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ABSTRACT
A field-scale experiment was conducted to evaluate the use of organic carbon
amendments to support sulfate reduction for managing tailings pore-water quality. Five
amended cells and two controls were constructed in the vadose zone of sulfide-rich
tailings. Tailings pore water was initially characterized by near-neutral pH and elevated
concentrations of SO4, S2O3, Zn, Fe, Mn, Sb, As and Tl. Unoxidized tailings were
amended with small proportions of organic carbon mixtures, comprised of peat, spent
brewing grain (SBG) and municipal biosolids (MB). The geochemical, mineralogical and
microbial evolution of these cells was monitored annually. Sulfate reducing conditions
developed within 3 years in all amended cells, however, the most effective SO4 removal
was observed in cells containing SBG. Removal of SO4 generally corresponded to
increased sulfate reducing bacteria (SRB) populations, H2S production, enriched δ34SSO4 values, and carbonate alkalinity production. Pore water became undersaturated with
respect to gypsum, and removal of Zn, Mn, Sb and Tl was observed. Mineralogical
investigation confirmed that S removal resulted from precipitation of secondary Fe-S and
Zn-S phases. The addition of organic carbon initially induced Fe and As mobilization,
however, subsequent reattenuation of these elements was observed.
Additional Key Words: sulfate reduction, thiosulfate, metal-sulfide precipitation

INTRODUCTION
Water quality management is central to minimizing environmental impacts associated
with mining operations. Exposure of sulfide-rich tailings and waste rock to atmospheric
oxygen will inevitably generate water requiring treatment prior to discharge (Blowes et
al., 2003). Traditional active treatment techniques, such as chemical precipitation, are
often effective in meeting water quality guidelines for discharge. However, high costs
related to active treatment, including reagents, energy and labor, are incurred during
active mining and often for many years thereafter (Blowes, 2002). Development of
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passive techniques which minimize mass discharge from tailings deposits would decrease
reliance on active treatment systems, and therefore reduce overall water treatment costs.
Passive management of pore-water quality generally can be categorized as either
source control or migration control (Johnson and Hallberg, 2005). Source control
measures, such as subaqueous tailings disposal or moisture-retaining covers, are not
necessarily practical for all active mining operations. In contrast, migration controls may
be more pragmatic where active tailings deposition is occurring. Previous studies have
demonstrated that organic carbon can promote SO4 reduction and the removal of S,
metals and trace elements from drainage and pore water (Hedin et al., 1989; Machemer
and Wildeman, 1992; Dvorak et al., 1992; Christensen et al., 1996; Benner et al., 1999;
Hulshof et al., 2006). This biogeochemical process is mediated by sulfate-reducing
bacteria (SRB), which catalyze SO4 reduction coupled with organic-carbon oxidation,
producing H2S and carbonate alkalinity. Organic carbon amendment of tailings may
therefore induce SO4 reduction and promote the removal of metals and trace elements
from pore water. This study evaluated the potential for using organic carbon amendments
to minimize the transport of sulfide-oxidation products within the vadose zone of a
tailings impoundment.
SITE DESCRIPTION
The Greens Creek mine is located at Hawk Inlet on Admiralty Island (58° 05’ 03” N,
134° 38’ 05” W), approximately 30 km southwest of Juneau, Alaska, USA. This
underground Ag-Zn-Au-Pb mine extracts ore from a volcanogenic massive sulfidesedimentary exhalative (VMS-SEDEX) hybrid deposit and uses a flotation process to
concentrate sphalerite [ZnS], galena [PbS], tetrahedrite [(Cu,Fe,Zn,Ag)12Sb4S13],
pyrargyrite [Ag3SbS3] and electrum [Au,Ag] (Taylor et al., 1999; Condon and Lear,
2006). Fine-grained tailings are filter pressed to approximately 12 wt. % moisture, and
roughly one-half of this material is dry stacked and roller compacted in a 25 ha subaerial
tailings storage facility.
The mine site is located within a coastal temperate rainforest, and the mean annual
precipitation was 1375 mm between 1997 and 2005. The average annual temperature was
6.0°C over this period, however, near surface tailings temperatures ranged from -1 to
+21°C during this study. Seasonal variation in temperature decreases with depth from the
tailings surface, and a median temperature of approximately +8°C was observed in the
upper 400 cm. Hydraulic conductivity of the tailings ranges from 10-8 to 10-5 cm s-1,
varying as a function of bulk density and moisture content.
