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Abstract

Closure or reclamation of tailings impoundment options include constructing a
vegetative cover with amendments to improve conditions for growth. However, cover
amendments have potential to mobilize metals in waste by introducing new chemicals
and altering pH and redox conditions. Copper, lead and zinc mobilization potentials
from fine grained materials were evaluated by sequential extraction and amendment by
topsoil, spent brewery grain, biochar, compost, commercial soil media, and phosphate.
Amendment induced metal mobilization could occur from reducing conditions, low
pH, formation of stable aqueous metal-organic complexes, and ligand exchange. Cover
amendment selection must consider waste metal phases to limit mobilization potential.
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Introduction

Vegetation can be part of a number of different
types of tailing covers. The cover could be
for reduction of dust, erosion, infiltration
and limiting direct exposure to atmospheric
conditions. Vegetation could also be part
of store-and-release covers. To promote
vegetation on covers, amendments are added
to create favorable soil characteristics such
as water-holding capacity, organic matter
content, and nutrient availability.
Amendments may also alter geochemical
conditions within the tailings storage facility
and lead to unintended consequences.
Cover amendments may enhance metals
mobilization due to changes in the reduction/
oxidation (redox) and/or pH conditions
leading to desorption and/or mineral
dissolution. Xie and van Zyl (2023) reported
that soluble organic compounds released by
decomposition of organic matter and plant
roots resulted in decreased pH and increased
metal concentrations from amended tailings.
In studies of soil contaminated with smelting
slag, (Navarro 2012) found that organic
rich solid amendments mobilized selenium
and arsenic. Further, a decrease in redox
conditions, led to reductive dissolution of
metal oxides on which the selenium and

arsenic were sorbed. Amendments also
introduce new chemical compounds that can
alter the mobility of metals. The presence of
dissolved organics has potential to enhance
mobilization of metals by forming stable
aqueous metal-organic complexes. In studies
of mine tailings and metal-contaminated soil,
increased leaching of metals including lead,
zing, and copper, corresponded to increases
in organic carbon leaching, when organic
amendments were added (Clemente et al.
2006). Other amendments, such as phosphate
fertilizers can also have unintended results.
In a study of mine tailings amended with
phosphate, (Munksgaard and Lottermoser
2013) found that both arsenic and antimony
were mobilized due to the replacement of the
original ligand (complexing compound) with
phosphate.

The extent to which these various
mechanisms can mobilize metals depends
on the metal forms present in the tailings.
In the initial sulfidic ore, the mineralogy is
often well characterized and relatively simple.
TSF closure may aim to immobilize metals
by minimizing oxidation of metal sulfides.
However, reclamation of tailings presents a
challenge because mineralogy is often more
complex from mineral alternations during
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metallurgical processingand aging. Over time,
exposure of tailing surfaces to atmospheric
oxygen during processing, emplacement and
retention causes oxidation of primary sulfide
minerals (weathering) releasing metals that
may form numerous secondary minerals. For
example, in oxidizing conditions, lead sulfide
weathers to form secondary phases which
may include lead sulfate, lead carbonate
and several lead phosphate minerals {Frau
et al. 2009; Ramos and Siebe 2007; Ruby
et al.1994}. In addition, metals from
oxidation of metal sulfides may be sorbed
onto metal oxides or coprecipitated with
other phases. Achieving geochemical stability
during reclamation may be difficult because
the geochemical controls for the new metal
phases may differ from one another and from
the primary metal sulfides remaining in the
pile. Furthermore, common characterization
tools such as X-ray diffraction (XRD) may
be ineffective at identifying metal phases due
to low content (less than a few percent) and
poorly crystalline properties that are typical
for secondary phases in tailings and mine
waste (Jamieson et al. 2015).

The objective of this study was to evaluate
the effects of reclamation amendments on
the mobilization of metals from weathered
mine waste materials. Metal mobilization was
expected to vary with mineralogy and metals
in the waste material and the chemistry of
amendment leachate.

Methods

Source material for this study was obtained
from a historical site located in Colorado,
USA. The material originated from a complex
sulfide deposit that was mined for lead,
copper, silver, and gold more than 100 years
ago. Common minerals in the ore included
galena (PbS), sphalerite (ZnS), chalcopyrite
(CuFesS,), and pyrite (FeS,) (Ransome 1901).
The material fraction less than 2 mm used for
analyses in this study.

Metals content of the source material was
analyzed by ICP-AES, following a microwave-
assisted nitric acid digestion (USEPA 2007).
The material was also analyzed by sequential
extractions to evaluate metals present in the
exchangeable fraction, the fraction bound
to carbonates, the fraction bound to iron

and manganese oxides, and the residual.
Extractions were conducted using a modified
method of the procedure developed by Tessier
(1979). The supernatant was filtered through
a 0.45-micron disposable filter, diluted,
acidified with nitric acid, and analyzed by
ICP-AES.

