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Abstract

Solubility controls and adsorption of molybdate (MoO,) were studied to better
understand the fate of molybdenum (Mo) in neutral rock drainage. Batch and column
experiments predict that MoO4 mobility is limited by powellite (CaMo0O,4) and wulfenite
(PbMoOy) precipitation under neutral pH conditions and that adsorption of molybdate is
relatively limited.  Batch experiments demonstrate that wulfenite forms almost
immediately and effectively removes Pb and Mo from solution to concentrations below
detection limits whereas powellite formation is kinetically limited and reduces Mo
concentrations to ~10 mg L™ in systems containing Ca. An initial inhibition of powellite
formation is observed, likely due to a lack of available nucleation sites. After the
nucleation phase, powellite formation from supersaturated conditions follows a second
order rate expression with linear dependence on Ca’" and MoO4>. Column experiments
provide further evidence of rapid wulfenite formation and kinetically limited powellite
formation. Both powellite and wulfenite have also been identified in samples extracted
from barrel-sized field experiments designed to study the weathering of carbonate-rich
waste rock material, providing direct evidence that these minerals contribute to
controlling Mo mobility under field conditions. In contrast to Pb and Ca, both Cu and Zn
did not form molybdate precipitates, even under highly supersaturated conditions as
predicted by PHREEQC. Additional experiments indicate that Mo attenuation by
adsorption under neutral pH conditions is limited and is dependent on the amount of
available sorption sites. Desorption experiments on existing waste rock indicate that
some Mo has likely been adsorbed to iron hydroxides, but further analyses are required to

determine the extent.
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Chapter 1 — Introduction

1.1 Problem Description

Many previous water quality studies at mine sites have focused on acid rock
drainage (ARD) but fewer investigations have studied neutral rock drainage (NRD).
NRD will occur if the mine waste provides a significant pH-buffering capacity from
calcareous rocks. Although some metals of environmental concern are mobile under
these conditions, NRD has received much less attention in the past. The Antamina Mine
in Peru is one of the largest mines in the world that has neutral rock drainage, as it is
hosted in limestones and marbles.

ARD originates from the discharge of acidic mine effluent that often contains
elevated levels of trace metals and sulfate. The oxidation of residual sulfide minerals,
such as pyrite (FeS,), present in waste rock piles and tailings produce these acidic waters:

2FeSys) + 70, + 2H,0 > 4S0,” + 2Fe” + 4H" (1.1)

Further acidic conditions are created with the oxidation of ferrous iron (Fe*") to ferric
iron (Fe*"), as follows:

4Fe* + 0, + 10H,0 > 4Fe(OH)35)+ 8H” (1.2)

However, the majority of waste rock present at Antamina consists of carbonate minerals,
which buffer the generated acid:

CaCO; + H" > HCO; + Ca*" (1.3)

The generalized conditions of neutral rock drainage are therefore groundwaters with
near-neutral to slightly basic pH and high sulfate, calcium, and bicarbonate
concentrations.

Dissolved metal concentrations differ quite greatly between ARD and NRD, as
their mobility is highly dependent on pH. For most metals, attenuation processes such as
precipitation and adsorption occur under neutral pH conditions, leading to sequestration
of the metals within the mine waste and minimizing the need for long-term water
treatment for these constituents. This is because they remain as positively charged
cations and will attach readily to OH™ groups on available sorption sites or will form

insoluble minerals. Metals present as oxyanions on the other hand will remain fairly



soluble. This provides a problem for molybdenum (Mo), as it is present in drainage
waters as molybdate (MoO4>).

Mo is the third most abundant metal being mined at Antamina after copper and
zinc. Mo is present in the ore and waste rock as the mineral molybdenite (MoS,), which
is unstable under atmospheric conditions and will undergo oxidative dissolution, similar
to pyrite. Oxidation occurs more readily with increasing pH of the groundwater (Usataya,
1952; Salminen, 2005). The dissolution of molybdenite to form aqueous molybdate is as
follows:

2MoS; + 90, + 6H,0 > 2MoO4* + 4S0,* + 12H" (1.4)

Mo is a required micronutrient for plants and animals (Goldberg et al., 2002) and
Mo deficiencies are commonly seen within agricultural soils. At high concentrations, Mo
is toxic since it leads to secondary Cu deficiency (Gustafsson, 2003). It also accumulates
within plants which ultimately affects grazing animals. Typical Mo levels in the natural
environment can be seen in Table 1.1. Existing Canadian environmental water quality
guidelines are in place for Mo with respect to aquatic life, agriculture, and soils, of 73 ng
L', 10-500 pg L', and 5-40 ppm, respectively (Canadian Environmental Quality
Guidelines, 2002).

The chemistry of Mo has been studied extensively but its environmental fate has
not received the same attention (Carroll et al., 2006). Recently, work has been conducted
within agricultural soils to determine transport mechanisms in this medium. Limited
research of Mo attenuation by precipitation and sorption has been conducted under
neutral drainage conditions, and studies within mining waste rock have not been
performed. It is therefore important to analyze the potential attenuation mechanisms of

Mo to understand its environmental fate in waste rock piles at Antamina.

1.1.1 Research at Antamina

The research in this thesis is a component of a larger project to examine the
physical and geochemical processes that control neutral rock drainage from waste rock at
Antamina and other similar mine sites. Compared to ARD, there has been relatively little
research about NRD, because many metals are relatively immobile under neutral pH

conditions. However, some other elements, in particular Mo and As, which are present as



oxyanions, are only weakly attenuated. To understand the long-term fate of such metals
within groundwater drainage from waste rock piles at Antamina, extensive research is
being conducted both at the field-scale and in a laboratory setting.

Scaled-down instrumented waste rock piles and an extensive array of field cells
have been constructed and are being analyzed to determine the potential for metal release
from the full-scale waste rock piles (~400 m high). The field cells are open-topped
barrels exposed to the atmosphere and contain different types of waste rock. Natural
precipitation passes through the waste rock in the barrels and is collected at the bottom.
The volume of the drainage water and the geochemical parameters of the effluent are then
analyzed. In addition, five experimental waste rock piles (36 m x 36 m x 11 m high) have
been constructed to investigate weathering processes affected by physical and
geochemical heterogeneities similar to those found in the full scale piles. Each
experimental pile contains various types of waste rock, with different percentages of non-
reactive and reactive waste rock. Both flow and geochemical parameters are being
analyzed within the test piles using an extensive array of in-situ sensors and monitoring
equipment. These experiments are suitable to evaluate the potential for metal release and
mass loadings under field conditions; however, the mineralogical heterogeneity of the
natural waste rock and uncertainties about flow paths through the piles and field cells
make it difficult to study the geochemical processes that control Mo mobility in the field.
On the other hand, laboratory experiments using either pure-phase materials or carefully
characterized waste rock samples from Antamina are most suited for the detailed analyses
of such processes.

Laboratory tests are therefore being conducted to analyze the processes
controlling dissolved metal concentrations. The research conducted in this thesis
specifically addresses molybdenum with an emphasis on understanding the likely
attenuation mechanisms that will control aqueous Mo concentrations within the waste

rock piles of Antamina.



1.2 Objectives

It will be imperative to understand the mobility and attenuation of Mo within the
waste rock piles at Antamina to gauge the potential for future Mo-release and long-term
water treatment requirements. Possible attenuation mechanisms such as precipitation and
sorption were therefore studied in a laboratory setting to answer the following research

questions:

— Is powellite (CaMo0OQ,) precipitation a significant sink for Mo released from waste
rock at Antamina? Will competing ions or changing environmental conditions
affect Mo removal by powellite? Can powellite formation be adequately
modeled?

— What other secondary Mo precipitates are likely to form? If Mo-rich, Cu-rich,
Pb-rich, and Zn-rich waste rock is mixed, will precipitates such as wulfenite
(PbMo00,), copper molybdate (CuMoQOy), or zinc molybdate (ZnMoQOy4) form?
Will Cu, Zn, and Pb preferentially form with other anions, inhibiting MoO,*"
attenuation?

— Will iron molybdate (FeMoQO4) be precipitate within the waste rock pile? Are
ferrous iron concentrations high enough, or are conditions too oxidizing?

— Is Mo currently being adsorbed onto waste rock? Which material within the

waste rock will adsorb Mo most strongly and to what extent?

1.3 Site Description

The Compafia Minera Antamina (CMA) Co-Zn-Mo mine is an open-pit operation
that began extraction in 2001. The mine processes between 70 000 and 100 000 tonnes
of ore per day and generates about 300 000 tonnes of waste rock daily (Golder, 2007).
The majority of this waste rock is placed in waste rock piles on-site that are exposed to
the natural environment. Some of the waste rock contains elevated levels of Co, Zn, Mo,
Pb, and Bi which could prove to be detrimental to the surrounding environment - if

released and not treated adequately. As previously discussed, Mo specifically has a high



potential to be mobilized due to its abundance in the waste rock and the neutral drainage

characteristics.

1.3.1 Location

Antamina is located within the Peruvian Andes, approximately 385 km north of
Lima and 50 km east of Huaraz (Figure 1.1). The mine is at an elevation between
approximately 4200 and 4800 metres above sea level (Lipten, 2003). The mine is
currently expected to be in operation until 2021 (Golder, 2007).

1.3.2 Geological Setting

Antamina is located within the eastern portion of the Western Cordillera in the
Peruvian Andes. It is a polymetallic skarn deposit hosted in a sequence of limestones and
other sediments (Lipten, 2003). It sits at the base of a glacial valley and is surrounded by
ridges of limestone that have been strongly folded and thrusted within the Late Eocene
(Figure 1.2).

Mo is the third most abundant ore metal within the deposit after Cu and Zn. It is
present within the quartz monzonite intrusive core as molybdenite (MoS;) as well as in
endoskarn material surrounding the core (Lipten, 2003) (Figure 1.3). Trace Mo is also
found in indeterminate skarn (transition between endoskarn and exoskarn). Mo reaches
concentrations of about 0.03 wt% of the quartz monzonite and skarns, but concentrations
vary between the differing types of skarn (e.g. white plagioclase endoskarn, pink garnet
endoskarn, brown garnet endoskarn). Most of this material is considered ore; however,
some of this rock contains Mo and other metals at uneconomic concentrations, which
makes it unsuitable for mineral processing. This material ends up in the waste rock piles,

where it provides a substantial source for metal release.

1.3.3 Environmental Setting

Antamina experiences similar conditions as most Andean regions. There are two
distinct seasons: the summer which is the wet season and winter which is the dry season.
The dry season lasts from April to October, when cool temperatures dominate and lesser

amounts of precipitation occur. The wet season between November and March is when



the majority of precipitation occurs; annual precipitation falls within a range of 1200 to
1500 mm (Evans et al., 2005). The ample rainfall provides sufficient recharge to promote

leaching of metals from the mine waste deposits

1.3.4 Geochemistry
1.3.4.1 Field Cells

Studies performed by Golder Associates (Golder, 2004; Golder, 2007) have been
designed to provide information on the chemical composition of the drainage waters
expected to leave the waste rock piles. Field cells each containing specific waste rock
material in order to determine leachate concentrations with time have been constructed.
The field cells are constructed of 205 L drums filled with waste rock and left open to
atmosphere and precipitation so that natural weathering can occur. As of 2007, 47
different rock types were being analyzed, which includes waste rock, low grade ore,
medium grade ore, and tailings material at Antamina.

The results of the experiments by Golder (2007) show that the composition of the
drainage water is strongly dependent on the waste rock type (Table 1.2). Observed
concentrations in drainage waters were used to determine elemental concentrations for
the laboratory experiments conducted as part of the present study in order to simulate the
waste rock piles as closely as possible. It should, however, be noted that many of the
parameters within the field cells have not yet stabilized, adding to the difficulties of
predicting metal release from waste rock piles. Even once concentrations have stabilized
it is unlikely that these concentrations will correspond to the maximum outflow
concentrations from the waste rock piles. Field cell tests focus on a single material and do
not account for mixing of different materials within the full scale piles. In addition, the
field cells are only about 1 m tall whereas the waste rock piles are approximately 400 m
high. The scale difference implies additional physical heterogeneity in the full scale piles
and activation of other processes that are not captured in the field cells.

Molybdenum concentrations vary by a large amount depending on the waste rock
type. Concentrations in less reactive materials (hornfels, marble, limestone) are quite
low, mainly being below instrument detection limits. This is expected, as molybdenite is

not commonly found within these rock types. The highest concentrations are found



within the endoskarn, intrusives, and low and medium grade ore field cells. The
concentrations in field cell leachate range from 7.3 to 45 mg L™ and each of these cells
contain a relatively large amount of molybdenite. Alkalinity in drainage from the field
cells have remained between 20 and 70 mg L™ as CaCO; indicating the strong buffering
capacity of the waste rock. pH-values are therefore quite high, being near-neutral to

slightly basic for all field cells.

1.3.4.2 Solubility Controls

Based on mineralogy and elemental release from weathering, waters passing
through the waste rock pile should be saturated with respect to CaCO3 and also contain
elevated levels of Na, Al, Si, Mg, Fe, SO4, F, and Cl. Other prominent dissolved
elements should include Cu, Zn, Mo, Pb, Ag, and Bi, based on their abundance in the ore
material. However, secondary mineral phases can act as controls for dissolved
constituents.  Speciation modeling was therefore conducted by Golder (2007) to
determine solubility controls. The solubility controls determined were boehmite/gibbsite
(Al(OH)3), calcite (CaCO;), fluorite (CaF;), gypsum (CaSO4H,0), ferrihydrite
(Fe(OH)3), manganite (MnOOH), and malachite (Cu,(OH),CO3).

Both malachite and ferrihydrite are important solubility controls for this research.
With malachite expected to control Cu concentrations, it is questionable whether a Cu-
molybdate will form. Ferrihydrite is also important, as it can provide suitable surface

area for sorption of Mo and other metals.

1.4 Literature Review

There has been a thorough investigation of the chemistry of Mo and Mo sorption
within the literature, but few studies have researched Mo precipitates under neutral pH
conditions. This literature review encompasses the prominent aspects of Mo attenuation

investigated within this thesis, including precipitation and sorption.



1.4.1 Mo Release

In the natural environment, Mo is usually found as either Mo(IV) or Mo(VI) (Fox
and Doner, 2002). Mo release under neutral and basic conditions is more prominent than
under acidic conditions (Salminen, 2005). With neutral or basic conditions, molybdenite
(MoS;) is weathered and oxidized, mobilizing Mo. In acidic environments, molybdenite
is stable or Mo in solution is immobilized by precipitation of iron molybdate. Under
neutral conditions, Mo is expected to be released into solution, where the oxidation of
molybdenite to form molybdate oxyanions occurs (Bostick et al., 2003). MoO,*
oxyanions predominate in solutions having pH values above 4 (Burclova et al., 1973;

Carroll et al., 2006). Mo stability diagrams can be found in Figure 1.4.

1.4.2 Mo Precipitation

Aqueous ion interactions for 2:2 electrolytes are strong, providing belief that
many metal molybdates should precipitate with Mo in solution (Felmy et al., 1992).
However, specific metal molybdates have not been studied extensively meaning there is
little information to determine how prominent they may be within different geochemical
conditions. The two most likely precipitates to form at Antamina include powellite
(CaMoQ4) and wulfenite (PbMoQs), but other metal molybdates such as Fe, Cu, and Zn

molybdates may form.

1.4.2.1 Powellite

Calcium can react with molybdate to form the mineral precipitate powellite,
although it is moderately soluble under most conditions, with literature log K,’s ranging
from -7.02 to -8.51 (Essington, 1990). Felmy et al. (1992) conducted research for a better
understanding of powellite formation and dissolution and determined the log Ky, of
powellite to be —7.93. However, the log K, of -8.05 found by Essington (1990) has been
used most frequently within literature. Studies have predicted that powellite is the
controlling phase for Mo within alkaline waste materials (Essington, 1992; Meima et al.,
2002). Few other studies on powellite have been conducted, and none is associated with

mine drainage.



1.4.2.2 Wulfenite

The formation of wulfenite could be a sink for Mo if aqueous Pb is available, as it
is one of the most stable Mo minerals (Vlek and Lindsay, 1977). Previous modeling has
shown wulfenite as being supersaturated within waters containing Mo and Pb. Wang et
al. (1994) determined that wulfenite is likely controlling Mo in coal overburden, with
both powellite and Fe-molybdate being undersaturated. Vlek and Lindsay (1977) found
that one of thirteen soils was in equilibrium with wulfenite, with pH values ranging from
5.5 to 7.7. Reddy and Gloss (1993) found that wulfenite is expected to control Mo
solubility in alkaline soils. Wulfenite is also expected to be the controlling phase for Mo
at existing mining sites (Rosemeyer, 1990; Bideaux, 1990). Petrunic et al. (2006) found
wulfenite within mine tailings with evidence suggesting that it precipitated out of local

pore-water after the oxidation of molybdenite.

1.4.2.3 Other Molybdates

In reducing conditions, relatively insoluble ferrous molybdate (FeMoQOy) can form
with an abundance of iron in solution (Branam, 1999). Iron scavenges Mo in these
conditions and therefore acts as a control of Mo solution concentrations. Oxidizing
conditions are expected within the waste rock piles, making this an unlikely sink for Mo.
Ferrimolybdite (Fe(Ill)2(M0O4);:8H,0) is a secondary mineral associated with
hydrothermal veins and molybdenum porphyry deposits (Mineral Data Publishing, 2005)
and has previously been identified as a possible Mo sink downstream of mine tailings
(Langedal, 1997). Co-precipitation of Mo with iron sulfide in anoxic conditions has also
been identified (Bertine, 1972).

Thermodynamic data is present for both Zn and Cu molybdates, but no research
was found on their occurrences in the natural environment. The potential for
precipitation of these phases was analyzed within this research to further understand the

role of these phases as a sink for Mo and metals.

1.4.3 Mo Sorption
The geochemical composition of groundwater plays a significant role on how

much MoO,> will be adsorbed (Stollenwerk, 1995). With many competing ions in



solution, attenuation of Mo will be less due to the other species preferentially filling the
adsorption sites. Previous Mo sorption studies have focused heavily on adsorption onto
Al and Fe oxides, clays, and different soil types (Xie and MacKenzie, 1991; Peinemann
and Helmy, 1994; Goldberg et al., 1996), onto pyrite (Bostick et al., 2003), pyrite and
goethite (FeO(OH)) (Xu et al., 2006), and anatase (Ti0O,) (Saripalli, 2002). The potential
sorption sites at Antamina include hydrous ferric oxides (HFO), calcite, pyrite, and any

overburden soils present in the waste rock.

1.4.3.1 Adsorption on Hydrous Ferric Oxides (HFO)

Goldberg et al. (1996) determined that iron oxides adsorbed Mo and the
maximum occurred within acidic pH conditions up to about pH 4 to 5. Above this limit,
adsorption decreased rapidly with little occurring above pH 8. Examples of adsorption
envelopes can be seen in Figure 1.5. It is thought that the mechanism of sorption is the
formation of inner-sphere complexes (ligand exchange). However, this may switch to
outer-sphere complexes as pH increases. Gustafsson (2003) also created batch systems to

determine Mo adsorption to HFO’s and found similar results to Goldberg et al. (1996).

1.4.3.2 Adsorption on Calcite
Calcite and calcareous arid-zone soil adsorption was analyzed by Goldberg et al.
(1996), and results showed that CaCOs is not a major sink for Mo within soils. Fox and

Doner (2002) also conducted experiments and found Mo sorption on calcite to be low.

1.4.3.3 Adsorption on Pyrite and Goethite

Molybdate sorption onto pyrite occurs mainly at lower pH levels and decreases
above pH 5 (Bostick et al., 2003). When increasing pH after sorption occurred in acidic
conditions, molybdate readily desorbed, indicating that it likely forms weak surface
complexes. Results from Bostick et al. (2003) show that MoO,*> forms a labile bidentate,
mononuclear complex on pyrite.

Molybdate sorption on goethite is higher than on pyrite, but otherwise follows

similar trends (Xu et al., 2006). Significant amounts can be accumulated on goethite over
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months to years (Fox and Doner, 2002). This could be important, as goethite is typically
a weathering product of pyrite within waste rock (Dalton et al., 2000).

1.4.3.4 Adsorption in Alkaline Soils

Research performed by Carroll et al. (2006) shows that Mo sorption within
alkaline soils is fairly low and is linear with respect to aqueous Mo concentrations.
However, by generating breakthrough curves, it was found that rate-limited sorption
influenced the transport of Mo. The sorption was also reversible, but attenuation
mechanisms were not determined. The addition of organic matter retarded Mo transport

by a factor of two, indicating its importance.

