing compost
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solution, and this explains the mineralogical transformation observed
(Fig. 10d). Assuming the increase in SO‘Z;_ (~20 mmoles) originated
from pyrite weathering, approximately 10 mmoles of FeS, (~1.2 g) were
oxidized, which is 2.4% of the 50 g tailings mass used in the experiment,
consistent with the variance in calculated pyrite content within error
(Table 2). Abiotic oxidation of pyrite by Oy(qq) may not be the case in our
study, since pyrite oxidation was not observed even though the Control
reactors were purged with air for 7 d during each of the 7 cycles (Fig. 1,
Fig. 10b, Table 2). Soluble Fe*", rather than Oagq is the dominant
oxidant for pyrite under acidic conditions (pH < 4) (Evangelou and
Zhang, 1995; Nordstrom, 2011). The high soluble Fe3* concentration
observed in the Treatment reactors (e.g., an average of 0.70 mM in oxic
half-cycles in Treatment C) therefore likely contributed to the oxidation
of pyrite, and the lower pH conditions observed. Conversely, in the
Controls, soluble Fe>* in oxic half-cycles was at or below the limits of
detection (Fig. 2).

Microbial activity is likely a critical factor contributing to the
oxidation of pyrite in the presence of compost OM solution. A previous
study of IKMHSS tailings reported Fe- and S-oxidizing bacteria and
archaea including Thiomonas, Thiobacillus, Sulfobacillus, Alicyclobacillus,
Acidithiobacillus, Leptospirillum and Ferroplasma in the tailings from
IKMHSS (Valentin-Vargas et al., 2018). Among these, Acidithiobacillus
and Ferroplasma are regarded as not only Fe/S-oxidizers but also Fe/S-
reducing microorganisms (Schippers et al., 2010; Ziegler et al., 2013).
Their metabolic activities include aerobic Fe?" oxidation and anaerobic
Fe®" reduction using Fe(Ill) as a terminal electron acceptor, and they
may gain energy from labile organic carbon (Schippers et al., 2010;
Ziegler et al., 2013). Therefore, the reductive dissolution of amorphous
iron oxides in tailings under anoxic half-cycles resulted in elevated
concentrations of Fe?*. Under an acidic environment, the Fe?* can be re-
oxidized by iron-oxidizing microorganisms (Ziegler et al., 2013), and
soluble Fe>* then acted as an oxidant of pyrite. Additionally, the
compost solution provided nutrients and DOM to stimulate microbial
growth. Soluble reduced carbon could provide energy for heterotrophic
bacteria, including Fe-reducing strains that would be activated during
the anoxic half-cycles, and the mineralized carbon (CO3) coupled with
elevated Fe?" are expected to facilitate the growth of Fe oxidizing bac-
teria, thereby accelerating pyrite oxidation. Although the addition of
compost could provide microbial inoculum (Mendez et al., 2007; Solis-
Dominguez et al., 2012; Nelson et al., 2015), this effect was limited due
to 1 pm pre-filtration of the compost solutions. Interestingly, an increase
in the abundance of Acidithiobacillus in compost amended tailings was
observed in a greenhouse mesocosm experiment (Valentin-Vargas et al.,
2018). Moreover, increased pyrite oxidation during compost amend-
ment was also observed during a three-year phytostabilization study
conducted at IKMHSS, where the same compost was added as an
amendment (Hammond et al., 2020). Hence, in this way, biological
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enhancement of pyrite oxidation in the presence of soluble organic
matter altered reactor geochemistry (pH, soluble sulfate, and secondary
Fe minerals), which, in turn, controlled the portioning of As between the
solid and aqueous phase.