METHODS
Experimental Setup
Field-scale experimental cells were installed at the surface of freshly placed tailings. Five
cells were installed by first excavating a 3 m by 3 m area to a total depth of 4 m. A
reinforced polypropylene (RPP) liner was then installed along the vertical boundaries of
the cell to constrain flow and transport (Figure 1). Mixtures of locally available organic
carbon materials, including peat, spent brewing grain (SBG) and municipal biosolids
(MB), were blended into the excavated tailings (Table 1). Inoculation with SRB was
carried out by adding approximately 4 kg (dry wt.) of peat collected from the anaerobic
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zone of a tailings drainage retention pond to the experimental cells. The lined cells were
backfilled with organic carbon amended tailings and compacted at approximately 50 cm
intervals. A control cell (TC2) was constructed following the same method, however,
organic carbon amendment and SRB inoculation were not carried out.
Table 1. Organic carbon amendments evaluated in field
trial experiments.

Figure 1. Plan view (left) showing layout of instrumentation, and cross-sectional (right)
schematic of experimental cells.
Each cell was instrumented with a series of suction lysimeters and tensiometers, which
were installed at 25 and 50 cm intervals to a depth of 400 cm below the tailings surface.
Continuous 5.1 cm diameter Al tubes were installed over the entire depth of the cells.
Duplicate installations consisting of 80 % suction lysimeters, 50 %, tensiometers, and
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100% moisture probe access tubes were completed. An adjacent area of unexcavated
tailings was instrumented in the same manner to provide an additional control cell (TC1).
Results from this second control were generally consistent with that of the excavated
control and are therefore not presented.
Sampling and analysis
Pore water was collected into N2(g)-filled suction-lysimeters, and purged twice before
collecting samples into disposable polypropylene (PP) syringes. Measurements of pH and
Eh were made on unfiltered samples according to previously reported methods (Lindsay
et al., 2008), and Eh values are reported relative to the standard hydrogen electrode.
Remaining water was passed through 0.45 µm syringe filters. Carbonate alkalinity was
measured by titration with normalized H2SO4, and dissolved H2S was determined using
the methylene blue spectrophotometric method. Samples for anion, cation, trace element,
and dissolved organic carbon (DOC) analyses were collected into polyethylene (PE)
bottles or amber glass vials, and preserved according to standard methods (SMEWW,
2005). Samples for δ34S-SO4 determination were filtered and stored in PE bottles. Ion
chromatography (IC) was used for determination of inorganic anion concentrations,
including S2O3 (Moses et al., 1984). Major cations were determined by inductively
coupled plasma-optical emission spectroscopy (ICP-OES), and trace element analysis
was performed by inductively coupled plasma-mass spectrometry (ICP-MS). Combustion
and infrared (IR) detection was used for DOC analysis. Determination of δ34S-SO4 values
was performed on precipitated BaSO4 using isotope ratio-mass spectrometry (IR-MS).
Solid-phase core samples were collected annually using a direct-push method (Benner
et al., 1999; Hulshof et al., 2006). Three consecutive 150 cm core samples were collected
into 5.1 cm diameter Al tubing. These cores were cut into 30 to 40 cm lengths, capped
and sealed, and either frozen or refrigerated until analysis. Sub-samples for microbial and
mineralogical investigation were collected under anaerobic conditions. Enumeration of
SRB, iron-reducing bacteria (IRB) and acid-producing (fermentative) bacteria (APB)
populations followed previously reported methods (Lindsay et al, 2008). Mineralogical
examination was carried out by field emission-scanning electron microscopy (FE-SEM)
and energy dispersive X-ray spectroscopy (EDX).
Geochemical modeling was performed to assist with interpretation of aqueous
geochemical data. The speciation/mass-transfer code MINTEQA2 was used to calculate
mineral saturation indices (SIs), which indicate the potential for precipitation or
dissolution of a given mineral phase (Allison et al., 1990). The thermodynamic database
was modified to be consistent with that of WATEQ4F (Ball and Nordstrom, 1991). Total
dissolved masses of pore-water constituents within each cell were calculated by
trapezoidal integration using measured porosity and moisture content data.
RESULTS AND DISCUSSION
Initial geochemical conditions were similar among all cells (Table 2). Pore-water pH
averaged 7.65 to 8.53, and variation among cells is attributed to the incorporation of
organic acids during amendment. Redox conditions reflect the incorporation of O2(g)
during installation, with average values ranging from approximately 250 to 330 mV.
Carbonate alkalinity generally reflected saturation of pore water with respect to dolomite.