1.4.4 Comparison of Attenuation Mechanisms

With precipitation and sorption being the two most likely attenuation mechanisms
for Mo at Antamina, an evaluation of the two processes is required. The geochemical
characteristics of the waste rock piles indicate that sorption may not be a prominent sink
for Mo, since sorption within neutral pH is not strong. The likeliest sorption sites are
HFO’s, which are not markedly abundant in some of the waste rock types but will likely
form as a result of sulfide mineral oxidation. Molybdate precipitates are more likely to
form, but depend on aqueous Mo concentrations and the availability of cations in
solution.  For low concentrations, precipitation may not affect dissolved Mo
concentrations significantly due to thermodynamic constraints. In this case, sorption may
be a more important process, even though sorption is expected to be relatively limited.
However, as concentrations increase, precipitation will likely occur as the solution
becomes supersaturated with respect to metal molybdates. These precipitates could prove

to be the dominant sink for Mo in waste rock piles.

1.4.5 Experimental Methods
1.4.5.1 Precipitation Batch Experiments

Aoun et al. (1998) performed a review of the literature on precipitation batch
experiments and indicated that many of the methods used to determine nucleation and

growth rates are inaccurate. They concluded that a stirred system is preferential when
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performing precipitation experiments and that the stirring speed does not significantly
affect crystallization times. They performed experiments in a single tank rather than a
flowthrough reactor, which is another potential batch method. Yang and Steefel (2007)
used a stirred flowthrough reactor to analyze kaolinite precipitation and Cubillas et al.
(2005) used a mixed flow-reactor to analyze calcite-CdCO; exchange. Numerous
researchers have used a stirred batch system as used by Aoun et al. (Wong et al., 2001;
Stanley et al., 2004; Scholl et al., 2006). The current study employs both stirred and

unstirred batch reactors.

1.4.5.2 Sorption Experiments

Adsorption and desorption experiments have both been described in the literature.
Adsorption batch experiments have been conducted by adding adsorbent and a known
amount of Mo solution to vials that were subsequently shaken or centrifuged for some
time (Burclova et al., 1973; Zhang and Sparks, 1989; Peinemann and Helmy, 1993;
Goldberg et al., 1996; Saripalli et al., 2002; Xu et al., 2005; Carroll et al., 2006). pH of
the solutions were typically modified using NaOH.

Desorption batch experiments are performed in the same manner but using a clean
solution such as DI water to determine whether the sorption is reversible or not
(Peinemann and Helmy, 1993). DI water extraction is a leaching method often used to
analyze loosely bonded material on grains (Kelley et al., 2003). A known amount of DI
water is added to the material being analyzed and shaken for some time (often 24 hours)
and subsequently centrifuged and analyzed for its chemistry.

A novel technique of an ascorbic extraction to analyze Fe concentrations has
recently been applied (Amirbahman et al., 1998; Hyacinthe and Cappellen, 2004;
Hyacinthe et al., 2005). Typical extraction techniques are acidic and will therefore
dissolve highly soluble phases, such as calcite. This may increase background levels
dramatically and will make it impossible to determine whether species are adsorbed onto
the material or included in the soluble minerals. Ascorbic extraction is a reductive
technique under basic pH conditions, therefore reducing iron and making it a soluble
phase yet not dissolving other mineral phases (Roychoudhury, 2006). Sediment is added

to an anaerobic solution of ascorbic acid, sodium citrate, and sodium bicarbonate.
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Suspensions are subsequently stirred or shaken for 24 hours and then filtered and
analyzed for the solution chemistry. Any dissolved material is therefore expected to be

from adsorbed species onto iron hydroxides.

1.4.5.3 Column Experiments

Column experiments are typically conducted in order to determine attenuation
behaviour under active flow conditions that are more representative of the field.
Stollenwerk (1995) conducted column experiments to determine MoO,>~ adsorption onto
an aquifer material. 30 cm long columns with a diameter of 2.5 cm were filled with
sediment with a size fraction of less than 2 mm. A peristaltic pump was used to pass
water through the system at a similar rate as the velocity of groundwater in the aquifer.
Prior to the addition of MoO4>, uncontaminated groundwater from the field was passed
through the system until uniform conditions were reached throughout the column.
Groundwater containing known quantities of MoO,>~ was then passed through the system
until breakthrough. At this point, uncontaminated groundwater was passed through the
column again to assess desorption. The amount of adsorption and desorption was

calculated by the difference between influent and effluent concentrations.

1.5 Approach and Experimental Setup

Previous research indicates that Mo attenuation under neutral pH conditions will
likely be dominated by precipitation reactions, with a lesser contribution of adsorption.
Both powellite and wulfenite are proven sinks for Mo at other mine sites (Rosemeyer,
1990; Bideaux, 1990; Petrunic et al., 2006), but further research is required to determine
the importance of these phases in NRD systems. It was therefore decided that
experiments would be focus on understanding the likelihood of such precipitate
formation under conditions similar to those found at Antamina. Other metal molybdates
were also targeted to determine if there are additional solubility controls for Mo in the
presence of metals such as Cu and Zn that are typically released by the weathering of
waste rock. Some sorption experiments were also conducted, but to a much lesser extent

than experiments focusing on precipitate formation, due to the extensive research already
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conducted on Mo sorption. Sorption experiments were conducted using existing
Antamina waste rock, including both adsorption and desorption investigations.

Initially, batch experiments were conducted due to the comparable ease of
experimental design and data interpretation. Varying the elemental constituents and
geochemical characteristics allow for an understanding of potential sinks. However,
batch systems do not effectively simulate field conditions, requiring column experiments
to further understand the potential of Mo attenuation. Modeling of the data also aided in
understanding aqueous Mo by providing rates of Mo removal that could be extrapolated
to the field-scale.

The aqueous solutions for the batch and column experiments were designed based
on the observed drainage water compositions from the field cells (Golder, 2007). A Mo
concentration of 200 mg L' was selected for the batch and column experiments
performed assuming Mo concentrations may be elevated in field-scale waste rock piles
compared to the field cells. The buffering capacity was simulated in most laboratory
experiments by including excess calcium carbonate powder to buffer any acid generation.
SO, concentrations of 1000 mg L' were used in most of the batch and column
experiments, similar to the maximum concentrations observed in the field cells. 20 mg L’
' of Cu, Zn, and Pb were used for the competition experiments. Although field-observed
concentrations of these metals were lower, these somewhat elevated concentrations were

required to identify and quantify attenuation processes in the experiments.
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Table 1.1 - Mo concentrations within rocks (ppm) and water (ug L™) (Drever, 1997)

Granite
1

Basalt
1.5 2.6

Shale

Limestone
0.4

Sandstone
0.2

Streams

Ocean
0.5 10

Table 1.2 - Field cell results from Golder (2007). All concentrations in mg L™, except

pH
Hornfels, marble, Intrusive, Endoskarn, Low and Medium
Limestone Exoskarn Grade ore

Zn 0.002-0.2 0.06-3 0.06-8.2

Cu <0.01 0.01-0.03 0.01-0.04

Mo <0.01-0.3 0.01-41 0.03-45

As <0.06-3 0.006-0.4 0.001-0.02

SO, <500 <1000 <500-1000

pH 8-8.5 7.1-8.9 7.5-8.5
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Chapter 2 — Solubility Controls for Molybdenum in Neutral

Rock Drainage®

2.1 Introduction

Molybdenum is a trace element present at low concentrations in the natural
environment, but is also found at high concentrations in ore deposits around the world
(1). Molybdenum is typically recovered from the sulfide mineral molybdenite (MoS).
Residual or non-economic accumulations of MoS; often remain in mining waste rock or
tailings and provide a long-term source for Mo release from weathering (2). In its
oxidized form, Mo is present as the oxyanion molybdate (MoO4>). Subsequently, Mo is
effectively attenuated under acidic conditions through adsorption reactions (3-5) making
it less of a concern at acid rock drainage (ARD) mine sites. However, Mo adsorption is
ineffective at sites with neutral rock drainage (NRD) (3, 6) and under these conditions
Mo release may pose a more significant risk to the environment. Although Mo toxicity is
limited for human consumption, Mo released to groundwater and surface water can have
negative effects on surrounding communities by impacting livestock and wildlife.
Grazing animals are most significantly affected by Mo due to bioaccumulation (3, 7).
Such animals may suffer from molybdenosis, a secondary Cu deficiency, which is more
severe when sulfur is present (8). Forage Mo concentrations above 2 ppm and surface
water concentrations greater than 10 pg L' have been found to cause molybdenosis in
cattle around mining regions (9, 10).

Mo often occurs in association with other metals such as Cu, Pb, and Zn (2). Such
conditions exist at the Antamina mine site in Peru where Cu, Zn, Pb, and Mo are
extracted simultaneously (/7). Similar to many other sites, the mineralization at
Antamina occurs due to an intrusion of igneous rock into a pre-existing limestone
formation, where calcite (CaCOs) is present as one of the main rock-forming minerals.
Under these conditions, metal molybdates (MeMo0Q,), where Me is a divalent metal, may

act as an effective sink for Mo, limiting its mobility and release. Possible secondary

"' A version of this chapter will be submitted for publication.
Conlan, M.J.W; Mayer, K.U; Beckie, R.D.; Blaskovich, R.J. Solubility controls for molybdenum in
neutral rock drainage.
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molybdate phases include powellite (CaMoQOy), wulfenite (PbMo0O4), CuMoO, and
ZnMoOy.

Powellite solubility has been investigated (/2-15) and is expected to be an
important mineral phase controlling Mo leaching in alkaline waste materials (/6-17).
Waulfenite is one of the most stable Mo minerals (/2), potentially limiting dissolved Mo
concentrations in alkaline soils (/2, 18); as a result wulfenite is also thought to provide a
control on Mo release at existing mining sites (/9-217). However, the Pb-bearing minerals
anglesite (PbSO4) and cerrusite (PbCOs3) often control Pb solubility (22) and both sulfate
and carbonate are readily available at neutral drainage mine sites due to the oxidation of
sulfide minerals and dissolution of carbonate minerals. Information whether CuMoQOy4 or
ZnMoQ, formation provides an effective mechanism for molybdate attenuation is not
available.

The objective of this study is to determine the potential for molybdate attenuation
due to mineral precipitation under neutral rock drainage conditions. Specifically, this
research investigates 1) which molybdate phases provide a control for Mo mobility, 2)
the effectiveness of molybdate precipitation in limiting dissolved Mo concentrations, 3)
the rate of molybdate removal and mineral formation, and 4) whether molybdate
formation is occurring under field conditions. Batch and column experiments simulating
the conditions at typical NRD mine sites such as the Antamina mine were conducted to
address these objectives. Batch experiments with varying metal concentrations and
calcium sources were performed to study the precipitation of powellite and other
molybdates. A column experiment was conducted with differing metal inputs to simulate
Mo attenuation in a NRD waste rock pile under active flow conditions. In addition, the
mineralogy of samples from weathering experiments at a field site was determined using

mineral liberation analysis (MLA).

2.2 Materials and Methods
2.2.1 Batch Experiments

Batch experiments were conducted to determine the potential for molybdate

precipitation from solutions containing Ca (Table 1). Initial batch systems to analyze the
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potential for powellite precipitation were created to simulate conditions expected within
the waste rock piles, including Mo, SO,, and calcite. 200 mg L' Mo solutions were
created using Na,MoQO4-2H,0 (Sigma Aldrich) and placed in 200 mL, 250 mL, 500 mL,
or 1 L glass beakers at room temperature and covered with Parafilm to inhibit
evaporation. To simulate the effect of sulfide mineral oxidation, SO4 was added to the
solution using 5 M sulfuric acid (Riedel-de Haén). Excess powdered CaCOs (Fisher
Scientific) with a surface area of 0.1 m” g (nitrogen BET) was subsequently added to the
beaker and most batches were stirred for the extent of the experiment using a magnetic
stirrer.

Additional batch experiments were conducted to determine the potential for
wulfenite and other metal molybdate precipitation under neutral pH conditions. These
experiments included Cu, Pb, or Zn, which were added at specified concentrations using
CuS04-5H,0, Pb(NOs3),, and ZnSO4-7H,0 (Sigma Aldrich).

As the experiments progressed, 2 mL samples were extracted from the beakers
using a syringe and filtered through a 0.45 pm Millipore filter, acidified with nitric acid
to a pH below 2, and stored at 4°C until analysis using an ICP-OES (Varian 725-ES). pH
measurements were obtained for each sample (Thermo Orion 250A+) and alkalinity was
determined at the end of experiments when possible. Final precipitates within the batches

were analyzed using XRD (Siemens D5000) and SEM (Philips XL-30).

2.2.2 Column Experiment

A column experiment was performed to investigate Mo attenuation with aqueous
Pb, Cu, and Zn present under conditions similar to the field. An acrylic column with
eleven uniformly spaced sampling ports was filled with marble originating from Texada
Island, B.C., Canada (Lafarge Ltd., Coquitlam, B.C., Canada) that was crushed to a
medium sand, sieved between 280 and 800 um (Figure 2.1). Leaching tests on the marble
indicate that Mo, Pb, Cu, and Zn concentrations were below the detection limit of
approximately 0.5 mg L. The marble was packed in the column as a slurry prepared
with deionized water in order to prevent air from being trapped within the pores. The

sand had a porosity of 0.4, dry bulk density of 1.39 g cm™, and surface area of 0.06 m* g™
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using nitrogen BET. The experiment was conducted at room temperature and completely
covered with aluminum foil to inhibit bacterial growth.

Three solutions containing Mo, Zn and Pb (Table 2) were simultaneously passed
into the column using low-flow peristaltic pumps, resulting in a total flow of 0.22 mL
min™ and a residence time of 4 days. The inflow solutions were created using deionized
water and the same reagents as the batch experiments and were mixed in the column just
past the three distinct inlets located at the base. Conservative tracers (K, Na, and Li) were
added to each solution and species concentrations were normalized to these conservative
tracer concentrations to account for small mixing variability within the column. Prior to
initiation of the experiment, one pore volume of deionized water was passed through the
column.

To reduce disturbances by sample collection, 4 mL samples were collected from
every second port for each pore volume during the extent of the experiment. On a few
occasions, every port was sampled for higher resolution. Additional samples were not
collected until a complete pore volume had passed through the column. pH was measured
for every sample and alkalinity of the effluent was measured periodically. The initial
solution concentrations and pumping rates were continuously monitored to ensure inflow
concentrations remained constant. Samples were stored and analyzed in the same fashion

as the batch experiments.

2.2.3 Modeling

The geochemical code PHREEQC (23) was used with the WATEQA4F database to
determine saturation indices of measured samples. The reactive transport code MIN3P
(24) was used to calibrate kinetic parameters for mineral precipitation within the batch

experiments. Chemical reactions and thermodynamic constants involving Mo were added

to the database of both models (Table 3).
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2.3 Results and Discussion
2.3.1 Batch Experiments
2.3.1.1 Powellite Formation (Ca-System)

The first series of batch experiments investigated the potential for powellite
formation in the presence of calcite. Under these conditions, the generalized reaction
promoting Mo attenuation from calcite dissolution is as follows:

CaCO; s+ H" > Ca*" + HCOy 2.1)

Ca®" + MoO,> = CaMoQy, (2.2)

Results consistently show that powellite precipitation occurs, but is kinetically limited
(Figure 2.2). For stirred experiments, crystallization was inhibited for approximately 24
hours, likely due to the initial lack of suitable nucleation sites. Mo then decreased
exponentially until no further precipitation occurred after approximately 30 days. The
processes controlling the kinetics of Mo removal were not analyzed but rate limited
diffusion of ions to the nucleation sites may be a contributing factor (25).

Ca concentrations decreased concordantly with Mo until precipitation rates
decreased. Mass balance calculations confirmed that all Ca removal was due to powellite
precipitation until Mo removal fell below 2.5 mg L™ per day (Figure 2.3). Near the end of
the experiment, Ca increased modestly due to limited evaporation. Calcite was slightly
supersaturated, with calculated saturation indices ranging from 0.3 to 0.7, suggesting that
calcite dissolution did not cause the Ca increase. The pH of all experiments remained
relatively constant at 7.78 £ 0.06, similar to that observed in NRD at the Antamina mine
site.

Two unstirred batch experiments were conducted to evaluate the effect of
physical mass transfer within the solution. Both unstirred batches displayed slower
precipitation rates and longer lag times prior to onset of precipitation. However, the
exponential decline of Mo concentrations was similar to that observed for the stirred
experiments, suggesting that the geochemical processes are the same but that

precipitation rates differ.
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2.3.1.2 Wulfenite Formation (Ca-Pb-System)

Batch experiments (called Wulf 1, Wulf 2) conducted to determine the potential
for wulfenite formation indicate that it has a high probability of being a sink for Mo at
mine sites with Pb mineralization. Precipitation reduced aqueous Pb to concentrations
below detection within seconds in batch Wulf 1, with a pH of 2. Aqueous Mo decreased
simultaneously, and subsequent XRD analyses confirmed that wulfenite was the sole
phase present. Wulfenite also formed immediately in batch Wulf 2, with Pb dropping to
below detection limits within 15 minutes. With excess Ca and Mo remaining in solution
after wulfenite formation, powellite formed in the same manner as in a solution without
Pb present. Therefore, wulfenite precipitates more readily than powellite if the solution is

supersaturated with respect to both phases.

2.3.1.3 — Me-Molybdate Formation (Ca-Cu-Pb-Zn-System)

An unstirred competition batch experiment (Comp 1) was conducted to
investigate molybdate precipitation in the presence of multiple metals (Ca, Cu, Pb and
Zn) for pH-conditions similar to the powellite batch systems. Results indicate that Pb and
Mo concentrations decreased immediately with a stoichiometry consistent with wulfenite
formation (Figure 2.4). Although both Cu and Zn molybdates are predicted to form based
on thermodynamic modeling, these phases could not be detected by XRD. CuMoO4 had
saturation indices between 3 and 5 in the solutions whereas malachite saturation indices
ranged from 0 to 2.5. XRD analysis confirmed that the Cu decrease to levels below
detection within two days was due to malachite precipitation. Zn decreased substantially
but remained in solution at concentrations of 1.5 mg L™. Zn was removed at a slower rate
than both Pb and Cu, with constant concentrations being reached after approximately two
weeks. Although calculated saturation indices for ZnMoO, ranged between 0 and 2, Zn-
phases were not detected with XRD, motivating further examination with a column
experiment. Powellite precipitation rates were comparable to other unstirred batch
experiments indicating that the presence of other metals did not affect the formation of

powellite.
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2.3.2 Column Experiment

For the most complex system (Ca-Cu-Pb-Zn), a column experiment was
conducted to assess Mo mobility under active flow conditions. The dynamic flow
conditions within a column separates precipitates with differing formation rates, with
minerals subject to rapid precipitation kinetics forming near the inlet and precipitates
with slower kinetics forming throughout the column.

Mo and Pb concentrations dropped sharply near the column inlet and Pb remained
below detection limit for the entire length of the column (Figure 2.5 and 2.6). A yellow
precipitate was visible near the column inlet, which was confirmed as wulfenite by XRD.
The remaining Mo decreased both with distance and with time (pore volumes) at each
sampling point (Figure 2.5). During the first few pore volumes, Mo concentrations
remained elevated throughout the column, suggesting kinetic limitations for powellite
precipitation, similar to observations in the batch experiments. Over time, powellite
precipitated more rapidly leading to a more significant Mo removal within the column,
likely due to the development of suitable nucleation sites. Relatively low Mo
concentrations in certain ports of the column were likely due to heterogeneities in
hydraulic conductivity and flow paths allowing for locally prolonged residence times and
more extensive powellite formation. XRD analyses conducted at the end of the
experiment identified powellite throughout the length of the column, except directly
adjacent to the inlet where only wulfenite was found.

Ca concentrations remained relatively stable throughout the column, with slight
decreases observed with time (Figure 2.5). Concentrations were high near the inflow due
to the dissolution of calcite caused by sulfuric acid present in the inflow solution. The
subsequent Ca decrease occurred due to the precipitation of powellite and small amounts
of gypsum.

Although Cu concentrations decreased substantially within the first quarter of the
column, CuMoQOy could not be identified by XRD as a sink for Mo. Green staining on the
marble grains and XRD results indicate that the formation of malachite is responsible for
Cu-removal. As time progressed and the column moved towards a quasi-steady state
condition, Cu concentrations stabilized at approximately 2.5 mg L' throughout the length

of the column (Figure 2.6).
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Zn concentrations remained high throughout the column. ZnMoO4 and ZnCOs3
were both supersaturated for the duration of the experiment, but neither of these phases
could be identified with XRD analyses. Additional Zn batch experiments indicate that
limited Zn removal at early time is likely due to adsorption onto calcite rather than Zn
precipitation, with no solid phases detected but almost complete Zn removal. Zn sorption
to calcite occurs more prominently at elevated pH levels via exchange with Ca*" in an
adsorption surface layer (26). Consistent with sorption, Zn breakthrough in the column
was retarded with respect to a conservative tracer (see Figures 2.6 and 2.7). After
breakthrough, Zn concentrations were typically slightly lower at the outflow than the
inflow, likely due to Zn adsorption and mass transfer into calcite grains.

SEM images of the marble grains from the column indicate typical spherical
malachite precipitation (27, 28) along with powellite precipitation on rough surfaces
(Figure 2.8). The lack of precipitation on cleavage faces suggest that they do not provide
a surface rough enough for nucleation. Powellite precipitation coats the marble grains,
possibly inhibiting calcite dissolution. The samples shown here were obtained from the
first quarter of the column, and grains farther away from the inlet were coated with less

precipitate.