The potential for cover amendments
(brewing grain, biochar, compost, soil media,
phosphate) to mobilize metals in the source
material was evaluated through a leach test
in which the fine-grained waste material
was leached with solutions prepared from
the amendments. The extract solutions from
brewing grain, biochar, compost and soil
media were prepared by adding 2 g of dried
material to 300 mL of deionized water and
mixing at room temperature for 48-hours.
The phosphate solution was prepared with
calcium phosphate monobasic monohydrate
at a concentration of 4 mmol P/L. The leach
tests were done to simulate conditions in
which cover material is placed over the
tailings and water flows through the cover
and into the tailings. Batch leach tests were
conducted by mixing 1 g of source material
with 20 mL of the solutions prepared from
the cover amendments plus a deionized
water control.

Source material and amendment solu-
tions were mixed in 50 mL tubes for 1 hour
on an end-over-end mixer, followed by
settling for 10 minutes. After settling, the
pH was measured and an aliquot of solution
was removed, filtered through a 0.45-micron
disposable filter, acidified, and analyzed for
metals by ICP-AES.

Results and Discussion
Material Elemental Composition

The fine-grained altered ore source material
has high content of lead (3.5%), copper
(0.75%), and zinc (0.80%), suggesting a risk
to downgradient bodies of water should
these metals mobilize because of changing
geochemical conditions. Table 1 presents
results of elemental analysis by ICP-AES
after acid-digestion. Mobilization of even a
small fraction of these metals could result
in aqueous concentrations that are greater
than aquatic life standards. Assuming a 20:1
water to rock ratio, mobilization of 1% of
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Table 1 Selected elements in the source material, average and (range) as % by mass

Al Ca Cu Fe P Pb S Zn
13 25 0.75 44 0.12 35 1.0 0.80
(0.95-1.8) (1.6-3.6) (0.36-1.2) (3.3-5.6) (1.1-1.8) (0.08-0.14)  (22-5.0)  (0.35-1.7) (0.34-1.1
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Figure 1 Sequential extraction results in mmoles per kg of rock: (A) Fraction 1 - exchangeable fraction; (B)
Fraction 2 - bound to carbonates; (C) Fraction 3 — bound to iron and manganese oxides; and (D) residual
fraction. Bars are average values for two replicate extractions. Error bars show the range

the lead would result in a concentration of
1.8 mg/L, compared to a chronic aquatic life
standard of 0.01 mg/L (Colorado Code of
Regulations 2021).

Metal mobilization by Sequential
Extraction

Sequential extractions show the degree of
metals mobilization under various geo-
chemical conditions, from which the metal
forms of the source material can be inferred.
The extractions are useful in characterizing
metals that are of environmental concern
even at low contents, such as less than a few
percent. Other analytical methods such as
XRD may be unable to identify these phases,

due low content and poorly crystalline phases
(Jamieson et al. 2015). Fig. 1 presents the
millimoles mobilized per kg of rock. Results
of the sequential extractions indicate that
an average of 60% of the lead by weight and
approximately 30% of the zinc and copper
were mobilized during the extractions. The
non-extracted (residual) is attributed to unal-
tered sulfide minerals in the source material.
Fraction 1 is commonly referred to as
the exchangeable fraction. Metals may be
released by dissolution and/or desorption of
weakly sorbed phases. In Fraction 1, 4.5%
of the lead was extracted, 1.7% of the zinc,
and 0.4% of the copper. As shown in Fig. 1, a
similar magnitude of sulfur was also extracted
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suggesting dissolution of metal sulfates. Lead
in Fraction 1 may be present in the source
material as anglesite (PbSO,).

Fraction 2 is intended to dissolve
carbonates and release associated metals. The
primary elements extracted in Fraction 2 are
lead (19%) and copper (8%), suggesting the
presence of cerussite (PbCO,) and copper
carbonate secondary minerals, such as
malachite. The presence of lead carbonate is
of concern due to its potential to mobilize in
low pH conditions.

Fraction 3 is intended to reductively
dissolve iron and manganese oxides and
release metals bound to them. Of the three
extractions performed, Fraction 3 extracted
the largest percentage of metals from the
source material (37% of lead, 22% of copper,
and 26% of zinc). Metals associated with
Fraction 3 may be mobilized from the waste
rock pile if reducing conditions occur from
cover placement. Ribeta et al. (1995) noted
similar findings in a study of sulfidic tailings
that had weathered for several decades.
Covering the tailings with an organic-
rich cover was therefore identified as an
environmental risk due to the potential for
metals release from reductive dissolution of
ferric (oxy)hydroxides.

Metal Mobility with Amendments

Results of the amendment evaluation (Fig.
2) demonstrate the potential deleterious
effects of selecting cover amendments that
are unsuitable given the mineralogy of the
source material. In the leach tests using spent
brewery grain the highest amounts of lead,
copper, and zinc were released. Spent brewery
grain is a readily available organic carbon
source that is a waste product of brewing
beer. Spent brewing grain was tested as an
amendment in field cells of freshly deposited,
pyrite-rich tailings at the Greens Creek Mine
in Alaska. The use of spent brewery grain
as an amendment led to sulfate reduction
and metals immobilization in a three-year
field study (Lindsay et al. 2011). For the
source material evaluated in this study, the
reducible content averages 1,700 mg/kg
copper, 13,000 mg/kg lead, and 2,100 mg/kg
zinc. Mobilization of these metals presents a
high risk for water quality issues in drainage

from a tailings impoundment and receiving
water bodies.