4.2. Mechanism of As release and retention

4.2.1. Mobilization of As in anoxic half-cycles

Mobilization of As during anoxic half-cycles was stimulated by the
presence of compost solution and was essentially undetectable in the
Controls until the addition of glucose at day 70 (Fig. 1). This is similar to
the results obtained in batch experiments (Bozeman, 2018). Dissimila-
tory Fe reducing microorganisms (DIRMs) — heterotrophic bacteria and
archaea that use Fe(IIl) as a terminal electron acceptor in respiration
(Lovley, 1991) - coupled with the presence of labile organic matter,
were likely important factors controlling As mobilization. As mentioned
above, Acidithiobacillus and Ferroplasma observed in these tailings are
facultative anaerobes that can utilize Fe(IlI) as a terminal electron
acceptor during oxidation of organic carbon (Schippers et al., 2010;
Ziegler et al., 2013; Valentin-Vargas et al., 2018). SRO Fe minerals,
characterized by high specific surface area, poor crystallinity, and high
reactivity are the preferred DIRM sources of Fe3* (Thompson et al.,
2006; Aeppli et al., 2019), and they accounted for a large mass fraction
of Fe and As in the tailings. Approximately 50% of the total Fe and 70%
of the total As was solubilized with SRO during the AAO extraction step
(Figs. 8 and 9). This provided a large pool of reducible Fe for DIRM in the
reactors. However, organic substrates in these tailings were extremely
low, so added labile carbon was a key factor controlling reductive
dissolution of Fe minerals and mobilization of As. Lack of labile carbon
limited heterotrophic microbiological activity in the Controls, where
only a small fraction of Fe was reduced, accompanied with trace As
mobilization (Fig. 1). An inverse relation was noted for DOC and pH,
where low DOC was associated with higher pH. This situation changed
after extra glucose addition, which elevated Fe reductive dissolution and
increased As mobilization, even in the Control reactors. In a previous
study, Parsons et al. (2013) found that As release during anoxic half-
cycles tended to decrease with increasing cycles, since their system
was oscillated without an external reduced carbon source, and thus the
DOC was gradually depleted with increasing time. In reactors treated
with compost solution, high concentrations of DOC (~20 mM) stimu-
lated heterotrophic microbial activity, which in turn increased reductive
dissolution of SRO Fe and simultaneous As mobilization during anoxic
half-cycles (Fig. 1). The significantly positive correlation of total As vs
total Fe (r = 0.587, p < 0.01) and total As vs Fe(II) (r = 0.724, p < 0.01)
(Fig. 4), combined with 78 + 6% of As(V) in Treatments over the first
five cycles (Fig. 2), supported the release of As by reductive dissolution
of Fe. However, the release of Fe and As was decoupled after the second
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cycle; aqueous As tended to increase with increasing cycles whereas
aqueous Fe slightly decreased, accompanied with an increase in SO3~
and decrease in pH. These results indicate that other processes
contribute to the mobilization of As from tailings.

The increase in As(IIl) during anoxic half-cycles in Treatment re-
actors indicated that arsenate reduction may contribute to the mobili-
zation of As in tailings porewater. Moreover, dissolved As(III)
concentration was much higher in Treatments than Controls, particu-
larly after addition of labile carbon (Fig. 2). Arsenate reduction is
generally related to microbial activities via respiratory and/or detoxi-
fication pathways (Campbell et al.,, 2006). It is reported that the
threshold for expressing the ars detoxification genes is As(V) > 100 pM,
but it is only 100 nM for the expressing of arr respiratory genes (Saltikov
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et al., 2005). The dissolved As(V) in our reactors (< 24 pM) was far less
than the threshold for expression of ars genes. Based on the variance in
soluble As(III) in our reactors (Fig. 2), we speculate that the respiratory
pathway coupled with oxidation of organic carbon is probably the
dominant mechanism of As(V) reduction. Previous studies found that
some Fe and S reducers can also mediate dissimilatory reduction of As
adsorbed by ferrihydrite (Zobrist et al., 2000; Islam et al., 2004; Jiang
et al.,, 2013). Additionally, organic compounds solubilized from the
compost may act as an electron shuttle to promote As reduction in
anoxic environments (Qiao et al., 2019). The uncharged arsenite, As
(OH)g, is more mobile than As(V) and sorption to ferrihydrite at acidic
pH values, as were maintained in this study, is negligible (Dixit and
Hering, 2003). This is consistent with the As XAS results, which show
that As in the solids was predominantly As(V) (Fig. 12). Similarity in the
trends of Fe(I) and As(III) (Fig. 2), together with the significantly pos-
itive correlation between Fe(II) and As(III) in Treatment reactors under
anoxic half-cycles (r = 0.767, p < 0.01), suggests that Fe and As were
likely reduced simultaneously. Aqueous speciation analysis included
organic arsenic analysis, and trace organic As was observed in the
Treatment group (Fig. 2), consistent with the compost-induced stimu-
lation of microbial activity and production of As metabolites.