Initial dissolved SO4 and S2O3 concentrations averaged approximately 2100 and
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1500 mg L-1, respectively. Pore water was consistently at saturation with respect to
gypsum, therefore SO4 concentrations were relatively constant both within and between
cells. The high concentrations of S2O3 observed in the tailings pore water are attributed to
the oxidation of Na-isopropyl xanthate in residual mill processing water. Elevated
concentrations of Zn and Mn were observed initially in organic carbon amended cells,
whereas slightly elevated concentrations of Sb and Tl were observed for all cells. Initial
dissolved Fe and As concentrations were consistently below analytical detection limits.
The initial absence of these elements likely results from O2(g) introduction, and Fe and As
(co)precipitation as (hydr)oxide solids during cell construction.
Table 2. Summary of initial tailings pore-water geochemistry for excavated control cell
(TC2). Mean values and standard deviation given except where concentrations were nondetectable (n.d.). Alkalinity (Alk) presented in mg L-1 as CaCO3.

Conditions favorable to SO4 reduction developed within all organic carbon amended
cells. Decreases in Eh were generally coupled with increased alkalinity and DOC
concentrations. The largest increases in alkalinity and DOC were observed in TC4, TC5,
TC6 and TC7, all of which were amended with multiple organic carbon sources.
Decreases in Eh observed in TC2 and TC3 are primarily attributed to O2 consumption via
pyrite or thiosulfate oxidation. Contribution of DOC to pore water supported increased
SRB, IRB and APB populations within TC4 through TC7. Populations of SRB
exceeded 107 cells g-1 within each of these cells, however, these elevated SRB numbers
were not sustained in the absence of SBG. In contrast, TC2 and TC3 generally supported
populations < 102 and 103 cells g-1, respectively. Sustained SRB growth within cells
amended with SBG may be supported by the relative abundance of APB. Fermentative
bacteria convert complex carbon molecules, for example cellulose and sugars, to organic
acids (e.g. lactate and acetate) which are readily utilized as electron donors by various
SRB species (Postgate, 1984). Populations of APB reached 104 cells g-1 within TC4, TC6
and TC7, whereas populations were generally < 102 cells g-1 in TC3 and TC5 and
consistently < 102 cells g-1 within TC2. Therefore, APB activity may support SRB growth
within cells amended with SBG.
Increases in SRB populations corresponded to removal of S2O3 within TC4 through
TC7 (Finster, 2008), and > 99% removal was observed after approximately 2 years.
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Disproportion of S2O3 via oxidation likely contributed to S2O3 removal within TC2 and
TC3. Decreases in aqueous SO4 concentrations to < 1000 mg L-1 were observed in TC4,
TC6 and TC7. These low SO4 concentrations generally correspond to undersaturation of
pore water with respect to gypsum which suggests that dissolution of gypsum occurred in
the cells. Production of H2S was observed within all cells amended with organic carbon,
indicating that SO4 reduction is supported by all amendments. The highest H2S
concentrations (> 1 mg L-1) were observed in cells where gypsum undersaturation was
observed. Slight increases in H2S were observed in TC3 and TC5, however, pore water
consistently remained at saturation with respect to gypsum. Removal of SO4 within these
cells would likely be masked by gypsum dissolution. Relative decreases in total dissolved
S were approximately 45 %, 15 % and 75 % for TC4, TC6 and TC7, respectively (Table
3). Enrichment in 34S-SO4 was observed within all cells, with the largest enrichments
occurring within cells containing SBG. Values of δ34S-SO4 increase from approximately
-15 ‰ near the tailings surface to > +10 ‰ within TC4, TC6 and TC7. Maximum
34
S-SO4 enrichments of > +30 ‰ within these cells indicates that SO4 removal results
from SRB activity. Enrichment in 34S-SO4 also was observed in TC3 and TC5. However,
maximum δ34S-SO4 values from 0 to +10 ‰ suggest that SO4 reduction rates are limited
within these cells. Slight increases in total dissolved S were observed within TC3 and
TC5, suggesting gypsum precipitation became a less effective control on aqueous SO4
concentrations with time.
Table 3. Total dissolved masses of elements after 3 years of monitoring. Values were
calculated by trapezoidal integration of aqueous geochemistry data.