2.3.3 Powellite Precipitation Kinetics

Batch and column experiments indicate that powellite and wulfenite provide sinks
for molybdate; however, wulfenite precipitation is too rapid for a quantitative analysis of
precipitation rates. The slower formation of powellite allows us to quantify precipitation
kinetics. Powellite precipitation of each batch system was modeled using MIN3P (24)
accounting for the solution composition. It was found that the rate of powellite
precipitation under far-from-equilibrium conditions (R [mol L™ per day]) is adequately
described by a second order rate expression dependent on the concentrations of Ca*" and

MoO,4> with a precipitation rate coefficient kp, [L mol™” day™].
R=k, -[ca® ||Mo0,> |=k, - 14P 2.3)

Observed MoQy4 concentration decreases are modeled well for the unstirred batch
systems (Figure 2.9). A precipitation rate coefficient of 1.3 x 10* L mol™ day” was

determined for the unstirred powellite batch experiments (Pow 3 and Pow 4) and a
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precipitation rate coefficient of 1.6 x 10* L mol™ day” was found for the competition
batch experiment (Comp 1), which was also unstirred. The precipitation rate coefficients
of these experiments are in excellent agreement indicating that other metals in solution do
not significantly affect the rate of powellite precipitation.

Stirred batch systems promote precipitation due to agitation and increased energy
within the solution. In this case, the precipitation rate expression requires an affinity term

to describe powellite precipitation correctly as equilibrium conditions are approached:

K
R=—k, -I4P|1-—2= 24
P [ IAP] @4

Simulated results for Pow 6, one of the stirred powellite batch experiments, used a
precipitation rate coefficient of 9.6x10 L mol” day” based on calibration to early-time
data (Figure 2.10). This value is an order of magnitude higher than for the unstirred
systems. The literature log K, of -8.05 for powellite (/3) was initially used to describe
conditions as equilibrium is approached; however, Mo removal was overestimated
significantly at late time. This finding suggests that powellite forming under stirred
conditions is more amorphous and soluble or that the geochemical database used is
missing aqueous complexes of MoOy. A log K, of -6.40 was subsequently used for this
simulation to fit Mo concentration under near-equilibrium conditions. Precipitation rates
found in the field will likely be closer to the unstirred batch experiments due to the lack
of agitation. In addition, the K, estimated here will likely provide an upper limit for
powellite solubility under field conditions. Other parameters including aqueous Ca and
pH were reproduced well with the simulation, providing further support that the reaction

network was captured adequately (Figure 2.10).

2.3.4 Waste Rock Analysis

Waste rock samples from the Antamina mine in Peru were analyzed using MLA
(29) with the goal to confirm that secondary Mo-bearing mineral phases form under field
conditions. The samples were obtained from existing field cells that have been exposed to
atmospheric conditions for over five years. Secondary mineral phases with transitional
compositions close to powellite and wulfenite were detected in the samples, providing

direct evidence that these minerals provide a sink for Mo in waste rock (Figure 2.11). The
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minerals are described as transitional because the elemental proportions determined by
the MLA did not exactly match the compositions of powellite and wulfenite, likely due to
the low abundances of these mineral phases or impurities.

Powellite was detected more frequently and in higher abundances than wulfenite,
as expected due to limited Pb availability. The images indicate that powellite forms
readily as coatings on grain surfaces of carbonates and silicates or in association with
molybdenite (Figure 2.11). Its presence directly beside both calcite and molybdenite
indicates that powellite formation is relatively fast in relation to water flow. A wulfenite-
powellite transitional phase was found beside a molybdenite crystal indicating that
aqueous Pb was not previously attenuated before reaching the Mo source, similar to
previous observations (30). Small amounts of wulfenite were also found as coatings on

grains in a similar fashion as powellite.

2.3.5 Implications for Mo Release From Mine Waste

Mo removal under NRD conditions highly depends on the specific environmental
conditions. In the presence of Pb, wulfenite precipitation will attenuate Mo almost
immediately. Ca concentrations are expected to be elevated in NRD environments,
allowing for the precipitation of powellite. Kinetic limitations and the residence time in
waste rock will likely determine the extent of powellite formation. The kinetically limited
formation of powellite can be described using a relatively simple rate expression
independent of the solution composition. The discovery of powellite and wulfenite in a
NRD waste rock pile is encouraging and confirms the importance of secondary minerals
as sinks for Mo. Cu and Zn do not appear to affect Mo attenuation, even with predicted
supersaturation of Cu and Zn molybdates. Malachite precipitation and Zn adsorption
occur before Cu and Zn phases can sequester molybdate precipitation, indicating that
they will not attenuate Mo.

Whether or not Mo will be an environmental concern in neutral rock drainage
sites still must be assessed under field conditions on a larger scale, but the present
experiments indicate that both powellite and wulfenite may lower aqueous Mo
concentrations to levels much closer to environmental guidelines. Kinetic limitations

could limit the extent of attenuation, depending on the rate of Mo-release from Mo-
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sulfide oxidation and residence time of Mo in neutral groundwater, but with extended
exposure powellite is hypothesized to act as a prominent sink for Mo under NRD

conditions.
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Figure 2.1 — Schematic of the column experiment showing its dimensions, the three

inlets and single outlet, sampling ports, and direction of flow of within the column.
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Figure 2.2 — Observed (symbols) and simulated (lines, using MIN3P) Mo removal due
to powellite formation for different batch experiments initially containing 200 mg L™
Mo. Stirred and unstirred batch experiments (Pow 3 and Pow 6) included 1000 mg L™
SO, and excess powdered CaCO; in solution whereas Pow 7 contained 600 mg Lt

calcium.
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Figure 2.3 — Stoichiometric agreement for powellite formation with Mo and Ca removal

from solution in batch Pow 6 for the first six days.
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Figure 2.4 — Observed results for unstirred competition batch experiment (Comp 1). Pb

removal due to wulfenite formation is nearly instantaneous; the removal of the remaining

Mo by powellite is gradual and initially inhibited. Cu and Zn are also removed from

solution, but not as molybdate phases.
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Figure 2.5 — Vertical profiles of a) Mo and b) Ca in the competition column for

selected pore volumes (PV). Mo concentrations show an instantaneous drop from 200 mg

L' due to wulfenite precipitation near the inlet. The increase of Mo and Ca removal

along the flowpath and with time are due to powellite formation and suggesting an initial

lack of nucleation sites.
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column for selected pore volumes (PV).
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which acts as a relatively conservative species.
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sand-sized marble grain.
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Figure 2.10 — Observed and simulated data for stirred powellite batch experiment Pow 6.
The fact that other parameters such as Ca and pH could be reproduced well provides
support that the reaction network was captured adequately. SO4 was not modeled as well,
which may be explained by gypsum formation, which was observed in XRD analyses of
the solids. Simulations predicted gypsum saturations that remain marginally
undersaturated towards the end of the experiment (results not shown). Figure 2.10 also
shows that some evaporation occurred during the experiments, which explains the long-
term concentration increases for Ca and SO4. Evaporation was accounted for in the
MIN3P simulation, but had little effect on the interpretation of powellite precipitation

kinetics.
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Figure2.11 — MLA images of waste rock samples extracted from field cells at the
Antamina mine site showing that secondary Mo mineral formation in the field is
ubiquitous and takes place on silicate minerals (a and c), carbonates (b) and in association

with Mo-bearing sulfide minerals (c and d).
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Table 2.1—Initial concentrations and conditions for batch experiments (all values mgL™)

Batch Mo SOq4 Ca source Pb Cu 7/n Stirred
Pow 1 200 1000  calcite powder Yes
Pow 2 200 1000  calcite powder Yes
Pow 3 200 2000  calcite powder No
Pow 4 200 20000 calcite powder No
Pow 5 200 1000 crushed marble sand Yes
Pow 6 200 1000 calcite powder Yes
Pow 7 200 600 mg L' from CaCl Yes
Wulf 1 200 calcite powder 20 Yes
Wulf 2 200 1000 20 Yes
Comp 1 100 1000  crushed marble sand 20 20 20 No

Table 2.2 — Composition of inflow solutions for column experiment.

Solution 1 Solution 2 Solution 3
Reactive species 60 ppm Pb 600 ppm Mo 60 ppm Cu
1500 ppm SO4 60 ppm Zn
1500 ppm SO4
Tracer 50 ppm K 335 ppm Na 20 ppm Li
pH 5.05 1.98 1.87
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Table 2.3 — Molybdenum reactions added to the PHREEQC and MIN3P databases.

Aqueous Reactions log K Source
MoO,? + H. = HMoO4 4.24 31
MoO,? + 2H" = H,MoO, 6.85 32
3H" + MoO4?2 = Mo0O,OH" + H,O 7.89 32
4H" + MoO4? = Mo0, " + 2H,0 8.34 32
MoO,?% + ¢ +4H" = MoO," +2H,0 20.95 32
MoO,?2 + 3¢ + 8H" =Mo" +4H,0 29.52 32
Ca" + MoO4? = CaMoOy 2.57 33
Na" + Mo0,?% = NaMoO, 1.66 33
Powellite Precipitation Reaction

Ca™ + MoO4~ = CaMoOy 8.05 33

Table 2.4 — XRD results of powellite batch precipitates analyzed at the end of the

experiments.

Sample [SO,(mgL™)  Powellite  Gypsum
Pow 1 1000 Yes No
Pow 2 1000 Yes No

Pow 3 2000 Yes Yes
Pow 4 20000 Yes Yes
Pow 5 1000 Yes Trace
Pow 6 1000 Yes Trace
Pow 7 0 Yes No
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Chapter 3 — Mo Adsorption in Neutral Rock Drainage?

3.1 Introduction

Sorption is an attenuation mechanism that includes such processes as adsorption,
surface precipitation, and diffusion of solutes into porous materials (Davis and Kent,
1990). Certain materials such as oxide minerals, clays, and organic matter have a high
affinity to adsorb dissolved constituents, such as trace metals. Iron oxides such as
ferrihydrite are of particular interest for this study, as they are weathering products of
primary iron sulfide minerals. The formation of iron hydroxides occurs when iron sulfide
minerals such as pyrite are exposed to atmospheric conditions or oxygenated

groundwater:
4FeS; + 150, + 14H,0 > 4Fe¢(OH);(am) + 8SO,> + 16H" 3.1)

The amorphous ferric hydroxide ferrihydrite (Fe(OH)s;(am) or Fe,O3-nH,0), also known
as hydrous ferric oxide (HFO) and amorphous iron oxyhydroxide (Dzombak and Morel,
1990), readily forms after the oxidation of pyrite, which typically coats mineral grains
(Jenne, 1977). It is these secondary minerals that dominate the adsorptive capacity in
many systems, such as waste rock piles, even though they constitute only a minor fraction
of the media (Davis and Kent, 1990).

Ferrihydrite acts as an excellent adsorption site for dissolved constituents in
groundwater, including Mo, as it has proton-bearing surface functional groups (Davis and
Kent, 1990; Dzombak and Morel, 1990). This also makes the extent of sorption pH
dependent. That is, adsorption on hydrous oxides changes dramatically over a narrow pH
range, which is often called the adsorption edge. The adsorption edge can shift
depending on competing ions, amount of adsorptive material, and solute concentrations.

The objectives of this chapter include 1) the evaluation of the suitability of
different extraction techniques to quantify the concentrations of Mo adsorbed on waste
rock samples that were exposed to weathering, 2) a preliminary quantification of the mass

of Mo presently adsorbed on weathered waste rock samples, and c) an assessment of the

2 A version of this chapter will be submitted for publication.
Conlan, M.J.W; Mayer, K.U; Beckie, R.D. Mo adsorption in neutral rock drainage.
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Mo-adsorption capacity of selected waste rock materials from Antamina. To achieve
these goals, a series of desorption experiments were conducted using existing waste rock
material from the Antamina mine. Three different methods were utilized including a
weak distilled-deionized water (DI) leach and a reductive dissolution approach. In

addition, a series of adsorption tests was carried out.

3.2 Sample Selection and Approach

To determine the probable extent of Mo adsorption onto HFO’s within the waste
rock piles, waste rock was obtained from the surface of the experimental waste rock piles
at Antamina as well as from field cells. The cells had been exposed to atmospheric
conditions for over a year, allowing the infiltration of natural rainwater. The effluent has
been collected and analyzed for its chemical composition to assess the extent of metals
leaching. Five field cells were selected for sorption analyses based on their outflow
concentrations over the previous year. Samples were collected from the field cells with
the highest Mo concentrations to assess the extent of Mo sorption. The five field cells
selected were Field Cell 5, 6, 7, 8 and 14 (Golder, 2007). Their characteristics are

summarized in Table 3.1.

3.3 Methodology

Desorption tests are difficult to conduct with rock types similar to those at
Antamina; most selective leach methods use acidic solutions that attack specific mineral
phases but leave others intact, but this is a problem when the host rock is carbonate-rich,
as the entire sample will dissolve under acidic conditions (Amirbahman et al., 1998).
This is not desired, as Mo is only adsorbed onto hydrous ferric oxides that coat the rock
material. Determining a method that releases the molybdate but leaves the rest of the

rock intact is therefore required.
3.3.1 Desorption Using pH-Modification

A simple method was initially employed to investigate desorption. The method

relied on increasing the pH of a slurry composed of DI water and suspended waste rock.
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It was hypothesized that this method would be effective, because Mo adsorption is low in
the basic pH range. This method is also not aggressive towards the dissolution of mineral
phases contained in the sample intact, which is required to target the adsorbed mass.

In order to determine if Mo is currently adsorbed onto waste rock material,
desorption tests were conducted on 9 samples from differing waste rock types from
Antamina. The samples consisted of endoskarn, intrusive, marble, and hornfels rock
types, which are the main waste rock classifications at the mine. The desorption study
was conducted by placing 1 g of waste rock consisting of the <2 mm fraction into 25 mL
of deionized water for 76 hours while in a shaking bath at 125 RPM and 23°C. The pH of
sample solutions that were initially below 7 were increased to a pH above 8 by adding 1
M NaOH solution. The pH of the solution was monitored during the experiment to
ensure that it remained basic. Samples were then filtered through a 0.45 pm syringe filter

and analyzed for pH and Mo content using a Hach D2400 spectrophotometer.

3.3.2 Desorption Using Ascorbic Acid Leach

Aggressive leach procedures utilizing strong acids are not desirable, because these
methods lead to the total or partial dissolution of carbonate minerals, making it
impossible to distinguish between adsorbed Mo and Mo present within these mineral
phases. A reduction-based ascorbate leach was therefore used to determine Mo adsorbed
onto the samples. Although this technique is relatively new, it has been utilized on
amorphous and poorly crystalline iron oxyhydroxides (Hyacinthe et al., 2006;
Roychoudhury, 2006), in iron-phosphorus phases (Hyacinthe and Van Cappellen, 2004)
and to analyze Fe(IIl) specifically in calcareous-rich environments (Amirbahman et al.,
1998). The leach is based upon the reductive dissolution of iron oxides at high pH and
thus minimizes carbonate dissolution. The leach therefore targets Mo adsorbed onto iron
oxides.

The samples obtained were mainly fine-grained matrix material, as this is where
the majority of adsorption occurs due to increased surface area. The samples were oven
dried for approximately an hour at 80°C and subsequently sieved to a less than 2 mm

fraction and stored in bags at room temperature until experimentation.
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The ascorbate leach was created as follows: 5 g of sodium citrate and 5 g of
sodium bicarbonate were added to a volumetric flask and diluted to 100 mL. This
solution was purged with nitrogen gas for an hour in order to make it anaerobic. At this
point, 1 g of ascorbic acid was added to the solution and stirred, to create a 50 g L™
sodium citrate, 50 g L' sodium bicarbonate, and 10 g L ascorbic acid leach. The leach
was continually bubbled with nitrogen gas to keep it anaerobic.

Approximately 25 mL, by mass, of the solution was added to Erlenmeyer flasks
and stopped. A tube was passed through the solution via a valve in the flask, which
continually passed nitrogen through the leach. 1 g of waste rock sample was then added
to the solution, along with a magnetic stir bar, and placed on a magnetic stirrer to
constantly mix the solution. The sample was left for 24 hours before being extracted
using a syringe and passed through a 0.45 um syringe filter. 1.5 mL of concentrated
nitric acid was then added to lower the pH to below 2. The samples were stored at 4°C
until analysis using an ICP-OES (Varian 725-ES). Images of the experimentation can be

found in Appendix 4.

3.3.3 DI Leach

A deionized water leach was performed on the same field cell waste rock material
in order to differentiate between strongly sorbed and loosely bonded Mo. This is the
weakest leach that can be performed on a sample and has been studied both in partial
extraction and continuous leach techniques (Kelley et al., 2003; MacFarlane et al., 2005;
Bin-Shafique et al., 2006).

The deionized water leach was conducted by adding 1 g of waste rock sample into
a vial containing 25 mL if DI water. The vials were placed in a shaking bath kept at 23°C
for 2 hours. The vials were subsequently centrifuged for 20 minutes at approximately
800 RPM. 10 mL of the solution was extracted using a syringe and filtered through a
0.45 um Millipore syringe filter, acidified with 15 pL of nitric acid and stored at 4°C.
The remaining fraction of the solution was poured directly into a Nalgene vial, acidified
with 15 pL of nitric acid and stored at 4°C. Both the filtered and unfiltered fractions were
analyzed by ICP-OES.
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3.3.4 Adsorption

To determine potential Mo adsorption onto existing waste rock material,
adsorption studies were conducted in the laboratory. 1 g of sample consisting of the <2
mm fraction was placed in 20 mL of a 200 mg L™ Mo solution for 20 hours and then
centrifuged at approximately 800 RPM for 20 minutes. Samples were then filtered
through a 0.45 pum syringe filter and analyzed for pH and Mo content using a

spectrophotometer.

3.4 Results and Discussion
3.4.1 Desorption Using pH Modification

All Mo concentrations measured were below the detection limit of 0.3 mg L™,
indicating that little if any Mo is currently adsorbed onto these waste rock samples.
However, this was expected for the majority of the samples, since the pH of the solution
during the analyses were mainly above 7.7 (Table 3.2). Based on the fact that Mo only
adsorbs strongly below a pH of about 6.5 with almost no adsorption above a pH of 8, it is
expected that minimal sorption will occur with a solution pH of 7.5.

One sample had a pH value around 4.3, and was quite weathered with each grain
being coated with iron oxides. This sample was analyzed with strictly DI water as well
as by increasing the solution pH to above 8 using 1 M NaOH. Both analyses resulted in
Mo concentrations below detection limit. It should be noted that a more advanced
analytical method such as ICP-MS may provide a more detailed view with concentrations
being so low.

It is expected that the samples obtained from the existing waste rock piles at
Antamina have not been weathered long enough or had insufficient contact with Mo-rich
groundwater to have a detectable amount of adsorbed molybdate. All of the samples
obtained were taken from the top meter of the waste rock pile, as it was too difficult and
dangerous to obtain deeper samples. Therefore, the only water to pass around the

samples would be from clean rain or runoff from the top of the pile. These sources

54



should have low adsorbed Mo concentrations, as they would not have enough time to be
in contact with Mo rich waste rock to allow leaching of Mo from molybdenite.

As well, the natural pH values of the groundwater for most of these samples
quickly falls above a pH of 7.5 due to the extensive amount of carbonate material,
meaning Mo will be mobile and will not preferentially adsorb onto iron oxides present.
For the endoskarn sample that had a pH of around 4, it is probable that there was not
enough time for Mo rich groundwater to reach that material, especially with it being

located near-surface.

3.4.2 Ascorbic Acid and DI Leaches

The method of ascorbic extraction is worth discussing, since it is a novel
technique applied in only a few cases in literature. Ideally, the entire experiment would
be conducted within a glove box in order to ensure no oxygen presence, but the
methodology applied in this case should be adequate. There was only one main stage in
which nitrogen was not being bubbled through the leachate, which was during the mass
measurement. This only lasted approximately half a minute though, at which point
dedicated nitrogen hoses were passed into the flasks. To test the ability of the nitrogen to
prevent oxygen ingress, a beaker was placed in a beaker of water. No water entered the
flask due to the strength of the nitrogen bubbles, indicating that the system should be
anaerobic.

Results of the ascorbic extraction and DI leach show that Mo is likely being
adsorbed to HFO’s (Table 3.3). Ascorbate extraction methods show relatively high Mo
concentrations, especially for molybdenite-bearing waste rock. Low-grade Cu ore
showed the largest amount of adsorbed Mo, followed by endoskarn and intrusive. These
three rock types exhibit the highest Mo outflow concentrations in the field cells, which
correlates directly to the highest Mo concentrations observed in the effluent of the
fieldcells. This correlation indicates that the Mo may be loosely bonded Mo, but the DI
extraction found negligible Mo, strengthening the argument of Mo adsorption onto Fe
oxides. Other metals appear to be adsorbed onto HFO’s, with complete data found in

Table 3.4.
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The ascorbic extraction results are somewhat misleading though, as there is more
Mo detected than Fe for the Cu ore and endoskarn samples. This indicates that Mo must
also be coming from another source or that not all of the iron hydroxides were reduced,
as there cannot be more adsorbed Mo than available iron hydroxide sites.