Dissolved OM can also affect As mobilization through abiotic path-
ways via competition for reactive ferrihydrite surface sites (Evanko and
Dzombak, 1999; Mladenov et al., 2015). Because ~50% of the DOC was
indeed adsorbed by tailing solids after 24 h, organic anions were
competing with As for the sorption sites and promoting As release (Bauer
and Blodau 2006). Additionally, high phosphate (PO;~ ~ 17 mM) was
observed in the compost solution (Table 1) and the NaH2PO4 extractable
As was lower in the Treatment group than that in Control group (Fig. 9)
suggesting that phosphate was competing with arsenate for adsorption
to tailing particles (Goh and Lim, 2005; Bozeman, 2018). In summary,
the results indicate that compost drives As reduction (and to a smaller
extent, methylation) in tailings, and competes for reactive iron surface
sites, processes that increase As mobility and would contribute to
downward (and/or lateral) translocation in field sites. Additionally,
although direct release of As from pyrite oxidation induced by compost
solution is not expected since As was absent in pyrite (Fig. 12, Root et al.,
2015), the associated proton production can promote the dissolution of
Fe minerals and release of As into solution (Panias et al., 1996; Wie-
derhold et al., 2006). The pH in Treatment reactors dropped to ~2.2 by
the third redox cycle, and the extremely low pH likely explains the low
FeZ*adsorption by tailings (Fig. 6). This pH value is similar to the pKa;
(2.20) of H3AsO4 (O’Day, 2006), and thus decreased the adsorption
ability of arsenate since it may be protonated. Comparing aqueous Fe
and As as a function of pH suggests such an effect in Treatment reactors
(Fig. 5), which showed high soluble As at low pH (< 3.0) under anoxic
(Fig. 5b) conditions. At the IKMHS tailings field site, the compost-
buffered pH dropped about 2 units after 3 years under 15% by mass
amendment, but the pH change under 20% by mass compost amend-
ment was very small (Gil-Loaiza et al., 2016). These results suggest that
a suitable amendment rate should be considered based on the buffer
capacity of compost and the acidification potential from pyrite
oxidation.

4.2.2. Immobilization of As

Most of the As released during anoxic batch reactor half-cycles was
immobilized in the following oxic half-cycle, concurrent with the
oxidation of Fe(II) and As(IIl) (Figs. 1 and 2). In all reactors, the 0.5 M
HCI extractable Fe significantly increased during oxic half-cycles, and
this effect was more pronounced in the compost Treatment group. The
increase in 0.5 M HCI extractable Fe indicated precipitation of neo-
formed SRO Fe minerals (Fig. 6), similar to previous redox oscillation
experiments conducted on soils (Thompson et al., 2006; Parsons et al.,
2013; Phan et al., 2019). Fe(II) can be oxidized abiotically by O3 and/or
biotically by Fe/S-oxidizers that dominate the microbial community in
these tailings (Valentin-Vargas et al., 2018). Generally, the stability of
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aqueous As(III) should exceed 25 h without preservation (Bednar et al.,
2002), the addition of Oy itself would not be sufficient to account for
the amount of As oxidation over a short time (< 24 h). However, the
presence of Fe(II) in solutions purged with air can stimulate the co-
oxidation of As(III) with Fe(II) by producing reactive oxidants such as
Fe(IV) species (Hug and Leupin, 2003; Roberts et al., 2004). Moreover,
Thiomonas spp. observed in the tailings, can also utilize arsenic as an
electron donor to generate energy and thus likely mediated the oxi-
dization of As(Il) (Duquesne et al., 2008; Valentin-Vargas et al., 2018).
Notwithstanding the limit of XAS detection of As(III), only As(V) was
detected in the tailing solids, suggesting As(III) was oxidized to As(V) as
a surface complex. This indicates that microbial mediation resulted in As
(V) being immobilized as adsorbed and/or occluded with freshly
precipitated SRO Fe minerals, such as ferrihydrite, that are high affinity
adsorbents for oxyanion As(V) where ferric hydroxide surface sites are
protonated at low pH (Dixit and Hering, 2003).