Concentrations of dissolved Fe, Mn and As were observed to increase in all organic
carbon amended cells after the initial construction of the cells. The largest increases
occurred within cells amended with MB, which supported rapid growth of heterotrophic
bacteria. Increased concentrations of Fe, Mn and As occurred within TC3 and TC4,
however maximum concentrations of these elements were lower than in cells containing
MB. These cell dependent differences in Fe, Mn and As concentrations are attributed to
differences in initial reactivity of organic carbon. Increases in the aqueous concentrations
of these elements were also observed as reducing conditions developed within the control
cell (TC2). However, maximum concentrations of Fe, Mn and As were consistently lower
than observed for organic carbon amended cells. Subsequent removal of Fe, Mn and As
6

was observed in TC4, TC6 and TC7, all of which supported SO4 reduction. After 3 years
of monitoring, concentrations of these elements were generally still higher in organic
carbon amended cells. However, ongoing SO4 reduction and metal-sulfide precipitation
will likely promote further removal of these mobilized elements. Removal of Fe under
SO4 reducing conditions suggests that Fe-sulfide precipitation is occurring. This change
in the form of Fe could be beneficial for sites with closure plans involving cover systems
which generate reducing conditions in underlying tailings.
Removal of Zn, Sb and Tl was effective under SO4 reducing conditions (Table 3).
After 3 years, the total dissolved mass of Zn decreased in TC4 (64 %), TC5 (10 %), TC6
(62 %) and TC7 (45 %), relative to TC2. This removal corresponded to decreases in
aqueous concentrations to < 1 mg L-1 below the oxidation zone. Removal of Sb was
observed in all organic carbon amended cells, however > 80 % removal was observed in
TC4, TC6 and TC7. This observation suggests that both sorption and sulfide precipitation
may contribute to Sb removal in organic carbon amended tailings. Decreases in aqueous
Tl followed similar trends, with TC4, TC6 and TC7 supporting the greatest removal.
Aqueous Tl concentrations decreased to < 1 µg L-1 at several sampling locations within
TC4.

Figure 2. Backscatter electron micrographs of Fe-S (a) and spherical Zn-S (b) precipitates
on organic carbon particles. Scale bars represent 2 µm.
Removal of SO4, Zn and Fe under reducing conditions likely results from the
precipitation of low solubility metal-sulfide phases. Examination of core samples by FESEM and EDX revealed the common presence of Fe-S and Zn-S phases on surfaces of
organic carbon particles (Figure 2) and gangue mineral grains. The texture of the Fe-S
phases ranged from disordered to cubic, while the Zn-S precipitates commonly occurred
as clusters of spheroids. These observations suggest that several forms of Fe-sulfides,
including mackinawite [FeS] and pyrite, may form as a result of SO4 reduction. Spherical
Zn-S particles are similar in appearance to a phase previously identified as sphalerite
(Moreau et al., 2004). Secondary As, Sb and Tl sulfides were not observed, however,
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precipitation of these phases cannot be ruled out. Moreover, removal of these trace
elements may result from (co)precipitation with secondary Fe and Zn sulfides (HuertaDiaz et al., 1998).
CONCLUSIONS
Amendment of unoxidized tailings with a small proportion of organic carbon
(< 2 dry wt. %) can promote SO4 reduction and reduce the transport of sulfide oxidation
products in the vadose zone. The incorporation of SBG promoted elevated populations of
fermentative bacteria and sustained elevated populations of SRB over the duration of the
experiment. Municipal biosolids were effective in rapidly generating SO4 reducing
conditions, however, these conditions were short-lived, and ultimately resulted in
relatively higher rates of Fe reduction. Peat did not support substantial SO4 reduction
unless in combination with SBG, or SBG and MB. Decreases in SO4 concentrations were
generally coupled with H2S production, 34S-SO4 enrichment and undersaturation of pore
water with respect to gypsum. Sulfate reduction also promoted the removal of Zn, Fe,
Mn, Sb, Tl and As. Precipitation of secondary metal-sulfide phases was confirmed as the
primary mechanism for Fe and Zn removal.
The addition of organic carbon promoted reductive dissolution of Fe and Mn
(hydr)oxides prior to the development of SO4 reducing conditions. This subsequent
reattenuation of Fe as sulfide phases promotes long-term geochemical stability under
reducing conditions. The resulting decrease in the mass of Fe which can be mobilized is
beneficial for sites where closure plans include cover systems, which may generate
reducing conditions in underlying tailings.
Organic carbon amendment of tailings during deposition provides the potential to
reduce the transport of sulfide oxidation products. Generation of SO4 reducing conditions
can promote decreases in aqueous mass of S, metals and trace elements. This mass
removal would ultimately improve drainage quality, thereby reducing reliance on
traditional active treatment techniques.
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