There is no apparent correlation between Fe and Mo concentrations, indicating
that adsorption sites are readily available within hornfels rocks, which have high Fe
content but low molybdenite content. This is potentially a sink for Mo if rock types are
mixed within the piles. However, as previously discussed it should be noted that Mo
exceeded Fe concentrations for some samples.

There is some correlation observed between the grain size distribution and
concentration of Mo (Table 3.5). It was hypothesized that the finer grained samples
would show higher adsorbed Mo concentrations, and this is apparent for some samples.
The highest Mo concentrations are found in the fine-grained material for the intrusive and
marble, whereas the highest Mo was found in the mixed material for the remaining rock
types. It should be noted that there was no scientific approach to determining fine versus

coarse material; it was strictly done by visually selecting the desired grain size.

3.4.3 Adsorption

Mo adsorbed onto existing waste rock material as hypothesized; the endoskarn
sample that had a solution pH near 4.3 adsorbed almost all Mo present in solution
whereas the other samples with pH values of 7.5 and above only adsorbed a small amount
of Mo. These results are consistent with previous studies determining adsorption edges
onto different minerals and soils as seen in Chapter 1.

For the acidic endoskarn sample, a desorption study was conducted after the
adsorption study to see if the entire Mo would desorb, returning the solution to 200 mg L~
'. This was, however, not the case, as the solution only returned to 44 mg L', meaning
that only about 25% of the Mo desorbed. When adding the NaOH to solution, the fine
iron oxide suspension altered to a clumpy suspension, likely being the precipitation of an

amorphous stage. It is therefore possible that some of the Mo was trapped (co-

precipitated) in this structure.
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3.5 Conclusions

Desorption studies based on increasing the solution pH did not show significant
Mo-release, possibly because the material analyzed was only recently placed in the waste
rock piles. No detectible molybdenum was found on the waste rock, which is expected
for the hornfels and marbles as calcite dissolution increases the pH to levels where Mo
adsorption is low.

The ascorbic acid extraction appeared to have successfully reduced HFO’s,
subsequently dissolving all adsorbed elements. However, the fact that Mo concentrations
exceed Fe concentrations indicates that further research is required. Mo adsorption
appears to be relatively strong, as minimal Mo was observed in a weak DI extraction. Mo
adsorption is highest in rock types containing relatively high concentrations of
molybdenite, due to Mo availability.

The large discrepancies between the ascorbic acid extractions and the DI-based
desorption studies suggest that Mo-concentrations from the ascorbic acid extractions may
not be limited to Mo sorbed on HFO. Future work should be designed to further evaluate
these extraction techniques and to allow a reliable identification of the various Mo pools.

The potential for further adsorption is significant in the hornfels and marbles,
because little Mo is currently being adsorbed onto HFO’s that are present. This rock type
does not visually have high HFO content though. With further pyrite oxidation, mixing
of waste rock could appear to play a role in Mo attenuation. Precipitation is still expected
to play a more dominant role, because there is only a relatively small amount of HFO’s
present in the waste rock, and sites will be used up quickly, as seen with high effluent

concentrations in the field cells.
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Table 3.1 — Field cell waste rock desorption sample descriptions

Cell 5

Cell 6

Cell 7
Cell 8

Cell 14

Rock type max Mo in Geological Description
fieldcell
drainage (ppm)
Intrusive 30 intruvisive (pure monzonite). Contains some felspars,

with minor biotites and silicates. Quartz veins present

marble and white marble. Scattered pyrite and

pyrrhotite. Calcite veins. Rarely magnesium oxides

Marginal 45 Pink endoskarn, with some intrusive. Fine calcite in

Cu Ore the matrix.

Endoskarn 60 Pink endoskarn, trace instrustive. Calcite matrix

Hornfels 0.3 Typical grey hornfels. Scattered pyrite and pyrrhotite
present, Oxidized fractures in the stratification.

Marble 0.7 Combinations of marble, marble diopside, grey

Table 3.2 — Waste rock desorption results

Rock Description Final Desorbed
Type pH Mo
WRL1 | Intrusive  only very small amount of orange iron oxides visible on grains 8.82 0
WR?2 | Endoskarn some small amounts of iron staining, dark grey material and wet 7.78 0
WR3 | Endoskarn very weathered. orangy-red ferric oxides, green oxidation of Cu  4.37 0
WR4 | endoskarn  small amounts of Cu weathering 7.97 0
WR5 | endoskarn  some distinct Cu weathering and iron oxides on larger pebbles 8.23 0
WR6 | Endoskarn red soil-like 7.82 0
WRY7 | marble very clean 9.04 0
WRS8 | marble/ marble/hornfels with practically no iron oxides - pyrite grains 9.29 0
hornfels intact and clean
WR9 | marble/ marble/hornfels with practically no iron oxides - pyrite grains 8.77 0
hornfels intact and clean

Table 3.3 — Prominent ascorbic and DI extract results

Rock type Mo (mg/g rock) Fe (mg/g rock) Mo Field cell
outflow (mg L™)
ascorbic DI ascorbic DI

Intrusive 0.083 0.02 0.57 0 20
Cu ore 0.431 0.03 0.12 0 40
Endoskarn 0.364 0.04 0.19 0 40
Hornfels 0.002 0.00 1.505 0 0.1
Marble 0.017 0.00 0.105 0 0.08
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Table 3.4 — Ascorbic extraction results

Sample rock initial final Ca Cu Fe Mo Pb Zn
type  pH pH  (mg/g (mg/lg (mg/lg (mg/g (mg/g (mg/g
rock) rock) rock) rock) rock) rock)
Cell 5-1 mix 828 9.28 1.200 0.001 0.537 0.081 0.024 0.135
Intrusive Cell 5-2 coarse 834 934 1.028 0.000 0.610 0.065 0.033 0.130
Cell 5-3 fines 845 937 1446 0.001 0.567 0.103 0.028 0.125
Cell 6-1 fines 826 938 1.145 0.001 0.125 0.410 0.001 0.002
Cu Ore Cell 6-2 coarse 8.09 936 1.056 0.001 0.110 0.413 0.001 0.001
Cell 6-3 mix 798 941 1.117 0.001 0.134 0.470 0.002 0.001
Cell 7-1 fines 824 941 1584 0.001 0.207 0.360 0.002 0.011
Endoskarn | Cell 7-2 coarse 824 9.28 1.075 0.001 0.184 0.319 0.004 0.001
Cell 7-3 mix 828 939 1.093 0.001 0.189 0413 0.002 0.002
Cell 8-1 fines 7.92 930 2528 0.001 1.557 0.002 0.023 0.013
Hornfels Cell 8-2 mix 7.99 932 2755 0.001 1450 0.003 0.017 0.008
Cell 8-3 mix 7.84 922 2610 0.001 1510 0.002 0.020 0.010
Cell 14-1 fines 829 940 0.532 0.001 0.081 0.024 0.029 0.003
Marble Cell 14-2 mix 816 9.08 0.791 0.002 0.134 0.013 0.018 0.003
Cell 14-3 mix 8.18 947 0514 0.001 0.098 0.012 0.013 0.002

Table 3.5 — Correlation between grain size and Mo concentration

rock type Mo (mg/g rock)
fines 0.103
Intrusive coarse 0.065
mix 0.081
fines 0.410
Cu Ore coarse 0.413
mix 0.470
fines 0.360
Endoskarn | coarse 0.319
mix 0.413
fines 0.002
Hornfels mix 0.003
mix 0.002
fines 0.024
Marble mix 0.013
mix 0.012

59



3.6 References

Amirbahman, A., Schonenberger, R., Johnson, C.A., Sigg, L., 1998. Aqueous- and solid-
phase biogeochemistry of a calcareous aquifer system downgradient from a
municipal solid waste landfill (Winterthur, Switzerland). Environmental Science
and Technology 32, 1933-1940.

Bin-Shafique, S., Benson, C.H., Edil, T.B., Hwan, K., 2006. Concentrations from water
leach and column leach tests on fly ash-stabilized soils. Environmental Engineering
Science 23(1), 53-67.

Davis, J.A., Kent, D.B., 1990. Surface complexation modeling in aqueous geochemistry.
Reviews in Mineralogy and Geochemistry 23(1), 177-260.

Dzombak, D.A., Morel, F.M.M., 1990. Surface Complexation Modeling: Hydrous Ferric
Oxide. Wiley-Interscience, New York.

Hyacinthe, C., Van Cappellen, P., 2004. An authigenic iron phosphate phase in estuarine
sediments: composition, formation and chemical reactivity. Marine Chemistry 91,
227-251.

Hyacinthe, C., Bonneville, S., Van Cappellen, P., 2005. Reactive iron(IIl) in sediments:
Chemical versus microbial extractions. Geochimica et Cosmochimica Acta 70,
4166-4180.

Jenne, E.A., 1977. Trace element sorption by sediments and soils: sites and processes.
In: W.R. Chappell and K.K. Peterson, Editors, Molybdenum in the environment,
Marcel Dekker, New York, 425-553.

Kelley, D.L., Hall, G.E.M., Closs, L.G., Hamilton, I.C., McEwen, R.M., 2003. The Use
of Partial Extraction Geochemistry for Copper Exploration in Northern Chile.
Geochemistry: Exploration, Environment, Analysis 3, 85-104.

MacFarlane, W.R., Kyser, T.K., Chipley, D., Beauchemin, D., Oates, C., 2005.
Continuous leach inductively coupled plasma mass spectrometry: applications for

exploration and environmental geochemistry. Geochemistry: Exploration,
Environment, Analysis 5(2), 123-134.

Roychoudhury, A.N., 2006. Time dependent calibration of a sediment extraction
scheme. Marine Pollution Bulletin 52, 397-403.

60



Chapter 4 — Summary and Conclusions

Chapters 2 and 3 present and analyze the results for the most important the
experiments conducted. However, several supporting analyses and experiments were not
included, but further aid in the understanding of Mo attenuation. This chapter provides a
general discussion that integrates all aspects of the research conducted with an emphasis
on current knowledge and future implications. Also included is a discussion of the

strengths and weaknesses along with the significance of this research.

4.1 Integration of Results

As thoroughly described in Chapters 2 and 3, the experiments conducted indicate
that there are multiple processes and phases that will act as Mo sinks within neutral rock
drainage. Both mineral precipitation and adsorption have shown great potential in

controlling dissolved Mo concentrations, as further discussed below.

4.1.1 Precipitation

The analysis of metal molybdate precipitates was discussed in Chapter 2 and
complete methodologies and analyses of the batch and column experiments can be found
in Appendices 1 and 2. Results of the batch and column experiments conducted with
different metals and other elements in solution confirm that the two most important
precipitates that will attenuate Mo are powellite and wulfenite. Powellite is the likeliest
of precipitates due to the abundance of calcium present in the waste rock piles from the
dissolution of calcareous minerals. However, its formation is kinetically limited which
may allow Mo to be released from the waste rock piles, if the rate of Mo-release exceeds
the rate of attenuation. Experimental results indicate that there is an initial inhibition of
powellite formation due to a lack of nucleation sites, but once powellite crystals start to
form, Mo decreases exponentially in a batch system. Residence time is therefore an
important factor in determining whether powellite formation will be controlling Mo

attenuation.
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The powellite column experiment (described in Appendix 2) showed that
powellite would not initially precipitate in a slow advective system with a residence time
of 3 days. The competition column showed that powellite initially did not precipitate, but
that its rate of formation increased with time. It is therefore quite possible that the
powellite column experiment would have in fact started to show Mo attenuation. Similar
to the batch experiments, it is hypothesized that this initial inhibition is due to a lack of
nucleation sites, and that formation occurs more quickly once initial powellite crystals are
present. The powellite column was not analyzed long enough to see if this was the case.

Waulfenite formation occurred immediately, but it may not act as a major sink for
Mo due to limited Pb availability in natural systems. Pb is highly insoluble under neutral
pH conditions and will therefore precipitate readily, keeping aqueous Pb concentrations
low (Pierrard et al., 2001). The fact that wulfenite has been found in waste rock collected
from existing field cells confirms that some Pb will be sequestered in this phase; the
extent will depend on Pb-release rates from the oxidation of Pb-rich minerals in the waste
rock piles.

Other potential metal molybdates such as ferrous, copper, and zinc molybdates
did not form within batch or column experiments. The concentrations of these metals are
controlled by other processes, even though thermodynamic modeling suggests that the
solution is supersaturated with respect to such metal molybdates. Malachite controlled
Cu concentrations and Zn adsorption on calcite may be responsible for Zn retardation.
Calculations quantifying Zn adsorption observed in the competition column experiment
are found in Appendix 3. No Zn precipitates were found with XRD, indicating that
further tests are required to analyze its release potential.

With powellite formation being kinetically limited, the residence time of
groundwater within the waste rock piles will likely significantly affect the extent of Mo
removal. It was determined from the column experiment designed to investigate
powellite formation under dynamic flow conditions that the powellite precipitation rate is
similar to the rate in unstirred batch experiments. Although equilibrium was never
reached in the unstirred batch experiments, extrapolation of the unstirred powellite
experiments indicates that Mo should decrease from 200 mg L' to an equilibrium

concentration of ~10 mg L™ within approximately one year; 170 mg L' of Mo was
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removed after only 4 months, but the Mo removal rate prior to terminating the
experiments was only 3 mg L per month. The competition batch which initially
included 100 mg L' Mo show similar precipitation rates with ~80 mg L' removal over a
2.5 month span. The good correspondence between the experiments is expected,
considering that powellite precipitation rate coefficients determined in Chapter 2 are
similar for these experiments.

The column for investigating Mo removal in the presence of multiple metals,
however, provided near the end of its operation Mo removal rates more similar to stirred
batch experiments, with approximately 100 mg L™ of Mo being removed after 4 days. It
is hypothesized that the fast precipitation rates are due to an abundance of available
nucleation sites, likely on previously precipitated powellite crystals. Further batch
experiments that contain existing powellite crystals in solution are required to test this
hypothesis.

The removal rates can be related to flow path lengths, knowing average
groundwater velocity. With flow expected to be dominantly in the fine-grained material
in the waste rock piles, relatively slow velocities are expected. Assuming that initial Mo
concentrations are ~200 mg L' and that the waste rock pile is 300 m tall, groundwater
velocities of under approximately 1 m day™ should allow for Mo to reach concentrations
around ~10 mg L™ by the end of the flow path. This calculation assumes that Mo-release
only occurs near the top of the waste rock piles, which is somewhat unrealistic.
Molybenite oxidation rates at Antamina need to be evaluated in order to determine the
likely extent of release along the flow path.

As stated, this estimation is highly dependent on many factors such as initial Mo
concentration, flow path length and the existence of preferential flow paths, availability
of Ca or other competing cations such as Pb, location of the Mo source, temperature, etc.
Further analyses within field-scale experiments are required to understand the potential

for Mo removal.
4.1.2 Desorption

Extensive research has been conducted on Mo sorption to different materials, as

summarized in the literature review of Chapter 1. However, some additional analyses
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were conducted using waste rock samples from the Antamina site in order to determine
whether Mo is currently being attenuated through this process and to determine the future
potential for attenuation by adsorption, as discussed in Chapter 3.

A novel technique was applied to analyze the waste rock material from Antamina
in order to determine whether Mo is being adsorbed to hydrous ferric oxides (HFQO’s),
which is expected to provide dominant adsorption sites. The technique used is an
ascorbic acid leach, which is a reductive dissolution approach. This approach is ideal for
Antamina waste rock, as it will target the reductive dissolution of iron oxides and
hydroxides, but will minimize dissolution of carbonate minerals (Roychoudhury, 2006),
which comprise the bulk of the waste rock. The final solution concentrations target Mo
liberated from the HFO’s, but do not include Mo present within other solid phases. A
deionized water leach was also conducted on these samples in order to differentiate
between strongly and loosely bonded Mo.

Selective leaches are dependent on temperature, time, reagent used, and the
chemical stability of the minerals within the leachate. The kinetics of such reactions will
therefore determine which species reach the aqueous phase, which can typically be
altered with temperature (Kelley et al., 2003). With the ascorbic acid leach being
relatively new, results should be analyzed with the knowledge that such techniques are
difficult and variable.

Results show that Mo is likely being adsorbed to HFO’s. The amount of adsorbed
Mo correlates well with the field cell outflow concentrations, with Cu ore and endoskarn
waste rock showing the highest amount of adsorbed Mo as well as the highest field cell
outflow concentrations. The high Fe content of the hornfels indicates that it could prove
to be a potential sink for Mo, if waste rock types are mixed. Further tests are required to
determine whether this is the case.

Additional sorption tests were conducted, including adsorption of Mo onto
existing waste rock. Results confirm previous research, showing Mo adsorption on waste
rock in solutions with pH values below 6 and no significant adsorption for pH-values

above 8.
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4.1.3 Rates of Precipitation and Adsorption

The precipitation of wulfenite and powellite and the adsorption of molybdate onto
HFO’s have been identified to act as Mo-sinks at Antamina. Many geochemical
parameters including waste rock characteristics control which processes attenuate Mo.
With a solution containing elevated Mo, Ca, and Pb within a medium of available HFO’s,
all three of the mechanisms could control Mo concentrations. Although tests in such
conditions were not conducted, it is expected that wulfenite would be the first process to
occur due to its fast rate of formation. If there was not enough aqueous Pb to completely
remove Mo, adsorption to HFO’s would also likely occur. Residual dissolved Mo would
decline further due to powellite precipitation. Further tests are required to analyze this

hypothesis.

4.2 Strengths and Weaknesses of Data

Although the experiments were typically based on proven methodologies that
were previously employed by other investigators, there are weaknesses associated with
some of the data due to unavailability of certain equipment and experimental parameters

chosen.

4.2.1 Batch Experiments

The batch experiments provided a large amount of consistent data and showed
trends that were previously unknown and unexpected. Their preparation was meticulous
and the data was analyzed thoroughly in order to characterize the trends. There were,
however, some areas that could have been improved in order to allow for additional data
interpretation.

The majority of the powellite batch experiments were analyzed for pH and Mo
using a spectrophotometer, as an ICP-OES was not available for a full geochemical
analysis. Having the concentrations of all elements would have helped greatly so that
other trends such as Ca could be analyzed within all of the experiments. Water samples
from the final series of batch experiments were analyzed with a new ICP-OES, which

provided the trends of the other elements in solution.
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As previously discussed, measures were taken to inhibit evaporation of the
solutions, but observed concentration trends show that it did play a role. A more detailed
analysis of the effect of evaporation can be found in Appendix 5. Although the extent of
evaporation could be estimated using conservative species, this is a weakness of the data,
as the trends of some elements such as Ca could not be analyzed as it was uncertain
whether the concentration changes were entirely due to evaporation or were also affected
by other reactions. To further strengthen these experiments, a fully enclosed container
should be used that will still allow for equilibration with atmosphere.

Finally, there is some thought that flow through cells provide more representative
results than the beaker experiments conducted. This is due to the fact that concentrations
always remain at maximum with the process of flow being involved. This technique is,
however, also more complex. The column experiments were used to provide a
representative simulation of Mo migration and attenuation in waste rock piles, so the
batch experiments were strictly used to develop an initial understanding of the underlying
geochemical processes. It is therefore unfair to say that the batch systems are a weakness

of the research, even though a flow through batch system may be more representative.

4.2.2 Column Experiments

A main weakness of both column experiments is the fact that they were not
analyzed long enough. Some components seemed to have reached equilibrium within the
competition column, but others were still varying so the true equilibrium of the column is
not entirely known. This provides supporting evidence that the powellite column also
required further time, as Mo may have decreased once initial nucleation sites were
present.

The data also indicates that there were regions of preferential flow within the
column. Variability in the tracer concentrations indicates that there was not proper
mixing at the inflow. Both of these processes are difficult to control, but future tests

should keep this in mind.
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4.2.3 Desorption Experiments

The potential strength of the methodology of the desorption experiments with
ascorbic acid is still uncertain. It is theoretically the best option in determining Mo
sorption onto iron hydroxides within calcareous rocks, but it is almost impossible to
determine whether all iron hydroxides are reduced or if all Mo is even in solution. This
has been shown to be an issue with the data obtained, as previously discussed. To
strengthen the methodology further, it should be conducted within a glove box to ensure
complete anoxic conditions. Further research should be conducted on this methodology
in order to determine how well it works. The adsorption experiments were conducted by
following the methodology of previous researchers, but a calibration of the methodology

is required before trusting the results.

4.2.4 Sources of Error

Unlike a field investigation where extensive and unknown variability can affect
the data, laboratory tests using mainly pure-phase material provide a relatively small
amount of error with the data. The random and systematic errors involved with the batch
and column experiments were decreased as much as possible.