An additional pathway for As sequestration is by incorporation of
arsenate into the tetrahedral (Tq) site of jarosite as a substitute for sulfate
(Karimian et al., 2017). The physicochemical environment of the
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solutions during most oxic half-cycles, i.e., high acid (pH < 3), high
ferric iron (up to 1.7 mM) and sulfate activity (> 20 mM), would favor
the formation of jarosite (Asta et al., 2009). Indeed, geochemical
modeling indicated that solutions were supersaturated with respect to
jarosite due to high H*, K™ and SOF~ activity. This was supported by the
increase in jarosite with increasing redox cycles (Figs. 10, 12, Table 2).
The sequestration of As in jarosite is evidenced by the higher content of
CBD-extractable As at the end of the experiment than that in the initial
samples, while AAO-extractable and NaH,PO, As were slightly
decreased (Fig. 5). Although the pH and SO~ content in our reactors
may also favor the precipitation of schwertmannite (Bigham et al., 1996;
Acero et al., 2006), neither Fe XAS nor XRD detected schwertmannite in
reacted tailings. This is probably related to the extremely low pH (< 3),
as schwertmannite is commonly formed in the pH range 3.0-4.5 (Big-
ham et al., 1996). Hence, while compost amendment may induce
reductive mobilization of As in anoxic tailings in field sites, the released
As is subsequently immobilized via adsorption to ferrihydrite and/or
incorporated into jarosite under oxic cycles, limiting As efflux (Ham-
mond et al, 2020).
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compost treatment CBD extractable As decreased relative to the control.
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Fig. 10. X-ray diffraction results from Control (B) and compost treated Treatment (C) bioreactors. Diffractograms are normalized to quartz (1 0 1)y at 26.6° 20 (d =
3.34 A). (Qz: Quartz; Gy: Gypsum; HJ: Hydronium jarosite; Py: Pyrite). Full diffractograms are given left (a, c); zoomed in sections (30-65 °20) are from highlighted

sections to show pyrite peaks (b, d).

The initial sulfur speciation in the surface tailings consisted of gyp-
sum, jarosite and pyrite (Hayes et al., 2014). In anoxic half-cycles, there
was no significant decrease in dissolved sulfate, and geochemical
modeling showed that the activity of $>~, HS™ and other reduced S
species was vanishingly low in all solutions. This result is consistent with
a previous study that showed that [Sz’] at near detection limits under
similar redox cycling experimental conditions in delta sediments (Phan
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et al., 2018). The extremely low pH (~3), low organic carbon (~0.1%),
and the semi-arid climate of the sampling site, most likely restrains the
presence of sulfate reducing bacteria (SRB) that prefer an environment
with pH > 5 (Koschorreck, 2008). This was evidenced by a previous
study of the same tailings in which SRB were not observed in original
tailings and tailings amended with compost (Valentin-Vargas et al.,
2018). Additionally, the acidic pH and high available Fe>" also inhibit
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Table 2

Quantitative XRD results of the crystalline mineral phases in the samples from Rietveld refinement.
t(d) H' Jarosite Gypsum Quartz Pyrite Corundum Chlorite G.0O.F." Crn. Std.”
Reactor B
0 14.7 10.8 44.8 4.4 22.4 3.0 0.8 16.3
35 17.7 10.9 51.6 3.5 13.4 2.8 0.4 12.0
42 19.3 11.6 51.3 3.3 14.5 0 1.6 13.9
63 15.8 8.9 48.5 5.8 19.1 2.0 0.2 14.7
79 15.2 10.9 47.7 3.6 20.8 1.9 0.4 18.0
91 18.6 7.6 46.6 5.5 18.6 3.0 0.2 13.6
98 17.4 15.2 51.6 4.4 11.3 0 1.5 11.4
Reactor C
0 18.3 9.7 55.1 5.4 11.4 0.1 0.9 11.6
35 17.5 10.8 52.5 4.0 13.2 2.0 1.9 11.7
42 20.7 12.1 45.9 2.0 15.2 4.1 0.3 12.3
63 21.4 11.2 48.9 2.3 15.2 1.0 0.4 12.8
79 22.2 14.3 51.3 1.6 10.7 0 3.0 13.1
91 20.6 12.3 46.4 1.2 19.4 0 0.3 15.7
98 21.2 13.5 45.7 0.8 16.8 2.0 1.9 14.1

XRD Rietveld refinement does not include amorphous or poorly crystalline mineral phases. The recovery rate of the corundum (internal standard) ranges from 73% to

122%, with an average of 90%.
# Goodness of fit.
b Added corundum standard.
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Fig. 11. Linear combination fits of Fe K-edge XANES showing percent components in samples from Control (B) and compost Treatment (C) through time. At the right
side, white column indicates time zero samples, yellow column indicates samples from oxic-half cycles and grey column indicates samples from anoxic half-cycles.
Data are displayed by solid lines (blue = treated anoxic half-cycles, green = treated oxic half-cycles, orange = control anoxic half-cycles, red = control oxic half-
cycles, TBtO = time zero samples for Controls, TCt0 = time zero samples for Treatments) and linear combination fits are shown by stippled line.