Mobilization of metals is attributed to
low pH of the spent brewery grain (pH of
4) and the resulting mineral dissolution and
desorption of metals. Cerussite in the source
material is estimated to account for an average
of 19% of lead by weight. The presence of
lead phosphate in is suspected based on both
elemental content of phosphorus in the waste
rock (0.12% by weight) and the presence of
phosphorus at 0.42 mg/L in leachate from
tests in which waste rock is mixed with
deionized water. Solubility of both cerussite
and lead phosphates decreases with pH and
dissolution would be expected at pH 4 for the
leached solution (Sauve 1998). A decrease
from pH 7 to pH 4 would desorb zinc, copper,
and the majority of the lead (Dzombak and
Morel 1990).

Increased metal concentrations in tests
with spent brewery grain may also be due
in part to the presence of organic matter.
Decomposition of organic matter releases
organic acids, which are known to form stable
aqueous metal-organic complexes (Misra
and Pande 1974). In studies with oxidized
Pb-Zn tailings, (Wang and Mulligan 2013)
found that low molecular weight organic
acids increased mobilization of Cu, Pb and
Zn at pHs above 7 due to formation of soluble
aqueous organic complexes.

In leach tests using biochar solution,
decreases in leaching of zinc, copper, and lead
were observed compared to concentrations
leached with deionized water (Fig. 2).
Leaching of lead decreased the most (93%),
with a leached concentration of 7.0 mg/L for
deionized water and 0.46 mg/L for biochar
solution. Decreases in leaching with biochar
solution are attributed to both to sorption
onto suspended solids in the extracted
biochar solution and the high pH of the
initial solution (pH 9.1). Ippolito (2017)
found that biochar addition to mine land soil
decreased bioavailability of lead by forming
lead oxyhydroxides.

The largest reduction in lead leaching
occurred in leach tests using 4 mM phosphate
solution, in which leaching decreased by
96%, from 7.0 mg/L for deionized water
to 0.29 mg/L for the phosphate solution.
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Phosphate is known to form stable lead
phosphate minerals, such as pyromorphite
and hydroxypyromorphite (Ruby et al. 1994).
Although the phosphate solution reduced
lead leaching by 96%, results suggest there
may be drawbacks to its use at field scale. In
leach tests with phosphate solution, copper
and zinc concentrations increased by 59% and
37%, respectively, relative to deionized water.
The increase in leaching may be due to a slight
decrease in leachate pH (5.7 for deionized
water, compared to 5.4 for phosphate
solution), which highlights the sensitivity
of the fine-grained mined waste material to
small decreases in pH. In addition to zinc
and copper, arsenic concentrations may
also increase from phosphate amendment.
Arsenic leached up to 0.12 mg/L in leach tests
with phosphate solution, despite low arsenic
content in the source material (56 mg/kg)
and below detection concentrations in other
leach tests (less than 0.08 mg/L). Addition of
phosphate is known to release arsenic, due
to ligand exchange with arsenic oxyanions
(Munksgaard and Lottermoser 2013).

Conclusions

Laboratory tests showed that metal sulfide
minerals initially present in the ore (galena,
sphalerite, chalcopyrite) had been altered
to form numerous phases, including metal
sulfates, phosphates, carbonates, and phases
associated with manganese/iron oxides.
Sequential extraction test demonstrated that
the largest extractable fraction of lead, copper

70

and zinc were associated with iron and
manganese oxides, followed by carbonate-
bound phases. Results of characterization
suggest that the largest risk is the mobilization
of metals from development of geochemical
reducing conditions. These conditions could
occur with amendments having high organic
carbon content, but also due to physical
barriers to oxygen entry into the pile, as may
occur with fine-grained covers.

Results of this study demonstrate the
importance of identifying metal phases
present in a fine-grained altered ore materials
prior to selecting cover amendments.
Organic amendments with high labile/
soluble carbon, such as spent brewery grain,
present the greatest risk for reclamation of
fine-grained altered ore materials due to
many possible mechanisms of mobilization.
These amendments may cause geochemically
reducing conditions which release metals
associated with iron and manganese oxides.
They may also result in decreased pH from
organic acids, leading to dissolution of
carbonate phases and desorption of metals.
Lastly, introduction of dissolved organic
matter may increase aqueous metal content
by formation of stable metal-organic com-
plexes. Additional research is needed to
develop characterization methods for organic
amendments so that formation of metal-
organic complexes can be minimized in
settings deemed high risk based on metal
phases present.
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Figure 2 Leached metal concentrations and pH after leach tests with amendment solutions. Results are
average of duplicate tests and error bars show range of values
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