Duplicates of samples were consistently obtained in order to reduce random error
and ensure that the data was of the highest quality. Procedural blanks and standards were
also analyzed. The error associated with the data from the sample procedural aspect is
therefore very small, being much less than the size of the data points on the plots, which
is why error bars are not present.

Systematic error was consciously thought of during the experiments.
Instrumental error was minimized by using high precision equipment such as a
continuously calibrated mass balance and powerful analytical instruments such as an
ICP-OES. Since mass is a more precise measurement than volume with available
laboratory equipment, the mass balance was used to create standard solutions and to
create dilutions of samples. The batch experiments could be reproduced well, indicating

the effectiveness of the techniques used.
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When erroneous results were observed, the samples were either reanalyzed or the
tests were conducted again. Although there is ultimately some error with the data

obtained, the error associated with it is relatively small.

4.3 Significance and Contribution

The results of the experiments conducted have proved to be quite important for
understanding Mo attenuation under neutral pH conditions. The data analyzed within this
research provides evidence that Mo will be attenuated by powellite and wulfenite
precipitation along with adsorption to iron hydroxides under neutral pH conditions. This
is very important at Mo mines hosted in calcareous rocks, as it indicates that attenuation
by precipitation and adsorption may limit Mo-release under these conditions. This
information is useful in assessing whether there is a potential environmental concern with
Mo-release and can also be utilized in the design of water treatment systems, should they
be required.

This research has also brought forth more questions on the potential fate of other
metals such as Zn and Cu. With the competition batch systems including both of these
metals, data shows that Cu concentrations should remain low but the fate of Zn is
currently unknown, indicating that further studies should be performed under similar
geochemical conditions, possibly with higher Zn-concentrations.

The methodologies applied also aid the research community, as there is limited
research on the ascorbic acid extraction. The data obtained in this thesis provides a
different use of this method and confirms that it is an adequate method for targeting iron
hydroxides. However, further work is required to determine if the method is selective for
HFO only, or if other mineral phases are also dissolved. Among the experiments
conducted as part of this work, the column experiments are most representative for
conditions within the waste rock piles at Antamina, while still being pure-phase so as to
be able to easily understand what was occurring in the column. This ultimately provided
novel results, which will benefit the evaluation for the potential of Mo release at sites

with similar conditions. Column experiments are also not used as often as batch
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experiments due to the added complexity, so these results could potentially aid in helping

future researchers perform similar experiments.

4.3.1 Applications of Research

This research has provided important insight into the potential fate of Mo within
the waste rock piles at Antamina. Both powellite and wulfenite are sinks for Mo but the
kinetic limitation of powellite formation and likely small amount of Pb availability will
determine the extent of Mo attenuation from these phases. Further research at the field
scale is needed to answer this question, but knowing that both powellite and wulfenite
will form is very important. The extent of Mo removal is highly dependent on many
scale- and site-dependent parameters. Although not directly applicable to predict Mo
attenuation at the field scale, the results obtained through this research can be applied to
delineate the likely extent of Mo removal at Antamina or similar NRD sites.

This knowledge could also be extended to a remedial approach for Mo. If
outflow concentrations are found to exceed environmental guidelines, systems could be
implemented that allow for an increased residence time in calcareous-rich soils to allow
for powellite formation.

The results of this research are not limited to the Antamina mine, but are also
applicable to other calcareous-rich environments that have a high Mo availability.
Although the geochemistry of sites and mineralogy of waste rock varies greatly, this

research provides further detail in understanding the fate of Mo in such regions.

4.3.2 Future Research

Not all aspects of Mo attenuation at NRD sites have been targeted with this work.
Selected field cells at the Antamina mine show clevated Mo outflow concentrations,
indicating that the attenuation mechanisms are not fully demobilizing Mo within the
residence time in the field cells. Data obtained here indicates that the most prominent Mo
sink, powellite, is kinetically limited in its formation, so further studies on powellite
formation under dynamic flow conditions with an internal source of Mo (e.g. due to
molybdenite oxidation) would be helpful in determining the fate of Mo in neutral

drainage waste rock piles.
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As discussed throughout this thesis, there are areas that require further research in
order to have a comprehensive understanding of the fate of Mo under neutral drainage
conditions. The replication and extended operation of some of the experiments
conducted could aid in understanding Mo attenuation, including the powellite column
experiment and the sorption experiments. It is likely that the powellite column was
prematurely terminated, since Mo migration through the column appeared to be
conservative. However, the competition column showed that this may initially be the
case but once nucleation sites develop, powellite forms much more readily. It is not
imperative that this experiment is analyzed again since the competition column provided
similar results, but the powellite column is much simpler and could provide additional
information about the formation of this phase.

Future analyses of the existing waste rock from Antamina are recommended. The
extent of Mo adsorption to HFO’s is unknown, but is expected to be relatively important.
Further desorption and adsorption tests will aid in understanding this potential sink.
Analyzing the waste rock for secondary mineral phases will also aid in bridging the gap
between the laboratory experiments conducted and what occurs at the field-scale.

There currently is not any known research being conducted on Mo under neutral
pH conditions, although other studies on Mo at the Antamina mine will likely occur

within the University of British Columbia’s Hydrogeology Group.

4.4 Concluding Remarks

Waulfenite and powellite formation along with adsorption to iron hydroxides are
the likely attenuation mechanisms for Mo under neutral rock drainage conditions.
Although thermodynamic models show that other metal molybdates should form (Cu and
Zn molybdates), batch and column experiments simulating neutral drainage conditions
did not produce such phases. These results will aid the Antamina mine when determining
their closure plan. Further studies are required to strengthen the likely fate of Mo at
Antamina, but knowing that there geochemical sinks for Mo exist is an important first

step.
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Appendix 1 — Batch Experiments

Al.1 Powellite Batch Experiments
Al1.1.1 Introduction

Powellite precipitation could prove to be an important sink for Mo within the
waste rock piles. Essington (1990) concluded that powellite did not control Mo
concentrations in spent oil shales but studies have also shown that powellite probably
controls Mo in alkaline waste materials (Essington, 1992; Meima et al., 2002). The
potential of powellite forming under neutral drainage conditions was still analyzed
though, due to differing geochemical conditions from previous studies. Powellite
requires relatively high oxidizing conditions to form, which are likely present in the
waste rock piles (Hsu and Galli, 1973).

PHREEQC modelling was initially performed in order to determine the likely
outcomes of systems containing elevated levels of Mo. A titration experiment was then
conducted in order to determine whether powellite will precipitate under the most general
conditions at Antamina, which includes elevated concentrations of sulfate from iron
sulfide oxidation, molybdenum from molybdenite oxidation, and calcium due to the
extensive amount of carbonate rocks. In order to do this, sulphuric acid was titrated into
a molybdenum standard solution with excess calcium carbonate present.

Multiple batch experiments were subsequently conducted to analyze powellite
precipitation, as discussed in Chapter 2. Each batch system was slightly altered in order
to understand how different geochemical conditions affected the formation of powellite.
Further batch experiments were conducted to analyze Mo attenuation in more complex

systems and will later be discussed.

Al.1.2 Methodology
Al.1.2.1 PHREEQC Modelling

Multiple PHREEQC analyses were conducted to determined expected precipitates
with the addition of Mo, Ca, and sulfate to a DI water solution. Multiple simulations
with differing concentrations and constituents present were analyzed to look at the

variability. The Reactions keyword was used to add sulphuric acid to solution in multiple
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steps. The solution contained the same amount of calcite and sodium molybdate
dihydrate added during the laboratory titration experiment. Powellite and gypsum were
both allowed to precipitate, and atmospheric CO, and O, conditions were simulated.

Further information about this modelling can be found in Appendix 6.

Al.1.2.2 Titration Experiment

A 200 mg L' Mo standard solution was created by diluting 0.2522 g of sodium
molybdate dihydrate (Na,MoO4-2H,0, Sigma Aldrich) into 500 mL of deionized water.
The solution was transferred to a beaker where 15 g of calcium carbonate (CaCOs, Sigma
Aldrich) was added. The beaker was placed on a magnetic stir plate to ensure thorough
mixing during the titration. A pH probe was also added to the solution for measurements.
The test was run in atmospheric conditions to simulate probable conditions within the
waste rock piles at Antamina.

In order to represent sulfate from sulfide oxidation, 20.84 mL of 5 M sulfuric acid
was titrated into the beaker to produce a final sulfate concentration of approximately
20000 mg L. This was done over a 2 hour time period to allow the sulfate to dissolve
the calcium carbonate and subsequently precipitate powellite. pH measurements were
recorded every 15 to 30 seconds and the temperature of the solution was also recorded.

2 mL samples were extracted from the solution for chemical analyses after
approximately 0, 0.275, 0.5, 1, 2, 3.5, 6, 10, 14, 18, and 20.84 mL of sulphuric acid was
added. The samples were extracted using a 5 mL syringe and placed into vials through a
0.45 pL syringe filter. A sample of the 200 mg L™ Mo solution was also taken before
and after the calcium carbonate had been added. The sample obtained prior to the
addition of calcium carbonate was not filtered. Duplicates were taken after 1 and 14 mL
of acid was added. Duplicates were extracted using the same syringe but filtered through
different filters. This was done due to the fact that it takes time to extract the solution
using the syringe, and kinetics may play a role in this experiment. Another sample taken
4 minutes prior to the duplicates at the 1 mL mark was also extracted, so that it could be
determined whether kinetic limitations over the minute scale played a role.

All samples were analyzed using a Hach DR-2400 Spectrophotometer using the
high resolution setting (0.3-40 mg L™ detection). 9.5 mL of deionized water along with
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0.5 mL of sample were added to acid washed vials and mixed to provide a 20 times
dilution. Sample duplicates, blanks, and standards were analyzed for quality assurance

purposes.

Al.1.2.3 Batch Experiments

0.2522 g of sodium molybdate dihydrate was added to a 500 mL volumetric flask
containing deionized water to create a 200 mg L™ Mo solution. The standard solution
was added to beakers ranging from 250 mL to 1 L, followed by the addition of 5 M
sulphuric acid to create differing SO4 concentrations, depending on the batch. CaCO;
was then added; enough CaCO; was added using either calcite powder (Sigma Aldrich)
or marble sand (Lafarge Ltd) to ensure a constant saturation of calcite.

The beakers were covered with Parafilm with only a small opening to allow gas
exchange in order to promote open system conditions. All batches remained at room
temperature for the extent of the experiment. Samples were obtained throughout the
experiment, ranging from 1 to 3 mL. A syringe was used to extract the samples, which
were then passed through a 0.45 um Millipore syringe filter, acidified with nitric acid to
ensure a pH below 2 and stored at 4°C. Most samples were analyzed for Mo using a
Hach D2400 spectrophotometer. Pow 6 and Pow 7 were analyzed using a Varian ICP-
OES. pH of the solution was monitored for each sample and alkalinity was determined at

the end of select experiments.

Al1.1.3 Results and Discussion
Al.1.3.1 PHREEQC Modelling

Results from the analyses conducted using PHREEQC all show that powellite
should precipitate readily and drastically reduce aqueous Mo concentrations. The main
analysis conducted was a copy of the titration experiment, in which 20000 mg L of
sulfate was added in steps to a solution containing 200 mg L' Mo and excess calcite.
The results show that Mo concentrations are reduced to concentrations of 0.73 mg L™
with a SOy concentration greater than 2000 mg L™ (Figure Al.1). Another analysis was

conducted in order to resolve the first portion of the curve (Figure A1.2).
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These results clearly show that powellite should form under the generalized
conditions present at Antamina. They also show that powellite should form prior to
gypsum (CaSO4-2H,0), as gypsum’s saturation index remains below 0 until 1650 mg L™
of sulfate are added (Figure A1.3). However, this does not seem to be the case within the
laboratory, as discussed later. The pH of the system remains basic for the duration of the
experiment, which is expected due to the excess calcite in the system. Prior to sulfate
addition, the pH is neutral, and then jumps to 8.7 with the addition of 40 mg L™ sulfate.
The pH drops until it reaches 7.75 after 1650 mg L™ of sulfate has been added. These
values correspond to the pH values measured in the kinetic cells and field cells at

Antamina (Golder, 2004).

Al.1.3.2 Titration Experiment

Results from the titration experiment did not correspond to the PHREEQC
analyses; the concentration of every sample obtained was still 200 mg L™ Mo, indicating
that kinetic limitations are likely occurring. During the experiment, it was apparent that
calcite was being dissolved due to the large amount of bubbling from CO, formation.
Subsequent addition of acid did not occur until the pH of the solution stabilized, but gas
formation was still occurring even once the pH was constant. It is therefore probable
that more time is required to reach equilibrium. Due to these results, the kinetic
limitation batch experiments were conducted and analyzed over a much longer
timeframe.

The pH of the system was also quite different from those produced in PHREEQC.
With only a small amount of sulfate addition (just under 100 mg L), pH values
measured around 7.74 were somewhat comparable with the PHREEQC results, but with
further sulfate addition the pH reached a low of 5.48. Figure A1.4 shows how pH varied
with sulphuric acid addition during the experiment. Similarly to Mo concentrations, it is
expected that pH values would eventually reach basic conditions with enough time.
There was likely just not enough time for the calcite to dissolve and buffer the system.

The final precipitate was analyzed a few days after the completion of the
experiment using X-Ray Diffraction. The precipitate was composed mainly of gypsum

and calcite with only a small portion of powellite present. These results contradict with
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those in PHREEQC, as it was found that powellite should precipitate before gypsum.
However, this is probably due to kinetics, as there may not have been enough time for
powellite to form when it preferentially would (i.e. below 1650 mg L™ of SO4*). Due to
this observation, a kinetic limitation experiment with only 1000 mg L™ sulfate was first

completed.

Al.1.3.3 Batch Experiments

These results have been discussed in Chapter 2, but will be expanded upon here.
The powellite batch experiments all followed a similar trend (Figure Al.5). Initial
inhibition prevented Mo from decreasing for the first day and then an exponential
decrease is observed until equilibrium is reached. Altering the parameters within the
solution, such as sulfate concentration, slightly alters the rate of powellite precipitation,
but the primary factor influencing precipitation is whether the system is stirred or not.
The stirred systems all begin precipitation much earlier and reach equilibrium within
weeks, whereas the unstirred systems took much longer for Mo to reach equilibrium.

The pH of all calcite-bearing systems equilibrated at 7.78 + 0.05, directly relating
to pH values observed in the waste rock piles at Antamina. Initial equilibration time of
pH varied between the stirred and unstirred batch experiments, as expected. The stirred
experiments equilibrated within approximately 24 hours whereas an unstirred system
took at least twice as long.

Saturation indices calculated using PHREEQC indicate that powellite is
consistently supersaturated for all batch experiments containing calcite (Figure A1.6).
Powellite saturation decreases with time due to the Mo decrease. Even with Ca increase
during the second half of the batch experiment, powellite saturation remained constant,
signifying that there was always a large enough calcium source.

A system of purely dissolved Mo and Ca produce quicker powellite precipitation
and a lower Mo equilibrium concentration than the more complex solutions including
SO4 and calcite, indicating that aqueous complexes may prevent Mo from reaching
concentrations below 1 ppm. PHREEQC indicates that concentrations of all batch
systems should reach approximately 0.7 ppm, but the fact that the complex batches do not

is likely due to complexes not accounted for in the database.
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Powellite saturation indices for the system containing purely dissolved Mo and Ca
show similar trends to those observed in the other batch systems, except that saturation
falls below 0 in this experiment, equilibrating around -0.3 with calculated Mo
concentrations of 0.3 ppm (Figure A1.7). This experiment indicates that powellite is an
exceptional sink for Mo under the simplest of conditions, assuming residence time is long
enough. Mine drainage is typically complex with hundreds of dissolved species, which
will likely alter these results. Even by adding SO4 and calcite, Mo concentrations do not
reach such low concentrations within the same amount of time.

The above factors are important when relating the experimental results to the
waste rock piles at Antamina, as the flow within the piles will likely act more like an
unstirred environment with relatively low flow rates. As well, the water composition is
quite complex with high dissolved content, possibly inhibiting Mo precipitation and
keeping concentrations above guidelines.

For batch experiments containing 1000 ppm SO4, gypsum or any other sulfate
phase is not expected to precipitate. Small amounts of gypsum have been found in XRD
for these systems (Table Al.1), but not enough to significantly reduce SO,
concentrations. Gypsum is found in relatively high amounts for systems with 2000 ppm
and higher, as predicted by PHREEQC.

Ca concentrations were measured for one of the batch experiments (Figure A1.8).
Initial concentrations are high at ~480 ppm due to the dissolution of calcite from the
sulphuric acid. Ca concentrations decrease at a similar rate to Mo until powellite
precipitation rates diminish, at which point Ca concentrations flatten out and slowly
increase again. The majority of this increase is likely due to evaporation rather than

calcite dissolution.

Al.1.3.4 Evaporation

PHREEQC simulations indicate that calcite saturation remained above zero, being
calculated both by assuming a charge balance of C(4) and by utilizing the obtained
alkalinity value (Figure A1.9). This provides evidence towards the fact that the Ca
increase during the batch experiment was likely due to evaporation and not further calcite

dissolution. As well, this indicates that calcium concentrations exceeded expected values
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since saturation indices are above 0. This is potentially due to excess calcite dissolution
from the quick addition of sulphuric acid at the start of the experiment.

Na concentrations provide further evidence towards evaporation affects. Na is a
non-reactive species in these systems, although minor complexes may be present. An
increase of Na is observed with time to concentrations well above the initial amount
(Figure A1.10). This trend is also observed with the batch experiments containing 1000
ppm SOq.

Mo and Ca results are therefore also affected by evaporation, but results have not
been corrected for this since a single evaporation correction factor could not be
determined to normalize both the Na and SO, concentrations, as further discussed in
Appendix 5. The plots should therefore be analyzed knowing that evaporation is
affecting the trends. It will hardly affect the Mo trend, as Mo decreased to low
concentrations within a relatively short amount of time; correcting for evaporation will
just make the exponential decrease slightly more prominent. Final Mo concentrations
will be slightly lower as well. The Ca trend is more significantly affected by the

evaporation trend as previously discussed, since concentrations are quite high.

Al.1.3.5 Kinetic limitations

The initial inhibition of powellite formation is likely explained by availability of
nucleation sites. Tweet (1958) analyzed the affect of nucleation sites and determined that
precipitation of Cu could be occurring on oxygen or some other unknown species,
nucleation could be homogenous where Cu fits into the lattice without any help from
localized regions of decreased free energy due to defects in the crystal lattice, or
nucleation could occur on point defects in the lattice. It is unknown whether powellite
initially crystallizes on calcite grains, the side of the beaker, or strictly within the aqueous
phase so it is therefore unknown as to why this inhibition is occurring.

The reasoning behind the kinetic limitations of powellite formation was also not
thoroughly evaluated. Tweet (1957) describes the kinetic limitations of Cu precipitates
from a supersaturated solid solution in crystals of Ge. Cu decreased in a similar
exponential decay fashion, indicating that similar processes may be occurring within the

powellite batch systems. Tweet found that the expected rate limiting step is the process
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of dissociation of a substitutional Cu into a vacancy and an interstitial Cu atom. This
process may also be occurring for Ca in the powellite crystal lattice, but is unknown

without further analyses.

Al.1.4 Conclusion

Powellite could act as a prominent sink for Mo. More complex solutions affect
the effectiveness of Mo removal by powellite, with excess calcite and SOy resulting in
higher aqueous Mo equilibrium concentrations. Residence time of Mo-rich water in the
waste rock pile will also determine how dominant of a sink powellite is, as its
precipitation is kinetically limited. Initial nucleation sites are required before relatively
quick precipitation occurs, but it follows an exponential decrease, with slower Mo
removal as it reaches lower concentrations. The reasoning behind this is not fully
understood, but initial inhibition is likely due to a lack of nucleation sites.

The difference between stirred and unstirred batch systems is fairly large. An
unstirred batch system takes a vast amount more time to reach equilibrium than a stirred
system, which only takes approximately a month. Flow through a waste rock pile is
expected to more closely resemble an unstirred batch system, indicating that powellite

may not form before groundwater flows out of the piles, depending on residence times.
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Table Al1.1 — XRD results for powellite batch experiments (all values in %)

Powellite Gypsum Calcite

Pow 1 2.6 0 97.4
Pow 2 2.8 0 97.2
Pow 3 1.6 4.6 93.8
Pow 4 79.4 0.6 20

Pow 5 Relatively large Small Yes
Pow 6 Relatively large Small Yes
Pow 7 Yes No No
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Al.2 Wulfenite Batch Experiments
Al1.2.1 Introduction

Waulfenite (PbMoOy) could prove to be a prominent sink for Mo depending on Pb
availability, as it is one of the most stable Mo minerals (Vlek and Lindsay, 1977). It has
been studied extensively and is thought to control Mo concentrations at existing mining
sites (Rosemeyer, 1990; Bideaux, 1990; Wang et al., 1994) and is expected to control Mo
concentrations in alkaline soils (Vlek and Lindsay, 1977; Reddy and Gloss, 1993). Batch
tests analyzing the likelihood of wulfenite precipitation were therefore conducted to

determine if it is a potential Mo sink at Antamina.