SRB activity (Koschorreck, 2008). Therefore, sulfate reduction was
limited, and As immobilization via sulfide precipitation was not ex-
pected in our experiment, consistent with the As XAS results showing no
detectable As sulfides (Fig. 12).

4.3. Cumulative effects of redox oscillations

Several lines of evidence demonstrate that the speciation of Fe and As
in tailings solids changed after 7 full redox cycles. In Control reactors,
the 0.5 M HCl extractable Fe generally decreased with increasing redox
cycles until extra glucose was added (Fig. 7), accompanied by a slight
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decrease in AAO-extractable Fe and an increase in CDB-extractable Fe
(Fig. 8). The extraction results coupled with Fe XAS and quantitative
XRD data confirmed that jarosite was increased at the end of experi-
ment. One of the most important observations of this study was the
enhanced oxidization of residual pyrite resulting from compost addition.
The release of Fe from pyrite oxidation resulted in an increase in both
AAO- and CBD-extractable Fe. These results indicate that the released
Fe3* was precipitated as amorphous Fe oxides (e.g., ferrihydrite in this
study) and crystalline jarosite as evidenced by the Fe XAS and XRD.
Soluble Fe(II) has been demonstrated to drive transformation or
recrystallization of ferrihydrite to oxides with longer-range order
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(Hansel et al., 2003; Boland et al., 2014), and it was expected that under
anoxic conditions, 0.5 M HCI extractable Fe would decrease. However,
this transformation can be poisoned by sorbed As, organic carbon,
phosphate, or sulfate (Chen et al., 2015; Karimian et al., 2017), which
could explain why goethite and hematite were not detected in this
experiment nor in the previous characterization of the tailing samples
(Hayes et al., 2014). Collectively, the redox oscillations can result in an
increase in jarosite in tailings, since geochemical modeling indicates
that some of the dissolved Fe reprecipitates as jarosite under the
extremely acidic, sulfate-rich oxic environment. The enhanced pyrite
oxidation and increased acid generation in Treatment reactors would
promote ferrihydrite dissolution and jarosite precipitation. It is inter-
esting that the 0.5 M HCl- and AAO- extractable As decreased with
increasing redox cycles in both Control and Treatment reactors. This was
accompanied by an increase in the CBD-extractable As and a decrease in
the PO3~ exchangeable As. These results suggest that As released in
anoxic half-cycles was partly co-precipitated in freshly precipitated
jarosite in the subsequent oxic-half cycles as mentioned above. Because
the migration from tailings to porewater only accounted for 0.01-1.58%
of total As, this trace amounts may not be detected by the As XAS.

5. Conclusions

This study reported the dynamics of Fe and As in solution and their
biogeochemical transformation in tailing solids in the presence and
absence of dissolved compost during a series of seven, two-week-long
redox oscillations. The cumulative effects of redox oscillations
included a decrease in As lability overall. The presence of compost so-
lution stimulated pyrite oxidation and resulted in decreasing pH and
increasing of sulfate in the aqueous phase. The addition of compost
solution increased the mobilization of As under anoxic half-cycles
through reductive dissolution of SRO Fe minerals, arsenate reduction,
and proton promoted dissolution. Microbially-mediated arsenic reduc-
tion was observed in the reactors, which increased As mobility due to
low affinity of As(IIl) to ferrihydrite at low pH. Released As was
immobilized in subsequent oxic half-cycles due to (co-)precipitation of
Fe minerals, especially jarosite. After multiple redox oscillations, the
crystallinity of Fe minerals increased in the Control group, and first
decreased then increased in Treatment group due to the transformation
of Fe minerals. Our results indicate that compost-assisted phytostabili-
zation does not necessarily result in significant translocation of As
during reductive excursions because of the re-adsorption and co-
precipitation of As that occurs rapidly during the return to oxic condi-
tions. However, residual acid generating potential and adsorptive
competition with from DOC need to be considered when managing with
compost assisted phytostabilzation.
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Appendix A. Supplementary material

The following are the Supplementary material to this article: Map of
field collected samples from Iron King Superfund Site, schematic of
redox oscillation reactors, plot of calculated saturation index throughout
the experiment, plot of selective sequential extraction of As and Fe
throughout the experiment, tabulated aqueous chemistry in reactors,
tabulated 0.5 M HCI extractions, tabulated three-step sequential ex-
tractions, FTIR spectra of DOM used in treatments. Supplementary
material to this article can be found online at https://doi.org/10.1016/j.
gca.2023.09.012.
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