Al.2.2 Methodology

Five stirred batch systems were analyzed (Table A1.2). Pb and Mo was added as
Pb(NOs3), and Na,MoO42H,0O (Sigma Aldrich). Standard solutions were created in
separate volumetric flasks and added together at time t=0. SO, was added with 5 M
sulphuric acid to the Mo standard solution for the Pb, Mo, SO4 batches. NaOH was
added to the third batch of this kind in order to increase the pH to near-neutral conditions.
Samples were obtained periodically and pH was constantly measured. Samples were
filtered, acidified, and stored at 4°C until analysis using ICP-OES. Alkalinity was
obtained at the end of the batch containing calcite. Calcite was subsequently added to the

Pb and Mo batch system after wulfenite did not precipitate.

Al1.2.3 Results and Discussion
Al.2.3.1 Pb and Mo

Waulfenite batch tests provided both expected and unexpected results. A system
including solely dissolved Pb and Mo surprisingly did not precipitate wulfenite. pH of
the system remained constant around 6.25, Mo remained at 200 ppm, and Pb jumped
around from 9 to 18 ppm (Figure A1.11). Visually, the solution remained clear with only
faint particles observed, while being stirred. PHREEQC predicts wulfenite to form

completely, reducing Pb concentrations to 0 ppm, but the lack of available nucleation
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sites is the probable explanation why this is not the case. To test this hypothesis, CaCO3
in the form of crushed marble was added to the solution. Pb concentrations decreased
immediately, along with an equivalent amount of Mo to produce wulfenite. pH increased
accordingly and small amounts of Ca were added to solution. Wulfenite precipitation
could therefore be attributed to nucleation site availability or pH change, which will be

discussed later.

Al.2.3.2 Mo, Pb, CaCOs

A system similar to the end of the previous test was conducted, which included
Mo, Pb, and excess calcite. Wulfenite precipitated immediately, removing all 20 ppm of
Pb within the first 15 minutes of the experiment (Figure A1.12). The batch was
continued to determine the potential of further Mo removal. Powellite precipitation
continued with a fairly linear Mo precipitation rate. The rate of removal was much
slower than the previous powellite batch systems, as Ca concentrations were quite low
due to the lack of sulphuric acid present. The lack of sulphuric acid also allowed for a
higher alkalinity than other batch systems, being 4 meq L™, Ca concentrations decreased
in the same fashion as Mo, with similar evaporation trends to that of the powellite batches
observed with time. Some of the increasing trend can be attributed to calcite dissolution
though, as saturation indices of calcite remained below 0 (Figure A1.13). Ca did not
increase drastically though since calcite dissolution is relatively slow.

The calculated pCO; of the system is -3.4 using a charge balance of C(4) and -
3.05 using a measured alkalinity value, which is relatively close to the expected value of -
3.5 for an open system in equilibrium with atmosphere. A discussion of the approach
used for calculating the saturation indices using a charge balance of C(4) and alkalinity
values is found in Appendix 6. This batch can attain atmospheric equilibrium more
easily than the systems with sulphuric acid, as there is much less calcite dissolution,

allowing for less carbonate dissolution that requires degassing to reach equilibrium.
Al.2.3.3 Ca, Mo, SO,

Calcite was removed for one of the experiments to determine if it played a role in

wulfenite precipitation. Pb was completely removed from the aqueous phase within 30
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minutes, with it decreasing from 20 ppm to ~0.5 ppm within the first minute (Figure
Al.14). Mo concentrations were also decreased, indicating the likelihood for wulfenite
precipitation. The yellowish precipitate was determined to be wulfenite using XRD. The
pH of the solution remained around 2 due to the lack of a buffer such as calcite.

Another test where the pH was increased using NaOH was therefore conducted.
Aqueous Pb was completely removed within seconds, but the precipitate was whiter, and
determined to be approximately 50% wulfenite and 50% anglesite using XRD. This is
likely due to the fact that Pb and Mo were added as salts rather than aqueous solutions.
Due to this, Pb preferentially forms anglesite with SOj as it is readily available, whereas
Mo first has to dissolve before wulfenite can be formed. The fact that some wulfenite
does form at pH 7 is positive in determining whether Pb is a potential sink for Mo.

The methodology of the batch experiments has determined to be quite important.
Whether the Pb and Mo are added as solid phases and mixed quickly together, or whether
the species are added as concentrated solutions determined whether wulfenite or a
wulfenite-anglesite mix formed. Two identical systems were created, with approximately
200 ppm Mo, 20 ppm Pb, and 1000 ppm SO4. The Mo and Pb were added as solid-phase
crystals for one of the batches and as a dissolved phase for the other batch. The first
batch produced a yellowish precipitate, which was mainly wulfenite, whereas the second
batch produced a whiter precipitate, which included some anglesite. The test was
conducted both at regular pH of ~2 as well as 7.3, after increasing it using 1 M NaOH.

These results are important when analyzing the data of the more complex batch
experiments. Although this was the case in a simpler system, it isn’t necessarily the only
outcome. Wulfenite was the sole Pb precipitate determined by XRD in the competition
batch and competition column experiments, where Pb and Mo were added as solutions. It
is possible that the addition of CaCO; affects the outcome, as both of the competition
experiments included crushed marble. As well, the batch experiment containing Pb, Mo,
and CaCOs; also precipitated wulfenite. It is therefore expected that wulfenite is the

likely precipitate with the conditions at Antamina.
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Al.2.3.4 pH and Nucleation Affects

As discussed, the batch tests conducted all vary in equilibrium pH (Table A1.3).
Waulfenite precipitated almost immediately in the Pb, Mo, CaCO; system as well as the
Pb, Mo, SO, system, even with pH’s varying from 8.35 to 2.02, respectively. The Pb and
Mo system did not precipitate wulfenite until CaCO3; was added. Due to the fact that this
system’s pH was between that of the other two batches, the reason that wulfenite did not
precipitate is unlikely due to pH. A lack of nucleation sites available for wulfenite to
precipitate in the Pb and Mo system is more of a likely answer, but one can then pose the
argument that this was not an issue for the Pb, Mo, and SO, system which are all
dissolved species as well. Further studies were not conducted to determine the reasoning
of this, but it is likely that the required nucleation energy was not exceeded for this

experiment.

Al.2.4 Conclusion

Waulfenite precipitation is a potential sink for Mo, depending on Pb availability.
Precipitation occurred almost immediately, meaning it could play a more important role
than powellite due to its kinetic limitations. Pb availability is the ultimate problem, as
there are not many lead-rich minerals present in the waste rock piles. As discussed in
Chapter 2, the determination of wulfenite in waste rock samples using the MLA provides
evidence towards this being the case, but wulfenite is still expected to be a secondary sink

for Mo, after powellite.
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Table Al.2 — Wulfenite batch experiments

Batch Pb (mg/L) Mo (mg/L) CaCOs; SO, (mg/L)
Pb and Mo 20 200 crushed marble, added
later
Pb, Mo, CaCO3 | 20 200 Excess calcite powder
Pb, Mo, SO4 1 20 200 1000
Pb, Mo, SO4 2 100 200 1000
Pb, Mo, SO4 3 100 200 0, but pH increased to 7 1000
using NaOH

Table A1.3 — Equilibrium pH of batch systems

Batch pH

Pb and Mo 6.26
Pb, Mo, CaCO3 | 8.35
Pb, Mo, SO4 1 | 2.02
Pb, Mo, SO42 198
Pb, Mo, SO43 | 7.03

Al.2.5 References
Bideaux, R.A., 1990. The desert mineral: Wuifenite. Rocks and Minerals 65, 11-30.

Reddy, K.J., Gloss, S.P., 1993. Geochemical speciation as related to the mobility of F,
Mo and Se in soil leachates. Applied Geochemistry 2 Suppl. Issue, 159-163

Rosemeyer, T., 1990. Wulfenite occurrences in Colorado. Rocks and Minerals 65, 58-61.

Vlek, P.L.G., Lindsay, W.L., 1977. Thermodynamic stability and solubility of
molybdenum minerals in soils. Soil Science Society of America Journal 41, 42-46.

Wang, L., Reddy, K.J., Munn, L.C., 1994. Geochemical Modeling for Predicting

Potential Solid Phases Controlling the Dissolved Molybdenum in Coal Overburden,
Powder River Basin, WY, U.S.A. Applied Geochemistry 9, 37-43.

92



Al.3 Iron Molybdate Batch Experiments
A1.3.1 Introduction

Relatively insoluble ferrous molybdate (FeMoO4) can form under the right
conditions when Fe and Mo are in solution (Branam, 1999; Salminen, 2005). Under
acidic conditions, FeMoO, forms readily after the oxidation of molybdenite (MoS,). Iron
scavenges Mo in solution and therefore acts as a control of Mo solution concentration
(Branam, 1999). Another possibility is the formation of ferrimolybdite (Fe;” " (MoOy)s -
8H,0), which is a secondary mineral associated with hydrothermal veins and
molybdenum porphyry deposits (Mineral Data Publishing, 2005). It has previously been
found as a possible Mo sink downstream of mine tailings (Langedal, 1997).

It is unexpected that ferrous molybdate can precipitate under the near-neutral
conditions at Antamina. Iron concentrations are very low within the field cells due to a
solubility control by ferrihydrite. Additionally, aerobic conditions are expected within
the pile, which will oxidize any ferrous iron to ferric iron which subsequently precipitates
out of solution. It is therefore unlikely that ferrous molybdate will be a sink for Mo, but
PHREEQC analyses were performed along with a simple pure phase experiment to

determine its potential.

Al.3.2 Methodology
Al.3.2.1 PHREEQC Models

Geochemical modelling was initially completed in order to determine whether
iron molybdate should precipitate with the conditions present at Antamina. Different

scenarios were conducted to more thoroughly examine the possibilities.

A1.3.2.2 Laboratory Experiment

A single pure phase experiment was conducted to simulate one of the models
created in PHREEQC. A 200 mg L' Mo solution was created in a beaker by diluting
0.1261 g of Na,M00O4-2H,0 with 250 mL of deionized water. 0.0498 g of iron(II) sulfate
heptahydrate (FeSO47H,0, MW 278.01456 g mol™”, Fluka) was added to the beaker,
which is equivalent to 40 mg L' Fe and 68.8 mg L' of sulfate. The beaker was stirred
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for the first 30 minutes and then left under atmospheric conditions at room temperature.
Mo concentration was measured 10 minutes and 60 minutes after the solution was
created, followed by measurements every few days. The samples were passed through a
0.22 pm filter and diluted 10 times before analyses on the Hach DR-2400

Spectrophotometer using the high range program.

A1.3.3 Results and Discussion
Al1.3.3.1 PHREEQC Models

The models created all did not precipitate a significant amount of iron molybdate,
indicating that even if Fe was present in solution, this would not be a sink for Mo at
Antamina. The only experiments that significantly reduced Mo concentrations were
those where calcite was present, as powellite precipitated out due to the presence of Ca in
solution from the dissolution of calcite within the acidic solution.

The model that simulates the laboratory experiment conducted equilibrated with a
final Mo concentration of 199.97 mg L™ and a pH of 4.73. All of the initial 40 mg L™ of
ferrous iron oxidized to ferric iron and precipitated ferrihydrite. This is consistent with
the conditions observed within the field cells at Antamina, as Fe concentrations are close

to instrumental detection level (Golder, 2007).

Al.3.3.2 Laboratory Experiment

As expected, Mo concentrations remained near 200 mg L™ for the extent of the
experiment. The solution became slightly red after about half an hour, which is expected
due to the oxidation of ferrous iron to ferric iron and the subsequent precipitation of iron
oxides. After many hours, the solution became quite orange. After a day and a half, Mo
concentrations did reduce by about 5 mg L™, but based on geochemical modelling it is
expected that this is due to adsorption rather than iron molybdate precipitation. The
small, insoluble particles of ferric oxides act as sorption sites for Mo, especially under the
acidic conditions present in the solution. Mo will therefore adsorb onto the particles,
ultimately lowering the aqueous concentration. With there only being 40 mg L' Fe
present initially, there is not a great amount of ferric precipitate formation, but enough to

lower the Mo concentration by about 5 mg L™
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The pH of the solution reduced as time went on. After 10 minutes, the pH of the
solution was 5.52. 43 hours later, the pH had dropped to 5.24. It is expected that with
enough time, the pH would lower to around 4.73, as PHREEQC indicates. These pH
levels are much lower than those present at Antamina since there was a very low buffer
capacity within the solution. It is expected that if the pH was increased to above 8§, the
Mo concentration would become much closer to 200 mg L again as the molybdate
would desorb from the ferrihydrite. This was further analyzed within the sorption

chapter.

Al1.3.4 Conclusion

Although Branam (1999) indicates that iron molybdate readily forms under
certain conditions, it is expected that it does not at Antamina because the groundwater is
not acidic enough. Performing the same experiment under anoxic conditions would
probably provide different results, but this was not conducted as it is expected that Fe
concentrations are not high enough and that conditions are mainly aerobic within the

waste rock piles.
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Al.4 Competition Batch Experiment
Al.4.1 Introduction

A batch experiment containing competing metals found at Antamina was
conducted in order to determine the likelihood of other molybdate minerals forming other
than powellite and wulfenite. Cu, Zn, and Pb were the metals included in the batch,
along with Mo, SO, and marble sand. With Antamina being a Cu-Zn mine,
concentrations of these metals are expected to be relatively high in drainage water.
Lindsay (1979) found that Cu affected the precipitation of molybdenum. Initial
PHREEQC simulations indicated that Cu and Zn molybdates are supersaturated in such
solutions. Zn concentrations reach 10 ppm within the field cells, Cu reaches 2 ppm, and
Pb is not detected. The results of the competition batch will therefore be important in

determining the potential of further sinks for Mo.

Al.4.2 Methodology

A 20 ppm Cu and Zn solution was made in one 100 mL volumetric flask, while a
100 ppm Mo and 1000 ppm SOs solution was made in a separate 100 mL flask. The
solutions were poured together into a 500 mL beaker containing approximately 50 g of
sand-sized marble. 20 ppm Pb was added to the solution immediately. The solution
remained unstirred for the duration of the experiment, and pH measurements and 1 mL
samples were obtained throughout the experiment. All solution samples were analyzed
on an ICP-OES and XRD was conducted on the fine-grained material at the end of the

experiment.

Al1.4.3 Results and Discussion
Al.4.3.1 Aqueous Species

The batch experiment provided important results in determining probable
outcomes of a competition column, so as to determine the necessary characteristics of it.
The pH of the system was originally ~3 due to the sulphuric acid, but was buffered to
~5.5 within an hour, and reached a constant value of ~7.8 within two days. The

experiment was run for 80 days, and all species changed with time.
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Pb decreased almost immediately, decreasing from 20 ppm to below detection
limits within the first minute. Wulfenite is the expected precipitate, as Mo also decreased
by at least 7 ppm; a 9.3 ppm Mo decrease is expected for complete wulfenite formation
from 20 ppm Pb. XRD did not detect wulfenite, but this is due to the fact that calcite is in
such abundance that most other precipitates are diluted below detection limit.

Cu removal began within the first 15 minutes and decreased to below detection
limits after 48 hours. A distinct green-blue precipitate was visually observed during this
time, but XRD did not identify any Cu phases due to the detection limit problem. Zn
removal began approximately 24 hours into the experiment and reached an equilibrium
value of 2.3 ppm after 13 days. It was unknown as to what phase Zn precipitated out as,
with XRD showing no positive results. PHREEQC predicts a zinc molybdate or zinc
carbonate phase, but further analyses were required in the competition column
experiment to determine this.

Mo followed the typical powellite trend after the initial drop from wulfenite
formation. The decrease was more gradual than the other powellite experiments due to
the fact that it was an unstirred environment. It was decided that this test should be
unstirred, as the column acts more similarly to an unstirred batch as found in the
powellite column. The steady, gradual decrease of Mo provides evidence towards Zn not
forming a Zn molybdate, as a quicker decrease of Mo would have been observed. This
experiment therefore shows that the expected major sinks for Mo include powellite and
wulfenite, depending on Pb availability.

Ca also followed similar trends as the powellite experiments. After a quick
increase due to the presence of sulphuric acid, Ca decrease is observed within the first
two weeks of the experiment after which it remains relatively constant and then increases,
due to evaporation.

SO, data provides the most likely evidence towards evaporation trends, with a
steady increase observed throughout the experiment. Gypsum was observed in very
small amounts within the filtered precipitate, yet SO4 concentrations increased with time.
This upward evaporation trend would also affect the other species in solution. This

indicates that all downward trends are likely more prominent than observed, although the
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observed highest rate of evaporation occurred after most species are near-zero. Ca is the

main species that is affected the most by this due to its high concentrations.

A1.4.3.2 Saturation Indices

Calculated saturation indices indicated that equilibrium was reached for most
species. Mo and Zn remained above saturation, with powellite and ZnMoOy expected to
precipitate until both species were near-zero (Figure A1.15). Other batch systems have
shown that Mo concentrations may in fact reach equilibrium at much higher
concentrations than PHREEQC predicts, indicating a potential absence of complexed
species or incorrect solubility constants in the PHREEQC database. It is also possible
that Mo concentrations will decrease further, but over a timescale much greater than that
of the batch experiments.

Calculated pCO, values indicate open system conditions. Using the charge
balance of C(4) approach, the SI of pCO, equilibrated at -2.6, however the calculated SI
with the alkalinity value obtained at the end of the experiment indicated a pCO, of -3.32.
With this being an unstirred system, it provides evidence towards both unstirred and

stirred batch systems being in equilibrium with atmosphere.

Al.4.4 Conclusion

The batch experiment identified wulfenite and powellite as being the only
potential sinks for Mo out of the species present in the competition batch. Wulfenite
precipitated immediately once both Mo and Pb were in solution and powellite
precipitation occurred with the same kinetic limitations as the previous powellite
experiments. Cu preferentially precipitated malachite to a Cu molybdate and Zn also did
not form a Zn molybdate. Further studies within the competition column were required

to determine where Zn was going.
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Al.5 Batch Experiment Modelling
A1.5.1 Introduction

Modelling of the batch experiments was conducted in order to determine kinetic
limitation rate reactions for powellite precipitation. The reactive transport code MIN3P

(Mayer, 1999) was used to determine the rates, as discussed within Chapter 2.

Al1.5.2 Methodology
Reaction rates of powellite formation were created using the generalized rate

equation as follows:

R=—k, -IAP[I—E}S (A1.1)
K
sp

where R is the reaction rate, kq is a dissolution constant, IAP is the ion activity product,
K 1s the solubility product, and ¢ is a nucleation inhibition term. An evaporative term
was also included for the competition batch and stirred powellite experiment. Powellite

precipitation of each batch system was modelled and precipitation constants k, were

determined as follows:

ko= (A1.2)

In order to match the equation to the data, both kg and K, were altered to provide

the best fit.

A1.5.3 Results and Discussion

There were four main batch systems modelled (Table A1.4). A complete data set
of all species is present for all systems except for Pow 3, which only has data for Mo and
pH. The precipitation constants were all found to be within an order of magnitude of one
another. The two stirred experiments showed excellent agreement with one another, as

did the unstirred systems.
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Al1.5.3.1 Pow 3

The model fit this unstirred batch experiment well (see Chapter 2), with a log K,
of -8.05. Unfortunately the batch experiment was not run long enough with Mo still
decreasing in it, so it is possible that this model may not fit the equilibrium conditions.
The spectrophotometer was also used with this batch, so other species such as Ca and

SOy could not be analyzed.

Al.5.3.2 Pow 6

The results of this experiment did not reach thermodynamic predictions, with Mo
still remaining at approximately 10 ppm under equilibrium conditions. PHREEQC
indicated that powellite precipitation should reduce concentrations to below 1 ppm using
the literature log K, value of -8.05 from Essington (1990). A log Ky, of -6.35 was
therefore used in this model in order to fit the data.

Modelled results fit measured data well (see Chapter 2). Simulated Ca and SO,

increases due to the evaporative rate added to the model.

Al.5.3.3 Pow 7

The literature log K, was used for this experiment and fit the data well (Figure
A1.16). Mo and Ca were modelled very well, but initial pH had to be adjusted to fit the
data as best as possible. The initial solution was strictly DI water which ideally should
have a pH of 7, but a starting pH of 6.4 was used in the model. This is probably
satisfactory, since carbonic acid from atmospheric CO; reduces the pH of DI water with
time as it equilibrates with atmosphere.

SO4 was not modelled correctly in this system, as it did not account for gypsum
precipitation. The model assumed that SO, should remain at initial concentrations
whereas PHREEQC and experimental data show a quick initial SO4 decrease due to the

formation of gypsum.
Al.5.3.4 Competition

Experimental data was modelled very well (Figures Al.16 and A1.17).

Evaporative trends of Ca and SO, are apparent in the measured data and were modelled

101



well with the added evaporative rates of each species. pH was modelled well except for
some small variations. This is likely due to the fact that the system was not stirred, which

made it more difficult for the batch to remain in equilibrium with atmospheric CO,.

Al.5.4 Conclusion

Precipitation constants were determined and fell within one order of magnitude
from one another. Each system was modelled remarkably well using MIN3P, with only

minor variations between measured and modelled results.
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Figure A1.16 — Measured and modelled data for dissolved Ca and Mo batch
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Figure A1.17 — Measured and modelled data for competition batch

Table Al.4 — Batch systems modelled

Batch Species present Stirred or Unstirred K,

Pow 3 Mo, SOy, calcite Unstirred 1.18 x10™
Pow 6 Mo, SO, calcite Stirred 9.57x10™
Pow 7 Mo, Ca Stirred 1.39x107
Competition Mo, Pb, Zn, Cu, SOy, calcite  Unstirred 1.55 x10™

Al1.5.5 References
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Waterloo.
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Appendix 2 — Column Experiments

A2.1 Powellite Column Study
A2.1.1 Introduction

After determining the potential for powellite precipitation with the batch
experiments, a transport column was created so as to further understand the possibility of
powellite as being a sink for Mo. A column study is more representative of the real-life
waste rock piles, as it involves advective transport. Transport adds complexity compared
to batch experiments, but it is a more realistic approach in quantifying the geochemistry
occurring in environmental systems. Batch and column studies often produce differing
results due to the added transport mechanism (Selim and Iskandar, 1999). Batch
experiments have a much lower solid-solution ratio than column studies, which can affect
precipitation and sorption reactions (Bajracharya et al., 1996).

Similar to the batch experiments, the conditions of the column study are created to
represent the waste rock piles as much as possible. A system including calcite,

molybdenum, sulfate, and bicarbonate was therefore created.

A2.1.2 Methodology

A 61 cm long acrylic column was used for this column experiment. To represent
Antamina conditions as much as possible, a marble was obtained from Lafarge
(Coquitlam, B.C.) that originated from Texada Island, B.C. and crushed to a medium
sand (sieved between 280 and 800 um). Eleven screened ports to extract the inflow
solution were located with a uniform distance along the column.

The column was packed as a saturated slurry in order to prevent oxygen from
being trapped within the pores. The sand was first rinsed with deionized water and then
dropped into the column until the first port was reached. Deionized water was added to
the wet slurry until it overflowed out of the port, at which point the sand and water were
stirred vigorously to let any trapped oxygen escape. The column was then dropped onto
the floor 4-5 times from a distance of about a foot above the ground to allow for a more
natural, gravitational packing rather than strictly physical force. More sand was added
and the procedure was repeated until the compacted sand reached the port. The screened

port was then screwed into the column and saturated sand was dropped around it. At this
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point, the procedure started over again until the next port was reached. This was
continued until the entire column was packed with the saturated sand.

The sand has a porosity of about 0.4 and dry bulk density of 1.39 g/cm’.
Deionized water was passed through the column for approximately one week in order to
allow for trapped oxygen and contaminants to escape. The flow rate was consistently
measured and it remained at 0.3 mL min™' for the entire experiment. Based on this flow
rate and the porosity of the sand, the residence time within the column was approximately
3 days. This was desired, as the stirred batch experiments showed Mo concentrations
decreasing from 200 mg L™ to around 100 mg L™ after 3 days.

The inflow solution consisted of 200 mg L™ Mo and 1000 mg L™ SO4 and was
created in the same fashion as the batch experiments, using sodium molybdate dihydrate
and sulphuric acid. The solution was constantly stirred magnetically in a 25 L Nalgene
carboy.

A 1 RPM peristaltic pump (Masterflex) was used with Norprene tubing to create a
flow rate of 0.3 mL min™. Approximately 6 mL samples were collected in either 4 or 15
mL Nalgene vials, split, and one was acidified with 5 uL of concentrated nitric acid
directly whereas the other was filtered through a 0.45 um syringe filter prior to being
acidified, to create a total and dissolved sample, respectively.

Samples were first collected from the top of the column after 70 hours and taken
every 10 minutes to capture the breakthrough curve of Mo. Once concentrations reached
their maximum, samples were taken from every second port for two days. It was then
realized that Mo concentrations were not decreasing at all, so the column was turned off
for approximately one month, with samples being collected every few days. This was
achieved by turning the column back on for approximately 30 minutes to collect a

sample, prior to turning it off again.

A2.1.3 Results and Discussion
A2.1.3.1 Breakthrough

Mo started to pass through the end of the column when expected, indicating that
adsorption of Mo onto calcite is low as previously found by Fox and Doner (2002). The
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initial and final portions of the curve were missed due to the fact that breakthrough lasted
more than 13 hours, but the majority was analyzed (Figure A2.1). The curve is mainly
due to diffusion since the advective rate is low. The outflow Mo concentration reached
the inflow concentration, which was not expected.

Prior to adding the Mo and SOy solution, the pH of the system was 8.3 due to
buffering of calcium carbonate. The inflow solution pH was 2 due to the sulphuric acid,
but was immediately buffered once reaching the calcium carbonate sand. pH of the
system decreased to 6.57 + 0.02 once the solution was passed through, and is lower than
the batch experiments since the column is a closed system. Carbon dioxide gas forms
from the dissolution of calcium carbonate and cannot escape, increase carbonic acid

concentrations and ultimately decreasing the pH.

A2.1.3.2 Post Breakthrough

Mo concentrations reached the maximum of 200 mg L' at the end of
breakthrough. Originally it was hypothesized that concentrations should only reach
around 100 mg L™, based on the results from the batch experiments. However, the batch
experiments that precipitated powellite within days were all magnetically stirred, whereas
the column experiment was strictly based on advection. The advective rate was
extremely slow though, meaning that it acted much more similarly to the unstirred batch
experiments. It was originally hypothesized that this wouldn’t be the case, because all
the calcium carbonate sat at the bottom of the batch experiment whereas there is plenty of
solid-solution contact in the column experiment. This proved to not be the reason
though, as no Mo was removed within the column with a residence time of 3 days.

The column experiment was subsequently turned off once outflow concentrations
reached initial inflow concentrations so as to confirm that powellite would still
precipitate. Powellite did begin to precipitate, with Mo decreasing from 200 mg L™ to 66
mg L™ over a period of just less than 4 months. This rate is much more comparable to
the unstirred batch experiments. Calcium concentrations decreased as well and powellite
was determined using XRD. SO, remained relatively constant, although a small amount

of gypsum was found with XRD.
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Based on these results, it is apparent that powellite is not as prominent of a Mo
sink as first expected after the stirred batch experiments. With the column being much
more representative of the real system within the waste rock piles, this result shows that
Mo will in fact not be attenuated due to powellite precipitation, if residence time within
the pile is short. ~ Matrix-supported waste rock has low flow, however, indicating that

residence times in the waste rock piles are likely fairly high (Smith and Beckie, 2003).

A2.1.4 Conclusion

Powellite precipitation does occur with transport through a column, but at rates
much more comparable to an unstirred batch experiment than a stirred one. Although
powellite did not precipitate with flow through this column, the breakthrough curve
provides further evidence of little adsorption of Mo to calcite. Powellite precipitation
would have occurred if the residence time in the column was longer but still at relatively

slow rates compared to the stirred batch experiments.
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Figure A2.1 — Breakthrough and post-breakthrough of the powellite column
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A2.2 Competition Column Experiment
A2.2.1 Introduction

The competition column experiment was conducted to simulate conditions
expected at Antamina and to further understand Mo attenuation. As previously
discussed, columns provide conditions much more similar to real-life conditions than
batch experiments. This was the most complicated and in-depth experiment performed
so results were vigorously analyzed. The column contained the same general setup as the
competition batch experiment which provided a good comparison between the two

systems.

A2.2.2 Methodology

The column consisted of Mo, SO4, Cu, Zn, and Pb passing through marble sand.
The same column as the powellite column experiment was used, and was packed in the
same fashion. Photos of the setup and sample procedure can be found in Appendix 10.

Influent was passed into the column using Masterflex low-flow peristaltic pumps.
Three low-flow peristaltic pumps were required, as the different metals had to be
separated to prevent premature precipitation. Each pump had a flow of 0.07 to 0.08 mL
min”' resulting in a total flow of approximately 0.22 mL min™' and a subsequent residence
time of 4 days. Conservative tracers were added to each carboy in order to account for
mixing variability. The inlets within the column were placed close to each other in order
to promote mixing near the bottom.

Samples were collected once every pore volume from every second port in order
to reduce disturbances, however every port was sampled for a few pore volumes for a
more detailed view. The outflow was also measured much more periodically as it did not
affect the column. pH was measured prior to each sample and alkalinity was measured
intermittently at the outflow. Samples were filtered with 0.45 pm Millipore syringe
filters, acidified with nitric acid, and stored at 4°C prior to analysis by ICP-OES (Varian
Inc.). Precipitates from the batch and column experiments were analyzed using XRD

(Siemens D5000) and SEM (Philips XL-30).
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A2.2.2.1 Data Normalizing

Data normalization was required to account for the variability of mixing within
the column. Normalization of Mo, Pb, Cu, Zn, and SO4 was conducted using the
measured tracer concentrations within each sample and comparing them to the average
tracer concentration during the experiment. This was completed by dividing the
measured tracer in the sample by the average tracer concentration, and subsequently
multiplying the metal from the same inflow solution as the tracer by that ratio. The initial
solutions were continuously measured to ensure that the concentrations did not vary

during the extent of the experiment.

A2.2.2.2 Sample Procedure Verification

In order to ensure that samples were measured correctly, the tracers were used to
determine the percentage of each carboy in the sample and summed up to see the total
recovery. This was accomplished by dividing the measured tracer in the sample by the
average tracer concentration from the carboys and multiplying by 100 to determine the
percentage of that inflow solution in the sample. This was done for all three tracers and
the results were summed. Retrieval was near 100% for all samples with the average

being 98% (Figure A2.2).

A2.2.3 Results and Discussion

The competition column provided many important results in understanding Mo
attenuation, as it was the most complex system analyzed, involving numerous elemental
species as well as flow. Mo was most closely analyzed, but each species was studied to

determine the potential environmental impacts from the waste rock piles.

A2.2.3.1 Molybdenum

Mo acted fairly similarly to the previous column experiment, but showed more
prominent trends due to the extended time period of the experiment and slightly longer
travel time through the column. Concentrations observed near the bottom of the column

were lower than input concentrations, being at least 10 ppm less (Figure A2.3). This can
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be directly related to wulfenite precipitation, as later discussed. Mo continued to
decrease slightly as it passed up the column, as well as with time (Figure A2.4). Small
amounts of powellite precipitation were expected to reduce Mo concentrations over the 4
day travel time, but only enough to decrease Mo by a few mg L', which was observed
for almost all pore volumes measured.

An apparent decrease of Mo at each port of the column with time was an
unexpected result. This indicated that powellite precipitation may in fact have occurred
more prominently than expected, as the system reached equilibrium. Mo initially
remained near input values at the top of the column, but a linear decrease was observed
with time, reaching below 90 ppm from an original 200 ppm after a month and a half
(Figure A2.5). Powellite was the expected precipitate, with it being the only phase
determined for all samples with XRD. It is possible that other Mo phases were present,
but in such small amounts that they were below detection limit. It is unknown at what
concentration Mo would equilibrate at within this column; in hindsight the column should
have been analyzed further to determine this. This result is interesting though, as the rate
of powellite precipitation initially acted similar to an unstirred batch experiment but
moved towards that of a stirred batch experiment, with over half of the initial
concentration precipitating out over the 4 day residence time. This is potentially due to
the fact that minerals often precipitate more easily on existing mineral surfaces; once
powellite started to form, rates increased with further precipitation onto those crystals. It
is also likely that Mo concentrations would equilibrate not much lower than the values
observed at the end of the column though, as removal should not exceed that of the
stirred batch experiments.

Powellite saturation indices remained above 0 for every port of the column,
throughout the experiment (Figure A2.6). It is therefore expected that Mo would

decrease dramatically if the residence time was longer.

A2.2.3.2 Calcium
Calcium was present from the dissolution of calcite due to the sulphuric acid.
Concentrations remained high throughout the column, though decreasing trends were

observed with time as well as with residence time (Figure A2.7). Ca concentrations
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decreased as it passed through the column, likely due to powellite precipitation, as it was
the only Ca-rich secondary mineral determined by XRD.

For 100% powellite formation, 0.4 ppm of Ca is required for every 1 ppm of Mo.
This would create a slope of 2.39 on a Mo vs. Ca plot (Figure A2.8). The trends
observed in the bottom, middle, and top of the column show much more Ca removal than
required for powellite formation though, meaning calcium must also be going somewhere
else. The top and middle trends are almost identical with much more Ca removal,
whereas the bottom of the column has less Ca removal, but still much more than required
for powellite precipitation.

Calcite saturation indices remained above zero, likely due to the same calcite
dissolution processes as the batch experiments. It is therefore possible that some Ca
decrease was due to calcite precipitation, as carbonate concentrations were also high.
Calcite’s SI averaged around 0.13 which is relatively close to 0, meaning it is just as
possible that calcite was only saturated. Re-precipitation of calcite would account for the
high amount of Ca removal, however.

Gypsum remained undersaturated for the extent of the experiment, since SO4
concentrations remained at 1000 ppm. A small amount of Ca removal was attributed to
gypsum precipitation, although only one XRD sample found gypsum, in small quantities.
It is expected that small amounts were present throughout the column, but of

concentrations below detection limit and therefore of minor importance.

A2.2.3.3 Lead

Aqueous Pb was hardly present within the column, as expected with near-neutral
pH conditions. The highest concentration measured was ~0.6 ppm, which is still
relatively close to detection limits of the ICP-OES. The highest concentrations, hovering
around 0.4-0.6 ppm, were observed near the end of the life of the column and within the
first half of the column (i.e. first two days of residence time), indicating that equilibrium
Pb concentrations may in fact be in this range (Figure A2.9). Concentrations decreased
again in the second half of the residence time, to values around the instrument’s detection
limits. Equilibrium concentrations are therefore not fully known, since the values

obtained could be noise or due to interferences with the instrumentation.
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PbMo0O, saturation indices remained well above zero when Pb was detected in
solution. Pb was predicted to be near 0 so any detectible concentrations would produce
supersaturation values for wulfenite. XRD determined that Pb was in fact removed from
solution with the precipitation of wulfenite. This was expected based on PHREEQC
simulations, the batch experiments, and the fact that a yellowish precipitate could be
observed near the inflow valve. Mo concentrations were always below inflow values,
corresponding to wulfenite formation. Saturation indices indicated that wulfenite should
continue to form for any aqueous Pb, meaning the measured Pb was either experimental

error or other processes such as complexation was preventing Pb precipitation.

A2.2.3.4 Copper

Cu trends varied for each location in the column. Concentrations at the bottom of
the column originally remained near inflow concentrations, but decreased relatively
linearly with time until an equilibrium value of ~2 ppm was reached (Figure A2.10). The
majority of the Cu precipitated out of solution in the first quarter of the column (Figure
A2.11). Concentrations increased until an equilibrium of around 2.4 ppm was
consistently observed between ports 1 and 12.

The trends observed in the middle and top portions of the column look like typical
breakthrough curves of a retarded species, indicating that either complete Cu removal
occurred or that it was retarded due to other processes. Cu adsorption to calcite is the
expected process and has previously been characterized (Kitano et al., 1976, Lee et al.,
2004).

Cu removal was due to malachite precipitation, as found in XRD of a blue-green
precipitate samples near the bottom of the column. CuMoOj4 had the highest saturation
index, but malachite preferentially formed which was likely due to kinetic limitations of
calcium molybdate.  Antlerite, langite, tenorite, and brochantite also became
supersaturated under conditions with high Cu concentrations, but were still much lower
than saturation indices of the other species. Based on these results, Cu is not expected to

affect Mo concentrations.
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A2.2.3.5 Zinc

Zn concentrations remained high throughout the column (Figure A2.12).
ZnMoQ4 and ZnCOs were both supersaturated for the extent of the experiment due to the
high concentrations. Neither species were determined in XRD analyses though, and
further Zn batch experiments indicated that any Zn removal was likely due to adsorption
onto calcite rather than Zn precipitation. Retardation was observed at the top of the
column during initial breakthrough and was likely due to this. Zn sorption to calcite
occurs more prominently at elevated pH levels and high CO2¢) concentrations, via
exchange with Ca®" in an adsorption surface layer (Zachara et al, 1988). Zn adsorption is
less prominent than Cu adsorption, resulting in the shorter breakthrough curve (Kitano et
al., 1976). Few trends were present for Zn, but concentrations were typically slightly
lower at the outflow than the inflow, and this was likely due to Zn adsorption (Figure
A2.13).

The adsorption of zinc to calcite was quantified by determining a retardation
factor of 4.3 and associated distribution coefficient of 0.95 mL g'. Complete

calculations can be found in Appendix 3.

A2.2.3.6 Sulfate

The constant trends of SOy indicated consistency with the batch experiments
(Figure A2.14). SO4 concentrations remained constant at maximum values for the
duration of the column experiment, as hypothesized. Small amounts of gypsum may
have formed throughout the column, since XRD detected one sample containing low
amounts. Saturation indices of gypsum were below 0, but small amounts have also been

found in some of the batch experiments and powellite column experiment.

A2.2.3.7 pH, Alkalinity, pCO,

pH remained relatively steady for the duration of the column experiment. An
overall increasing trend was observed from the bottom to the top of the column but only
by a maximum of 0.1 pH units, and typically much less (Figure A2.15). This trend is
consistent with the hypothesis of high carbonic acid values near the bottom of the column

from the dissolution of calcite. No prominent trends were seen as time progressed.
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Alkalinity showed a slight but steady drop with time indicating a probable build
up of carbonic acid (Figure A2.16). Samples were only obtained at the top of the column
due to sample volume requirements, but it is expected to be relatively constant within the
entire column.

pCO, values were much higher than atmospheric concentrations, averaging
around 10°%7”7. This was due to the calcium carbonate dissolution, where carbonate was
dissolved and could not escape the system. Carbon dioxide concentrations therefore were

elevated and producing such high pCO, concentrations.

A2.2.4 Conclusion

The competition column provided further evidence of powellite and wulfenite
being potential sinks for Mo at Antamina. With immediate wulfenite formation and
kinetically limited powellite formation, Mo concentrations could be decreased
dramatically, depending on the residence time within the waste rock piles. Zn and Cu
proved to not affect Mo attenuation, although both Zn and Cu attenuation were observed
via adsorption and precipitation.

Initial inhibition of powellite formation was observed and was likely due to a lack
of initial nucleation sites, similar to the batch experiments. Once sites are readily
available, powellite readily forms with Mo removal acting more similarly to a stirred
batch experiment. It is hypothesized that the column was close to reaching equilibrium,
with over 50% Mo removal within the 4 day residence time, but the column required

further analyses to prove this.
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Figure A2.4 — Mo vertical profiles. Each line represents a pore volume with time
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Figure A2.13 — Zinc concentrations for the top, middle, and bottom ports of the column

with time
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Appendix 3 — Zn Adsorption

Zn adsorption was quantified by relating the retarded breakthrough curve with the

groundwater velocity of 15.25 cm day™ for the competition column. The end of the

breakthrough curves through the middle and end port are observed in the following plot:
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Knowing the start time of the column, the time breakthrough is complete, and the

distance from the start of the column and the measured port, the calculations are as

follows:

Zn retardation

PORT 12
hits max:

start time:

time:
distance:
Velocity

(Vno):
water vel

(Ve):

R =

~July 20th

July 3, 5pm

17 days

61 cm

3.588235 cm/d

15.25 cm/d

4.25

PORT 7
hits max:

start time:

time:
distance:
Velocity

(Vno):

water vel

(Vo)

R =

~July 13th
July 3, 5pm
10 days
35cm
3.5 cm/d

15.25 cm/d

4.36
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Where R = Ve

nc

(v¢ = velocity of conservative tracer and vy, = velocity of non-conservative tracer)

The distribution coefficient (Ky) is then calculated by relating the retardation factor with
the dry bulk density (py) and porosity (n) of the column medium as follows:

Py

R=1+—K,
n
bulk bulk
density: 1.39 g/cm3 density: 1.39 g/cm3
porosity: 0.4 porosity: 0.4
R =1+ (pb/n)*Kd R =1 + (pb/n)*Kd
Kd = 0.935252 cm3/g Kd = 0.966084 cm3/g

Therefore, an effective retardation factor of 4.3 was calculated with an associated

distribution coefficient of 0.95 mL g

125



Appendix 4 — Photos of Ascorbic Extraction Method

Figure A4.2 — Samples being degassed with nitrogen gas
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Figure A4.3 — Experimental setup

Figure A4.4 — Filtration of sample with 0.22 pm syringe filter
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Figure A4.5 — Filtered, acidified samples ready to be stored at 4°C
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Appendix 5 — Accounting for Evaporation

Evaporative trends were observed in all batch experiments that lasted longer than
approximately one week. Parafilm was placed on all experiments in order to reduce this,
but small holes were still left open so that the experiments could equilibrate with
atmosphere. It was initially thought that these trends would be relatively easy to fix since
the conservative tracer Na was present in all systems, but it proved to not be as easy as
expected.

Both Na and SO, are expected to be conservative tracers based on PHREEQC
analyses and XRD results. The data obtained from ICP-OES for the Pow 6 experiment is
present in Table A5.1. Evaporative trends are apparent (Figure A5.1) and would also
affect the non-conservative species Ca and Mo (Figure A5.2). In order to try to account
for this, Na was normalized to the expected value and all other species were normalized

accordingly. This was done as follows:

The expected Na concentration was 95 ppm based on the addition of 200 ppm Mo from
Na;Mo0042H,0. Each measured Na value was therefore divided by 95 to set a factor of
how far off that sample is from the expected value. The first measured sample is used as

an example:

Evaporation factor = 5 0.948
100.3

New Ca = 479.1x0.948 = 454.0 ppm

This was completed for all samples, and results are seen in Figure A5.3. The data
indicates that this method is not an ideal way of account for evaporation, or SO4 would
also be flat. It also indicates that Ca decreases with time, whereas it is unknown if this is
actually the case since calcite saturation indices are above 0. Since there are potentially
other processes affecting the data, it was decided that not trying to normalize for
evaporation was the best option. All data should still be analyzed knowing that

evaporation plays some sort of role in the data, though.
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Table A5.1 — Data for Pow 6 (all concentrations mg L™)

Time (hrs) Ca Mo Na SO,
0:10  479.1 203.6 100.3 994.8
5:15 4812  206.6 99.4 9973

23:55  481.0  204.7 98.4 1001.9

46:50  461.0 161.0 97.5 993.1

52:45  453.0 144.6 98.6  993.8

72:53 437.7 100.1 99.8  1000.5

98:26  425.0 69.9 97.5 998.0
119:25 4193 56.5 98.9  1000.1
143:52  415.0 45.8 95.3  1005.2
169:25  415.2 39.7 98.8 1008.4
191:220  411.7 34.6 97.4 1010.3
215:03 416.4 323 100.0 1018.4
266:15  417.0 28.3 98.7 10384
290:50  418.6 26.4 100.0 1018.0
311:50  417.0 25.1 98.3 1034.1
336:40 4220 23.7 100.7  1044.0
387:42 4172 21.2 99.8 1042.2
457:11 422.6 18.6 102.0 1040.9
515:41 424.5 17.7 103.5 1066.2
605:35 4292 16.2 105.1  1080.9
776:03 440.4 14.2 111.7  1205.6
1057:15 456.7 11.7 116.9 1234.8
1329:16  466.1 12.9 122.4  1329.4
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Figure A5.1 — Evaporative trends of conservative species
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Appendix 6 - PHREEQC Analyses
The modelling code PHREEQC (Parkhurst and Appelo, 1999) was used to

perform many geochemical analyses during the extent of this research. It was initially
used to predict the outcome of the batch and column experiments. It was subsequently
used to determine saturation indices of solid phase material in the experiments using
multiple methods.

The database used was an edited version of the wateq4f. This database did not
include Mo species, so they were added separately. The prominent reactions of species

added are present in Table A6.1.

Table A6.1 — Molybdenum reactions added to the PHREEQC database

Agueous Reactions log K Reference

MoO4~ + H: = HMoOy4 4.24 Smith and Martell (1976)
MoO4'2 +2H" = H,MoO, 6.85 Kaback and Runnells (1980)
3H" + MoO4?% = MoO,OH" + H,0 7.89 Kaback and Runnells (1980)
4H" + MoO,? = MoO, ™ + 2H,0 8.34 Kaback and Runnells (1980)
MoO4? + ¢ +4H" = MoO," +2H,0 20.95 Kaback and Runnells (1980)
MoO4'2 +3e +8H =Mo" +4H,0 29.52 Kaback and Runnells (1980)
Ca™ + MoO4? = CaMoO, 2.57 Essington (1990)

Na" + MoO4'2 = NaMoOy4 1.66 Essington (1990)

Powellite Precipitation Reaction

Ca™ + MoO4~ = CaMoO, 8.05 Essington (1990)

A6.1 Batch Experiment Simulations

The batches were simulated as realistically as possible to the experiments
performed. All species were added as the phase of the initial material using Equilibrium
Phases. The only exception was sulfate, which was added as sulphuric acid using the
Reaction keyword. This was initially conducted in order to simulate the titration
experiment and to allow for a comparison of results with different SO4 concentrations. A

typical simulation is as follows:
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SOLUTION 1

temp 24

pH 7 charge
pe 4

redox pe

units mg/ 1
density 1

-water 1 # kg
EQUILIBRIUM_PHASES 1
Calcite 0 0.299739526

C02(9) -3.5 10
Na2Mo04:2H20 0 0.002084636
02(9) -0.6778 10
CaMo0O4 00

Gypsum 00

SAVE Solution 1

REACTION 1
H2S04 1
0.020819757 moles in 50 steps
# 0.2084 moles is the 21.84mL of 5M I added

As seen, atmospheric oxygen and carbon dioxide concentrations are entered, as
the batch systems were all exposed to atmosphere. The pH of the system was initially set
to DI water and was allowed to change to reach equilibrium. This was conducted for all
batch experiments in order to predict the likely outcome of the experiments. It of course

does not take kinetic limitations into affect though, which were observed in the batches.

A6.2 Competition Column

PHREEQC was used to set up the column experiment by determining whether
species would remain dissolved in the influent solutions. It was also used to predict the
equilibrium results. However, the simulation was set up identically to the batch
experiment except under closed system conditions. Therefore the results of the
simulation only describe what would occur with an endless column, instead of one with a

4 day residence time, which was the case with the experiment.

A6.3 Saturation Indices
The data obtained from the batch and column experiments was input into
PHREEQC to determine the saturation indices of potential solid phases. This was

conducted in two ways for the batch systems due to the fact that alkalinity was only
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obtained at the end of the experiment and therefore could not be applied to each sample
taken. The method in obtaining saturation indices for all samples was to say that there
was an excess of C* in solution and let the solution equilibrate in respect to it. Since the
batches are open systems with atmospheric oxygen present, C*" is present as CO2 () and

will equilibrate accordingly, similar to alkalinity. An example simulation is as follows:

SOLUTION 1

pe 11 # assumed
units mg/L
density 1
Temp 20
pH 7.8
# Alkalinity O
S(6) 1063.84 as S04
Ca 479.124
Cu 0
C(4) 10 charge
Li 0

Mo 203.6245
Na 100.262

Pb 0

Zn 0

-water 1# kg
EQUILIBRIUM PHASES 1
02(g) -0.68 10.0

# C02(9) -3.5 10.0

With this method, saturation indices can be obtained for all samples of every batch
experiment. The saturation indices were still obtained for the final sample of every batch
where alkalinity was also measured, and compared. All major phases not containing
carbonate showed negligible change between the two methods. Calcite and pCO, were
the only species that differed depending on the method. Results are available in Table
A6.2.

Table A6.2 — Calcite and pCO2 saturation indices using different modelling methods

Calcite SI pCO; Sl
Batch Experiment C"" method  Alkalinity C"" method  Alkalinity
Pow 7 0.7 0.3 -2.8 -3.2
Competition 1.1 0.3 -2.6 -3.3
Ca and Mo -0.0 -3.3 0.4 -3.0
Pb and Mo -0.1 No alkalinity — -4.1 No alkalinity
Pb, Mo, CaCO3 -0.0 0.3 -3.4 -3.1
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The two methods used provide relatively similar results for most of the
experiments. Saturation indices of the two methods both predict that phases are either
supersaturated or undersaturated for all batches except for Ca and Mo. The pCO, using
alkalinity values indicate open system conditions whereas the C*" method indicates an
excess of CO,. Due to this large amount of predicted CO,, calcite is near saturation.
This ultimately is not the case, indicating that using the alkalinity value is much more
practical. However, the fact that all other tests show similar results indicates that the
saturation trends found using the C*" method for all samples of each batch experiment are
realistic.

It is interesting to note that the saturation indices of calcite and pCO, are almost
identical for batch systems containing calcite. Three of the systems were stirred but the
competition batch was not, indicating that the energy level of the system does not greatly

affect its degassing ability.
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Appendix 7 - ICP-OES Analyses
A7.1 Methodology

An inductively coupled plasma optical emission spectrometer (ICP-OES) was
used to analyze the chemistry of most of the samples obtained. Although an ICP-OES
can handle very high concentrations, dilutions were still applied for most of the samples
due to the fact that the standards available were not concentrated enough. All samples
were therefore diluted to between 0 and 24 ppm for all elements except for SO4, which
fell in a range between 0 and 150 ppm. This required anywhere from a 2 to 35 times
dilution for the samples.

Samples were diluted using a mass balance rather than by volume, as mass is a
more precise method with the equipment available. An Eppendorf Repeater Plus pipette
was used to add DI water to the ICP test tubes, after the tubes were tarred (Figure A7.1).
The mass of DI water was recorded and then sample was added to the test tube using an
Eppendorf 100-1000 pL pipette. The final mass was recorded and the dilution factor was
calculated as the total mass divided by the sample mass. Between 5 and 10 pL nitric acid
was then added in order to create a 1% nitric matrix. Each test tube was then covered
with a small piece of Parafilm and vortexed for approximately 10 seconds to ensure a
thorough mix. Samples were stored at 4°C until the day of analysis to prevent
evaporation, which was typically 24 hours later.

Blanks, duplicates, and standards were mixed with the analyses to ensure the
validity of the results. Typically, one blank, one duplicate, and one standard were
analyzed for every 10 samples.

A 0, 1, and 24 ppm standard was made for the ICP-OES. The 24 ppm standard
was created by adding 6 mL of 100 ppm multi-element standard and 25 ul concentrated
nitric acid to 25 mL of DI water in a volumetric flask. The 1 ppm standard was created in
the same fashion, and the blank only contained the nitric acid since this was the set
matrix for all standards and samples. After everything was prepared, the Varian ICP-
OES was used to analyze the samples (Figure A7.2). The internal standards were re-
analyzed every 20-30 samples in order to account for drift and small variations within the

machine.
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After receiving the data (Figure A7.3), wavelengths were compared and averaged
to produce the final results. This took some practice to determine which wavelengths
produced the best results. It was ensured that the same wavelengths were used for all
samples between each runs. Duplicates, standards, and blanks were analyzed to ensure
that the machine was running properly. There were very few instances when results were

€rroncous.

AT7.2 Example Analysis

An example analysis is now discussed. The sample procedure was first created
and included both blanks and duplicates. Blanks were sometimes strictly DI water
whereas other times they were procedural blanks, so they followed the same filtration
procedure as the other samples. All other samples required dilution in order to fall within

the standards. Example calculations of dilution factors are seen below.

DI water (g) Total mass (g) Sample mass (g)  Dilution Factor

blank 1 1
blank 2 1
Zn2-1 5.9592 6.2058 0.2466 25.16545012
Zn2-1 dup 6.02 6.2666 0.2466 25.41200324
Zn3-1 5.4914 6.0874 0.596 10.21375839
Zn3-2 5.4744 6.0694 0.595 10.20067227
7Zn3-2 dup 5.4879 6.0795 0.5916 10.27636917

Once the samples were ready, the standards were prepared. A multi-element standard
(MES) was used, as it included most of the species present in the samples. Its

composition was as follows:

MES ppm

Ca 100.3
Cu 100.3
Fe 99.9
Mo 100.5
Na 99.3
Pb 100.5
7n 100.6
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Three standard solutions were produced for the analysis: a 24, 1, and 0 ppm standard.
Sulfate is not included in the MES, so it required separate addition, and was added as
150, 20, and 0 ppm concentrations since SO4 was much more concentrated in the samples

than the other species. The standards were created in 25 mL volumetric flasks as follows:

24 ppm, 150 ppm SO4 1 ppm, 20 ppm SO4  Blank

in 25 mL: in 25 mL: in 25 mL:

6 mL MES 0.25 mL MES 25 uL nitric acid
7.81 uL 5M sulfuric 1.04 uL 5M sulfuric

25uL nitric acid 25 uL nitric acid

0.5-10, 10-100, and 100-1000 pL pipettes were used for the addition of standards. At this
point, samples and standards are ready to be analyzed. Multiple wavelengths are used to
analyze each species and then compared and typically averaged to produce the final

concentrations. For this example, the molybdenum wavelengths will be analyzed:

Mo 202.032 Mo 203.846 Mo 204.598 Mo 281.615

blank 1 -0.000518 uv  -0.000276 uv ~ -0.007349 uv 0.001139
blank 2 -0.003879 uv  -0.008937 uv  -0.006248 uv 0.003039
Zn2-1 212.814 211.396 210.985 210914
Zn2-1 dup 209.6 209.384 209.214 207.971
Zn3-1 205.996 205.74 204.914 205.702
Zn3-2 216.682 216.34 216.331 2153
Zn3-2 dup 218.409 218.442 217.84 218.715

As seen above, the blanks produce values below detection limit, as expected. As well,
each wavelength of Mo produces almost identical results, indicating that each wavelength
is worth using in the final concentration value. They will therefore all be averaged to
produce the final value. This is not always this straightforward though. An example is

with the wavelengths for sulphur:

S181.972 S182.562 S 189.965

blank 1 -1.01647 uv 2.03667 uncal
blank 2 -1.02839 uv 1.76526 uncal
Zn2-1 990.029 580.281 wuncal
Zn2-1 dup 991.77 585.963 wuncal
Zn3-1 126.472 uncal uncal
Zn3-2 134.458 uncal uncal
Zn3-2 dup 141.575 uncal uncal
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There is a great amount of variability with the wavelengths. The ‘uncal’ indicates that
the computer program was unable to calibrate the wavelength while staying within the
maximum error allowed, ultimately deeming it useless. There is even a large difference
between the two wavelengths that produce results, with the 181.972 wavelength
producing SO4 concentrations almost twice that of the 182.562 wavelength for Zn2-1 and
other samples with high concentrations. When this is the case, it is good to understand
your sample so that you can determine what the true concentration is. Fortunately, it is
known that the Zn2 samples contained 1000 ppm SO4 and that the Zn3 samples contained
approximately 150 ppm SO4, meaning that the 181.972 wavelength is the most correct.

The duplicates of Zn2-1 and Zn3-2 are both relatively close, although Zn3-2
shows a difference of 2 ppm for Mo and 7 ppm for SO4. This is acceptable due to the
fact that both concentrations are high, calculating to a percent error of less than 1%. If
this variability was found in a sample that had very low concentrations, then the percent
error would be far greater, meaning the samples would have to be analyzed again.

The above procedure is performed for each species analyzed. Once the high-
quality wavelengths have been determined, they are averaged to produce the final

concentrations of the sample.
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Figure A7.1 — Preparing samples for ICP. Samples were diluted using the mass balance
and acidified to 1% nitric using the volumetric pipette

Figure A7.2 — Varian ICP-OES with autosampler
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Figure A7.3 — Sample display screen of ICP-OES results
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Appendix 8 - XRD and SEM Analyses
A8.1 XRD

X-Ray Diffraction was used to analyze the precipitates at the end of batch and column
experiments. The samples were ground into a fine powder and smeared with ethanol
onto a glass slide for the majority of the samples. Samples with little material were
smeared onto a zero-diffraction quartz plate. Data was collected using step-scan X-ray
powder-diffraction over a range of 3-80°20 with CoKa radiation on a standard Siemens
(Bruker) D5000 Bragg-Brentano diffractometer equipped with an Fe monochromator foil,
0.6 mm (0.3°) divergence slit, incident- and diffracted-beam Soller slits and a Vantec-1
strip detector. The long fine-focus Co X-ray tube was operated at 35 kV and 40 mA,
using a take-off angle of 6°.

International Centre for Diffraction Database PDF-4 and Search-Match software
by Bruker was used to analyze the data. An example of the data is seen in Figure AS.1.

All of the results are present in Tables A8.1 and AS8.2.
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Figure A8.1 — XRD Results for batch test Pb, Mo, CaCOj3
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Table A8.1 — Column precipitate results

Oa

0b

1

2

Column
1 fine

Column
2 fine

Calcite
Wulfenite
Powellite

Quartz

Gypsum
Talc
Montmorillonite
Malachite
Anglesite
Cerussite

MK XX X XX

KKK XXX

KRR R K K

)X XX X

MK XX X

)X XX X

ol T B

)X XX X

R XX X

Tl
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Table A8.2 — Batch precipitate results

Cul

Znl

Pbl

S~

Calcite
Waulfenite
Powellite

Quartz

Gypsum
Talc
Montmorillonite
Malachite
Anglesite
Cerussite
Devilline

X

X
X

X

X
X

X

X
X

SRS x~§

el

A8.2 SEM

A Philips XL-30 scanning electron microscope was used to try to determine the

phases that were undetectable using the XRD, due to detection limits.

unknown precipitate were analyzed using elemental scans.

Crystals of

Unfortunately, the SEM

detected every element within the batch solution so specific phases could not be

determined. For example, the marble sand grains were analyzed from the competition

column (Figure A8.2). As seen, the white precipitates show that they contain Mo, Pb,

and S, so it is therefore difficult to predict whether it is a lead molybdate or a lead sulfate.
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Another example shows malachite well though, with both Cu and O being found within
the white spherical precipitates (Figure A8.3).

The images provided interesting information of where the phases precipitate.
Figure A8.4 shows spherical malachite on the rough surfaces of the crushed marble sand.
Malachite is also present in Figure A8.5 along with smaller powellite. It is interesting to
note that there is no precipitation on the cleavage face of the grain, indicating that the
medium plays an important role in nucleation and subsequently mineral formation.
Figure A8.6 shows powellite covering a marble sand grain. With time, powellite may
protect this grain and prevent calcite dissolution. Powellite is also found in Figure A8.7

on fine-grained calcite powder.
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Figure A8.3 — Element scan on blue-stained marble sand grains from the competltlon
column
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Figure A8.5 — Spherical malachite (large) and powellite on marble sand grains
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Appendix 9 — Chemical Inventory

Chemical Name Chemical Gram Provider Catalog

Formula Formula Number

Weight
(g/mol)
Sodium molybdate Na,Mo0O4-2H,0 241.95 Sigma-Aldrich | M1003-500G
dihydrate, minimum
99.5%
Calcium carbonate, CaCOs; 100.09 Sigma-Aldrich | 239216-100G
powder 99+%, A.C.S.
reagent
Copper(II) sulfate CuSO45H,0 249.68 Sigma-Aldrich | C7631-250G
pentahydrate,
ReagentPlus, ~99%
Zinc sulfate ZnSO47H,0 287.54 Sigma-Aldrich | 221376-100G
heptahydrate, 99%,
A.C.S. reagent
Lead(II) Nitrate ACS Pb(NO3), 331.2 Sigma-Aldrich | 228621-100G
reagent, >99%
Sodium citrate CeHsNa3;0O7-2H,O | 294.10 Sigma-Aldrich | S1804-500G
Sodium bicarbonate NaHCO; 84.007 Sigma-Aldrich | S6014-500G
L-Ascorbic Acid CsHs0Og 176.12 Fluka 95210-250G
Environmental Grade HNO; 63.012 Anachemia 62764-320
Nitric Acid
Sulfuric acid 5 mol/l H,SO4 98.08 Riedel-deHaén | 35347
volumetric solution
Calcium Chloride CaCl, 110.99 Fisher C79-500
Certified A.C.S. Scientific
Dihydrate
Sodium Hydroxide NaOH 39.997 Fisher S318-500
Certified A.C.S Scientific
Potassium Chloride KClI 74.55 Fisher P217-500
Scientific

Lithium Bromide LiBr 86.845 Sigma-Aldrich | 213225-500G
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Appendix 10 — Photos of Laboratory Experimental Methods
and Results

Figure A10.1 — The batch experiments consist of beakers covered with Parafilm and
placed on magnetic stirring plates

5,

Figure A10.2 — Acid baths used to clean equipment. 10% HCI followed by 5% nitric
acid and then DI water
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Figure A10.3 — Water purification systems. Distilled water (right) followed by DI water
(left)
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Figure A10.4 — Mass balance used to make standard solutions (left) and pH probe (right)
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Figure A10.6 — Bottom of the column with the influent ports screened off to prevent
clogging. A plastic mesh was used instead of wire due to the corrosive characteristics of
the influent with the presence of sulphuric acid.
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Figure A10.7 — One of the glass plates installed in the column, which proved to be
useless as negligible crystals precipitated on it

Figure A10.8 — Packing method
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Figure A10.10 — Pipettes used to extract sample from the carboys to ensure the inflow
solution remained constant

153



Figure A10.11 — Final setup of the column experiment with everything covered in
aluminium foil to prevent bacterial growth

Figure A10.12 — Method of obtaining pH samples without oxygen ingress
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Figure A10.14 — Filtration of samples

155



Figure A10.16 — Copper precipitate and yellowish wulfenite directly at the inflow mixing
zone
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Figure A10.18 — Sieved precipitate for XRD analysis
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